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ABSTRACT

The role of Diadema antillarum in energy transfer
within a fringing coral reef off Barbados is shown from the
urchin population energy budget and the total reef benthic
primary production. Approximately 20% of the total net benthic
primary production is consumed by Diadema antillarum. Through
their abundance and partitioning of available food resources
consumed, it 1is apparent that Diadema antillarum plays a "key"
role in processes of energy transfer between benthic primary
producers and other levels within the fringing reef community.
The most important pathway of energy transfer is through the
production of energy rich fecal detrital matter. This energy
release amounts to approximately 7% of the total benthic net
primary production or 37% of the urchin population caloric in-
take. Because of their intense grazing pressure on hard reef
substrates, the net reef growth is effectively reduced by
approximately 24% relative to the measured calcification rate.
In this way the Diadema antillarum population influences the
calcium carbonate budget of the reef and controls reef morpho-

logy.
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SOMMAIRE

Le rd8le de Diadema antillarum dans le transfert d'énergie
3 l1l'intérieur d'un récif corallien frangeant d la Barbade est
démontré 3 partir du budget d'énergie de la population d'oursins
et de la production benthique primaire totale du récif. Environ
20% de la totalité de la population primaire benthique nette sont
absorbés par Diadegma antillarum. Sur la base de leur abondance et
de la distribution des ressources en nourritures disponibles utili-
sées, il devient é&vident que Diadema antillarum joue un rGle
essentiel dans le processus de transfert d'énergie entre les produc-
teurs primaires benthiques et les autres niveaux appartenant & la
communauté du récif frangeant. Le mode principal de transfert
d'énergie s'effectue par l'interm&diaire de matériel détritique
fécal riche en réserves énergétiques. L'énergie qu'il contribue
correspond 3@ environ 7% de la production benthique primaire nette,
soit 37% de l'absorption calorique de la population d'oursins. En
raison de leur broutage intense du substrat corallien, la croissance
nette du récif est effectivement réduite de 24% par rapport au taux
observé de calcification. De cette fagon, la population de Diadema
antillarum influence le budget de calcaire et la morphologie du

récif.
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INTRODUCTION

Regular sea urchins are important members of the world-
wide benthic marine communities, ranging from the intertidal
zone to abyssal depths. In shallow water, they are mainly
herbivores which browse upon a variety of algae and vascular
plants. As a result of their abundance, food preferences and
feeding behavior, urchins are regarded as having a major role in
energy transfer within communities as well as in influencing
benthic substrate configuration and community structure (Miller
and Mann 1973, Ogden et al. 1973a, Sammarco et al. 1974, Foreman
1977, Ogden 1977, Scoffin et al. in press).

The purpose of this study is to investigate the feeding
ecology and energetics of a tropical sea urchin in a coral reef
community. The role of Diadema antillarum Philippi in the trans-
fer of energy within this highly complex and diverse community
is examined in detail with attention directed towards the relative
importance of the available primary producers as food resources
and the concurrent effect that urchin grazing has on hard reef
substrates.

Lawrence (1975) has provided an extensive review of sea
urchin feeding biology. Some studies have shown that these
animals consume a wide spectrum of algal species (Leighton 1966,
1968, Vadas 1968, Himmelman and Steele 1971). However, other
investigations have demonstrated that urchins may be highly
selective in their choice of food (McPherson 1968, Irvine 1973,
Vadas 1977, Ayling 1978). Diadema antillarum consumes a wide
variety of foods, from macrophytic algae and vascular plants to

foraminiferans and even crustaceans. Lewis (1964) found brown,



©

green, coralline and béring algae associated with sand and

coral fragments in gut contents of D. antillarum from Barbados.
In the U.S. Virgin Islands, investigations by Atkinson et al.
(1973) showed that the same species feeds upon 32 of the 53 algal
species present on patch reefs.

The type of food eaten is apparently important for
Leighton (1968) showed that Strongylocentrotus purpuratus has
higher absorption efficiencies when fed algae of superior nutri-
tional quality (in terms of organic matter) than when fed lower
quality foods. Other workers found that absorption efficiencies
varied with food type, urchin size and season of the year (Moore
and McPherson 1965, Fugi 1967, Himmelman 1969, Boolootian and
Lasker 1974, Lowe and Lawrence 1976 and vVadas 1977). These
workers examined urchins fed macrophytic algae or sea grasses but
only a few studies have investigated the absorption efficiency of
urchins feeding on algae present on coral reefs (Lowe 1974, Lilly
1975, Lowe and Lawrence 1976).

Johnston (1969), Dahl (1974) and Benayahu and Loya (1977)
have pointed out that fleshy macrophytic algae are uncommon or
absent on many coral reefs and thus are not available as food
for herbivores. Alterﬁative primary producers available as food
resources for Diadema in the shallow fringing reef habitat of
this study include encrusting coralline, endolithic and epipelic
algae. Their importance as primary producers within other coral
reef communities has been demonstrated by Marsh (1970), Littler

(1973), Wanders (1976) and Sournia (1977).



Regular urchins can feed on hard substrate surfaces by
physically rasping with the five calcaerous teeth of the Aris-
totle's lantern. Erosion of hard surfaces by echinoids has
been investigated by Hunt (1969), Krumbie and Van der Pers (1974),
Sammarco et al. (1974), Hunter (1977) and Ogden (1977). Reef
geologists have been éarticularly interested in the contribution
of urchins to the erosion of reef primary carbonate framework
(corals and coralline algae). Grazer erosion of these surfaces
has been shown to be an important component of the 6verall reef
carbonate budget (Scoffin et al. in press). In the Caribbean,
Ogden (1977) compared erosion rates of reef parrot fish and sea
urchins and found sea urchins to be by far the most important
agents of bioerosion. Hunt (1969) determined that Echinometra
lucunter eroded 7.0 kg m-zyl:'”l from reefs in Bermuda, and Hunter

(1977) determined that Diadema antillarum eroded 5.5 kg m 2yr -

yr-
from a Barbados fringing coral reef.

Some ecologists also have been interested in the effect
of urchin grazing on benthic communities. Grazing has been shown
by Paine and Vadas (l1969%a), Sammarco et al. (1974), Mann (1977)
and others to alter benthic community structure. Kitching and
Ebling (1961) determined that Paracentrotus lividis in Loch Ine,
Scotland, removed benthic algae as fast as the algae could be
replaced by new growth, thereby preventing the establishment of
associated fauna. Leighton (1968) reported that Strongylocentrotus
purpuratus and S. franrnciscanus are capable of denuding vast areas

of macrophytic algae in waters off Washington State, U.S.A. Mann

(1977) has indicated that entire kelp bed communities in waters



off Nova Scotia, Canada, have been destroyed by overgrazing by
S. droebachiensis. In the Caribbean, Ogden et al. (1973Db)

have shown that the bare patches (halos) formed around patch
reefs resulted from Diadema antillarum grazing on sea grass.

In the U.S. Virgin Islands, Sammarco et al. (1974) showed that
D. antillarum influenced the macrophytic algae abundance and
equitability on patch reefs, and recently Bak and Van Eys (1975)
reported this species to be a predator of live corals in Curagao
and Bonair (Netherlands Antilles).

While many écologists have investigated energy flow

'within marine communities, few studies have dealt specifically

with sea urchin population energetics and the importance of sea
urchins in energy transfer. Miller and Mann (1973) investigated
an Atlantic Canada population of S. droebachiensis which grazed
on Laminaria in a kelp bed community. These authors quantified
the food requirements of the urchins from a population energy
budget. They also determined that the urchin population utilized
one to seven percent of the kelp bed production, with urchins of
the smaller size classes accounting for approximately one-half
of the population energy flow. Greenway (1976) studied Lytechinus
variegatus in Jamaican waters and showed that the urchins consumed
approximately 48% of the Thalassia production from a shallow
water sea grass community.

The role of sea urchins in energy transfer within a
coral reef community has not been examined. These abundant her-
bivores are a link in the trophic web from benthic primary

producers to other levels within the reef community and thus their



role would appear vital to the community. The present study
quantifies the role of Diadema antillarum in energy transfer
within a coral reef community by: (1) determining the energy
requirements of the population and (2) examining in detail the
ways in which Dzadema paftitions energy into various pathways

for subsequent utilization by other reef community members.



STUDY S1ITE DESCRIPTION

All field research was undertaken on a fringing coral
reef located on the west coast of Barbados, West Indies. This
reef, identified as the North Bellairs Fringing Reef in Figures
1, 2a and 2b, was chosen because it lies near the Bellairs
Research Institute of McGill University, is relatively small,
and supports a large population of the sea urchin D. antillarum.
Lewis (1960) has described the physiography and major faunal
zones of the reefs.along the west coast of Barbados, and Stearn
et al. (1977) have described the bathymetry and faunal zones of
the North Bellairs Fringing Reef (Figure 3). The relevant zones
referred to by Stearn et al. (1977) are as follows:

1. Swash Zone

This zone is located nearest to the shore and extends
as a narrow band, 20-30 m wide, parallel to the shore. The
depth at low tide is from 0-1 m. The substrate surface consists
of approximately 50% sand and 50% dead coral rock; both are
generally covered with a thin veneer of filamentous algae.

2. Crest Zone

| The Crest Zone extends approximately 40 m seaward of
the Swash Zone. At extreme low tides it is emerged in places
but is normally approximately 1 m below the water surface at
low tide. Few living corals are present there and the reef
surface is extremely irregular and densely covered with encrust-
ing coralline algae (principally Porolithon spp.).

3. Coalesced Spur Zone

This zone lies seaward of the Crest Zone in depths
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Figure 2a Oblique aerial photograph of the North Bellairs
Fringing Reef (A) and the South Bellairs Fringing
Reef (B).

Figure 2b Overhead aerial photograph of the North Bellairs
Fringing Reef (A) and the South Bellairs Fringing
Reef (B).

Bar scale approximately 60 m.






Figure 3

Faunal zones of the North Bellairs Fringing Reef
according to Stearn et al. (1977).

A - Swash Zone

B - Crest Zone

C - Coalesced Spur Zone
D - Spur and Groove Zone
E - Sand

o
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ranging from 1-2 m at low water. Approximately 50% of the total
rock surface is uniformly covered by mixed live coral species
already noted by Lewis (1960). The remainder of the rock surface
is covered with encrusting coralline algae.

4. Spur and Groove Zone

The tops of the spurs or ridges range from 1-3 m below
the surface at low water. The grooves or valleys are found
parallel to the spurs and at right angles to the shore. Depths
to the sand floor of the grooves range from approximately 3 m
at the landward end to 5 m at the seaward opening. Montastrea
annularis is the most common coral species covering the sides
and seaward fronts of the spurs. Several large massive colonies
of Montastrea, Siderastrea and Diploria are found as isolated
patches beyond the front of the spurs.

Although Diadema occurs further seaward of the Spur and
Groove Zone, collections and observations were limited to the

four zones described above.
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MATERIALS AND METHODS

The field and laboratory procedures of this study
included: (1) the determination of the physical and chemical
characteristics of the reef surface water, (2) the determination
of the abundance and productivity of urchin food resources
(benthic algae) and (3) the determination of the energy require-
ments of the Diadema antillarum population on the reef. Descrip-
tions of the various experimental methods and materials are

presented bhelow.

I. Physical and Chemical Properties of the Reef
Surface Water

Samples of reef surface water were collected in two-
liter containers at weekly intervals over a period of one year.
Unfiltered samples were analyzed for oxygen with a Beckman Field
Oxygen Analyzer connected to a Beckman 39553 02 Sensor. The
analyzer was calibrated against air-saturated seawater and
corrected for salinity and temperature prior to each determination.
The remaining seawater samples were HA-MilliporéDfiltered and
then, as a matter of convenience, frozen for storage. These sam-~
ples were analyzed later for reactive nitrate and phosphate
following procedures outlined by Strickland and Parsons (1972).
Seawater salinity was determined with an inductively coupled

salinometer calibrated against standard seawater. Sea surface

and air temperatures were measured with a mercury thermometer.
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II. Collection and Preparation of Algal Samples for
Primary Productivity Studies

Non-fleshy algae consumed by Diadema were classified
according to IBP terminology (Round and Hickman 1971) into three
types: encrusting coralline algae, endolithic algae and epipelic
algae (Figures 4-6). These three types were collected and
prepared in the following manner before being offered as food

or tested for their rates of primary production.

A. Encrusting Coralline Algae

Encrusting coralline algae coats reef rock surfaces and
is abundant in the Crest Zone and Coalesced Spur Zone. Samples
were collected from fragments of reef rock chipped free from the
substrate. Only samples which showed no external evidence of
fleshy algae or boring organisms when inspected with a dissecting
microscope were retained. These samples were maintained in running
seawater of ambient temperature for up to one day.

B. Endolithic Algae

This algal type is common in all faunal zones of the
fringing reef. It occurs as a coating on coral rubble and as a
thin veneer on dead heads of reef building corals such as
Montastrea and Siderastrea. The algal veneer was collected in
situ by chipping large irregqular fragments from a coral dead head.
Slabs containing only the veneer were cut free from the fragments
with a diamond-blade circular rock saw. Coral rubble harbouring
endolithic algae was not treated in any special way after field
collection. Both sources of endolithic algae were held in the

laboratory water table for up to one day.



Figures 4a-c

Figure 44

Underwater photographs showing Diadema antillarum
grazing upon endolithic algae growing on exposed
coral skeletal framework.

Live coral tissue (A4).
Exposed coral skeletal framework harbouring endo-
lithic algae (B).

4a - bar scale 0.5 m.
4b - bar scale 0.5 m.
4c - bar scale 10 mm.

Underwater photograph showing Diadema antillarum
grazing upon endolithic algae growing on coral
rubble fragments.

Bar scale 0.5 m.
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Figures 5a & b

Figures 6a & b

Underwater photographs showing Diadema

antillarum grazing upon reef substrate coated
with encrusting coralline algae.

5a - bar scale 0.5 m.
5b - bar scale 50 mm.

Underwater photographs of Diadema antillarum
grazing upon epipelic algae growing in the
shallow surface layers of the sediment.

6a - bar scale 0.2 m.
6b - bar scale 50 mm.
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C. Epipelic Algae

This algal type is generally restricted to the Swash
Zone and Spur and Groove Zone. It occurs as a thin veneer of
algal filaments living on or within the shallow surface layers
of sediment. Samples were collected by inverting the bottom of
a glass petri dish on the sediment surface in such a way as to
enclose an area of algal turf. The dish was gently pushed into
the substrate until the bottom was flush with the algal turf
surface. A thin glass plate was then forced under the dish so
as to cut the subsurface sediment. The petri dish and glass plate
were then lifted together, inverted, the plate removed and the
dish covered with its top. Samples were brought to the laboratory
and placed in the seawater table where the original algal turf

surface was exposed to running seawater.
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III. Methods of Assessing Reef Primary Productivity

Rates of primary production of ten specimens of each
algal type were determined within 24 hours of field collection.
Rates were measured at various intervals throughout the day
(0600-1800 h) by the light and dark bottle method.

Dark incubation containers were prepared by covering
transparent glass jars and their polyethylene caps with several
layers of black vinyl tape. All caps were then coated with clear
varnish to prevent gas transfer across cap surfaces. Preliminary
tests showed that gas exchange across cap surfaces or from poor
seals was negligible when treated in this way (Appendix Table 1).

Light and dark containers with algal specimens were
sealed while submerged in Whatmax@ GF/C filtered seawater, then
tranferred to an open top water bath to incubate in direct sunlight
for two hours (Figures 7a, b, ¢ and d). Identical containers
without specimens served as controls. Tap water was circulated
through the water bath to maintain the temperature at approximate-
by 27°C (ambient seawater temperature) .

Concentrations of dissolved oxygen were measured at the
beginning and end of incubations with the Beckman instruments
previously described. Light intensity was recorded in footcandles
from hourly readings with a Gossen Panlux Electronic Luxmeter.
After incubation, the surface area of living algae was determined
by fitting aluminum foil over a specimen, then molding and trim-
ming the foil to conform to the contours, depressions and bounda-
ries of the specimen (Marsh 1970). A value was calculated for

conversion of foil weight to surface area from weights of foil



Figures 7a-c

Figure 7d

Incubation containers employed for primary
productivity studies.

7a - container with encrusting coralline algae.
Bar scale 50 mm.

7b - container with endolithic algae on coral
skeletal framework. Bar scale 50 mm.

7c - container with epipelic algae on sediment.
Bar scale 25 mm.

Photograph showing experimental apparatus for
primary productivity studies.

(A) waterbath with light and dark containers
(B) light meter

Bar scale 10 cm.
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samples of known surface area.

In order to determine the relative contribution by the
benthic algae (excluding the symbiotic algae in live corals) to
total reef primary production, the total areas covered by each
of the three algal types on the reef were calculated. Stearn
et al. (1977) presented data on the rock surface area covered by
the major faunistic and floristic components of the North Bellairs
Fringing Reef. Their data were converted to express the area
covered by each of the three algal types as a percentage of total

reef surface area (Appendix Table 2).
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IV. Urchin Population Density and Size Frequency
Distribution

Diadema population density was determined from monthly
counts along a meter wide transect across the reef (Figures 8a
and b). For each month from July 1975 to June 1976 (excluding
December 1975), a nylon line was laid over a different area of
reef so as to conform to reef surface irregularities. A scuba
diver carrying a digital counter and a "T" bar, one meter wide,
followed the line and counted the number of Diadema (Figures 9a
and b). Population density was expressed as the number of indi-
viduals per square meter of reef surface, calculated from the
known length of the transect line (110-220 m) and the total
number of individuals counted. In addition, three transects laid
perpendicular to shore and extending out onto the reef were
examined to determine differences in urchin size frequency distri-
bution with increasing distance from shore.

Specimens of Diadema were collected for frequency dis-
tribution analysis and size measurement on the day following
each census. At 10 m intervals along the same transect that counts
were made, all Diadema enclosed by a meter square quadrat were
removed and deposited in a separate numbered bag (Figures 1l0a and
b). 1In the laboratory, urchins from each bag were sorted accord-
ing to their maximum test diameter (MTD) into 5 mm groups ranging
from 15-60 mm. A record was kept of the number of individuals of
each size group and of their quadrat position.

Urchins were measured by several methods for comparison
with other size data presented in the literature. Maximum test

diameters (MTD) were determined with calipers and volumes by



Figure 8a Aerial photograph of the North Bellairs Fringing
Reef.

Bar scale 100 m.

Figure 8b Locations of transects taken across the North
Bellairs Fringing Reef.
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Figures 9%9a & b Underwater photographs showing diver counting
Diadema antillarum along a 1 m wide transect.

Arrow indicates a hand-held digital counter.

"Figures 1l0a & b Underwater photographs showing diver collect-
ing Diadema antillarum from a 1 m2 quadrat.

(A) collection bag.
Arrow points to tongs.
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= 9% .

displacement in seawater. Dry weights were measured with a
Mettler H-16 balance after drying whole specimens to a constant

weight at 60°c.
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V. Sea Urchin Energetics

The energy requirements and food consumption rates were
calculated for Diadema ranging in size from 15-60 mm MTD. From
these data and those on size frequency distribution and abundance,
the mean energy regquirements and food consumption rate of the
total urchin population were calculated on a square meter basis.
Energy budgets were determined according to IBP methods (Crisp
1971) and expressed in calories in equations of the form C = P +
R+ G+ U+ F where C = consumption, P = production, R = respira-

tion, G = reproductive output, U = excreta, and F = egesta.

A. Consumption

In a preliminary attempt to study food consumption in
Diadema antillarum, f£ragments of reef rock or rubble were offered
to urchins in separate vessels in the laboratory. However, it
was not possible to measure directly the amount of food scraped
from the rock surface by Diadema because the amounts of algae
removed were insignificant in comparison to the total weight of
the fragment. For this reason consumption rates could not be
measured from the amount of food ingested per unit time in labora-
tory experiments nor was it possible to quantify the amount of
food eaten in field trials. Consequently, daily consumption rates
were estimated from available data in the literature.

In an earlier study, Lewis (1964) provided information
on the feeding activity of Diadema antillarum in Barbados.
Although precise estimates of consumption rates are difficult to
extract from his study, Lewis' results give the only data available

on feeding rhythm and feeding rates of this species in Barbados.
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Bearing this in mind, daily rates of food consumption were
established on the following basis. Lewis showed from laboratory
experiments that continuously feeding urchins passed algal food
through the digestive tract in 8-12 hours (Appendix Table 3).
Because feeding activity in the field was not continuous but
rhythmic (most intense in the afternoon and early evening, Lewis
1964, Appendix Table 4), it could only be assumed that the amount
of material in the gut at any one time was equal to or, more
probably, less than the amount devoured in 24 hours. In other
words, the gut content dry weight is thus a measure of the minimum
consumption rate over a 24-hour period.

From July 1975 to May 1976 mean gut content dry weights

were determined for randomly collected urchins of each size group
ranging from 15-60 mm maximum test diameter (MTD) at 5 mm inter-
vals. A minimum of 16 urchins of each size group was collected
by sealing each individual in a separate plastic bag. At the
laboratory, gut contents of each urchin were dissected free and
the compacted food pellets which constitute the gut contents

were removed. These were pooled with any pellets released into
the plastic bag during collection and transportation. Samples
were dried to a constant weight at 60°C and a mean calculated for
gut content dry weight of urchins of each size group.

Estimates of the ingested quantities of each of the
three food types were then calculated for each urchin size group
with the aid of a geological embedding technique. Food pellets
pooled from five freshly collected Diadema of similar size were

dried and embedded in epoxy resin. Petrographic thin sections
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were then prepared according to the methods of Rogers and Kerr
(1942). Approximately four hundred to over 1000 pellets were
examined from each urchin size group. Each pellet was classified
according to the most abundant food type present. Natural food
types were identified by comparison with thin sections of food
pellets from urchins fed in the laboratory on known reef materials
such as encrusting coralline algae, corals and sand (Figures 11-15).
In addition, descriptions by Ginsburg (1956), Bathurst (1971)

and personal communications with Mr. Ian Hunter of the Geology
Department, McGill University proved helpful for identification.
After pellets were classified the number of pellets of each food
type was expressed as a percentage of the total counted (Appendix
Table 5).

The dry weight of each food type comprising the natural
mixed diet can be calculated with the assumption that all food
pellets contained within the gut contents of similar sized urchins
are of similar size (Figure 16) and have similar dry weights.

This is supported with data shown in Appendix Table 6. Therefore,
irrespective of their origin (hence their composition) the dry
weights of any food pellets from the gut contents of an urchin
can be considered equal to the dry weights of any food pellets
from other urchins of the same size group. Consequently, the
percentage of each food type can be used to determine the weight
of each food type in an urchin's mixed diet. This was calculated
by simply multiplying the mean gut content dry weight times the

percentage of each food type in the diet.



Figure 11

Figure 12

Figure 13

. Figure 14

Petrographic thin section of a food pellet from
Diadema antillarum which has fed upon encrusting
coralline algae.

Bar scale 0.25 mm.

Petrographic thin section of a food pellet from
Diadema antillarum which has fed upon epipelic
algae on surface sediments.

Bar scale 0.25 mm.

Petrographic thin section of a food pellet from
Diadema antillarum which has fed upon endolithic
algae on coral.

Bar scale 0.25 mm.

Grazing marks left by Diadema antillarum on encrust-
ing coralline algae.

Bar scale 0.25 mm.
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Figure 15

Figure 16

Figure 17

Holding apparatus for maintaining Diadema antillarum
studied in laboratory experiments.

(A) Seawater filters.

Typical food pellets of Diadema antillarum.

Bar scale 1.0 mm.

Underwater photograph of a diver inspecting cage
which was used for retaining Diadema antillarum
for growth studies.
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Caloric intake per day was then estimated from the
proportion of each food type in the mixed diet and the caloric
content per gram dry weight of each food type. The latter was
determined from freshly collected, dried, powdered samples by
the wet oxidation method of Hughes (1969). Values for the weight
of each food type in an urchin's diet were multiplied by their
respective unit caloric equivalents and summed over all food
types ‘to estimate the minimum daily caloric intake per urchin of
each size group (Appendix Table 7). To estimate monthly caloric
intake, daily rates were multiplied by 30.

To calculate the minimum daily caloric intake for urchins
per m2 of reef surface, the mean daily caloric intake per urchin
of each size group was multiplied by their mean number per m2
and totals were summed over all urchin size groups. The daily
rate of caloric intake of urchins per m2 of reef surface was

multiplied by 30 to obtain a value for monthly caloric intake.

B. Production

Several methods were tried to obtain individual growth
rates for different sizes of Diadema. Although a number of
urchins were tagged with a variety of plastic markers, none were
retained by the urchins and the tagging experiments were dis-
continued: Secondly, urchins of known size were confined in
cages attached to the reef surface (Figure 17); this was also
unsuccessful because cages were destroyed by wave action. In a
third attempt, population size frequency distributions were
plotted to determine growth rates. This method of analysis

combines various mathematical expressions described by Taylor
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(1965) and Grossman and Turner (1974) to calculate a set of
component normal curves from size frequency data. A set of
component normal curves was constructed and modal values were
estimated for each component curve. The shift in the mode over
successive bimonthly periods was taken to represent the increase

in urchin test diameter due to growth.

A growth increment in weight was calculated per mm of
test diameter from a relationship established between whole urchin
dry weight and maximum test diameter. Growth was expressed in
calories by multiplying the mean caloric content of whole urchins
times the weight increment. The caloric content of entire urchiﬁs
(including gonads) was determined by the wet oxidation method

previously noted.

C. Reproduction

Urchins were collected each month throughout one year to
obtain samples of reproductive tissue. All gametic tissue was
dissected free from two urchins of each five millimeter size
group but no attempt was made to determine sex or stage of game-
togenesis. The volume of two intact gonads from each individual
was determined by displacement in seawater prior to calculation
of a gonad index (G.I.) according to the equation G.I. = GV/(MTD)3,
where GV = total gonad volume and MTD = urchin maximum test
diameter (Moore and McPherson 1965, Lewis 1966). The total sample

of gametic tissue from each urchin was then dried to a constant
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weight at 60°C, ground to a powder and stored in a desiccator

for future caloric determination. Caloric content was measured
in triplicate with a Philipson Microbomb Calorimeter calibrated
against benzoic acid (Parr Instrument Company 1960). No correc-
tion was made for acid production or burning of fuse wire as they

are considered negligible by Paine (1964, 1971).

D. Respiration

Respiration iﬁ Diadema antillarum was previously studied
by Lewis (1968a), who expressed rates of oxygen consumption as
a function of urchin test volume., It was not considered necessary
to repeat his studies, but Lewis' results have been converted
to express oxygen conéumption as a function of maximum test dia-
meter. The resultant values for oxygen consumption have been
converted to calories by the oxy-caloric coefficient, 1 mgO2 =

3.34 calories (Ivlev 1934).

E. Excretion and Egestion

Ammonia is the major nitrogenous excretory product of
Diadema antillarum (Lewis 1967). Ammonia excretion was measured
from freshly collected specimens that were held in the laboratory
for one day without food. Urchins of known MTD were sealed in
containers filled with seawater and incubated for one hour,
after which a 50 ml aliquot was withdrawn for immediate analysis
according to methods of Strickland and Parsons (1972). An
identical container without a specimen served as a control.
Excretion rates were expressed as a function of body size (MTD)
and subsequently converted to calories by the relationship, 1 ug

at NH, - N = 4.88 x 10~2 calories (Brafield and Solomon 1972,
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Lilly 1975).

Feces for caloric determination were obtained from
freshly collected urchins of known MTD held in separate glass
vessels. Fecal pellets were siphoned from holding vessels, non-
fecal material removed, and the sample washed with distilled
water. Feces were pooled from urchins of similar size, then
dried to a constant weight at 60°C. Ccaloric content of feces
was determined by the wet oxidation method of Hughes (1969).

Daily egestion rates were determined for randomly
collected urchins of each size group. Collections were made
through the year and mainly during the months of August 1975
through February 1976 during the same period in which specimens
were collected for gut content (feeding) data. Each urchin
was sealed in a plastic bag at the site of collection, and was
later transferred to a separate holding vessel in the laboratory
water table. Any fecal pellets egested into the collecting bag
were pooled with pellets egested over a subsequent 24-hour
period. (Data from laboratory feeding experiments showed that
the weight of feces produced during a 24-hour period of starva-
tion differed by less than one percent from those of individuals
feeding continuously in the laboratory (Appendix Table 16)).
These samples were then dried to a constant weight at 60°C and
a mean weight calculated for urchins of each size group. The
mean weight of feces egested per 24 hours was considered a
measure of the daily egestion rate (Glynn et al. 1979). Daily
egestion rates were expressed in calories by multiplying the
mean weight of feces egested per 24 hours times the mean caloric

content per gram dry weight of feces.
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VI. Absorption Efficiency

The efficiency of food absorption by Diadema antillarum
was determined by the indirect method of Conover (1966). This
method requires neither the quantitative recovery of feces nor
fhe determination of the amount of food eaten if only the per-
centage absorption is required. The method depends upon the
assumption that only the organic component of the food is signi-
ficantly affected by the animal's digestive processes; ... "it
is necessary only to obtain the ratio of ash free dry weight to
dry weight (fraction of organic matter) for a sample of food and
feces to calculate the percentage assimilation." Conover (1966).

Diadema here grazes on algae growing on sand and hard
reef rock surfaces and ingests substantial amounts of inorganic
material (Lewis 1964, Hawkins 1977, Hunter 1977, Ogden 1977).

To obtain samples of the food eaten by Diadema, fine scrapings
(filings) were taken from the upper-most surface layer of reef
substrate containing algae. The scrapings thus included inorganic
reef rock and organic algal material. This method has been used
by other workers to quantify algal biomass growing on reef
surfaces (Bakus 1967, Wanders 1976).

The depths to which fine scrapings were made did not
exceed 1 mm, which appears to approximate the thickness removed
by urchins (McLean 1967a, Hunter 1977). McLean reported that
urchins graze hard substrates to a depth of approximately 0.25 mm
and, although Hunter (1977) did not measure directly the depths
to which Diadema grazes, he showed that fecal pellets were composed

predominantly of particles ranging in size from 0.25-1.00 mm, even
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though larger particles were frequently found in the feces.

In Barbados, endolithic algae penetrate into coral
substrates to depths exceeding one millimeter. Bands found within
some corals may reach 2-3 mm in thickness (Odum and Odum 1955).
Epipelic algae, which grows as a thin veneer of filaments, pene-
trate the upper-most surface layers of reef sediment in Barbados
to approximately 1 mm. Bathurst (1967) recorded depths in excess
of 2.5 mm for algai mats in the Bahamas. Thus epipelic algae
also are found within the 1 mm scraped layer.

It was difficult to estimate the depths of 'living surface'
of encrusting coralline algae, but Odum and Odum (1955) have
estimated that the surface pink layer is 0.5 mm thick. To verify
whether scrapings of encrusting coralline algae were representative
of food ingested by Diadema, the proportions of organic and
inorganic material were compared to samples of encrusting coralline
algae examined by Paine and Vadas (1969b). They determined that
83% of the dry weight of a powdered sample of the encrusting
coralline algae Lithothamnion was attributed to inorganic material.
Scrapings of encrusting coralline algae from the North Bellairs
Fringing Reef contained approximately 80% inorganic matter on a
dry weight basis (Appendix Table 8).

The scraping method was thus considered as an acceptable
way to obtain representative samples of the three food types
ingested by Diadema antillarum. Consequently, powdered scrapings
were employed for the determination of the ash free dry weight to
dry weight ratio (fraction of organic matter) in food ingested.

Absorption efficiencies were determined for various

sizes of Diadema fed each of the three food types. A single food
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type was offered to an urchin held in a separate 10 1 container
for a period of eight consecutive days. Fresh food was provided
daily in excess and aerated seawater that flowed into the con-
tainer was filtered through surgical cotton enveloped by glass
wool. Prior to initial feeding, each urchin was starved for two
days to allow evacuation of the alimentary tract and to ensure
that feces originated from the food type provided, only pellets
collected from the fifth day onward were analyzed for their
organic and inorganic fractions. These feces were siphoned from
the containers at the end of each day, dried to a constant weight
at 60°C and stored under desiccation.

Prior to ashing, fecal pellets and scrapings of each
food type were powdered and dried at 100°C. These samples were
then weighed, ashed at 450°C for four hours (Paine 1964, Lilly
1975 and Yingst 1976), and reweighed after cooling in a desiccator.
Ash free dry weights of each food were expressed as a percentage
of the original sample dry weights, and a mean was calculated
for each food type to represent the F' factor (fraction of
organic matter in food) required in the equation developed by
Conover (Absorption Efficiency = (F'-E')/(1-E') (F') x 100). A
mean value for the E' factor (fraction of organic matter in feces)
was similarly calculated.

Lilly (1975) regarded the loss of CO, resulting from

2
CaCO3 decomposition during ashing at 450°C to be negligible.

However, Crisp (1971) and others have indicated that loss of CO2
at ashing temperatures above 500°¢C may be appreciable. Therefore,

it was thought advisable to test Lilly's findings by determining
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the percentage weight loss as a result of CaCO, decomposition in

3
the food supplied to Diadema. Twelve samples of scrapings of
encrusting coralline algae and 12 samples of reef substrate
harbouring endolithic algae were powdered and prepared for ashing
as desc;ibed above. These samples were then treated to remove
all organic matter according to the methods described by Crisp
(1971). Reagent grade CaCO3 also was treated in a similar
fashion for comparative purposes. After removal of organic
materials, the samples were dried, weighed, ashed at 450°C and
SOOOC, then reweighed after cooling. The differences between
these weights, before and after ashing, showed that approximately
2% loss in weight occurs, presumably as a result of CaCO3 break-

down and the evolution of CO, (Appendix Table 9). This evidence

2

thus confirms Lilly's findings that loss of CO, by this method
L)

2
is negligible.
The absorption efficiencies of urchins having a mixed
diet were calculated in terms of calories and organic matter.
Methods for determining caloric content of food and feces have
been described in a previous section. Organic matter in both
food and feces was determined according to the following procedufe.
Firstly, the mean organic content per gram dry weight of
feces was measured for each of the urchin size groups examined.
Feces were obtained from freshly collected urchins held in separate
glass vessels in the laboratory. Fecal pellets from an individual
of known MTD were siphoned from the holding vessel, non-fecal

material removed, and the sample washed with a little distilled

water. These samples were dried at 60°C to a constant weilght.
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The weight of organic material was subsequently determined by .
ashing samples at 450°C for four hours. The weight of organic
material removed was ekpressed as a percentage of the original
sample weight. Total weight of organic matter egested was
determined by multiplying the percentage of organic material in
feces times the mean dry weight of feces egested per 24 hours.

Secondly, the mean organic content per gram dry weight
of the mixed diet was calculated from the percentage of each food
type comprising the diet and from the mean organic content per
gram dry weight of each food type. The proportions of each food
type in diets were determined for urchins of each size group with
the aid of the geological embedding technique previously described
on page 24. The mean organic content of each food type was
determined by ashing powdered samples of foods as previously des-
cribed. The mean organic content per gram dry weight of the mixed
diet was calculated by multiplying the percentage of each food
type in the diet by their respective organic content per gram dry
weight. The total organic content per gram dry weight of the
mixed diet was obtained by summing the organic weight contributions
over all food types (Appendix Table 10). Total organic content
of food ingested was determined by multiplying the organic
content per gram dry weight of the mixed diet times the mean gut
content dry weight.

Based upon the above calculations, the difference between
the total organic content of food and feces can be determined.
This in effect yields an estimate of the weight of absorbed
organic matter during transit of food through the digestive tract.

Efficiency of organic matter absorption was then calculated
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according to the equation C-E/C x 100, where C = the organic

content in food and E = the organic content in feces (Welsh 1968).
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VII. Calcium Carbonate Sediment Production and Erosion
of Reef Carbonate Framework

Rates of feef calcium carbonate (CaCO3) sediment
production were calculated from egestion rates and the mean
percentage by weight of calcium carbonate in urchin feces. The
percentage of CaCO3 in feces was determined by dissolving dried,
preweighed samples of fecal pellets in dilute (ca. 10%) hydrochloric
acid, then weighing the dry residue on a preweighed glass fiber
filter. The weight of CaCO3 dissolved was calculated as a per-
centage of the original sample dry weight. Rates of total CaCO3
sediment production were then estimated by multiplying egestion
rates times the mean percentage of CaCO3 in feces.

Rates of erosion of specific carbonate framework buil-

ders (corals and coralline algae) also were calculated from the

proportions of each in natural mixed diets (Appendix Table 5)

multiplied by egestion rates and the mean percentage of CaCO3 in

feces.
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RESULTS

I. Physical and Chemical Properties of the Reef
Surface Water

Physical and chemical properties of the reef surface
water showed little seasonal variation with the exception of
concentrations of réactive nitrate. Reactive nitrate levels were
variable throughout the year, ranging between 0.05-12.3 ng at
N l-l. Concentrations were higher during the latter part of
September and through mid-November to early December 1975 than
during the rest of the sampling period (Fiqure 18).

No evident seasonal variation was detected for concen-
trations of reactive phosphate. Concentrations were consistantly
less than 0.10 ng at P l-l and frequently fell below the limits
of detection of the analytical method (0.03 ug at P l-l, Appendix
Table 11). 1In general, nutrient concentrations in surface water
were within the ranges previously reported by Sander (1971).

Dissolved oxygen concentrations in reef surface water
showed no regular seasonal variation but levels ranged from
4.06-6.74 mgo, 171 (Figure 19).

Salinity of surface water ranged from 33.30-35.82% during
the sampling period. High salinities were recorded during the
months of November 1975 through January 1976 and again in April
1976 (Figure 20). All salinity values were within the range
already reported by Lewis et al. (1968).

Sea surface water temperatures varied from 24.0-29.0°C
and air temperatures between 24.0 and 29.5°C (Figure 21). 1In

both cases, temperatures were lower from mid-December 1975 to

March 1976 than during the remaining sampling period.



Figure 18

Seasonal variation in surface water nitrate concen-
trations over the North Bellairs Fringing Reef.

(Drawn from data in Appendix Table 11).
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Figure 19

Seasonal variation in surface dissolved oxygen
concentrations over the North Bellairs Fringing
Reef.

(Drawn from data in Appendix Table 12).
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Figure 20

Seasonal variation in surface water salinity over
the North Bellairs Fringing Reef.

(Drawn from data in Appendix Table 11).
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Figure 21

Seasonal variation in surface water temperature
({-®=) and air temperature ( -e- ) over the North
Bellairs Fringing Reef.

(Drawn from data in Appendix Table 12).
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II. Primary Production on the North Bellairs
Fringing Reef :

Diurnal cycles of primary production of the three algal
types are presented in Figures 22 to 24 for data collected in June
through August, 1976. Figure 22 illustrates the diurnal pattern
of net and gross primary productivity of the encrusting coralline
algae. Highest rates of primary production occurred during times
of reduced light intensity. The lowest production rates occurred
during the midday (1000-1500 h), when light intensity was highest.
Low production rates at midday may have been the result of photo-
synthetic inhibition at high light intensities (Steemann-Nielsen
1975). |

The diurnal patterns of net and gross primary producti-
vity of the endolithic algal type are illustrated in Figure 23.
Rates of production increased with rising light intensity during
the morning (0600~1100 h) and decreased during the midday (1100-
1300 h) when there was also a temporary decline in light intensity.
During the afternoon, rates continued to increase until 1600 h
despite a sharp decrease in light intensity at 1500 h.

The diurnal pattern of net and gross productivity of
epipelic algae is shown in Figure 24. Production rates were low
during periods of reduced light intensity (0600-0900 h, 1500-1700 h)
and high during times of increased light intensity (1000-1400 h).

Mean hourly rates of primary production of each algal
type are shown in Table 1. Mean daily rates of primary productidn
shown in Table 2 were calculated by summing mean hourly productivity
values (Table 1) over a l2-hour daylight period and assuming

constant rates of respiration at night (Brown 1953, Sournia 1976a).



Figure 22

Daily patterns of light intensity and net and gross
primary productivity of encrusting coralline algae.

(Drawn from data provided in Appendix Table 13).
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Figure 23

Daily patterns of light intensity and net and gross
primary productivity of endolithic algae on coral
dead heads.

(Drawn from data provided in Appendix Table 13).
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Figure 24

Daily patterns of light intensity and net and gross @

primary productivity of epipelic algae on surface
sediments.

(Drawn from data provided in Appendix Table 13).
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Table 1

Mean hourly rates of primary production m~

of algal surface.

Algal Type Net Productivity Respiration
-2 . -1 - -1

mgO2 m h mgO2 m h

encrusting 0.38 x 10% 0.22 x 10%
coralline (0.08 x 107)* (0.03 x 107)
endolithic 0.70 x 103 0.28 x 103
(0.19 x 107) (0.06 x 107)

epipelic 0.73 x 103 0.09 x 103
(0.13 x 107) (0.02 x 107)

2

Gross
Productivity

mgo, m~2 7t

0.60 x 103
(0.09 x 107)
0.98 x 103
(0.24 x 107)

3

0.82 x 103

(0.14 x 10°)

* values in parentheses are the t 95% confidence limits
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Table 2

Mean daily (24 hours) net and gross primary
production m~¢ of algal surface.

Net Productivity

Algal Type mgo, 02 day™ !  cal m™2 day—l* gC n2 day—l**
encrusting 1.92 x 103 6.41 x 10° 0.72
coralline

endolithic 5.04 x 10° 16.83 x 10° 1.89
epipelic 7.68 x 10° 25.65 x 10° 2.88
Gross Productivity

Algal Type mgo0, 0”2 day"l cal m~? day“l gC m~? day-l
encrusting 7.20 x lO3 24.05 x 103 2.70
coralline

endolithic 11.76 x 10° 39.28 x 10° 4.41
epipelic 9.84 x 10° 32.87 x 103 3.69

* 1.0 mgo2 = 3.34 calories Ivlev (1934)

** 1.0 g0, = 0.375 gC Westlake (1963)
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In Table 2, productivity is expressed in mgO, per square meter

2
of algal surface per day and, to allow comparisons with other
rates of primary production in the literature, equivalent rates
in gC and calories are also included.

The epipelic algae exhibited the highest rates of net
production and the endolithic algae the highest rates of gross
production. The encrusting coralline algae had the lowest rates
of net and gross production of all three algal types. Table 3
shows the mean daily, monthly and yearly rates of primary produc-

tion per square meter of reef surface in mgO gC and calories.

27
Productivity per square meter of reef surface by each algal type
was determined by multiplying the mean daily production rate in
mgo2 per square meter of algal surface times the percent coverage
by each algal type on the whole reef (Appendix Table 2). The
mean daily rate of net production per square meter of reef surface

was 3.52 gO equivalent to 1.32 gC and 11.76 kcal.

2'
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Table 3

Mean daily, monthly and yearly rates of net and
gross primary production m~2 of reef surface.

1. Net Productivity

Period mgo,, m™2 cal m 2" gc m 2"
day 1 3.52 x 10° 11.76 x 10° 1.32
mo~t 105.60 x 10° 353.70 x 10° 39.60
yrt 1284.80 x 10° 4291.23 x 10°  481.80

2. Gross Productivity
Period mgo, w2 cal m 2" gC 2
day~t 6.72 x 10° . 22.44 x 10° 2.52
mo™t 201.60 x 10° 673.34 x 10°  75.60
yr-1 2452.80 x 10° 8192.35 x 10°  919.80

* 1.0 mgO, = 3.34 calories Ivlev (1934)

** 1.0 gO, = 0.375 gC Westlake (1963)
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III. Quality of Food Resources Ingested by
Diadema antillarum

There were marked differences in food quality among
the algal types consumed by Diadema. Table 4 shows that the
encrusting coralling algae had the highest caloric and organic
content per gram dry weight among the three food types and the
endolithic algae on coral dead heads had the lowest. Although
the epipelic algae contained a higher caloric content than the

endolithic algae on rubble, it had a somewhat lower organic

content.
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Table 4

Caloric content and organic matter expressed as
percent (%) dry weight in the algal food types
eaten by Diadema antillarum.

Algal Food Type Caloric Content Organic Matter
cal g1 dry wt percent dry wt
Mean 95% C.L.* Mean +95% C.L.
encrusting 370.30 (8)** +£42.52 20.55 (25) 0.93
coralline
epipelic 58.09 (5) + 4,12 4.81 (39) 1.58
endolithic 40.41 (10) + 6.49 5.60 (36) 1.93

on rubble

endolithic 37.23 (9)
veneer on

coral dead

heads

"
~
L ]

(8}
=

4.44 (26) 1.83

* confidence limits

** yalues in parentheses represent the number of samples
examined
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IV. Urchin Population Densities and Size Frequency
Distributions

The abundance of Diadema along transects across the
North Bellairs Fringing Reef is shown in Table 5. Densities
ranged from a low of 4.6 to a high of 26.3 urchins per m2 of
reef surface. Low density values reflect low counts from tran-
sects over sandy bottom. A mean density of 17.3 urchins per m2
was calculated over the whole sampling period.

Urchin densities also were determined from monthly
quadrat sampling (Table 6). A mean density of 22.6 urchins per
m2 of reef surface was calculated from quadrat sampling. Quadrat
sampling was considered a more accurate method of obtaining
population density because of the difficulties in counting all
urchins along the meter wide transect while swimming over the
reef. Therefore, a density of 23 Diadema per m2 of reef surface
was considered a more reliable measure.

Figures 25a-c illustrate monthly size frequency distri-
butions for the Diadema population. Histograms express the number
of individuals in each size group as a percentage of the total
collected in the monthly sample. The size range of urchins collec-
ted was similar throughout the sampling period with the exception
of July 1975. During this month the recruitment of juveniles is
shown by the appearance of a size group less than 10 mm MTD.

Considerable monthly variation occurred in the percentage
of urchins within each size group. A histogram of pooled size
frequency data (approximately 3500 individuals counted and measured)
is shown in Figure 25c (bottom). The frequency distribution over

the whole size range has the general shape of a normal distribution
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Table 5

Densities of Diadema antillarum m 2
surface from transect counts.

Month No.

Counted

July 1975 (1)~*
August 1975 (2).
September 1975 (3)
October 1975 (4)
November 1975 (5)
December 1975 **
January 1976 (6)**
February 1976 (7)
March 1976 (8)**
April 1976 (9)

May 1976 (10)

June 1976 (11)

(Figure 8b)

* %

806
687
2389
3200

4307

5778

1997
2694

2337

2

of reef

m- examined

150
150
140
180

180

220

120
110
120

because of poor weather conditions

***confidence limits

mean

95% C.L.***

values in parentheses represent transect locations

Density m

2

5.4
4.6
17.1
17.8

23.9

26.3

16.6
24.5

19.5

17.3
i6.4

transect counts could not be made during these months
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Table 6

Densities of Diadema antillarum m-2 of
reef surface from quadrat collections.

Month No. of urchins No. of quadrats Density n~2
collected examined

July 1975 (1) * 160 15 10.7
August 1975 (2) 161 15 10.7
September 1975 (3) 290 14 20.7
October 1975 (4) 431 18 23.9
November 1975 (5) 594 18 33.0
December 1975 ** - - -
January 1976 (6) 378 12 31.5
February 1976 (7) 356 20 17.8
March 1976 (8) 209 12 17.4
April 1976 (9) 326 11 29.6
May 1976 (10) 323 12 26.9
June 1976 (11) 312 12 26.0

mean 22.6

95% C.L.*** 5.5

* values in parentheses represent transect locations
(Figure 8b)

** gquadrat collections could not be made during this month
because of poor weather conditions

***confidence limits



Figure 25a

Size frequency distributions of Diadema antillarum
collected in the months of July to October 1975.

Frequency is expressed as the percentage of the
total number of individuals in each size group.

Values in parentheses represent transect locations
(Figure 8b).
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Figure 25b

Size frequency distributions of Diadema antillarum
collected in the months of November 1975 and
January to March 1976.

Frequency is expressed as the percentage of the
total number of individuals in each size group.

Values in parentheses represent transect locations
(Figure 8b).
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Figure 25c

Size frequency distributions of Diadema antillarum

collected in the months of April to June 1976 and

a composite size frequency distribution of all
monthly collections.

Frequency is expressed as the percentage of the
total number of individuals in each size group.

Values in parentheses represent transect locations
(Figure 8b).
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curve.

Table 7 shows the percentages of urchins of each size
group in the population. Values were computed from frequency
distributions and the number of urchins per square meter based
on a mean density of 23 urchins per mz. Urchins of the 20 mm
MTD size‘group and smaller comprised approximately 25% of the
total population. The largest proportion of the population
(ca. 50%) consisted of urchins of size groups ranging from 25-35
mm MTD, and the remaining proportion by urchins 40 mm and larger.
A least squares fit relationship between urchin size groups and
density (y = 5.30-0.08x, r = -0.83, where y = density m-z,

x = urchin size group and r = correlation coefficient) effects
a constant logarithmic decrease in number. According to Miller
and Mann (1973), this is a situation that would occur if annual
recruitment and mortality were constant.

Three transects laid perpendicular to the shore were
studied in detail to determine differences in the frequency dis-
tributions with inéreasing distance from the shore. Size frequency
distributions from quadrats along the three transects were plotted
for successive 10 m intervals from the shore. A progressive
decrease in mean urchin size was found within the first 60 m from
shore (Figure 26).

The mean size of urchins in the first six quadrats sets
were significantly different from one another at the P = 0.05
level with the exception of the differences'between means of
quadrat sets 3 and 4, 3 and 5, and 4 and 5 (Table 8). The means
of the remaining quadrat sets 7 to 12 were significantly different

when compared to each of the first five gquadrat sets with the
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Table 7

Numbers of Diadema antillarum of each size
group m‘z, based on a mean density of 23
individuals m~2 o

Size Interwval

(mm)

(0.0-19.5)

(20.0-24.5)
(25.0-29.5)
(30.0-34.5)
(35.0-39.5)
(40.0-44.5)
(45.0-49.5)
(50.0~54.5)
(55.0-59.5)

(=60.0 )

Total

f reef surface.

Percentage of the

number of indivi- No. of urchins
Size Group duals in each size m~4 of reef
(mm) group in the total surface
population
%)
15 13.3 3.1
20 11.3 2.6
25 18.6 4.3
30 17.6 4.0
35 14.9 ' 3.4
40 10.3 2.4
45 7.1 1.6
50 3.9 0.9
55 2.2 0.5
60 0.8 0.2
100.0 23.0



Figure 26

Size frequency distributions of Diadema antillarum
collected from transects laid perpendicular to the
shore.

Mean urchin size in each quadrat set is connected
by the dotted line.
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Table 8

Results of the statistical testing of the difference
between the mean size of urchins in each quadrat set
with increasing distance offshore (P = 0.05)

Urchin
Size .
(mm) 10m distance offshore 120m

60 -

407~

20 4 \\\‘o———-“"—“‘\\o———- "_——‘i\\‘~o

Quadrat Sets
1l 2 3 4 5 6 7 8 9 10 11 12

1 S S S S S S S S S S S
qs, 2 S S S S S S S S S

3 N N S S S S ] N S

4 N S S S S S N S

5 S S S S S N ]

6 N S N S S N

7 S N N S N

Quadrat Sets 8 S N N N

9 S S N

10 N N

11 S

12

S - significantly different
@ N - not significantly different
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exception of differences between the means of quadrat sets 11l

versus 3, 4 and 5.
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V. Energy Budgets for Diadema antillarum

A. Consumption

The composition of food in the gut contents of urchins
varied considerably with body size. Figure 27 shows the percent-
ages of different food types found in urchins of each size group
(Appendix Table 5). There appears to be a marked change in diet
when urchins reach between 30 and 40 mm MTD. The gut contents of
urchins of 30 mm MTD and smaller contained a higher percentage
of encrusting coralline algal food pellets than either endolithic
or epipelic algal food pellets. Gut contents of larger urchins
consisted largely of pellets of the epipelic algal food type.
Endolithic algal food pellets were not abundant in gut contents
of any urchin size group.

No urchins of the 15, 55 and 60 mm MTD size groups were
available when analysis was carried out for determination of the
percentage of each food type in the natural diets of urchins of
each size group. Consequently, urchins of the 15 mm MTD size
group were assumed to have gut contents (diets) of similar percent-
age composition as urchins of the 20 mm MTD size group. Similarly,
urchins of the 55 and 60 mm MTD size groups were assumed to have
diets of similar percentage composition as urchins of the 50 mm
MTD size group.

The weight of food ingested per individual per day
(methods page 24 ) is shown in Table 9. Estimated minimum consump-
tion rates ranged from 0.129 g dry wt day'_l for urchins of the
smallest size group of 15 mm MTD to 2.934 g dry wt day-l for the

largest size group of urchins, 60 mm MTD.



Figure 27 Percentages of different food types found in the
guts of Diadema antillarum of various size groups.
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Table 9

Estimated minimum daily consumption rates of
Diadema antillarum of various size groups,
equivalent to mean gut content dry weight.

Urchin No. Examined Consumption Rate +£95% Confidence

Size Group (g dry wt day-1) Limits
mm
15 16 0.129 0.113
20 18 0.160 0.020
25 23 0.275 0.040
30 20 0.330 0.071
35 16 0.742 0.126
40 16 1.236 0.144
45 16 1.906 0.034
50 16 2.366 0.411
55 16 2.5386 0.319
60 16 2.934 0.299



- 68 -

Table 10 lists the weight of food consumed per square
meter of reef surface by urchins of each size group. These were
determined by first multiplying the dry weight of food consumed
per urchin of each size group times the frequency of each size
group in a m2. The total weight of food consumed per square meter
of reef surface was then calculated by summing food consumption
over all urchin size groups. As a minimum estimate approximately
15.85 g dry wt daty-l are consumed by Diadema per square meter of

reef surface (or 475.50 g dry wt moml

).

The estimated minimum caloric intake per urchin of each
size group is shown in Table 11 (for calculation see Appendix
Table 7). Urchins of the smallest size group, 15 mm MTD, acquire
38.66 calories per day from food consumed and urchins of the
largest size group, 60 mm MTD, 210.09 calories. The estimated
minimum caloric intake per square meter of reef surface is shown
in Table 12. Urchins obtain 2.38 kcal m-'2 day.l or 71.27 kcal

m-2 mo-l from the food they consume.

B. Production

Growth rates of Diadema feeding on fleshy macrophytes
and sea grasses have been measured by Lewis (1966) in Barbados
and Bauer (1976) in Florida. Mean growth rates determined from
their studies suggests that urchins less than 35 mm MTD grow

. and larger urchins at a rate of 1.5

at a rate of 3.4 mm mo
mm mo-l. However, Diadema on the North Bellairs Fringing Reef
do not feed on fleshy macrophytes or sea grasses; their food

resources are entirely different and contain large amounts of

inorganic material. Thus growth rates determined by Lewis and
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Bauer may not be applicable to the present study.

Polymodal size frequency distributions were analyzed
in an attempt to obtain growth rates of Diadema on the fringing
reef (Figure 28). Bimonthly size frequency distributions (solid
line) were divided into their sets of component curves (dotted
line) to detect any regular, progressive increase in modal
values. An increase in modal values over successive months
represents an increase in urchin size. Modal values did indeed
increase between July 1975 and May 1976 (Table 13). Thus, a
more detailed examination of the polymodal size frequency
distributions was undertaken.

Figure 28 clearly shows that there are two prominent
peaks at 5 and 17 mm in the July 1975 polymodal size frequency
distribution. These modes appear to represent the recruited
young from the spring 1975 and fall 1974 spawnings respectively.
This interpretation is based upon the data which show that Diadema
on the North Bellairs Fringing Reef exhibit two periods of
spawning (see Figure 30). The third mode of the July size fre-
quency distribution occurs at 24 mm. ‘This mode is assumed to
represent the combined individuals then one year of age (spawned
in spring 1974 and fall 1973). The fourth mode at 40 mm then
may be considered to represent urchins of two years or older.

Based upon the above interpretation of the July 1975
polymodal size frequency distribution, urchins of the July 1975,
5 mm size group grow from a mean of 5 mm (first mode) to 24 mm
(mode three) in one year, a monthly growth rate of 1.6 mm.

Further inspection of the July 1975 distribution indicates that
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Table 10
‘=> Estimated minimum food consumption rates of

Diadema antillarum m~2 day~ expressed in g dry
weight based upon gut content dry weight.

Urchin Food Consumption No. of urchins Contribution to
Size Group Rates m=< of reef total weight of 2
surface food consumed m
(mm) (g dry wt day_l) (g dry wt m 2 day T)
15 0.129 3.1 0.40
20 0.160 2.6 0.42
25 0.275 4.3 1.18
30 0.330 4.0 1.32
35 0.742 ' 3.4 2.52
40 1.236 ' 2.4 2.97
45 1.906 1.6 3.05
50 2.366 0.9 2.13
55 2.536 0.5 1.27
60 2.934 0.2 . 0.59

Urchin food consumption expressed in

gdry wem “ day — = 15.85
Urchin food consumption expressed in - -1
g dry wt m © mo = 475.50
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Table 11

Estimated minimum caloric intake per individual
Diadema antillarum of each size group expressed
on a daily and monthly (30 days) basis.

Group

(mm)
15
20
25
30
35
40
45
50
55

60

Daily Caloric:

Intake

(cal day
38.66
48.06
73.38

101.87
167.90
.135.74
141.12
169.41
181.53

210.09

1

)

Monthly Caloric
Intake

(cal mo )

1159.80
1441.80
2201.40
3056.10
5037.00
4072.20
4233.60
-5082.30
5445.90

6302.70
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Table 12

Contribution to total minimum caloric intake

m"2

day-l by urchins of each size group and _
total caloric intake m~2 of reef surface day

and mo‘l.

Urchin Size

Caloric intake

No. of urchins

1

Contribution

Group
(mm)

15
20
25
30
35
40
45
50
55

60

per urchin of
each size group

(cal day_l)

38.66
48.06
73.38
101.87
167.90
135.74
141.12
169.41
181.53

210.09

m~—<¢ of reef
surface

to total calo-
ric intake per
m—< of reef
surface
1

(cal mo )
119.85
124.96
315.53
407.48
570.86
325.78
225.79
152.47
90.77

42.02

Urchin consumption expressed in cal m-z day-l= 2375.51

Urchin consumption expressed in cal m—2 mo"l

71265.30
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urchins of the 24 mm size group grow to 40 mm (mode four) by
their second year, a growth rate of 1.3 mm mo—l. Thus, two
growth rates can be derived for Diadema on the fringing reef,

one of 1.6 mm mo T

for urchins less than or equal to 24 mm and
the other of 1.3 mm mo-l for larger urchins.

Further evidence of the accuracy of these growth rates
can be found from examination of the polymodal size frequency
distributions of later months. If urchins of the July 1975, 5 mm

size group grow at the estimated rate of 1.6 mm mo—l

, they would
attain 11 mm by November 1975, and 21 mm by May 1976. The
November size frequency distribution shows a modal peak at 12 mm,
and there is a modal peak at 20 mm in May, 1976.

Since polymodal size frequency distribution analysis
combines size groupings into major component curves (Taylor 1965),
it is not unlikely that mode two of the September 1975 size
frequency distribution may be interpretated as evidence of the
combined frequencies of the July 17 and 24 mm size groups. This
is a reasonable assumption since urchins of the July 1975, 17 mm
size group initially would grow faster (1.6 mm mo_l) than urchin
of the 24 mm size group (1.3 mm mo—l), and one would expect to
find a fusion of these size groups in later months resulting
from differential growth rates. Therefore, at a growth rate of
1.6 mm mo * , urchins of the July 1975, 17 mm size group reach 20
mm by September 1975, and at a growth rate of 1.3 mm mcml ’
urchins of the July 24 mm size group reach approximately 27 mm.

The combined mean of these two size groups in September 1975, is

24 mm and the September 1975 size frequency distribution does



Figure 28

Polymodal size frequency distributions of Diadema
antillarum collected at bimonthly periods from July @
1975 to May 1976.

The solid line ( ) shows the measured frequency
distribution of the population. )

The dotted line (...) shows the calculated component
normal curves from the same data.

Values in parentheses represent transect locations
(Figure 8b).
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Table

13

Modes of polymodal size frequency distributions.

Month
July 1975
September 1975
November 1975
January 1976
March 1976

May 1976

mode 1

5
12
12
17
20

20

mm

mm

mode 2

17
23
25
28
37
35

mm

mode 3

24
33
43
43
47

47

mm

mm

mode 4

40 mm
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show a modal peak at 23 mm. Furthermore, urchins of the July 1975,
17 mm size group reach 23 mm and those of the July 24 mm size
group reach 30 mm by November 1975, giving a combined mean of 26
mm. The November distribution shows a modal peak at 25 mm. By
January 1976, urchins of these same two July 1975 size groups reach
26 and 32 mm respectively. The mean size of these two size groups
is 29 mm, and the January 1976 distribution shows a modal peak at
28 mm. Further application of the two estimated growth rates to
the July 1975, 17 and 24 mm size groups indicates that they reach
32 and 37 mm respectively by May 1976, giving a combined mean of
approximately 35 mm. The polymodal size frequency distribution
for May 1976 does exhibit a modal peak at 35 mm.

Growth of urchins of the July 1975, 40 mm size group is
somewhat difficult to interpret from the polymodal size frequency
distributions. However, at a growth rate of 1.3 mm mo"l urchins
of this size group should reach 45 mm by November 1975, and the
plotted distribution for that month shows a modal peak at 43 mm.

The above interpretations of the polymodal size frequency
distributions do provide supporting evidence for the selection
of the two growth rates. Therefore, the two growth rates derived
for Diadema of the North Bellairs Fringing Reef were considered

1 for urchins less than or

reasonable and taken as 1.6 mm mo
equal to 24 mm MTD and 1.3 mm mo™! for larger urchins. These
monthly growth increments in test diameter were then converted
to an equivalent increase in body dry weight from a relationship

between whole urchin dry weight and test diameter (Figure 29).

Monthly secondary production was converted to calories
by multiplying the monthly body weight increment times the mean
caloric content of whole urchins (Table 14). The resulting mean
monthly secondary production of Diadema antillarum ranged from
72.64 cal for urchins of the 15 mm MTD size group to 942.36 cal
for urchins of the largest size group of 60 mm MTD (Table 15).

Monthly secondary production of urchins per sguare meter
of reef surface is shown in Table 16. Based on the above method



Figure 29

The relationship between total urchin dry weight (g)
and urchin size (MTD in mm) in Diadema antillarum.

Equation of the line:

3.0607
14

y = 0.0002x r = 0.9917 where:

v urchin total dry weight (qg)
x = urchin size (MTD in mm)
r = correlation coefficient
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Table 14

Mean caloric content of whole Diadema antillarum
(including gonads) collected during a one-year period.

Urchin Size No. Tested Caloric Content*
Group (cal g=l1 dry wt)
(mm)
15 10 210.22
20 11 256.41
25 12 269.12
30 10 250.34
35 11 244.29
40 12 254.34
45 11 251.82
50 12 253.19
55 7 248.29
60 4 272.10
overall mean. 251.02

+95% Confidence
Limits

54.53
33.96
27.75
24.17
33.89
18.54
19.88
19.18
31.03
142.04

12.66

* caloric content determined by wet oxidation (Huges 1969
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Table 15

Mean monthly secondary production of Diadema
antillarum of various size groups.

Urchin Size Monthly Production
%%%%E (cal mo™ 1)
15 72.64
20 127.94
25 199.41
30 231.09
35 315.43
40 413.38
45 524.98
50 650.37
55 789.61

60 942. 36
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Table 16

Secondary productivity of Diadema antillarum
expressed in cal m~2 mo-l.

Month Productivity
(cal m2 mo-l)
July 1975 5,228
August 1975 5,558
September 1975 6,175
October 1975 6,003
November 1975 4,620
December 1975 -
January 1976 6,884
February 1976 4,879
March 1976 7,108
April 1976 7,547
May 1976 6,694
June 1976 7,166

mean monthly 6,169
95% C.L.* * 222

Urchin production expressed in -1
cal m=2 mo ~** 6,409

* confidence limits

**based upon the number of urchins of each size group
in the mean density (Table 7)
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of determining growth (somatic and reproductive tissue combined),
the monthly energy allocated to growth was similar during the
year and ranged from 4.62-7.55 kcal m-z. The slight differences
in production result from the varying proportions of individuals
of each size group in the population sampled each month (Figures
25a~-c). Mean production per square meter of reef surface was

6.41 kcal mo L.

C. Reproduction

Seasonal variation in the gonad index of Diadema is
illustrated in Figure 30. The gonad index increased during July
to September 1975 and again from October to May 1976, indicating
two periods of gonad maturation. The decreases during September
to October 1975 and May to June 1976 were interpreted as spawning
periods.

There was very little difference in the caloric content
per gram of reproductive tissue among urchins of each size group,
even though samples were from monthly collections over the entire
year (Table 17). The mean caloric value of reproductive tissue

1 ash

irrespective of urchin size or sex was 5.41 £ 0.09 kcal gm
free dry weight, equivalent to 0.76 kcal m1"t gonad.

From Figure 30 it is evident that there was considerable
loss of reproductive material during the two spawning periods.
This loss, expressed in calories, is shown in Table 18 and was
obtained by multiplying the difference in gonad volumes between
the two spawning periods times the caloric content per ml of
reproductive tissue. Caloric loss during the September-October

1975 spawning season ranged from 21.24 calories for urchins of

20 mm MTD to 776.60 calories for urchins of 60 mm MTD. During



Figure 30

Seasonal variation in gonad index of Diadema
antillarum vertical bars indicate 95% confidence
limits.

Gonad volume (GV) in ml.
Urchin size (MTD) in mm.

(Drawn from data in Appendix Table 14).
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Table 17

@ Caloric content of reproductive tissue of Diadema
antillarum, collected during a one-year period.

Urchin Size No. of Urchins Caloric Content* +95% Confidence

Group Examined (kcal g-l1 AFDW) Limits
(mm)
15 1 5.368 -
25 18 5.398 0.194
30 15 5.305 0.271
35 31 5.327 0.152
40 27 5.358 0.165
45 29 5.556 0.185
50 18 5.379 0.230
55 12 5.560 0.603
overall mean 5.406 0.088

* caloric content determined by micro~bomb calorimetry
AFDW = ash free dry weight
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- Table 18

@ Caloric loss of reproductive tissue during the
two spawning periods of Diadema antillarum.

Urchin Size Spawning Period Mean Monthly
Group Loss Over the
(mm) Sept.-Oct. 1975 May-June 1976 Year

(cal urchin™t) (cal urchin™t) (cal urchin™%)
20 21.24 48,54 5.82
25 56.12 94.80 12.58
30 97.08 164.57 21.80
35 153.96 261.65 34.63
40 229.80 389.82 51.64
45 327.63 555.15 73.57
50 449.73 765.98 101.31
55 597.62 1013.22 134.24
@ 60 776.60 1315.82 174.37

Urchin reproductive output expressed in -2 -1
cal m mo = 709.33
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the May~-June 1976 spawning period 48.54 calories were lost as
reproductive products by urchins of 20 mm MTD and 1315.82
calories by urchins of 60 mm MTD.

Mean monthly caloric loss ranged from 5.82 calories
for urchins of the 20 mm size group to 174.37 calories for urchins
of the largest size group (Table 18). The mean monthly caloric
loss in reproductive products'per square meter of reef surface

was 0.71 kilocalories.

D. Respiration

Respiration rates and energy required for respiration
are presented in Table 19. Urchins 15 mm MTD consume 0.073

mgo, ntloor expénd 175.55 cal mo~ ' for maintenance. Urchins of
the largest size group, 60 mm MTD, consume 1.636 mgO2 h-l or

require 3934.25 cal mo-l for maintenance. The loss of energy in

respiration per square meter of reef surface was 33.45 kcal mo-l.

E. Excretion and Egestion

Hourly rates of ammonia excretion and equivalent monthly
energy loss by Diadema examined in the laboratory are presented
in Table 20. Hourly excretion rates ranged from 0.30 ng at
NH3-N for urchins 15 mm MTD to 4.33 ug at NH3
mm MTD. Monthly energy loss ranged from 1.05 cal urchin"l for

=N for urchins 60

individuals of the smallest size group to 15.21 cal urchin-l for
urchins of the largest size group. The monthly energy loss per
square meter of reef surface by urchins was 0.1l kcal.

Daily egestion rates expressed in grams dry weight are
presented in Table 21. Rates range from 0.072 g dry wt day_l

for urchins of the 15 mm MTD size group to 2.251 g dry wt day“l
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Table 19

Oxygen consumption and equivalent energy require-
ments for maintenance of Diadema antillarum.

Urchin Size Oxygen Consumption* Energy Requirements*¥*
Group (mgo, urchin~! n™1 (cal urchin~t! mo T)
15 0.073 175.55
20 - 0.247 593.99
25 : 0.421 1012.42
30 0.594 1428.45
35 0.768 1846.89
40 0.941 : ' 2262.92
45 1.115 2681.35
50 1.288 3097.38
55 1.462 3515.82
60 1.636 3934.25

Urchin oxygen consumption expressed in -1
cal m~2 mo = 33447.38

* from Lewis (1968a)

** 1.0 mgO, = 3.34 calories Ivlev (1934)

2
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- Table 20

Ammonia excretion and equivalent caloric
expenditure mo—1 by Diadema antillarum.

Urchin No. Tested Mean Ammonia $95% Confidence Caloric
Size Excreted Limits Expenditure*
Group (ng at NHj (cal urchin™t
(mm) urchin-1 h™1) mo~1)
15 3 0.30 0.06 1.05

20 11 0.42 0.23 1.48

25 22 0.71 0.16 2.49

30 16 1.10 0.30 3.87

35 21 1.76 0.59 6.18

40 14 2.05 0.50 7.20

45 5 2.11 0.51 7.41

50 11 3.42 0.83 12.02

55 4 4.23 1.05 14.86

60 .- 4.33%% - 15.21

Urchin excretion expressed in cal m 2 mo L = 105.44

* 1.0 pg at NH, = 4.88 x 107> calories Lilly (1975)

3

** value determined from regression equation: y = -1.914 + 0.,104x,
where y = ug at NH3, x = urchin MTD in mm, correlation coeffi-
cient r = 0.969
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Table 21

Daily egestion rates of Diadema antillarum of
various size groups expressed in grams dry weight.

.Urchin
Size Grou
(mm)
15
20
25
30
35
40
45
50
55

60

No.

Examined

13
12
13
11
11
11
13
12
13
11

Egestion Rate

*95% Confidence

(g dry wt day-l)

0.072
0.143
0.220
0.238
0.734
1.095
1.710
1.836
2.071
2.251

Limits

0.018
0.029
0.069
0.063
0.108
0.189
0.513
0.387
0.342

0.363
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for urchins of the largest size group, 60 mm MTD. On a square
meter basis urchins egest 13.50 g dry wt day~ ' or 405.00 g dry
wt mo—l (Table 22).

The energy content of egested fecal waste from urchins
of each size group collected in the field is shown in Table 23.
Results indicated that the caloric content of feces was quite
variable over the urchin size groups examined. Caloric content
ranged from a low of 19.83 cal g_l dry weight of feces for
urchins of 45 mm MTD to a high of 164.33 cal g-l dry weight of
feces for urchins of 35 mm MTD.

Daily egestion rates in calories are shown in Table 24.
Rates ranged from a low of 8.17 cal urchi.n"l day_l for individuals
of 15 mm MTD to a high of 197.75 cal urchin'-1 clay-l for urchins

of 60 mm MTD. Urxchins egested 869.37 cal m“2 dayml or 26.08 kcal

m-'2 mo-l {Table 25).
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Table 22 -

Egestion rates of Diadema antillarum m ° of -1
reef surface expressed in grams dry weight day .

Urchin Egestion Rate No. of urchins Contribution to
Size Group (g dry wt day 1) m-< of reef total egestion m_
(mm) surface (g dry wt day~i)
15 0.072 3.1 0.22
20 0.143 2.6 0.37
25 0.220 4.3 0.95
30 0.238 4.0 0.95
35 0.734 3.4 ' 2.50
4Q 1.095 2.4 2.63
45 1.710 1.6 2.74
50 1.836 | 0.9 1.65
55 2.071 0.5 1.04
60 2.251 0.2 0.45
Urchin egestion expressed in g dry wt m2 day"l = 13.50
2 -1

Urchin egestion expressed in g dry wt m “ mo 405.00
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Table 23

Mean caloric content of feces from freshly
collected Diadema antillarum.

Urchin Size No. Tested Mean Caloric Content X95% Confidence

Group -1 ‘Limits

(mm) (cal g ~ dry wt)
20 4 ' 113.44 6.87
25 4 62.20 15.09
30 4 99.19 15.60
35 4 164.33 38.14
40 5 : 24.27 5.37
45 B 19.83 5.56
50 4 33.96 7.24
55 5 23.93 8.43

60 4 87.85 3.12
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Table_24

Caloric content of feces egested by Diadema
antillarum of each size group expressed on a

daily and monthly (30 days) basis.

Size Daily Caloric¥*
Group Loss
(mm) (cal day~1)

15 8.17
20 16.22
25 13.68
30 23.61
35 120.62
40 26.58
45 33.91
50 62.35
55 49.56
60

197.75

Monthly Caloric

Loss
(cal mo-l)

245.10
486.60
410.40
708.30
3618.60
797.40
1017.30
1870.50
1486.80

5932.50

* values for daily caloric loss were obtained by
multiplying daily egestion rates (Table 21,
column 3) times the mean caloric content of
feces (Table 23, column 3).
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Table 25

Contribution to total caloric loss in feces m"2
day~l by urchins of each size group and total _
caloric loss in feces m~2 of reef surface day
and mo~1l.

Urchin Caloric loss No. of urchins Contribution to
Size Group urchin-I of each m-2 of reef total caloric
(mm) size group day-i surface "loss of m=2<
(cal) reef surtace
(cal)
15 8.17 3.1 25.33
20 16.22 2.6 42.17
25 13.68 4.3 58.82
30 23.61 4.0 94.44
35 1120.62 3.4 410.11
40 26.58 2.4 63.79
45 33.91 1.6 54.26
50 62.35 0.9 56.12
55 : 49,56 0.5 24.78
60 197.75 0.2 39.55

869.37

Urchin egestion expressed in cal m-2 day

Urchin egestion expressed in cal m 26081.10

3
(¢}
0
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VI. Summary of Energy Budgets

Table 26 summarizes monthly energy budgets for Diadema
antillarum of each size group and per square meter of reef surface.
Urchins of the 15, 20, 25, 30, 40 and 45 mm MTD size groups can
satisfy their energy budget requirements from the food energy
obtained at the estimated minimum consumption rates. Urchins of
the other size groups show deficits in their energy budgets which
range from 0.362-4.522 kcal mo™t. This indicates that their
budget requirements cannot be met at the estimated minimum consump-
tion rates.

| On a square meter basis, the population energy budget

shows a surplus of 5.22 kcal mo-l.
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Table 26

Summary of Energy Budgets of Diadema antillarum of various size groups expressed
in kcal m~2 mo-~

Urchin Size Group Consumption Production Respiration Excretion Egestion Total Surplus

(mm) © ®) (R) (@ (F) (P+R+U+F)  or deficit

15 1.160 0,073 0.176 0.001 0.245 0.495 0.665

20 1.442 0.128 0.594 0.001 0.487 1.210 0.232

25 2.201 0.199 1.012 0.002 0.410 1.623 0.578

30 3.056 0.231 1.428 0.004 0.708 2.371 0.685

35 5.037 0.315 1.847 0.006 3.619 5.787 -0.750

40 4.072 0.413 2.263 0.007 0.797 3.480 0.592 é
45 : 4.234 0.525 2.681 0.007 1.017 4.230 0.004 !
50 5.082 0.650 3.097 0.012 1.871 5.630 -0.548

55 5.446 0.790 3.516 0.015 1.487 5.808 -0.362

60 6.303 0.943 3.934 0.015 5.933 10.825 -4.522

Urchin Population

Energy Budget

(kcal m ¢ mo 1) 71.27 6.41 33.45 0.11 26.08 66.05 5.22
(per cent) (100.00%) 9.00% (46.93%) (0.15%) (36.59%) (92.68%) (7.32%)
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VII., Absorption Efficiency

Positive efficiencies of organic matter absorption
determined by the Conover (1966) method ranged between 2.2 and
72.8% on all foods (Table 27). Absorption efficiencies were
higher on encrusting coralline algae than on any other food type
and ranged from 26.0% for urchins of 15 mm MTD to 72.8% for
urchins of 50 mm MTD. In addition absorption efficiencies wvaried
directly with urchin size for individuals fed encrusting coralline
algae (Figure 31).

Absorption efficiencies on the other food types were
generally low and showed no direct relationship with urchin size
(Table 27). Only urchins of 40 mm MTD and 50 mm MTD had positive
absorption efficiencies when fed the endolithic algal veneer
(14.2% and 7.1% respectively). Diadema of 35 mm MTD and larger
showed positive absorption efficiencies ranging from 9.4% to 22.4%
when fed the endolithic algae on rubble. Urchins fed the epipelic
algae exhibited the lowest positive absorption efficiencies of
all examined, 2.2%.

Absorption efficiencies on mixed diets were also deter-
mined from the difference between caloric content of food and
feces. These efficiencies were calculated using the general
equation A.E. = (C-F)/C x 100, where A.E. = absorption efficiency,
C = caloric content of food and F = caloric content of feces
(Miller and Mann 1973, Lawrence 1975). Asborption efficiencies
calculated in this way for urchins of each size group are shown
in Table 28 (column number 3) and range from 5.9% to 81.4%.

In addition, absorption efficiencies were calculated

for urchins with a mixed diet on the basis of organic matter.
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Table 27

@ Percent efficiency of organic matter
absorption*** by Diadema antillarum.

Algal Food Types Tested

Urchin Size Encrusting Endolithic Endolithic Epipelic
Group Coralline veneer on on rubble on sand
(mm) dead heads

15 26.0 NE* NE NE
25 62.8 —k% - -

30 37.3 - - NE
35 38.3 - 11.3 NE
50 46.9 14.2 | 9.4 2.2
45 : 60.5 - 22.4 -

50 72.8 7.1 16.9 2.2

* NE = not examined
** negative values were obtained

*** absorption efficiency determined by the method of
Conover (1966)

where: A.E. = (F'-E'") x 100,

(1-E") (F")
and F' = fraction of organic matter in food
E' = fraction of organic matter in feces



Figure 31

Efficiency of absorption of organic matter (in
percent) by Diadema antillarum which has fed upon
encrusting coralline algae.

Equation of the regression line:

10.65 + 1.10x, r = .72 where:

absorption efficiency in percent

u

urchin size (MTD) in mm

H X KK
"

correlation coefficient

(1}
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- Table 28

Comparisons of absorption efficiencies calculated
by several methods for Diadema antillarum of
various size groups having a mixed diet. Values
are in percent (%).

Urchin Size Absorgtion Absorgtion Absorption
Group Efficienc Efficienc Efficienc
) —m - s o

15 73.5 57.5 78.5
20 31.6 27.1 67.5
25 46.7 37.0 81l.4
30 53.3 40.0 76.8
35 43.5 ' 43.7 28.2
40 44.6 39.5 ~80.3
45 neg. - neq. 75.9
50 neg. neq. 63.2
55 neg. neg. 72.7
60 neq. neg. _ 5.9

(1) according to Welch (1968) in terms of organic matter
(2) according to Conover (1966) in terms of organic matter
(3) according to Miller and Mann (1973) in terms of calories
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Positive efficiencies shown in Table 28 range from a low of

27.1% to a high of 73.5%. The highest value was calculated for
urchins of 15 mm MTD and the lowest for urchins of 20 mm MTD.
Table 28 also demonstrates that there is little agreement among
the absorption efficiencies determined by the three methods. The
absorption efficiencies calculated in terms of calories are all
higher (except for urchins of 35 mm MTD) éhan those determined

on the basis of organic matter. Irrespective of the methods there

appears to be no direct relationship between urchin size and

absorption efficiency when urchins feed on a mixed diet.
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VIII. Calcium Carbonate Sediment Production and Erosion
of Reef Carbonate Framework by Diadema antillarum

Table 29 lists the mean percentage by weight of calcium
carbonate (Cacb3) in feces from various sizes of Diadema antillarum.
Calcium carbonate content ranges between a low of 84.44% in feces
of urchins of 55 mm MTD and a high of 94.85% from urchins of 40
mm MTD. An overall mean of 89.79% was calculated from pooled
values.

Total monthly CaCO, sediment production and erosion by

3
urchins is shown in Table 30. Urchins of 15 mm MTD produce 1.98
grams of sediment per month and approximately 83% of this quantity
can be attributed to the production of fresh sediment i.e. erosion.
Urchins of 60 mm MTD, the largest examined, produce 60.64 grams

of CaCO3 sediment per month but only 29.7% of this quantity can

be attributed to erosion. Total monthly sediment production per

square meter of reef surface is 368.82 grams. Erosion accounts

for 48.9% of the total sediment production (Table 30).
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Tableé 29
Mean percentage of inorganic matter (CaCO,) and

organic matter in feces of Diadema antillarum
of various size groups based on dry weight.

Urchin No. Mean Percent 95% Confidence Mean Percent
Size Examined Inorganic Limits Organic Matter
Group Matter (by difference)
() (%) ) (%)

15 4 91.80 9.25 8.20

20 6 87.10 10.80 12.90

25 11 89.73 4.71 10.27

30 14 88.74 7.28 11.26

35 6 92.34 3.89 7.66

40 5 94.85 1.93 5.15

45 6 91.24 7.11 8.76

50 10 90.74 3.25 9.26

55 7 84.44 14.46 15.56

60 - 89.79*%* - 10.21%*

* mean 69 89.79 2.03 ) 10.21

overall
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Table 30

‘:b Monthly calcium carbonate sediment production
and erosion by Diadema antillarum.

Urchin Total Sediment . Percentage of " Fraction of
Size Production¥ _ Primary Reef Total Sediment
Group (gCaCO3.urchin Framework 1in Production
(mm) mo'l) the mixed diet** Attributed to
o Erosion*** _
(gCaCO3 urchin
mo=1)
15 1.98 83.0 1.64
20 3.74 83.0 3.10
25 5.92 76.3 4.52
30 6.34 88.7 5.62
35 20.33 68.0 13.82
40 31.16 44.3 13.80
45 46.18 27.3 - 12.78
50 49.98 29,7 14.84
55 52.46 29.7 15.58
60 60.64 29.7 18.01

Urchin sediment production expressed in

gCaco, m~ mo T = 368.82

Urchin bioerosion expressed in g’Ca.CO3 m“2 mom1 = 180.37
Bioerosion expressed as a percentage of

sediment production = 48.9%

* Column 2 obtained by multiplying daily egestion rates
in grams (Table 21) times 30 days and the resultant
times the mean percentage of CaCO4 in feces (Table 29).

** Column 3 obtained from the percentage of each food
type in gut contents (Figure 29).

***Column 4 obtained by multiplying column 2 times column 3.
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DISCUSSION

I. Primary Production on the North Bellairs
Fringing Reef

Two important points emerge from the study of produc-
tivity of benthic algae from the North Bellairs Fringing Reef.
Firstly, rates of primary production per square centimeter of
algal surface are as high or higher than rates determined on
reefs elsewhere in the Caribbean and Pacific. Secondly, total
benthic primary productivity per square meter of fringing reef
surface (excluding coral symbiotic algal productivity) is lower
than rates of primary production per square meter of reef surface
reported for several other coral reefs.

A comparison of rates of production of benthic algae on
various reefs is shown in Table 31. Hourly rates of production
per square centimeter of algal surface of encrusting coralline
algae are in close agreement to those determined by workers in
Hawaii and Curac¢ao while rates of endolithic and epipelic algal
production are higher than those measured elsewhere.

Rates of production of fringing reef benthic algae are
compared with rates of phytoplankton productivity in oceanic and
neritic waters in the vicinity of Barbados in Table 32. Based
upon a l0-hour photoperiod and a euphotic zone depth of 100 m,
Steven (1971) determined the net production of phytoplankton in
oceanic waters to be approximately 1l.24 kcal m—2 day—l. Over a
similar photoperiod and a euphotic zone depth of 10 m, data of
Sander (1971) and Sander and Steven (1971) show a net phytoplankton
productivity of approximately 0.97 kcal m—2 day-'l in neritic

waters adjacent to the North Bellairs Fringing Reef. Rates of



Algal Type

encrusting
coralline

endolithic

epipelic

Table 31

Primary productivity of several reef associated algae
from various locations.

Net Productivity -1 Gross Productivigz_l Location

(cm~270f algal surface h =) (cm~2 of algal surface h )

mgO2 mgC calories mgO2 mgC calories

0.036 0.014 0.120 0.048 0.018 0.160 Hawaii
0.025- 0.009- 0.084- Hawaii
0.062 0.023 0.207

0.024- 0.009- 0.080- Hawaii

0.026 0.010 0.087

0.015- 0.006- 0.050- 0.023- 0.009- 0.077- Curacao

0.034 0.013 0.114 - 0.043 0.016 0.144

0.038 0.014 0.127 0.060 0.023 0.200 Barbados

0.006 0.002 0.020 0.012 0.005  0.040 Moorea

0.12- 0.005-~ 0.040- Tuamotu

0.035 0.013 0.117 Island

0.015- 0.006~- 0.050- 0.023- 0.009- 0.077- Curacao

0.034 0.013 0.144 0.043 0.016 0.144

0.070 0.026 0.234 0.098 0.037 0.327 Barbados

0.015~- 0.006- 0.050- 0.023- 0.009- 0.077- Curacao

0.034 0.013 0.144 0.043 0.016 0.144

0.073 0.027 0.244 0.082 0.031 0.274 Barbados

1.0 mgo, = 3.34 calories Ivlev (1934)

2
1.0 90, = 0.375 g C Westlake (1963)

Source

Marsh (1970)
Littler (1973)

Littler and Doty
(1975)

Wanders (1976)

- $0T -

This Study

Sournia (1976a)
Sournia (1976b)

Wanders (1976)

This Study

Wanders (1976)

This Study



Table 32

Daily net primary production of fringing reef benthic algae
and phytoplankton in oceanic and neritic waters near Barbados.

Algal Type Daily Net Productivity Location Source
(30,) (gC) (calories)
encrusting 0.56 m 2 of 0.21 m™ 2 of 0870.40 m 2 of Fringing reef This Study
coralline reef surface reef surface reef surface
algae -2 -2 -2
1.92 m © of 0.72 m © of 6412.80 m ~ of
algal surface algal surface algal surface
endolithic 0.80 m 2 of '0.30 m2 of 2672.00 m 2 of Fringing reef This Study |,
algae reef surface reef surface reef surface -
5.04 m 2 of 1.89 m~2 of 16833.60 m 2 of 2
algal surface algal surface algal surface |
epipelic 2.16 m~ 2 of 0.81 m 2 of 7214.40 n~? of Fringing reef This Study
reef surface reef surface reef surface
7.68 m 2 of 2.88 m~ 2 of 25651.20 m 2 of
algal surface algal surface algal surface
Total 3.52 m 2 of 1.32 m™? of 11756.80 m~ 2 of
reef surface reef surface reef surface Fringing reef This Study
oceanic 0.37 m~2 of 0.14 n~? of 1235.80 m 2 of Off the west
phytoplankton water surface water surface water surface coast of Steven (1971)*
-2 -2 -2 Barbados
neritic 0.29m ~ of 0.11m of 968.60 m of Waters adjacent Sander (1971)*
phytoplankton water surface water surface water surface the fringing

* their values have been corrected according to Borstad (1978)

1.0 mgO
1.0 g0

2

2

3.34 calories Ivlev (1934)
.375 gC Westlake (1963)

reef
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net production per square meter of reef surface by each of the
three algal types are greater than the rates of net phytoplankton
production in oceanic and neritic waters. Productivity of
encrusting coralline algae per square meter of reef surface
exceeds oceanic phytoplankton productivity per square meter of
water surface by a factor of 1.5 and exceeds phytoplankton produc-
tivity in waters adjacent to the fringing reef by a factor of 1.9.
Net productivities of endolithic and epipelic algae per square
meter of reef surface exceed oceanic phytoplankton productivity
by factors of 2.2 and 5.8 respectively and neritic water phyto-
plankton productivity per square meter of water surface by factors
of 2.8 and 7.5 respectively. Total benthic algal net productivity
per square meter of reef surface exceeds oceanic phytoplankton
productivity by a factor of 9.5 and neritic water phytoplankton
productivity by a factor of 12.1.

It is also of interest to compare rates of total benthic
algal production to reef primary productivity elsewhere. Table
33 lists daily rates of non-coral primary production per square
meter of reef surface for several coral reefs. The contribution
of total reef primary production ranges from a low of 1.78 kcal

"2 day™! to a high of 50.77 kcal m 2 day . Wanders (1976)

reports that daily net production of benthic algae on a fringing
coral reef in Curagao is in the order of 20.04 kcal m-'2 of reef
surface which is in close agreement with 17.81 kcal m-'2 of reef
surface day-'l measured by Sournia (1976a) in Moorea. In Barbados,
daily net productivity by benthic algae is 11.76 kcal m_2 of

reef surface.



Table 33

Net productivity by benthic algae* from several coral reefs

Contribution to reef productivity

(go, m 2 day~

15.20

0.53-
1.33

5.33

by benthic algae

l) (gC m"2 day_l) (cal mn2 day—l)
5.70 50768.00
0.20- 1780.22-
0.50 4452.22
2.00 17812.22
2.25 20040.00
1.32 11756.80

1.0 mgO2 = 3.34 calories Ivlev (1934)

1.0 g0,

.375 gC Westlake (1963)

Location

Hawaii

Hawaii

Moorea
Curacao

Barbados

Source

Littler (1973)

Littler and Doty (1975)

Sournia (1976a)
Wanders (1976)

This Study

* productivity contribution by symbiotic algae in corals not included.

- LOT -



- 108 -

Although hourly rates of benthic algal production per
square centimeter of algal surface on the North Bellairs Fringing
Reef are similar or higher than those reported elsewhere, the
percentage area covered by each of the three algal types on the
fringing reef (Appendix Table 2) determines the total benthic
productivity per square meter of reef surface (Table 3). Because
reef surface topography is highly irregular, it is extremely
difficult to quantify the exact surface area occupied by algal
covered surfaces (Dahl 1973, 1974). Therefore, the total surface
area covered by each algal type may have been underes;imated.

This would then partly account for a lower overall figure for
calculated primary productivity per square meter of reef surface.

Rates of coral reef benthic algal net production are
compared with rates of macrophytic algae and sea grass net
production ianable 34. Rates of coral reef benthic algal produc-
tion (excluding the contribution of symbiotic algae in living
coral tissue) are generally lower than those reported for several
marine benthic plant communities. In Barbados, the rate of benthic
algal net production is lower than those reported for the marine
plant and other coral reef communities. This result may be
considered a function of the area covered by each algal type with-
in a square meter of reef surface, since rates of reef benthic
algal production per unit area of algal surface are similar to
those reported for marine macrophytes and sea grasses (Luning
1971, 1973, Johnston et al. 1977, Drew 1978).

Nevertheless, the above comparisons between reef benthic
algal productivity and oceanic and neritic phytoplankton produc-

tivity provide supporting evidence for the generalization that



Plant
Community

Fucus
Ascophylum
Laminaria
Thalassia

Thalassia

Coral Reef

Hawaii
Hawaii
Moorea
(lagoon)

Curacao

Barbados
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Table 34

Net Productivity

(30, m=2 mo_l)(gc m=2 mo_l)(kcal n~? mo
1821.36 683.01 6083.33
229,54 86.08 766.67
436.63 163.74 1458.33
1160.18 435.07 3875.00
523.95 196.48 1750.00
456.00 171.00 1523.04

15.99- 6.00- 53.41-
39.90 14.96 133.27
159.90 59.96 534.07
180.00 67.50 601.20
105.60 39.60 353.70

* as cited in Crisp (1975), Lewis (1977) and others

1.0 mgO
1.0 go

2
2

= 3.34 calories Ivlev (1934)
= 0.375 gC Westlake (1963)

Net primary productivity of several marine
plant communities and coral reefs¥*.

-1

)

Source

Kanwisher
{(1966)
MacFarlane
(1952)
Mann (1972)

Odum H.T.
(1956)

Qasim and

Bhattashiri
(1971)

Littler
(1973)

Littler and
Doty (1975)

Sournia
(1976a)

Wanders
(1976)

This study
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coral reef communities have higher rates of organic production
than their surrounding waters (Sargent and Austin 1949, 1954,
Odum and Odum 1955, Kohn and Helfrich 1957, Lewis 1977 and others).
Although measurements of primary production were taken
only during a three month period, June through August 1976, the
rates were considered a reasonable estimate of primary production
occurring throughout the entire year. This assumption was made
for several reasons. Firstly, the means of the physical and
chemical values (light intensity, nitrates, phosphates, salinity
and temperature) taken over the same period as primary production
measurements, were not significantly different (P = 0.05) from
the annual means (Appendix Table 17). These results are con-
sistant with those of Steven et al. (1970), Sander (1971), Steven
(1971) and Sander and Steven (1971) at Barbados who found that
variations of physical and chemical values showed no seasonality
but values fluctuated randomly around their annual means.
Secondly, Steemann-Nielsen (1971) and Steven (1971)
found that the characteristic clarity of waters over tropical
regions facilitates the penetration of light to great depths
and the radiation in these low latitudes exceeds the saturation
level for maximum photosynthesis. In situ light intensities
measured over a year at the nearby island of Curacao (12%1" N),
68°44' W) were considerably higher than those required at the
compensation levels of the benthic algae in the shallow reef
waters (Wanders 1976). Since the North Bellairs Fringing Reef
extends over a similar depth range as the reef in Curacao, light
intensities reaching the benthic primary producers would be

similar and thus sufficient for maximum photosynthesis in the
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shallow Barbados reef waters. Therefore, <n s<tu light inten-
sities were never considered to be a limiting factor for photo-
synthesis on the North Bellairs Fringing Reef.

Wanders (1976) also showed that on-shore values of
primary production were similar to those made in gitu. This
supports data of other workers who have used on-shore measurements
of primary production to estimate rates of production in the field
(Marsh 1970, Littler 1973, Littler and Doty 1975). On-shore or
laboratory rates of production measured by these workers and
those of the present study are similar to rates of production
measured in the field by Wanders (1976). In addition, Wanders
(1976) found little evidence of seasonality in year long studies
of benthic primary production of a shallow reef in Curacao.
Therefore, on the bases that, 1) physical and chemical values
measured over the same period as primary production measurements
did not significantly differ from their annual means, 2) that
on-shore rates of benthic algal production are similar to in situ
rates and 3) that Wanders found little evidence of seasonality
of benthic algal rates of production, the on-shore measurements
of primary production obtained here during a three month period
were considered to be reasonable estimates of rates of production
throughout the year.

The lack of seasonality in rates of primary production
in this area of the Caribbean has been shown by other workers.
Steven et al. (1970), Sander (1971), Steven (1971) and Sander
and Steven (1971) found no clear evidence of seasonality in

studies of phytoplankton production at Barbados.
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II. Energy Partitioning and Utilization by
Diadema_antillarum

The net productivity of benthic algae on the North
Bellairs Fringing Reef is sufficient to supply the nutritional
requirements (in terms of calories) of the Diadema population.
It is of interest to compare the utilization and partitioning of
this production by Diadema (Figure 32) with that of other sea
urchins. A comparison is shown in Table 35 in which the popula-
tion energy budget of Diadema is compared with similar energy
budgets for a temperate water species, Strongylocentrotus droe-
bachiensis, and another tropical species, Lytechinus variegatus.

Miller and Mann (1973) studied Strongylocentrotus in a
marine bay off Nova Scotia, Canada, where the urchins occured at
densities of approximately 37 m-'2 in Laminaria (kelp) beds. The
population energy budget was based upon separate energy budgets
determined for urchins of six age classes ranging in size from
approximately 6-45 mm MTD. In Jamaica, the Lytechinus population
studied by Greenway (1976) occurred in a Thalassia (sea grass)
bed at densities of 20 m-2. Greenway determined an energy budget
for the population based only upon a 48 mm MTD size class. The
population energy budget calculated here for Diadema was based
upon separate energy budgets determined for 10 size groups ranging

2

from 15-60 mm MTD (Table 26) and a mean density of 23 m “ (Table 7).

From population energy budgets shown in Table 35, it is
clear that the monthly caloric intake of 96.02 kcal m-'2 by Strongy-
locentrotus and 260 kcal m 2 by Lytechinus is sufficient to

cover their respective energy budget requirements. The energy

acquired by Diadema at the estimated consumption rate (71.27 kcal



O

Figure 32 Partitioning of energy intake by Diadema antillarum. Q
All values are expressed in terms of kcal m~2 mo~
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Location
Urchin
species
Density

Net Primary
Production

Consumption

Urchin
Production

Respiration

Egestion

Surplus

Source

O

Table 35

Monthly energy budgets of three populations of sea urchins expressed

in kcal m~2 mo~
consumption.

Canada - kelp bed

Strongylocentrosus
droebachiensis

37 m 2

Laminaria
1458.33

96.02
(6.58%)

4.15
(0.28%)
((4.32%))

14.88
(1.02%)
((15.50%))

36.63
(2.51%)
((38.15%))

40.35
(2.77%)
((42.02%))

Miller and Mann (1973)

Jamaica - sea grass bed

Lytechinus variegatus

20 m—2

Thalassia
546

260
(47%)

120*
(22%)
((46%))

50
(9%)
((19%))

90
(16%)
((35%))

Greenway (1976)

( ) enclosed value is the percentage of net primary production
(( )) enclosed value is the percentage of consumption

* determined by difference in this table

** jncludes excretion

and as a percentage of net primary production and

Barbados - fringing

coral reef

Diadema antillarum

23 m~2

Mixed benthic algae
353.70

71.27
(20.15%)

6.41
(1.81%)
((9.00%))

33.45
(9.46%)
((46.93%))

26.19**
(7.40%)
((36.74%))

5.22
(1.48%)
((7.328))

This Study

- ¢1IT -
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m~2 mo_l), is  sufficient to cover its population energy budget

demands, with a surplus of 5.22 kcal m"2 mo-l. Furthermore,
Table 35 shows that approximately 20% of the monthly net primary
production of the fringing coral reef is consumed by Diadema.
This percentage is considerably larger than the 7% reported for
the consumption of benthic algal production by Strongylocentrotus
feeding in kelp beds but is lower than the 47% value for consump-
tion of Thalassia by Lytechinus.

Although the population energy budget of Diadema
shows a net surplus of 5.22 kcal n % mo~!, individual
energy budgets of urchins of some size groups have deficits in
their energy budgets. Table 26 indicates that four of the ten
size groups have deficits in their energy budgets. This may
indicate that consumption rates have been underestimated, or that
there are alternative ways by which food can be obtained.

While other investigators (Fugi 1967, Miller and Mann
1973, Greenway 1976 and others) have been able to quantify rates
of ingestion of fleshy macrophytes and sea grasses, numerous
attempts to measure directly the feeding rates of Diadema on
encrusting coralline, endolithic and epipelic algae failed (see
methods page 23). Consequently, consumption rates have been
determined indirectly from gut contents and probably have been
underestimated. In regards to alternative means of nutrition,
Pequignat (1966, 1972) has shown that sea urchins can acquire
energy through the absorption of organic molecules across external
epithelial tissues.

.Urchin secondary production as growth and reproduction

ranges from a high of 120 kcal n % mo ! for Lytechinus to a
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low of 4.15 kcal m—.2 mo-l for Strongylocentrotus. It may be
noted that the very high production fiqure for Lytechinus was
not measured independently but was calculated by difference

from the terms of its energy budget (Table 35). The monthly

2 of Diadema. is higher than the monthly

production of 6.41 kcal m_
production of Strongylocentrotus and this is consistent with the
findings of Ebert (1975), who has already shown that the majority
of tropical urchins grow much faster than boreal ones.

The measured production of Diadema can be compared to a

predicted value determined from a relationship between respiration

and production (Miller and Mann 1973). The equation relating

these two variables is of the form of P = 0.6440 R0'8517, where

P is production expressed in terms of kcal m™% mo™t and R,
respiration, expressed in the same units. By this equation, the

predicted secondary production of Diadema is 12.80 kcal m"2 mo-'1

which overestimates . the measured value of 6.41 kcal m"'2 mo-l.
This high secondary production of Diadema is of consider-
able interest since production of Strongylocentrotus reported by
Miller and Mann (1973) was regarded as being very high. The
high production of Diadema may be due in part of its high net and
gross growth efficiencies. Table 36 shows that gross growth
efficiencies (production/consumption x 100, Kozlovsky 1968, Welch
1968) of Diadema are all higher than for Strongylocentrotus of
similar size. In addition, a comparison of net growth efficiencies
(production/absorption x 100, Kozlovsky 1968, Welch 1968) shows
similar differences. Thus, it is apparent that Diadema is more

efficient at converting its algal food resources into urchin bio-

mass than is Strongylocentrotus of similar size. This ability



Net and gross efficiencies of Diadema antillarum
and Strongylocentrotus droebachiensis of similar

size.

Gross Growth Efficiency (P) = (production kcal urchin™

Diadema antillarum

Urchin Size

15
25
30
40

45

P

C
(%)
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Table 36

1

mo-l) x 100

(C) (consumption kcal urchin-I mo-1)

Strongylocentrotus droebachiensis

Age Group

(yr)
1
2

Approx. Size

14
23
32
40

45

P

C
(%)

Range overall size groups (15-60 mm) of Diadema 6.3-15.0%
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Table 36 (cont'd)

Net Growth Efficiency (P) = (production kcal ur:chin-l mo-l) x 100

(X) (assimilation kcal urchin-I mo-1)
Diadema antillarum Strongylocentrotus droebachiensis
Urchin Size P Age Group Approx. Size P
g%tg (2) (yr) % (2)
15 8.0 1 14 7.8
25 11.1 2 23 7.2
30 9.8 3 32 6.7
40 12.6 4 40 5.8
45 16.3 5 45 6.0

Range overall size groups (15-60 mm) of Diadema 8,0-254.9%
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to convert food into urchin biomass more efficiently would lead
to faster growth and possibly a reduction in time to reach
reproductive maturity.

Ecological efficiencies of Diadema and Strongylocentrotus
are shown in Table 37. Results demonstrate that Di{adema has an
ecological efficiency of 9.0% and Strongylocentrotus 4.3%. The
efficiency value for Diadema is .within the predicted range
of 5-15% by Slobodkin (1960, 1961), and the value calculated for
Strongylocentrotus is slightly lower.

Respiration accounts for a substantial proportion of
energy budgets in all three urchin species (Table 35). Respired
energy loss per square meter in both the tropical species is
greater than in Strongylocentrotus. It may be noted that Lewis
(1968b) and Webster (1975) have reported that tropical urchins
respire at higher rates than temperate species.

A high percentage of the caloric intake is also lost
through egestion in all three urchin species (Table 35). The
energy loss in feces is equal to 38.15% of the caloric intake of
Strongylocentrotus and 35% of the caloric intake of Lytechinus.
Although in DZadema the energy loss attributed to nitrogenous
waste in the form of ammonia is only a very small fraction of the
caloric intake (0.15%, Table 26), the energy loss to excretion
and egestion combined is 36.74% of the caloric intake (Table 35)
Thus it appears that Diadema releases as much energy to the
benthos in the form of fecal pellet detritus as do the other two
urchin species. The significance of this is discussed in Section

Iv.
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Table 37

Ecological effiencies* of the Diadema antillarum
and Strongylocentrotus droebachiensis populations.

Urchin Species Ecological Efficiency*¥*

Diadema antillarum 9.0%
23m-2
Strongylocentrotus 4.3%
droebachiegsis
- 37m~
Range for aquatic 5-15%

consumers according to
Slobodkin (1960, 1961)

* Ecological efficiencies calculated according to Slobodkin
(1960, 1961) and based upon budget terms shown in Table 35,

o> - -
‘ ** Ecological = (population production kcal m 2 mo l)

Efficiency (population consumption kcal m~4 mo-l) x 100
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III. Absorption Efficiency

All positive values of absorption efficiency of Diddema
antillarum which fed upon each of the three algal types fall
within the ranges reported by Lawrence (1975, 1976). Although
these efficiency values varied widely with urchin size and food
type, urchins of all size groups absorbed encrusting coralline
algae more efficiently than any of the other food types. In
addition, absorption efficiencies of Diadema fed only encrusting
coralline algae were found to very directly with size. Similarly,
Himmelman (1969) found that for Strongylocentrotus droebachiensis
fed Laminaria, the efficiency of organic matter absorption ranged
between 9.0 and 42.3% for urchins of 40.9-7.3 mm test diameter.
However, reports by Miller and Mann (1973) on the same species
and Fugi (1967) on S. intermedius do not corroborate Himmelman's
findings. The latter authors report little variation in the
absorption efficiency with urchin size. Reasons for these con-
flicting results may be attributed to differences in previous
nutritional history (Lawrence 1975) or possibly to the different
experimental methods. Clearly, more research is needed to deter-
mine the relationship between urchin body size and absorption
efficiency.

There are few studies of the absorption efficiency of
sea urchins fed coralline algae. Leighton (1968), following the
Conover method, determined the efficiency of organic matter
absorption by Strongylocentrotus purpuratus on the two coralline
algae Bossiella sp. and Corallina officialis to be 29.2% and
16.5% respectively. Because of these low efficiencies, Lawrence

(1975) suggested that coralline algae as a group may be poorly
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absorbed. In contrast, the efficiencies determined for Diadema
of 25 mm MTD and larger are all higher than any value determined
by Leighton. In addition, Lowe and Lawrence (1976) found the
absorption efficiency of Lytechinus variegatus which fed upon
the heavily calcified articulate coralline algae Halimeda
inerassata to be relatively high (43%). These results and those
'presented for Diadema indicate that some heavily calcified algae
and encrusting coralline algae are absorbed to a higher degree
than previously suspected.

In the absence of fleshy macrophytes, coralline algae
may serve as an important food resource for echinoids. In waters
off Nova Scotia, Canada, Lang and Mann (1976) found that a dense
population of S. droebachiensis remained in an area after kelps
had been destroyed by sea urchin grazing. It appeared that the
urchin population was consuming 'encrusting algae' and detrital
material entering the area from nearby kelp beds. In fact, more
recent studies have shown that S. droebachiensis feeds upon
encrusting coralline algae in these areas devoid of macrophytes
(T. Hackney 1978, personal communication by Dr. K.H. Mann). In
watefs off the USA west coast, Leighton et al. (1966) and North
and Pearse (1970) have reported that S. purpuratus decimates
kelp beds to such an extent that only encrusting coralline algae
remains and Ebert (1968) has shown that this urchin species con-
sumes encrusting coralline algae in other areas of the USA west
coast.

Efficiencies of organic matter absorption by Diadema were
lower on endolithic and epipelic algae than on encrusting coral-

line algae, and negative values were obtained in some instances
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(Appendix Table 15). Lowe and Lawrence (1976) propose several
reasons for negative absorption efficiencies obtained in studies
of Lytechinus, among which include the absorption of significant
amounts of ash from foods or loss from feces, enrichment of feces
after egestion by bacteria or other microfauna, and the enrich-
ment of ingested food by secretions of mucus from the urchin's
digestive tract to coat food and prevent abrasion or the gut
lining. In any case, the negative efficiencies determined for
Diadema fed endolithic and epipelic algae indicate that Diadema is
not capable of absorbing these food types as well as encrusting
coralline algae.

The preceding discussion has dealt specifically with
urchins which were fed a single food type. However, urchins
ingest a wide variety of algae and other foods. The absorption
efficiency of urchins having a mixed diet has not been determined
in other species. Table 28 shows that there is no apparent
relationship between urchin size and absorption efficiency when
Diadema feeds on a mixed diet. This is presumably the result of
the mix of food and the different nutritional value of each food
type (Boyd and Goodyear 1971).

Absorption efficiencies calculated on the basis of the
difference between the total organic content in food and feces
are quite different from those determined upon a caloric basis
(Table 28). In all but one instance, the efficiency value calcu-
lated on the basis of calories is higher than on the basis of
organic matter. This may be explained in part by the organic
method not differentiating between the proportions of the protein,

carbohydrate and lipid fractions comprising the total organic
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content of the food and feces. Inherent in the caloric method

is some quantification of the proportions of these food components.
This is the result of each of the food components having a
different calorific equivalent (protein 5.56 kcal g-l ash free

dry weight, carbohydrate 4.10 kcal g-l ash free dry weight and
lipid 9.45 kcal gtl ash free dry weight, Brody 1945). Therefore,
in the same food the ratio of protein to carbohydrate to lipid,
when expressed in terms of organic matter, will be quite different
than when the same ratio is expressed in terms of calories
(Salonen et al. 1976). Thus, when absorption efficiencies are
determined by the organic method one would not expect to obtain
equivalent results to those obtained on a caloric basis. Care
must be exercised when comparing absorption efficiencies among
animals and in evaluating the nutritional quality of foods when

absorption efficiencies are determined by different methods.
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IV. The Role of Diadema antillarum in Energy Transfer
within the Coral Reef Community

The role and importance of sea urchins on reefs has
been examined in terms of sediment production and control of
species diversity (Sammarco et al. 1974, Hunter 1977, Ogden 1977),
but their role in energy transfer to other members of the reef
community has not been considered previously.

The population energy budget for Diadema shows clearly
the importance of these urchins as energy transformers on a
fringing coral reef. A considerable amount of energy is made
available to the reef community through the production of energy
rich fecal detrital matter. Table 38 shoﬁs that‘fecal detritus
produced by Diadema contains approximately 10 times the caloric
content of the surface sediments to the north and south of the
North Bellairs Fringing Reef and approximately 1.7 times the
caloric content of sediments within the fringing reef. Table 26
shows that Diadema fecal detritus contributes 26.08 kcal m-2 mo-'l
to the benthic community. This is equal to 7.4% of the monthly
net primary production of benthic algae and 36.6% of the caloric
intake of the urchin population. In comparison with S¢rongy-
locentrotus and Lytechinus (Table 35), it is evident that Diadema
contributes a similar proportion of its caloric intake to the
benthos in the form of fecal detritus.

Besides providing this direct source of energy to benthic
fauna which feed on large particles, their fecal deposits supply
a physical substrate for meiofauna and bacteria to colonize.
Sorokin (197la, 1971b, 1973a; 1973b and 1974) has emphasized the

role of bacteria in transformation of detrital organic matter
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- Table 38

Percentage of organic matter in surface sediments
and fecal pellets of Diadema antillarum, expressed
in terms of dry weight.

Sample Type Location Mean percent +95% Confidence Source
organic Limits
matter
(% dry wt)
Fecal pellets North 10.20 2.28 This Study
from Diadema Bellairs
Fringing
Reef
Reef surface North 6.13 0.28 This Study
sediment Bellairs
Fringing
Reef
Surface Speightstown <1.0 - Macintyre
sediments Miramar (1967)
Paynes Bay

(all Barbados
west coast)
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into living biomass.

Sediment surface layers are readily resuspended into
the water column by wave action and tidal currents. In this
way, energy in the form of fecal detrital matter is made available
to serve as food for suspension, filter and tentacular feeders.
Lewis and Price (1975, 1976) have shown that some Atlantic reef
corals behave as suspension feeders and employ mucus nets and
strands to capture a wide assortment of particulate matter.
Fitzsimons (1965) has shown that the brachial crown of the tropi-
cal worm Sabe llastarte magnifica acts as a filter feeding device
for trapping particulate matter, and Reiswig (1971, 1974) has
demonstrated that sponges capture small particulate organic matter
from the surrounding seawater. In addition, reef zooplankton
have been reported to feed on particulate organic matter of
detrital origin (Gerber and Marshall 1974). Although direct
quantitative measure of the importance of fecal detrital material
as a food resource for benthic coral reef organisms is lacking
(Lewis 1977), its potential on the North Bellairs Fringing Reef
is clearly apparent.

Urchin production in biomass is another source of energy
eventually available to members of the reef community. In Diadema,
this amounts to 6.41 kcal m_2 mo - or approximately 1.8% of the
monthly net primary production, or 9.0% of the minimum caloric
intake of the urchin population. 1In Strongylocentrotus, urchin
secondary production is 4.15 kcal m 2 mo™! which is equivalent
to 0.3% of the monthly net primary production of Laminaria or

4.3% of the caloric intake of the population (Table 35). Urchin

production may be channeled to predators (fish, gastropods and
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crustaceans, Randéll 1963, Randall et al. 1964, Fricke 1971, 1974,
Hughes and Hughes (1971), or liberated as gametes or released to
the sediments through mortality. In Barbados, the gastropod

Cassis tuberosa may prey upon Diadema (Hughes and Hughes 1971)

but none were observed during the present study.

From the above examples, a flow diagram may be constructed
which illustrates, in part, the fates of urchin biomass production
and of the particulate organic matter in Diadema fecal deposits
(Figure 33). This figure clearly illustrates that the production
of urchin fecal detritus is the major pathway through which Diadema
makes the energy from biomass of the benthic primary producers

available to other members of the reef community.



Figure 33

Simplified schematic diagram illustrating pathways
of energy transfer directed to other members of
the reef community by Diadema antillarum.

Values are expressed in kcal m-2 of reef surface

mo .
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V. Sediment Production and Erosion by Diadema antillarum

It is apparent that Diadema antillarum is a major bio-
erosional agent of the North Bellairs Fringing Reef in Barbados.
This is shown in Table 39 in which rates of total sediment
production and erosion by a number of reef ofganisms are compared.
Monthly rates of total sediment production per square meter of
reef surface by Diadema are markedly higher than those of other
" reef grazers.

In Barbados, Hunter (1977) has shown that Diadema produces

approximately 0.81 kg CaCO. sediment n % mo™! with the production

3
of new or fresh sediment (i.e. erosion) accounting for 57% of
the total sedimeni production. His calculations were based upon
a density of 23 urchins m2 and a mean sediment production rate
of 2.07 g CaCO3 ur:chin-l day-'l (Lewis 1964). 1In the present
study, however, sediment production rates ranged from 0.06-2.02
g CaCO3 1.1rchin-l day-1 depending upon urchin size and measured
egestion rates. On this basis, total sediment production by
Diadema is 0.37 kg CaCO3 m-'2 mo—'l with erosion accounting for
approximately 48.9% of the total sediment production. This is
somewhat lower than the 57% figure calculated by Hunter.

It should be noted here that rates of CaCO3 sediment

production are not equivalent to rates of CaCO, consumption as

3
estimated in this present study. This is because consumption and
egestion were estimated by separate methods.

Stearn et al. (1977) have estimated the rate of calcifi-

cation on the North Bellairs Fringing Reef at approximately 0.75

kg CaCO3 m-'2 mo-l. This calcification rate may be compared to



Table 39

Rates of calcium carbonate sediment production and erosion

by various reef assoc¢iated animals.

Species Location
FISH
Scarus Panama
eroicensis Caribbean

Coast

Grazers and Bermuda
browsers
Sparisoma Barbados
virdide
URCHINS
Eehinometra Bermuda
lucunter
Diadema Virgin Is.

antillarum

Diadema
antillarum

Diadema
antillarum

Barbados

Barbados

Density or
Biomass

47 kg ha~1

55 kg ha T

4.5 kg ha

1

Sediment Production

Total

(kg Caco3

0.082

0.019

0.005

0.758

0.808

0.369

Erosion
m~ 2 mo~ 1)

0.041

0.009

0.003

0.583
0.383
0.461

0.180

Substrate

coral reef

coral reef

fringing
coral reef

eolianite

coral reef

fringing
coral reef

fringing
coral reef

Source

Ogden (1977)

Bardach (1961)

Frydl (1977)

- 0€T -

Hunt (1969)

Ogden (1977)

Hunter (1977)

This Study



Species

MOLLUSCS

Nerita
tesselata

SPONGES
Cliona

Cliona

HOLOTHURIANS

Holothuria
atra

Holothuria
difieilis

Rates of calcium carbonate sediment production and erosion

Table 39 (cont'd)

by various reef associated animals.

.Location Density or

Biomass

-2

Barbados 220 m
Barbados -
Curacao -
Enewetak -
Enewetak -

Sediment Production Substrate
TQtal Erosion
(kg CaCoO, n~? mo™h)
- 0.013 beachrock
- 0.114 coral reef
- 0.275 coral reef
0.554 - sediment
reworked
0.083 - sediment
reworked

Source

McLean {(1967b)

Stearn and Scoffin
(1977)
Bak (1976)

Webb et al.
(1977)

i
[
(98}
’—l

[

Bakus (1968)
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the rate of erosion of primary reef framework by Diadema. The

data in the present study indicate that 24% of the calcification

is eroded and reduced to sediment. Thus, Diadema can have a
significant effect on this reef's carbonate budget and concurrent-
ly on the reef's morphology (Scoffin et al. in press). Recently,
Stearn and Scoffin (1977) have shown that calcium carbonate bio-
erosion from all major sources on the North Bellairs Fringing

Reef exceeds production by 26 metric tons per year. According

to their study, DZiadema accounts for approximately 86% of all
bioerosion. The contribution to total bioerosion by Diadema was
considered by Stearn and Scoffin to be a maximum estimate since
they assumed that all urchins completely emptied their gut contents
2.5 times per day. On this basis their estimates of daily egest-
ion rates over all urchin size groups are approximately 2.5-4.5
times higher than estimates obtained in the present study.
Consequently, the rates of erosion presented in the present study
may be considered minimum estimates and those of Stearn and

Scoffin maximum estimates. Although all factors of their carbonate
budget have not been assessed, their data indicate that the fring-
ing reef is being eroded faster than it is growing.

In addition, Diadema also influences the sediment compo-
sition on the North Bellairs Fringing Reef. Hunter (1977) compared
the composition of sediments from several coral reefs in the
Caribbean and found that the percentage of coral fragments in
the surface sediments from the North Bellairs Fringing Reef was
higher than on any other coral reef examined. However, he was
unable to explain this difference. It now appears likely that

this high percentage results from the grazing of Diadema on
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endolithic algae associated with the exposed skeletal framework
of reef building corals and coral rubble fragments.

The effect on fringing reef morphology by Diadema grazing
is visually evident and confirmed by the results of Stearn and
Scoffin (1977). The grazing marks shown in Figure 14 indicate
the intensity of grazing. The rate of erosion (24% of the
calcification) and the net loss of CaCO3 from the fringing reef
(Stearn and Scoffin 1977) clearly illustrate that Diadema is a
major bioerosibnal agent which influences coral reef carbonate

budgets and controls coral reef morphology.
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VI. Conclusion

Benthic primary production per square meter of reef
surface on the North Bellairs Fringing Reef is low when compared
to other coral reefs. Nevertheless, net primary productivity
of 353.70 kcal m 2 mo T is sufficient to cover the monthly
energy requirements of the Diadema populatioﬁ. Approximately 20%
(71.27 kcal) of the monthly net primary production is consumed
by the urchin population. The most important pathway of energy
transfer to other members of the reef community is through the
production of energy rich fecal detritus. This amounts to 7.4%
(26.08 kcal) of the monthly net primary production or 36.6% of
the monthly caloric intake of the urchin population. Secondary
production of urchins is also important in terms of energy trans-
fer. Energy directed through this pathway is approximately 1.8%
of the benthic algal net productivity or 9,0% of the urchin
population caloric intake.

Diadema antillarum is the major bioerosional agent of
the North Bellairs Fringing Reef. Calcium carbonate sediment
production by Diadema is markedly higher than by other bioerosional
agents. The erosion of primary reef framework constitutes 48.9%
of the total sediment production. Furthermore, calcium carbonate
deposition on this reef is substantially reduced by grazing urchins.
Approximately 24% of the CaCO3 deposited by reef framework builders
is reduced to sediment by Diadema.

It is apparent then, that Diadema antillarum on the
North Bellairs Fringing Reef may be regarded as a "key species"

in two important processes. Firstly, in processes of energy
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transfer, they are the most important herbivore on the fringing
reef which direct a large proportion of the energy accumulated
at the primary level to other levels within the reef community.
Secondly, they are the most important bioerosional agent of the
fringing reef and thus exert control over reef constructional

processes and thereby influence reef morphology.
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SUMMARY

Hourly rates of primary production per square centimeter of
algal surface of the encrusting coralline, endolithic, and
epipelic algae on the North Bellairs Fringing Reef are as
high or higher than those reported elsewhere.
The net benthic primary productivity.of 353.70 kcal m 2 of
reef surface mo—l on the North Bellairs Fringing Reef is low
when compared to primary productivity on other coral reefs.
Nevertheless, this productivity exceeds monthly net phyto-
plankton productivity in oceanic and neritic waters off the
west coast of Barbados by factors of 9.5 and 12.1 respectively.
The net primary production on the fringing reef is sufficient
to supply the nutritional requirements (in terms of calories)
of the urchin population (23 n"?y. Approximately 20% of this
benthic algal production is consumed by the urchins.
Monthly energy budgets for urchins of various size groups
balance within approximately one kilocalorie at the minimum
consumption rates, except for urchins of the largest size
groups where there is a larger energy deficit.
A population energy budget based upon 23 urchins of mixed
sizes per square meter of reef surface has a surplus of 5.22
kcal mo-l. Consumption accounts for 71.27 kcal mo—l, produc-
tion for 6.41 kcal mo-l, respiration for 33.45 kcal mo-l
and excretion and egestion combined for 26.19 kcal mo-l.

2

The urchin productivity of 6.41 kcal m 2 mo * is somewhat

higher than any reported for other urchin populations.
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Net production efficiencies on the mixed diet of availéble
food resources ranged from 8.0-22.3% over all urchin size
groups with the exception of urchins of the 60 mm MTD size
group.

The egestion of energy rich fecal detrital material by
Diadema antillarum (36.6% of the monthly caloric intake of
the population) is the most important pathway by which energy
fixed as biomass by the primary producers is made available
to other members of the reef community.

Algal food resources consumed by Diadema antillarum vary in
quality and in proportions comprising the mixed diet.
Encrusting coralline algae contains the highest caloric and
organic content per gram dry weight of all food types and

was most abundant in the mixed diets of urchins less than 35
mm MTD.

Absorption efficiencies were found to vary directly with size
of urchins which were fed only encrusting coralline algae.
Absorption efficiencies calculated for urchins have a mixed
diet show no direct relationship with urchin size. In addi-
tion, absorption efficiencies calculated on the basis of
percentage of organic matter in the food and feces of urchins
having a mixed diet were all lower than when efficiencies
were calculated on the basis of calories, with the exception
of the 35 mm MTD size group.

Diadema antillarum is the most important bioerosional agent
on the North Bellairs Fringing Reef. Calcium carbonate
sediment production is markedly higher than by other reef

bioerosional agents.
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Approximately 48.9% of the total carbonate sediment production
is the result of erosion of primary reef framework. This is

equivalent to 24% of the calcium carbonate deposited on the

fringing reef.
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Appendix Table l-

Results of tests for oxygen leakage from glass
jars used for incubation containers in primary
productivity experiments.

Duration of tests - 2 hours

Oxygen Concentration (mgo, 171
Light Bottle Initial Final Change
1 2.35 - 2.25 -0.10
2 2.35 2.35 0.00
3 2.35 2.35 0.00
4 2.35 2.40 +0.05
Dark Bottle
1 2.35 2.40 +0.05
2 2.35 2.50 +0.15
3 2.35 2.40 +0.05
4 2.35 2.50 +0.15
Control
Glass Stoppered 2.35 2.40 +0.05

Bottle



Appendix Table 2

Calculations of total reef surface area covered
by each of the three algal types examined in this
study (from Stearn et al. 1977).

Reef planimetric rock area 10800 m2 = 60% of total
reef planimetric surface area of 18000 m2.

Remainder a mixture of sand and rubbble substrates 2
i.e. 40% of total reef planimetric surface area = 7200 m".

Macro relief factor of 1.7 applied to the total

-planimetric reef rock area

i.e. 1.7 x 10800 m2 = 18360 m2 of reef rock surface

Total reef surface area 18360 m2 of reef rock surface
7200 m2 sand and rubble

25560 m>

Total rock surface area = 18360 m2, of which

- encrusting coralline algae makes up 41% or
7528 m2

- dead coral (assumed harbouring endolithic algae)
makes up 22% or 4039 m2

- live coral makes up 37% or 6793 m2

Total non-rock surface area (assumed harbouring epipelic
algae) = 7200 m2

Percentage of total reef surface area covered by each
algae type:

- area covered by encrusting coralline algae = 7528 m2 or
29% of total reef surface area (25560 m<)

- area covered by endolithic algae = 4039 m2 or 16% of total
reef surface area (25560 m2)

2

- area covered by epipelic algae = 7200 m~ or 28% of the

total reef surface area (25560 m2).
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Appendix Table 3

Feeding rates of Diadema antillarum, from Lewis (1964).

Total No.

of

No. with No. with No. with No. with No. with
food in food in food in food in food in
first half second first half second rectum
of foregut half of of hindgut half of
forequt hindgut
5 (50%)* 5 (50%)
5 (45%) 6 (55%)
13 (65%) 5 (25%) 2 (10%)
3 (20%) 4 (27%) 6 (27%) 2 (33%)
3 (17%) 15 (83%)
1 (8%) 12 (92%)
10 (100%)

* values in parentheses are percentages of the total number of
specimens examined.

specimens

10

11

20

15

18

13

10

examined

(100%)
(100%)
(100%)
(100%)
(100%)
(100%)

(100%)

- LST -
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Appendix Table 4

Number of specimens of Diadema antillarum collected at hourly
intervals with food in the digestive.tract, from Lewis (1964).

Time Oesophagus Caecum First loop Balance Hindgut No. of specimens
(hours) _ forequt forequt examined
0100 2 4 25 25 25 25
0200 2 2 18 25 25 25
0300 0 0 16 20 25 25
0400 4 2 16 24 25 25
0500 2 5 16 21 ' 25 25
0600 2 5 13 15 25 25
0700 4 3 16 20 25 25
0800 0 4 16 20 25 25
0900 2 3 18 25 25 25
1000 3 2 14 21 25 25
1100 2 6 25 20 25 25
1200 3 9 19 21 25 25
1300 4 10 25 - 25 25 25
1400 6 10 25 25 25 25
1500 3 12 25 25 25 25
1600 4 9 25 25 25 25
1700 7 7 21 25 25 25
1800 5 9 23 25 25 25
1900 6 6 25 25 25 25
2000 0 5 19 25 25 25
2100 7 7 22 25 25 25
2200 8 8 20 25 25 25
2300 8 6 19 24 25 ' 25
2400 4 2 19 25 25 25

- 86T -
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Appendix Table 5

Calculation of the percentage of alqal food types in the mixed diets
of Diadema antillarum of various size groups.

- Number of Pellets of Each Algal Food Type

Urchin Size Sample Total Number Epipelic Endolithic Encrusting Unidentified
Group of food pel- Coralline
(mm) lets counted
20 1 225 23 6 181 15
2 300 24 14 236. 26
Total 525 47 20 417 41
percent 100.0 9.0 3.8 79.4 7.8
25 1 300 53 11 220 16
2 300 61 23 198 18
3 410 68 51 272 19
Total 1010 182 85 690 53
per cent 100.0 18.0 8.4 68.3 5.3
30 1 300 22 24 246 8
2 361 48 24 289 0
3 400 26 30 325 19
Total 1061 96 78 860 27
per cent 100.0 9.1 7.4 81.1 2.5
35 1 201 64 30 100 7
2 257 58 24 170 5
3 121 44 gg 57 _g
Total 579 166 74 327 12
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Appendix Table 5 (con't)

Number of Pellets of Each Algal Food Type

Urchin Size Sample Total number Epipelic Endolithic Encrusting Unidentified
Group of food pel- Coralline
(mm) ‘ lets counted
40 1 162 84 52 25 1
2 207 119 49 36 3
3 197 102 45 44 6
Total 566 305 . 1l4e 105 10
percent 100.0 53.9 25.8 18.6 1.8
_________________________________________________________________________________________________ |
45 1 107 75 23 8 1 -
2 192 129 47 16 0 o
3 152 121 26 5 0 e
Total 451 325 96 29 1 '
percent 100.0 72.1 21.3 6.4 0.2
50 1 139 103 21 10 5
2 141 85 39 12 5
3 125 85 33 5 2
Total 405 273 93 27 12
percent 100.0 67.4 22.4 6.5 2.9

S M S T e D . G T S — " SN R G S S S T Gme P S R M D VLS Mt GG SIS S G S GG e R S A G G S S S S ey S A . A — O ity St W S G S Mk S o T T b S i S W T A E S T G i S e Gt o G — et —aaa

* for urchins of 15 mm MTD the percentage of each food type in the natural diet was assumed to be
similar to urchins of 20 mm MTD since no data were available for the percentage of each food
type in their natural diet.

** gimilarly urchins of 55 and 60 mm MTD were assumed to have a diet similar to urchins of 50 mm
MTD.



Appendix

Table 6

Mean food pellet size and dry weight from Diadema antillarum
of various size groups.

1. Food Pellet Size

Urchin Size Group No. of Pellets Measured

(mm)

20 80
25 80
30 80
35 80
40 80
45 80
50 80

2. Food Pellet Dry Weight

Urchin Size

Group

(mm)

20

25

30

35

40

50

Quantity Measured

10 groups
pellets
10 groups
pellets

10 groups
pellets

10 groups
pellets

10 groups
pellets

10 groups
pellets

of 100

of 100

of 100

of 100

of 50

of 25

Mean dry weight

Mean Pellet Size

(Diameter in mm)

0.94
1.10
1.23
1.32
l1.61
1.85
1.85

per group

(9)

0.032
0.033
0.340
0.350
0.361

0.967

+95% Confidence

%959 confidence Limits

0.04
0.04
0.05
0.07
0.09
0.08
0.08

Mean dry weight

Limits

0.009

0.007

0.006

0.004

0.002

0.008

of one pellet

(9)

3.24

X

X

1074

1074

1074

1074

-4

10

1073

[}
[
[e)}
-
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Appendix Table 7

Estimated minimum daily caloric intake of Diadema antillarum of various size groups
feeding on a mixed diet.

Urchin Size Group Mean gut Food type Percentage of Weight of each Caloric content Caloric contribution
content dry of each food food type in of each food of each food type to
weight type in the the mean gut type total caloric intake
mixed diet =~ content
(mm) (9) () (9) (cal g dry we™h) (cal)
15 0.129 encrusting coralline 79.4 0.102 370.30 37.77
algae
epipelic algae 9.0 0.012 58.09 .70
endolithic algae 3.8 0.005 37.23 .19

20 0.160 encrusting coralline 79.4 0.127 370.30 47.03
algae
epipelic algae 9.0 . 0.014 58.09 .81
endolithic algae 3.8 0.006 37.23 .22

25 0.275 encrusting coralline 68.3 0.188 370.30 69.62
algae
epipelic algae 18.0 0.050 58.09 2.90
endolithic algae 8.4 0.023 37.23 .86

total 73.38



Food Type

encrusting coralline
algae

epipelic algae
endolithic algae

Appendix Table 7 (Con't)

Percentage of

Weight of each

Caloric content

of each food

food type in

type 1in the

the mean gqut

mixed diet

(®)
Bl.1

content

(g)
0.268

0.030
0.024

of each food
type

(cal g dry wt—l)
370.30

58.09
37.23

Caloric contribution

of each food type to

total caloric intake

(cal)
99.24

1.74

encrusting coralline
algae

epipelic algae
endolithic algae

encrusting coralline
algae

epipelic algae
endolithic algae

38.69
11.88
135.74

Urchin Size Group Mean gut
content dry
weight
(mm) (g)
30 0.330
35 0.742
40 1.236
v
45 1.906

encrusting coralline
algae

epipelic algae
endolithic algae

72.1
21.3

total

79.82
15.12
141.12

-€ot -



Urchin Size Group

Mean gut

content dry

weight
(mm) (g)
50 2.366
55 2.536
60 2.934

Food Type

encrusting coralline
algae

epipelic algae
endolithic algae

encrusting coralline
algae .

epipelic algae
endolithic algae

encrusting coralline
algae

epipelic algae
endolithic algae

Appendix Table 7 (Con't)

Percentage of Weight of each

Caloric content

Caloric contribution

of each food
type iIn the
mixed diet

food type in

the mean gut
conEené

(%) (9)
6.5 0.154
67.4 1.595
22.4 0.530
6.5 0.165
67.4 1.709
22.4 0.568
6.5 0.191
67.4 1.978
22.4 0.657

of each food

type

(cal g dry wt

370.30

58.09
37.23

-1

)

of each food type to
total caloric intake

(cal)
57.03
92.65

- 19.73
169.41

-yl

114.90
24.26
210.09

* for urchins 15 mm MTD the percentage of each food type in the natural diet was assumed to be similar
to urchins 20 mm MTD since no data were available for the percentage of each food type in their

natural diet.

** gimilarly urchins 55 and 60 mm MTD were assumed to have a diet similar to urchins 50 mm MTD.
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Appendix Table 8

Inorganic matter expressed as percent (%) dry
weight in scrapings of encrusting coralline algae.

Sample Inorganic Matter
(¢ dry weight)

1 76.14

2 82.05

3 80.42

4 80.49

5 80.31

6 79.35

7 81.438

8 81.19

9 81.14
10 81.19
11 81.34
12 82.00
13 81.53
14 81.15
15 81.01
16 81.06
mean 80.74
95% confidence £0.77

limits
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Appendix Table 9

Weight loss of calcium carbonate (CaCO3) substrates incinerated at
4500°C and 500°C for four hours expressed as a percentage of the
original sample dry weight after treatment to remove organic matter.

1. BLEACH TREATED

Temperature 450°C : SOOOC
Sample No. Mean Percent £95% Confidence No. Mean Percent  +95% Confidence

tested Weight Loss Limits tested Weight Loss Limits
encrusting 12 2,51 0.09 12 3.50 0.09
coralline
algae

i

coral skeleton 12 2,15 0.55 12 2.28 0.59 —
reagent grade 9 0.26 0.28 9 0.39 0.43 x
CaCO3 ' .

2., NaOH TREATED

encrusting 12 2.66 0.13 12 2.98 0.07
coralline

algae

coral skeleton 12 2.06 0.09 12 2.06 0.09
reagent grade 9 0.08 0.17 9 0.21 0.29
cacCo

3
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Appendix Table 10

Calculation of organic weight ingested by Diadema antillarum
of various size groups having a mixed diet.

Urchin Size Food Type Organic content Percentage of Contribution of Organic Matter

Group per gram dry each food organlic matter Ingested per
weight of each type in the by each food gram dry weight
food type mixed diet type ingested
(mm) (a) (%) ' (gE (9)
15 encrusting 0.193 79.4 0.153
coralline algae
endolithic algae 0.035 3.8 0.001 0.159
epipelic algae 0.051 9.0 0.005
20 encrusting 0.193 79.4 0.153 '
coralline algae b
endolithic algae 0.035 3.8 0.001 0.159 ~
‘ 1
epipelic algae 0.051 9.0 0.005 '
25 encrusting 0.193 68.3 0.132
coralline algae
endolithic algae 0.035 8.4 0.003 0.144
epipelic algae 0.51 18.0 0.009
30 encrusting 0.193 81.1 0.157
coralline algae
endolithic algae 0.035 7.4 0.003 0.165

epipelic algae 0.051 9.1 0.005
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Appendix Table 10 (Con't)

Urchin Size Food Type Organic content Percentage of Contribution of Organic Matter
Group per gram dry each food organic matter ingested per
welght of each type in the by each food gram dry weight
food type mixed diet type ingested
(mm) ‘ ' (9) (%) " (gg : (9)
35 encrusting 0.193 ' 56.5 0.109
coralline algae
endolithic algae 0.035 12.8 0.004 0.128
epipelic algae 0.051 28.7 0.015 ' '
40 encrusting 0.193 18.6 0.036
coralline algae
endolithic algae 0.035 25.8 0.009 0.072
epipelic algae 0.051 53.9 0.027
45 encrusting 0.193 6.4 0.012
coralline algae
coralline algae 0.035 21.3 0.007 0.057
epipelic algae 0.051 72.1 0.038
50 encrusting 0.193 6.5 0.013
coralline algae
endolithic algae 0.035 22.4 0.008 0.055
epipelic algae 0.051 67.4 . 0.034

e . Y T S D S S T T S . S S S T . G W T A W G AR W S D VR W T T S S G o S VD S WAS G e T . S Y —— i T S ) T i S e A T o e Sy T D Mrp WS S Y A e e S G S S G G ——— —— — —— " ——

* urchins 55 and 60 mm MTD were assumed to have the same proportions of each food type
in their natural diet as urchins 50 mm MTD hence same organic content per gram dry
weight of food ingested.

** gimilarly urchins 15 mm MTD were assumed to have the same proportions of each food type in their
natural diet as urchins of 20 mm MTD hence the same organic content per gram dry weight of food
indgested.

- 89T -
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Appendix Table 1l

Salinity, nitrate and phosphate concentrations
measured in reef surface waters during one year.

Date

2/9/75
8/9/75
15/9/75
22/9/75
6/10/75
13/10/75
20/10/75
27/10/75
3/11/75
10/11/75
17/11/75
24/11/75
1/12/75
8/12/75
15/12/75
22/12/75
29/12/75
5/1/76
12/1/76
19/1/76
26/1/76
2/2/76
9/2/76
16/2/76
23/2/76
1/3/76
8/3/76
15/3/76

Nitrates
(ng at N 171)

7.144
4.702
4.795
4.763
2.041
3.006
2.385
3.267
4.061
8.112
8.621

10.336

12.305
2.260

.050
.480
1.710
2.290
.295
.160
.050
.205
- .070
.360
.760
1.710
1.665
.510

Phosphates
(ng at P 17T)

.085
.034
.130
.009
.100
.100
.100
.100
.100
.100
.100
.100
.100
.100
.100
.100
.100
.100
.100
.100
.100
.030
.035
.030
.030
.030
.030
.054

Salinitz

(°/00)

33.880
33.302
33.669
33.613
34.502
34.620
34.750
34.890
34.910
134.900
35.280
35.560
35.820
35.510
35.290
35.010
35.750
35.730
35.410
35.470
35.695
34.840
34.884
34.976
34.995
35.243
34.690
34.878



Date

22/3/76

'29/3/76

5/4/76
12/4/76
19/4/76
26/4/76

3/5/76
10/5/76
17/5/76
24/5/76
31/5/76

7/6/76
14/6/76
21/6/76
28/6/76

5/7/76
12/7/76
19/7/76
26/7/76

2/8/76

9/8/76

16/8/76.

23/8/176
30/8/76
6/9/76

Appendix Table 1l (cont.)
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Nitrates
(ng at N 1°%)

.415

.410
1.545
2.670
1.240
3.580
2.220

2.680

3.750
3.730
3.580
5.300
2.460
2.900
1.590

Phosghates
(ng at P 1

.044
.030
.040
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.032
.030

Salinity

(O/OO)

34.771
34.179
35.743
34.911
34.974
35.136
33.839
33.801
33.758
33.721
33.634
33.726
33.881
33.966
34.501
33.976
33.934
33.609
34.547
34.217
33.823
33.877
33.674
33.652
33.705
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Appendix Table 12

Oxygen concentrations in surface seawater and
alr and sea temperatures measured over a period
of one year.

Date Temperature °c . Dissolved Oxygen.
Air Sea (mgo, 171
2/9/75 28.0 28.0 5.74
8/9/75 27.0 27.5 6.30
15/9/75 26.5 28.0 4.85
22/9/75 29.0 27.0 5.78
29/9/75 29.0 29.0 4,85
6/10/75 28.5 29.0 5.25
13/10/75 24.5 29.0 5.35
20/10/75 29.5 : 29.0 5.28
27/10/75 28.5 28.0 5.20
3/11/75 28.0 29.0 6.10
10/11/75 27.5 27.5 4.06
17/11/75 27.0 27.5 6.51
24/11/75 28.0 28.5 -
1/12/75 27.5 27.5 6.20
8/12/75 27.5 27.5 -
15/12/75 24.0 27.5 -
22/12/75 24,0 26.5 -
29/12/75 . 24.0 26.5 -
5/1/76 25.0 25.0 6.74
12/1/76 24.0 24.5 6.40
19/1/76 24.5 25.0 5.95
26/1/76 24,0 24.5 6.30
2/2/76 25.5 25.0 6.50
9/2/76 24.0 25.0 4.95
16/2/76 25.0 24.0 5.25
23/2/76 24.5 25.0 6.10
1/3/76 25.0 24.5 6.50

8/3/76 24.5 24.5 5.90
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Appendix Table 12 (cont.)

Date Temperature °c Dissolved Oxygen
Air Sea (mgo, 174
15/3/76 24.5 24.5 5.95
22/3/76 25.5 24.5 6.55
29/3/76 26.5 26.0 6.25
5/4/76 26.5 26.0 6.05
12/4/76 27.0 25.5 6.03
19/4/76 26.0 25.5 5.95
26/4/76 27.0 25.5 6.00
3/5/76 25.5 25.5 5.80
10/5/76 28.0 26.5 6.20
17/5/76 25.0 26.5 5.45
24/5/76 26.0 25.5 5.60
31/5/76 28.0 26.5 6.30
7/6/76 24.5 25.5 6.20
14/6/76 27.5 26.5 5.30
21/6/76 25.0 26.0 4.90
28/6/76 27.5 26.0 6.02
5/7/76 27.5 26.0 5.70
12/7/76 27.0 26.5 5.45
19/7/76 27.0 26.0 6.05
26/7/76 27.0 26.5 6.25
2/8/76 25.5 26.5 6.35
9/8/76 27.0 27.0 6.20
16/8/76 27.0 28.5 5.90
23/8/76 27.5 28.0 5.95
30/8/76 26.5 27.5 5.85

6/9/76 28.0 27.5 5.60
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Appendix Table 13

Mean hourly rates of primary production of encrusting coralline,
endolithic_and epipelic algae expressed in mgO., cm~2 of algal

surface h-1, 2

Algae Time Net Productivity Respiration . Gross Productivity
(h) mean * £95¢% C.L.** mean +95% C.L. mean +95% C.L.

encrusting 0600~0800 0.058 0.014 0.024 0.003 0.081 0.013
coralline 0800-1000 0.038 0.003 0.031 0.005 0.069 0.017
1000-1200 0.030 0.008 0.020 0.004 0.050 0.009

1200-1400 0.031 0.011 0.022 0.005 0.053 0.013

1400-1600 0.033 0.008 0.018 0.003 0.051 0.009

1600-~1800 0.041 0.005 0.019 0.003 0.060 0.007

mean hourly 0.038 0.008 0.022 0.003 0.600 0.009

endolithic 0600-0800 0.027 0.008 0.022 0.005 0.049 0.009
0800-~-1000 0.086 0.017 0.026 0.004 0.112 0.018

1000-1200 0.098 0.028 0.042 0.007 0.140 0.029

1200-1400 0.058 0.019 0.019 0.005 0.077 0.017

1400-1600 0.068 0.008 0.030 0.006 0.098 0.010

1600~1800 0.083 4 0.016 0.033 0.008 0.116 0.017

mean hourly 0.070 0.019 0.028 0.006 0.098 0.024

* mean of 10 samples at each time interval

** C.L. = confidence limits

- €LT -
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Appendix Table 13 (Con't)

Algae Time Net Productivity Respiration Gross Productivity
(h) mean * £95% C.L.** mean +95% C.L. mean +95% C.L.

epipelic 0600-0800 0.056 0.007 0.004 0.002 0.060 0.008

0800-1000 0.078 0.006 0.014 0.002 0.092 0.007

1000-1200 0.094 0.006 0.008 0.002 0.102 0.005

1200-1400 0.082 0.011 0.010 0.002 0.092 0.011

1400-1600 0.082 0.009 0.010 0.004 0.092 0.009

1600-1800 0.048 0.006 0.010 0.002 0.058 0.007

mean hourly 0.073 0.013 0.009 0.002 0.082 0.014

* mean of 10 samples at each time interval

** C,L. = confidence limits

- ¥LT -
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Appendix Table 14

Mean Gonad Index* for urchins sampled each
month over a period of one year.

Month No. of urchins Mean Gonad * 95% Confidence
sampled Index Limits
- (x 10-4) -
July 1975 19 1.292 0.300
Aug. 1975 16 1.398 0.500
Sept. 1975 14 1.519 0.263
Oct. 1975 12 1.045 0.376
Nov. 1975 14 1.185 0.068
Dec. 1975 14 1.254 0.340
Jan. 1976 . 12 1.330 - 0.273
Feb. 1976 10 1.502 0.371
March 1976 14 ' 1.795 0.429
April 1976 13 1.999 0.473
May 1976 12 2.056 | 0.763
June 1976 14 1.253 0.339

* Gonad Index = (10GV

(MTDy3 X 100 where: GV = gonad volume in ml.

MTD = urchin size in mm.



Urchin Size

Group

(mm)

15
20
25
30
35
40
45
50

15
20
25
30
35
40
45
50
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Appendix Table 15

Absorption efficiencies exhibited by Diadema antillarum on
several food types which occur in their mixed diet.

Food Type Ash free dry Ash free dry Percent Absorption Efficiency
weight to dry welght to dry $ A.E. = (F'-E')
welight ratio weight ratio " T=E") (F") x 100
in food 'in feces
encrusting 0.206 0.161 26.0
coralline algae " NE _
" 0.088 ' 62.8
" 0.140 ' 37.3
" 0.138 38.3
" 0.121 B 46.9
" 0.093 60.5
" 0.066 ©72.8
endolithic algae 0.044 NE -
on coral dead " NE - _
heads
v 0.088 -109.7
v 0.065 - 51.1
" 0.120 ~196.3
" 0.038 14.2
" 0.091 -117.5

" 0.041 7.1

- 9.1 -
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Appendix Table 15 (Cont'd)

Urchin Size Food Type Ash free dry Ash free dry Percent Absorption Efficiency
=EonR wﬁéi’gﬁtt?aiig w@é‘igﬁttiai% ¥AE = (ERD - x 100
(;m) in food " 1n feces '
15 endolithic 0.056 NE ' -
20 algae on rubble " NE _
25 " 0.072 -30.8
30 " 0.073 -32.8
35 " 0.050 ' 11.3
40 " 0.051 9.4 !
45 " 0.044 22.4 S
50 " 0.047 16.9 T
15 epipelic algae 0.048 NE -
20 " NE -
25 . NE -
30 " NE -
35 " NE -
40 " 0.047 2.2
45 " 0.050 -4.4
50 " 0.047 2.2

NE = not examined
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Appendix Table 16

Proportion (P) of feces produced by starved
urchins (F_ ) relative to continuous feeding
urchins (Ff).

(Ff - Fs)
P =
Fe

0.047 0.110
-0.687 -0.504
-0.028 -0.200

0.062 -0.182
-0.020 0.281
-0.200 -0.059

0.079 0.005

0.454 0.206
-0.151 0.189

0.150 0.021

0.069 0.287

0.145 0.380

0.223 -0.380

0.483 -0.087

0.049 0.258

0.085 0.203
-0.298 0.193

0.164 0.210
-0.088 -0.019
-0.542 -0.048
-0.133 ~0.086
-0.018 -0.125
-0.170 0.276
~-0.180 -0.387
-0.419

Mean 0.001 (n = 49) from Arc-sine transformation
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Appendix Table 17

Means of chemical and physical values recorded
during primary production studies compared to
annual means.

Factor June - August 1975 Annual
mean¥* (s.d.) mean (s.d.)

Irradiange** _,

(cal cm ¢ day ) 450 (31) 420 (65)
Nitrates” _;

(ug at N 1 ™) 3.06 (1.59) 3.08 (2.94)
Phosphates? ;

(ug at P 1 7) 0.06 (0.04) 0.03 (0.01)
Air Temperature

(°c) 26.65 (1.00) 26.21 (1.08)
Sea Temperature

(°C) 26.65 (0.86) 26.56 (1.40)
Salinity ‘

(°/00) 33.93 (0.30) 34.53 (0.76)

* means for June through August 1976 not significantly
different (P = 0.05) from annual means.

** gource, Husbands Meteorological Station, Barbados.
v June 1976 only (samples for July and August lost).
(s.d.) = standard deviation.






