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INTRODUCTION

he coral reef eommunities of the world are tre-
endously varied associations of plants and animals
owing luxuriantly in tropical waters of impover-
1shed plankton eontent. Under intense equatorial
insolation the plants apparently grow rapidly and
eaten rapidly. Save for fluctuations the reef
wms unchanged year after year, and resfs appar-
ntly persist, ab least intermittently, for millions of
cars,  With such long periods of time, adjustments
organismal components have prodoeced a biota
with a swecessful competitive adjustment in a rela-
tively eonstant environment. The reef eommunity is
Eamous for its immensge eoneentrations of life and its
' mplexity,

Ferhaps in the struclure of organization of this
latively isolated system man ean learn about optima
for utilizing sunlight and raw materials, for man-
Kind’s great civilization is not in steady state and its
Telation with nature seems to fluetuate erratically and
- thangerously.  What, then, is the relationship between
trganic productivity, energetic efficiency, and the
standing erop strneture of a coral reef eommunity?
~ How are steady state equilibria such as the veef eeo-
system gelf adjusted?

';Dnntr'i'lmr.ivn:n from the Atomic Energy Coemmission Marine
| Station at Enkwelok.
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of the prodoetivity of coral reefs,

Since nuclear explosion tests arve being condueted in
the vieinity of these inherently stable reef ecomwmuni-
lies, a unique opportunity s provided for eritical
azanys of the effects of radiations due to fission pro-
duels on whole populations and entire ecological sys-
temg in the field, In the present paper some results
are presented of a variety of measurements made on
an Eniwetok Atoll reef which az yet has been hittle
affected by nuelear explosions.  These measurements
represent both a multiple approach to the problem of
obtaining practieal assays of total funetion which will
aid future comparisons between the normal and the
irradiated reef ecosystems, and also a econtinuing ef-
fort by many te answer the guestions pozed in the
preceding parvagraph.

Tar PropreEM oF RELATING Stanmxs Crop
AND PropUoTIon

In recent years rapid advanees in technigque and
approach have permitted the measurement of the
metabolism and productivity (rate of production)
of aguatie eommunities and their components. In-
genions methods sueh as used by Sargent & Austin
(1949, 1954} building on the work of Mayor (1924),
Yonge (1940}, snd others, have permitted estimates
Intense post-
war intevest in the tropical Pacifie by geologizt and
hiologist alike has led tn new and detailed popu-
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lat'on and sonational study of reef fauna and
fHora such as hy Ladd, et al. (1950), Traeey, et al
(19487, Emery, et al. [1954), Wells (1951}, Doty
& Morrison (1954), and Cloud (1952, 1954). It

geems now time to determine the relationship between -

the standing evop, defined as the dvy biomass of exist-
ing organizms per area, and productivity, defined as
the rate of manufacture of dry biomass per areu.

- It has long been felt that the produetivity of the
various trophiec levels of a eommunity is very roughly
proportional to the standing crop being mantained
although the resson has not been entively clear. Many
have confused these entively different properties of
ecosyatems. The distributions of standing erop may
be represented graphically by trophie level so as to
form block diagrams in the shape of pyramids. For
a dizenssion of pyramids and produoction see Odom,
E. P. (1853), In another communieation by Odom
& Pinkerton (1955) theoretical reasoning based on
the seeond law of thermodynamies is presented to
show that systems of many types when in open steady
state tend to adjust to maximum output of enecgy
consistent with available input energy and a corre-
sponding low but optimum effleieney. If steady state
systems tend to be similarly =elf adjusted regarding
efficiency of energy utilization between trophic levels,
then there is theoretical reason for expecting pyra-
mids of biomass to be similar for components with
gimilar metabolic rates. Tt is pertinent that somewhat
similar pyramids have heen found in Silver Springs,
Florida, a rich constant-temperature aguatic eommu-

Atoll with wind direction indiested.

Fia. 1. Aerial view (July 1854) of the Japtan reef looking northeastward } .
study transeet is delimited h{- the two arrows, The insert shows the pesition of the Japtan reef in Aniwebok

Ecological Mon s
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nity in slightly pulsing steady state (Odum, 17
18531, and in successional terrestrial eommunitips
the Savannah River Atomic Energy Commission gy
of South Carolina {Odum, E. P. 1954). :
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i GEXERAL PROCEDURES

- During a zix weeks' period at the Atomne Energy
mm’ssion Eniwetok Marine station a transeet of
uadrats marked by iron stakes was established on a
atively undisturbed and fairly typical inter-island
f shown in Figure 1. Many varied saopling pro-
eilures were combined to estimate the standing erop
the major component groups of the veef biota,
hen chemieal methods were used upsiream and
nstream to estomate the primary production and
tal respiratory metabolism of the reef. From these
nding evop and productivity estimates, the turn-
r was obtained. Produoetivity data were combined
h ealenlated light intensities to obtain an estimate
of energetic efficiency. _
n this approach it was imperative that a wide
riety of methods be nsed all at the same time on the
ame aren. Thus, fewer replications were made than
would be required to obtain maximum aceuracy from
ech method. Therefore it is the orders of magnitude
iTiich mainly emerge, but care is taken to base con-
psions only on large, probably significant differ-

iriate seetions which follow.

- The taxonomie composition of the reef community
tremendounsly varied from spot to spot whereas we
¢ the biomass per avea is more constant, Weight
mates by trophie level bazed on our few quadrats
s thns probably representative, but the quadrats
iguld not be considered as population estimates by
es. Many more guadrats would be reguirved to
ate the densities of individual populations.

he 20 £t by 20 ft quadrat maps in Figare 5 were
¢ in the field with pencil on acetate boards so that
ngs could be made underwater using face masks.
i. H. W. Hiatt and M. 8. Doty, who visited the
o agreed with the authors that the quadrats
ped were fair samples regarding percentage of
1l and general physiography.

HE WINDWARD REEF COMMUNITY,
ZONATION
The stody reef {Fig. 1) is a part of the ving of
ibiferged reefs which conneets the small islands that
ake up Eniwetok Atoll. The transeet is loeated 1
Hiile north of Japtan Island (Lady Slipper or Muti
Hland on some maps), on the eastern and windward
# of the atoll where the reef is 1500 ft wide (455
Most previons study transeets of atoll veef com-
niities have been made on island reefs where the
Ater must break onto the reef and then return in
same path as an undertow. In contrast, this
nseet, like that of Sargent & Austin (1949), is
eriss an inter-island reef where the water moves in
h[!l" one direction from east to west with the wind;
L is, from the open sea into the lagoon. On Eni-
; ok Atoll, the inter-island reef is actually the im-
CPovtant predowinant type.
As pointed out by Clond (1954), many island reefs
ttually represent eroding reefs which were elevated
hove the water surface hy a six-foot fall in ocean
¢l which began at the end of the postglacial ther-

nees, Details of methods nsed ave outlined in appro-

ENCRUSTING BUTTRESS
ZOMNE PRDGE FZOME
W Ve

LARGE SMALL
HEADS  HEADS

AFERASE TISE

Low

EPRINE  ToE

Fiw. 2.
the reef in surface and eross section view, and the average

Diagram showing the physiographic zones of

current veloeities in m/see. The approximate location
of the 6 quadrats is indicated in the upper diagram.

mal maximum about 3000 yearz ago. These reefs are
now in the process of being worn down. Only the
front edge of present-day island reefs of Eniwetok
support actively growing reef-building corals and
algae, whereas many of the inter-izland reefs support
a vigorous eommunity throughout. Consequently, the
inter-island reef more nearly represents the “climax™
or “steady state” ecommunity under present water
level conditions. From the standpoint of produetivity
and metabolism it is quite clear that the inter-island
reef is mmch more typieal of an active coral eom-
munity than is the half-dead, decadent island reef,
These latter reefs, of course, may again become active
when sufficiently worn down or if there is a future
rize in sea level. .

The transect of stakes was erected in a line parallel
to the steady ecurrent traversing the reef. At no time
during our observation were there tide pools with
entirely stationary water. The zonation is very dis-
tinctive and apparently regulated by eurrent veloei-
ties that decrease downstream as the depth inereases.
The deseriptions of island veef zomation by Cloud
(1952}, Banner & Randall {1952), and Wells {1851)
show very few similarities with the inter-island zona-
tion on this reef, which is nol surprising in view of
points raised in the preceding paragraph. Tracey,
Ladd & Hoffmeister (1948) class this type of inter-
island reef as type TA.

As diagramed in Figure 2 and shown in aerial pho-
tographs and horizontal views in Figures 3-5, there
are six physiographic zones as deseribed briefly below,

Wirpwarn BurrrEsg ZONE

The only information on the leading front of the
reef eowes from the aerial photograph in Figure 4
which shows the surge channels and buttresses run-
ning at least 200 ft (66 m) to zeaward. It was not
possible to sample this area because the algal ridge
breakers could not be crossed.

Brief glimpszes from a helicopter suggest that
there is about a half coverage of ecoral in this zone,
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Fra, 3.
heads (center), and zone of sand-shingle of the down stream reef |
Zones of Quadrat C-F are marked.

Aerial phnbug'raph shnwmg thE Zone uf umnll heads (ri ht. one-third of picture), zone nf large
E:ft) Water flows from right to left, i

i
which wedge themselves into holes under the pnnnda

Mayor (1925) found primarily species of Acropora
in such an area.

ing surf. Rotenone sampling revealed a pmvalmem
of small blennies and groupers. Sampling work on.

Corar-Argan Rimnce

In eontrast to the massive algal ridges which have
been deseribed for windward reefs of Bikini and
other atolls (Taylor 1950), the front ridge on the
inter-izsland reef iz a low, narrow ill-defined strip of
limestone about 50 ft wide. The irregular surface is
covered largely with eorals and soft algae. The eal-
eareous red algae (chiefly Porolithon), which are so
prominent on Bikini reefs, are found mainly in small
patehes below the other algae or down in ereviees.
Our reef is an example of the principle (Tracey, et
al. 1948; Ladd, et al. 1950; Clound 1854) that inter-
island veefs do not have zo extensive an algal ridge
or so elaborate a tunnel structure as do the island
reefs. This is reasonable because the undertow on
the inter-island reef is less on the front sinee muech
of the water goes over rather than back through.
However, even the island reefs on Eniwetok have
less ealeareons superstrueture than Bikini although
much more than on our inter-island transect area.
The lack of extensive superstrncture may make the
erossing of the algal ridge by a swimmer more diffi-
¢ult. The foam and combers on algal-eoral ridges
diminish the light penetration significantly and pos-
sibly eause the red algae to dominate.

The yellow encrunsting Aeropora palmerae (B-1),*
small clumps of Poeillopora (A-1), and an encrusting
form of Millepora plalyphyila (B-2) are the chief
corals which may cover up to half of the area of the
ridge zone. Otherwise the ridge is covered with a
thiek mat of fleshy algae such as Dictyosphaeria in-
termedia, Zonaria veriegeta, Ceraminm, Dictyota, and
Caulerpa elongata. A characteristic feature is large
purple sea urchins {Heterocentrotus trigonariusg)

* Code numbers refer to specimens deposited in the U, 3. Na-
tional Museum where final or more complete identification will
e made when taxonomy of Marshall Island corals becomes bet-
ter known.

the ridge was possible only for a half hour duntg

each low spring tide. The ridge is marked by whi

surf in Figures 1 and 4. Some idea of the dls!l‘lh‘lh
tion of eoral and the mueh folded algal surfaces mu,
be obtained in the diagram of Quadrat A in Figure 5,

ExcrusTiNg ZONE

The first 200 ft (66 m) downstream from the ridge
is a high, gently sloping plntenu that at low spnng.
tide is eovered with only 6 in. of water. It iz rela=

tively the smoothest area with corals being ecither of |
a flat enerusting growth form or restricted to low .
rounded “heads” but little raised above the general '

reef surface. The range between tops of heads and

ridges and the bottoms of depressions is only abouf |

one foot. As on the coral-algal ridge zone sheets of

yellow Acropora and Millepora are conspicnous, In |

addition, there are seattered low, rounded heads of
Porites lobata (B-6) and several species of favids
(B-3, B4, B-5). As shown in Figure 5, gquadrat B,
living coral colonies on these low heads are often
ereseent or donghnut shaped probably because the
higher center portions are killed periodieally by ex-
posure during exceptionally low spring tides.
Filamentous red, brown, green, and blue-green
algae form heavy enerusting matz over all of the zone
which is not covered by coral, there being no areas of
white sand az in the back reef zones. Bmall sea anem-
onez are abundant, ocenrring in clusters throughout
the algal mat. These belong to the genus Aetinioge-
ton (Carlgren 1938), and apparently represent an
undesceribed species according to Charles E. Cut-
ress who is eurrently working on this material. These
anemones are remarkable in that they coat themselves
with ealeareons sand grains which ave permeated with

41 =5
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e
ke eolored eplotehes of onernsting coral).

pietured in Figure 3. Quadrats A and B are marked.
undgg TIﬁ;|'.rjvz'nt4_|nmi algae of the same type as found in the
e celetons of eorals,
k,':m‘ CCorals cover mueh less than half of the surface
IrINgee en (Fig. 5, quadrat B)., From the air the zome
"’_I"'”'?‘1 ﬁg 4 wine-red eolor (algac) splotehed with yellow
ribu- (gorals). The zone receives pulses of foam-water as
b C he breakers throw rolls of water up on the platean,
e ice there is a distinet slope the eurrent is always

ong even at low spring tide when the water pours

eadily across like a broad mountain stream rippling
ridge er a rocky bed, Visual observation indieates that
pring are not numerons in this shallow, rough-water
poldii although schools of parret flsh were observed
er of o eross the area and small fish were found in the
T v ereviees whieh are nvailable. The encroating zone
meral vigihle just baek of the line of breakers in Figure 4.
s and Zowe or Buarier HEaps
ahout Fairly abruptly beyond the sloping platean (en-
ots of lusting zone) the water beging to deepen and the
. In nt diminishes accordingly. Coral heads heedme
ds “Jf tller and wore numerons but are still only a foot or
Eavids in diameter and height. The non-eoral sarfaces
at By betome lighter in eolor with less algal matting and
often nore sand ond more fragments of ealeareous skele-
e the tins {rubble and shingle), As one moves downstream,
v oex- ~ the heads hesome larger and are eoaleseed into com-

omnd  heads, often composed of several species,
gresil nadrat C, Figure 5, is located near the lagoonward
e e 11t of this zone, The numercns small heads and the
eny of formation of larger heads are well shown in this
anem- Jigmee,  Encrusting forms of Aeropora, so prominent
\ehout 1 the previous two zones, are absent. AMassive,
ninge-  Touniled heads of large ealyx favids (C-2, C-3 Favia
ant am dallida, C4, C5 Cyphastrea serailin, C-T) reach

Cut- =8 Teximum abundanee in this zone.  Perites lobatae

These o - tonfinaes to he an important speeies, while colonies
nzplves . OF the short, branching forms of Acropora first make

theiy appearance in nombers  (Figure 5}, Large

- with

- Corarn Beer CoMMUNITY 0N ENIWETOE ATOLL

y Awerial p!mtugn-:.Eh showing the windward buttresses om the east (right), the surf zone, the
oalgal ridge (just to left of white ling of aurf), and the enerusting zone (left of ridge and covered with light-
Water lcu.vil:f the zones pictured here flows downstream neross zones
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branched Aeroporas (. gemmifera, C-10), which
begome more important in the next zone, are present
in small nombers.

Small fishes are nmmerouz in this zone and large
fish eome inte the avea when the current is not too
strong, Two individunals of the poizonous stone fish,
Seorpaena gibhoza, were found resting on the top of
dead portions of heads when gquadral © was heing
mapped. So well did these fish blend with the back-
ground that one was at first sketched in as part of the
reel structure before disturbance eaused it to change
its position! -

The zone of small heads is well shown i the aerial
photograph in Figure 3.

Zowk oF Laroer Heaps

As the water depth inereases and the current be-
eomes wuch less, the heads become massive compound
struetures, 2 to 4 ft or more in height and 2 to 20 fi
in diameter, with channels of white sand and cobble -
floor in hetween the heads (quadrat D, Figure 5).
Branching eorals predominate, such as deropora
gemmifera (D7), A, cymbicgathus (D-9), Pocillo-
pora, Stylophora, and others, but massive types such
as Porites and Montipora are present. There iz a
distinet Millepora zone composzed of M. platyphylla
(E-1) and the “stinging eoral" M. murrayi (E-2) at
the back edge of the zone of larger heads. The blue
coral, Heliopora caerulea (E-3), is fairly common,
while large heads of Twrbinaria mesentering [(E-4)
represent the last important coral formations as one
passes into the next zone in the lagoon. Quadrat D
lies in the front part of the zone of large heads where
Milleporas ave less prominent.

Monnds of eoral shingle (dead eoral fragments,
nsually permeated with living filamentons algae) form
the central mass npon which smaller live heads form
wreaths, At low spring tide the branching type corals
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- gn the tops of these compound heads break the sur-
- faee, whereas the reef floor iz 3 £ff submerged. Swim-
 ming becomes easy in this zone. The majority of
parrot fishes and surgeon fishes browse and sehool
“here. In superficial visual appearance, this zone is a
heantiful jungle of live coral and fishes although as
shown later, in terms of live protoplasm the plant
world nevertheless dominates as usual. This zone as
seen in Figare 3 is about 400 ft wide.

ZowE oF Sawp AND SHINGLE
- With gradually increasing depth and diminishing
- purrent, both the zmall and the larger eoral heads,
" live and dead complexes, come to an abrupt end. A
_ long flat shelf slopes lagoonward for 500 ft or more,
eovered with coarse and fine sand made up of frag-
* ments earried downstream from the front reef. Fora-
~ minifera of large types are abundant (Table 7). The
fishes decrease exeept for the sehools of savdine-like
fizhes that feed on the downstream drifting fragments
of pseudoplankton and a few larger ecarnivorous
~ fishes, ineluding sharks, which cruise here. The area
‘is predominantly white except for filamentouns algae
n the larger coral shingle fragments. Beyond the
500 £t of this long bhare shelf there is a sharp steepen-
ing of slope for over 100 ft (33 m) down to the
drregular lagoon floor. As seen from a helicopter
_ the steepening of the slope is sharply marked by a

" border of the green turbidity of the lagoon water as

the floor drops out of visible range.

The over-all change from the dark eolor of encrust-
ng filamentous algae of the front reef to the white
-eolor of the back reef, where the filamentous algae are

mainly within the dead and porous ealearecus frag-
- ments, snggests a transition from a water-filtering
source of nutrients up front to a sub-surface decom-
position somree of plant requirements on the back
- zome, It will be shown that the gquantitative totals of
¢ over-all plant protoplasm per area are similar in
order of magnitude,

CURRENT VELOCITIES

In the eourse of the study, 26 dyve carrent measare-
ments were made in different zones and time. Fluo-
reseein dye (from air-sea reseme kits) was released
into the water by one chserver and the time required
to travel a measured distance to a second observer
was determined. The maximum enrrent measured
was 144 m/sec aeross the reef during a high water
neap tide. Currents probably twice this velocity were
encountered in incoming spring tides when the ob-
servers were too busy hastening to shore to get a
mepsurement. The lowest veloeity measured on the
front reef enernsting zone was (.18 m/sec; the lowest
in the hack reef lagoon shelf zone was 0.009 m/see.
- The mean of eleven measurements on the encrusting
zone was 0.49 m/see. The 5 ft-deep water of high
gpring tides probably permits strong flow over the
veef although no measurements were made at this
time, The larger fish which are unable to hide hehind
small humps and ecoral heads apparently conld not
browse on the middle reef when the enrrent was run-

Corar REer CoMuunNiTy 08 ENIWETOE ATOLL
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ning over 0.3 m/see, for no larvger fishes were obzerved
in these zones at this time,

As a rough estimate of comparative and average
currents, measurements made of water transport at a
neap tide at one station are converted by ealeulation
of depth effect into veloeities for the different zones
and reported in Figure 2. Currents change so rapidly
with time in the tidal cyele that this is the only way
to make a synoptic comparizon. As indicated above
it was diffienlt to obtain measurements during high
water spring tide without being washed off the reef.

TROPHIC STRUCTURE

Prawt avp ANiMAL CoMPoNENTS 1IN Live CograL;
THE PREDOMINANCE OF PLaNT PROTOPLASM

Early taxonomists elassified corals as plants, as in
John Ray's system {Nordenskiold 1932), because of
their vegetative appearance. Later, corals were found
to be coelenterates and thus elassified as animals. Yet
their ecologieal roles that resemble plants remained
a point of inferest such as their predominance in the
community and their practice of laying down car-
bonaceous substance in gquantity sufficient to maintain
the community substrate. Then, when the symbiotie
zooxanthellae were found in the tissnes of the animal
polyp, it became evident that, metabolieally, corals
might be part-plant and contribute to the primary
production of the community. Yonge, Yonge &
Nicholls (1932) ; Kawaguti (1937); and others have
shown that corals do indeed produce an exeess of
oxygen over earbon-dioxide during the daytime, al-
though most measurements show that production does
not guite egual respiration over a 24-hr period.

On ecologieal grounds, zooxanthellae, to match
eoral respiration, must either carry out photosynthe-
gizs many times faster than corals respire or exeeed
the coral animal protoplasm several times if a pyra-
mid of mass should exist as required by the second
law of thermodynamies for most systems. Yet corals
have been shown to eome elose to achieving a balance
between photosynthesis and respiration while possess-
g seemingly only a small amount of plant tissue in
the form of seattered single algal cells restrieted to
the endoderm of the polyp.

However, there iz yet a second plant component
characteristiec of eoralz, the significanes of which
seems to have been overlooked. When one breaks
open a fresh, live coral head, conspienous green bhands
are seen in the skeleton of the living polyp zone and
also in the coneentric layers in the older skeleton well
below the zone of animal tissue as shown in Fignres 6
and 7. These bands are not due to the yvellow-brown,
rounded zooxanthellae eells, but to a network of
bright green filamentous algae growing in the pores
of the inert skeleton (Fig. TE). Although sometimes
located as mueh as 2 or 3 em below the surface, these
algae growing within the translueent aragonite skele-
ton are, ngvertheless, within light range of the intensze
penetrating tropical sun., All of the speciez of hard
aragonite corals, examined at Eniwetok ineluding
hydrozoan, octocoral;, and hexacoral groups eontained
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these fllamentous green algae in abundance. Only
Dendrophyllia, growing in the shade in Hawaii, was
different in not possessing either the zooxanthellae
or the filamentons greens of the skeleton.
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Fig. 6. Diagram 'in cross section showing the guanti-
tative distribution of plant (algal) and animal (coral
polyp) tissme in a generalized live coral head. Data om
plant and animal biomass are from Table 4.

TogzanTull
IN POLYPS
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C. X~SECTION FAVIA COLONY E. CELLULAR PLANT

Fic. 7. Sketches from fregh material showing: A to
C, the relation of the bands of skeletal algae to the
polyp zone in three genera of corals. D, sub-surface
groen bands in the skeleton of ealeareous red algae. E,
the two major types of symbiotie plant material in coral
ealomies,

While zooxanthellae have long been considered
symbiotic or muotualistic with coelenterate polyps, the
possibility that the filamentous skeletal algae might
also be symbiotie or at least important to the nutri-
tion of the coral colony has been little eonsidered.

Indeed, most writers refer to these conspienous algae

as “horing algae” and consider them as parasitic
agents which weaken the skeleton and hinder the
growth of the coral colony. Duerden (1905) found
two kinds of fllaments, one with cross walls, one with-
out. As one of the first to deseribe the filamentous
skeletal algae, he stated that they “invade the eoral-
lum, weakening it if having no other effect.” This
view zeems but little challenged althongh Edmondszon
(1929) stated that his evidence was not conclusive
that these algae check the metabolism since he found
that some “heavily infested” colonies showed good
coral growth in the laboratory. If may well be, that

the boring filamentous algae of live edrals are bepa.
ficial, and at least under conditions existing on th;

study reef, contribute to the survival and rapid
growth of major reef builders. Thus, there is a sharp
contrast between the boring algae in live corals apg
the different speeies boring in dead eoral. The specieg
of algae which have been deseribed as boring in ea).
careous substrates are listed by Utsenmy (1942),

The evidence that there is a predominance of pry.
ducing plant protoplasm rather than ecoelenterata
polyp protoplasm in a live coral head is based op =
high ehlorophyll content found in the non-polyp parts -
of live coral heads relative to dry weight estimates of
animal polyps. The dry weight of producing plan
tissue was determined from the chlorophyll valpes
with the graph in Figure 8 on the assumption thaj
algae in the coral skeleton and polyps have a chlorg
phyll-dry weight ratio similar to free-living algae
Details of the method used are given below in the see
tion on primary producers. Rough quantitative estj
mates of the dry weight of the animal-polyp com- =
ponent of a eoral head were obtained by estimating #
the volume of the coral head occupied by polyps and
assuming that the dry weight to volume ratio of
anemones represents that of coral polyps. The polyp &
volume was estimated by a vaseline method. Further
details on estimation of polyp wvolumes and dry
weightz are given in the seetion om eoral polyps.
Rough estimates of zooxanthellae dry weights were
obtained from - chlorophyll extraction of isolated
polyps of a large polyp species (Lobophyllia) and
from histological sections pictured by Yonge, Yonge
& Nicholls (1931) and further deseribed in the fol. ~
lowing section on producers. The data on plant and
animal components are given in Tables 1, 2 and 4.

The estimate of 075 gm/cm? residue after treat.
ment with 209 nitrie aeid (Mayor 1924) compares
well with the finding of .062 gm/em® mean loss on
ignition {Tahble 2) as an estimate of total biomass. :

The diagram in Figure 6 and the mean estimates =
of protoplasmie eomponents in Table 4 summarize the
data and present a general picture of the coral head,
which is almost & whole ecologiecal community in itself
with producer, herbivore, and earnivore roles all in
one. The essential components thus appear to bhe:
{a) animal (non-photosynthetie) tissue, (b) zooxan-
thellae, () filamentous green algae in the sub-sur-
face skeleton and between polyps, (d) basterial eom-
ponents which are not estimated in this study but
which may be of importance.

The important guantitative conclusion from Table
4 is that the total plant protoplasm exeeeds the ani-
mal hiomass (ahout 3 to 1) and the filamentonz green
algae have a greater biomass than the zooxanthellae
(about 16 to 1). .If the filamentous skeletal algae are
considered an integral part of the coral colony along
with the zcoxanthellae, a reasonable biomass pyramid
is obtained which is in line with the high photosyn-
thetic aptivity shown by most eoral colonies.

Comparison of live and dead corals provides in-
direct evidenece of symbiotic relationship between
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Tahble 1. Quu_.lltitat.i\'u distribution of algae in corals.

- Thus, the handz are not present on the sides of the
head where there are no live polyps (Fig. TC). Al
though no attempt was made to classify the filaments,
; the mieroseopie appearance of algae in bands under
live polyps iz clearly different from that of algae
growing on and in dead coral material. Dead corals
ineluded horing greens, reds, and blue-greens, whereas
the live corals observed eontained only greans.

These ohservations suggest the hypothesis that
gkeletal algae, as well as zooxanthellae, have a sym-
bistic relationship with eoral animals, Nutrients of
o toral metabolism may readily diffnze through the
- Porous skeleton to the algae. The coral skeleton pro-
Vides matrix and some enclozed nuotrient, and the
Polyp-protoplasmie sheet on the outside protects the
delicate fllaments from  competition, hrowsing, and

50 I?u 150
" e — S .
i Peacent or ToTas Arcar
il a Falyp Layer Bub-palyp Layer
a A. Vertical Distribution of Algae in Massive Corals
Leplastrea sp. (B-3)..,........ 40 il
A - Foee ap, MC3), 0 ovnvveinens 4 L]
B0 Porites sp. (BB)......oo0uns 40 &0
Porilez sp. (B-8)............. 16 54
& Turbinoric mesndering {E-d) . . 43 57
at Mesm........occoone | 4l ; 9
Peneert or Torat ALoas
-
&0F In Branches In Basal Fones
5 B, Distribution of Alme in Branching Coeala
Acraporg sp. (D9 .. ..oo. 58 41
sof Acrepora sp. (D9). ..o 57 43
2 . FPocillopora sp, (C-8).......... a8 " 8
Lobephpllia sp. . .oooevuans i H
. DO s 62 LL]
Aot A
C. Zoozsathallan in Coral Animal Tiesus
i 8 Poroent sonxanthellss in o coral planula®........... . .oo..., avag
30t L] Pereent sooxanthellas in a coral pelyp
[mtimated from histological eross sostion)®. ... ..o, 1455
. Mean of extraction of two Lebophatlio polyps. ..o 105
Tndividanl | Indiwidual
v Hoo 1 Xo, 2 Maan
I, Biomass Disteibution in I.-abapluﬂ-l'ié, (mafem®
Biomsasa in Folyps:
il g i Zocwanthellae in palypa. ... ..[. 03 13018, W L 01E 2%
Aniema] tisue in polyps... .. .|, M1 7097 817, 059 0%
R o Wl (e . T U T Tatal blamass of palyp. .. .. AEd 1009 [.005 1009075 1009
¢ PCGRAMS DY WLOF CODIUN -
. W . ison of Zoomnthellue and
Fio, 8 Curve (A) relating chlorophyll to dry weight mﬂfﬂ'ﬁwﬂﬂm P:T;:l:
f Codium edule. This graph was used ag & means of fooxsnthelle in palypa, .....|.03 319018 1sml.oe e
taining rough estimates of the dry plant protoplasm Algal filaments.............|.009  oo%5|.08  E2tp).oer s
1 ? goral heads and other caleareous substratea, The
urve is based on thres replications as indicated by the Total plant Womaas. ... |.042  1009%].102 100 |.083  100%
three types of symbols. B is correction for average loas ;
of eolor on drying. See text for further explanation. Distribistian of Plxat Blomas: ;
: . Zooxanthellas In polypa, .. ..o iiiiiiiiiiiiiiiaiann NIk 3%
eoral animals fmd ﬂiamnnt?usl algae in the skel_etfm. i R T e e ‘08 365
Algae oeenr in  characteristic bands under living Pilansate BRI DO s i e I T e
_ lyps (Figs. 6 & 7) and the bands show pattérns ) —
which are charvacteristic for a given spesies. These o T"“lﬁ“_t %m:mm ------------------------- A2 100%
¥ . . . 7 3 mparsan b Animal &0 Tl LOTmRES
ub-surface 'tranﬂs disappear if the eoral a.mmlals Animal Biomass (from TREIE 41 . vvnsererresrosesses J04E  40%C
above them died to he veplaced by other algae which Total plank BIoam. . . ..ovovveveianineinsiannaen. 0B BI%
row on and near the surface of the dead zkeleton. —
Total plant and anims] biomser. ... .ooovoevioiiano. 186 1005

#aloulated from data of Yomge et al, (1931

intense sunlight (note frem figure 7C that algal bands
are deeper in the skeleton at the apex where light in-
tensity is greatest).

From the guantitics of algae present relative to
coral protoplasm, it would be supposed that coral
animals benefit from diffusion of organie substances
from the algae but direct evidence of this was not
obtained, Coral animals would ztill need to ohtain
some food and eritieal nutrients such as nitvogen by
ingesting plankton, sinee there is not enough plant
material to completely support the coral and sinee
the eoral requirves a higher nitrogen content. Also, it
is possible that the sub-surface algae raize the pH
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Tapte 2. Quantitative estimates of animal tissue in coral polyp zomes gm/em?2,

Anmar Bromass v Gu/om?
Plant
Total Biomasas | By subtrac- | By Estimate | By Direct
Bpecies Depth of Biomass {Extract tion (Total of Polyp weighing Mean
Polyp Zone {Lioss on Methods; Minus Volumes of isolated Animal
cm Ignition*) |Tables 1 & 5)| TFPlants) |(2ee Table 3)] polypst Biomagsd
Pocitlopora (C-8)......... 1 a5 030 — .00l 0015
Millepora (B=2). .. ....... 15 A 007
Porites (D-2)_ ... 2 043 016 027 009
Helioporg (E-3).......... a 043 i S 0144
Lepiasiren Ui e s 4 062 9 043 =i
Agtreopora (M-30). . ..... & M5 015
Turbingria (B-4). .. ...... 8 iz 026 56 ik AR
Favia (C-3)............. 1.0 060 L0140 A1 025 0156
Lobophyllia, ............. 2.2 173 J081 2 NI 50
Mean of corals. ......... 4 )i
Anemone-sand grain—
algae complex. ....... 5 056 034

?mi ol e o e Bl ith protoplasm like that of . the reef with & dengity of about 1 and & 15195 dry wei
£l il Tome w ] ol Bes anenuines Lili] & [E] i ry 14 i
weight. (Bimilar - weights of aghis are tzed for other Coelenterat 'llinqmur. 185L.) E.ﬂilnh with 157, :nwﬂubdurﬁmtbu:zmh dry

wel weigl
11t is not possible ma?dmmwummmm Pemsihbe compensation enmes fram using weights rather than loss on igaiteon of sepag
e,

TapLz 3. Density, porosity, logs on ignition of skeletons,

Bkeletal Crosa Diry Porosiry 18 7 (vaseline method) Loss on :
Bpecies and Zone Denasity Density Ignition 95
gm;/co gm; oo A B Mean (of dry)
Fresn Driep Livive ConaLs )
Pocillopora......... branch 2.00 1.86 10.0 12.4 11.2 4.9
Millepora.......... zone 1.51 33.3 5.9
W] 2.27 1.42 37.6
Poriles. . oo e v polyp gone 2.38 1.66 an.4 0.4 a0.4 12.7
Algal zone 1.98 1.50 17.4 26.5 22.0 4.7
layer 3 2.08 1.70 15.4 21.0 18.2 4.5
layer 4 2.3 1.72 24.4 26.0 25.2 1.4
layer 5 (eroded)|  2.24 1.68 2n.1 32.2 (hole) 26.1 3.9
Leptastren (B-3) . .. .| polyp zone 2.38 1.82 23.3 4.1
algal zone 2.98 2.12 7.0 2.8
sub-algal 2.47 2.18 11.6 1.7
Heliopora. . ........ polyp zone 2.89 1.63 31.9 8.9
whaole 2,42 3.24 7.1
Astreapora. .. ... .. .| polyp rone 2.51 1.99 22.6 18.1 20,5 4.8
Turbinaria. . ....... polyp zone 2.44 1.0 22.0 4,5
whole i 1.50 387 L
Favig (C-3)........ polyp and
algal zone 2.33 1.53 22,2 20,2 21.4 5.4
Lobophyllia. ... ... polyp zone 2.18 1.6 25.1 24.7 24,9 4.8
FrEspry Driep Avgat SKELETON
PIDIEIRIIR . . v oo vt b e = e i e e | 2.38 2.20 7.8 4.5
BrepreToNs From Renr Mass, 20 vr DEpe o9 Dywasrme Hole
PorollRon . .. covvvns cram e Eam s ks 2.64 2.53 3.2 3.9
B AL S e 2.38 2.22 6.7 2.9
Meaxor Poryr Zones (V). ..o v vv e 2.44 1.73 .6 7.0
Mgaw oF Sun-PoLyP ALcar Fowes (2). 2.12 1.581 14.5 7.3
MEaw oF Sup-ALcal LavER Zoxes (3) 2.2 1.87 18.3 3.5
I S
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SomTapie 4. Summary of eomponents of biomass in

wrals, mean data. Figures given: in gm/em?2 dry
ght and in pereent of total biomass,
Arimals Toital
Flasts Tissue Tissae Biomass
3 _[n Polyps JNEE* (rooxsmthellas) | 021 025
.55 e | 309
Between Polyps (23 {filnmenta) 22
26, 2%
Total in Pelyp N1 H 21 | 04T (06260
I Zows 31% | R
JFTeE iﬁl.nrn.enu] S a7
Elv] M
fife B TN e
{Tolal Bineusss Oatside 054 oo |.0BD
T0% 0%
of all Layers 0831 J21 54
T5% 25% 1009%

‘Mean of sonzanthellg extrmcted from Lobophyllis (0399 snd 109 of polypa

ble 1) and eabenlated from Vonge (14% of polyps in Table 1), 15.39% of
pnsfr.-ml polype (frem Tahble Zf

© 1.025 gme/om? polype (frem Table 2) minos zooxsnthellse estimate (0038

.l':u

i f]‘ngli mwﬁiugru;‘m mp:mln mwﬂuﬂ.:“ullmlr_

7 . e 1) o ts are im ¥ BanE; MEan t eatimate per

hmu!wnlﬂﬁ-‘él; em? from Tuble 5.

, #8um af plants and animal estimates,

‘Total organkc matier eslimate bassd on legs on ignition at 800°C for com-

%ﬂ“;ﬂtﬁ’ lyp algal zome {from Table 1) plant estimat
mts 1 50 algal zome (from i 1]; mean =14 imafd
Df.ﬁ bTu‘*FlrwnTab.lu

fand thus slow skeletal decomposition) or aetually
ntribute directly to the skeleton formation of the

resence of algae noany way weakenz the live skele-
tom =0 long as the coral-algal eomplex is intact. The

ing in the same or higher ratio to caleinm as the sea
water (9.23 atoms per 1000 atoms) is unuosual for
ealeareons animals. The similar high ratio in the
rreen caleareous alga Halimeda suggest some simi-
rity in the deposition process of ecorals and Hali-
eda that might be explained by a role of the green
\ filamentons algae in deposition in the coral. Sinee
the green filaments are tightly eneclosed within the
~toral eolony, any organie matter produeed by them as
Cgrowth or surplus diffusable products eannot eseape
without going through the enelosing polyp zone.
There is no room for such growth except as the whole
eolony grows and there i=s no visible aceumulation of
organie produets. The zituation leads to the supposi-
tion that either the plants are growing elose to the
. tompensation point or are supplying eoral animal
- polyps with organic materials. Sinee there are often
- several bands of healthy green filaments, it is possible
that, if the deepest band were at the compensation
point, the top bands would be making an exeess which
Wiz being uwsed by the corals and decper algae.
. From the standpoint of the entire reef esosyztem it
doez not matter how mueh food made by algae within
the live coral head iz used by coral animals direetly.
[_'ill} by considering the large amount of produeer
tissue in a coral head i5 it I’!i’.l}-ji—fi.h':i‘ to explain the
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Fig, 9.

A pesitive print of an avtoradiogram of a
section of a coral head (Goniastrea) after two days’
exposure; light areas indicate exposed and dark areas

unexpoaed film. Note that the surface polyp zome, but
not the subasurface algal bands {see Fig. 7), exhibited
considerable radionetivity.

great preponderanee of organisms elassed as animals.
Thus the eoral reef is like most known self-sufficient
ecosystems in having a much greater weight of plant
biomass than animal hiomass.

An internal pse and reuse of nutvients in a living
coral is suggested by the autoradiogram (positive) in
Figure 9 which is typical of ten made from corals
from the generally (low level) radioactive Japtan reef.
The radicactivity is entirely restricted to the an’mal
polyp zone, Whereas algae on dead reef surfaces
were intensely radioactive, these forms benzath the
eorals are apparently not in nutrient eontact with
the outside water exeept through the coelenterate
tisaues. Thiz may he interpreted az an evidence that
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the coral algal filaments reeeive nutrients from the
corals, By this view the radioactive elements in the
polyps are not of the type which are released by the
eorals during their daily metabolic eyeles. Cerium

" and praesodyminm have heen strongly implicated as

main eomponents fo previous reef radioactivity
(Blinks 1952; Donaldson et al. 1950). Apparently
the ealeophile elements like ealeinm and strontinm are
not retained but rapidly exchanged away by the high
non-radioactive concentrations in the flux of sea water
over the reef,

Although the filaments and zooxanthellae are small
in size, their photosynthetic rates on a dry plant
weight basis [Mayor 1924) are not nearly as high as
free algae growing in nature as gquoted by Verduin
(1952) ; thus, for the same production per arvea, more
biemass iz required than in a plankton population,
for example.

If the filamentous algae are truly mutualistie with
eorals then there may be no need to create separate
taxonomiec names for them. The eoral-algal complex
could be eonsidered as a single species entity as is the
fungal-algal complex of lichens, and the established
names for the corals used to eover both elements.

Prinary PrODUCERS

In the previous section the complex association of
plants and animals in a live ecoral head was discussed
with a new viewpoint. In this section all of the main
gronps of primary produsers (plants) are deseribed
and gquantitative estimates arve presented in Table 5,

The main primary producers grouped ecologieally
are as follows:

(1) filamentous algae in live eorals.

(2) zooxanthellae in eoral polyps.

(3) algae matted as an encrustation on and in
the dead rigid porous reef substrate surface in the
swift current zone.

{4) Encrusting fleshy green types such as Die-
tyosphaeria, Zonaria, and Caulerpa attached to the
irregular surface, with encrusting caleareous reds
such as Porolithon and Lithophyllum mostly heneath.

(5) Small algac in and on loose coral shingle-

(broken coral pieces) lying in channels and in areas
hetween eoral heads,

() Bmall filamentous algae in and on “dead
heads,” (A dead head is defined as a eoral formation
no longer containing living eoral polyps but still
standing ereet on the surface of the reef.)

(7) Large eonspienous bunches of branching al-
gae attached around dead heads including genera such
as Codium, Asparagopsis, and Halimeda.

(8) Algae in the coarse, white, caleareons sand
which covers inter-coral areas of the back reef.

(9} Zooxanthellae and fillamentous algae in ani-
mals other than eoral polyps such as sen anemones
and giant elams (Tridacna, efe.).

(10} Planktonie algae derived from the open sea
and the much larger quantity of psendoplankton
breaking off the other sessile masses. Sargent &
Anstin (1949) showed the relative inzignifleance of
the plankton production in the reef's metaholizm.

The relative sparsity of true plankton is suggesteq hy
the absence of attached plankton feeding mollysee o
hydroids, tunicates, and ectoproets on the glass g pi-

Ecologleal
v

IH“n“Ira. s

25, No g

as reported in Table 6. The attachment anfuwyel,

was entirely antotrophie.

- A reef community resembles a eomplex, tropiea]
terrestrial community in that it is not dominateqd by v
one or two producer speeies, but there is considery
diversity and variation from place to place,
reef, for example, the myriads of tiny blue gre

TapLe 5. Primary produeers of the reef,

On

1. Avgar i Livive Corars (filaments
in skeleton and zooxanthellae in polyps)

Quadrat

(a) Massive Beleractinia

Mean of all corals (33 specimens,
12 EPEEMBY . . ..o i e e

Leplasirea (B=3). .. ........00vv...| B-C 0, (40
B-C 0.038
B-C 0,049
B-C 0.037
B-C 0.053
B 0,076
Faria (C-3). . ..ooiv i, B-C 0.054
B-C 0. 060
B-C 0.058
Faria (B-4, green species).......... B-C 0.L16
C 0.135
Perites lobata (C-1)........oc0vunt, C-D 0044
C-I 0.0:40
g . B 0,043
Poriles lobata (in deep water).,..... E 0.016
Turbinarin mesentering (E4).......| E 0.060
Acropora palmerne (B-1, encrusting %
L1177 ) T B 00385
Mean of Massive 2cleractinia...... . 0.056
th) Branching Scleractinia
Aeropora eymbieyathus (D9). ., ..., D 0.038 4
D 0.048 ¢
Pocillopera (C-8)........cco0vnnes. C Q.007 4
C 0.038 -,
A 0.043
Lobophyilia. .......ocvivvivnnnnans . 0.124
. 0.053
Mean of Branching Scleractinia. . . . . 0.060
(e) Octocorallia and Milleporing .
Heliopora cosrulea (] ] 0.054
Millepora platyphylla (B-2),
encrusting eection. .. ... " D 0.029
. vertical branch.......... E 0.034
Millepora murrayi (E-2),
encrusting section. ...... E 0.078
encrusting esction. ..., .. E 0,030
encrusting seetion, . ... .. E 0065
encrusting section, . ... .. E 0,041
vertical branch, . ..., ... E 0.7
vertical branch . . ....... E 0.074
Mean of Oetoearallia and Milleperina 0.070
e | ==
0.063
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Primary Producers of the Reef {Continuved).

BPEOIMEN . oo encanim

Gms. Dry
2. Aveam 1w Bner Sussrrares | Quadrat | Wt per
om?*
Tioe! foor—with fleshy algal mat.......| A | 0.062
finor—with fleshy algal mat_. ..... A 0.041
2 flnor—Porolithon encrusted. ... ... A .42
pf projection, UPper plus under surface A 0,002
projection, upper plus under surface A 0, 050
finor—with Heshy algal mat....... B 0.072
finor—with anemones on surface. . B 0,070
flOT=——VETY POTOUS. o vvvvannrrns C 0.122
_ﬁ‘.l;al mat separated from reef surface. .. B 0.008
Algal mat geparated from reef surface. .. I 0.007
Alzal mat separated from reef surface. . C 0.004
Algal mat gaparated from reef surface. .. C 0,003
arolithon separated from reef surface, .. A 0.030
bhle (Shingle), new, non-porous. ... . i 0.029
" Rubbla EBhiug]e), old, poroua. .. ....... C 0.047
Rubhbla (Shingle), old, porous. ......... Ik (.66
“Rubble (Shingle), old, poroua. .. ....... D 0,060
Rubble (Shingle), old, porous and 5 T
ded o6 am depindend Tesd] D | 0.028
ibble (Shingle), old, porous. . ........ F 0110
pdhead—surface and internal algae. .. I 0049
adhend—internal algae only, surface g
prnzed” by fish. .o D 0.042
o jeati er
iﬂ:ﬁeﬂ e D | 0.160
nd—deep channel. . ..o e IN] 0.0019
Rand—shallow channel, .. ......o0c0o0e. D 0.017 )
§a_mgl—doep ghanmdl i e e F 0.009
e )

T Menn—reaf HOOT. ..o iciei s A 0.073
Mean—old shingle. ... ... T C-I’ 0.085
Mean—deadheads. . . . .. AR R I 0.078
R L CRCitI TSP [ 0,009

Cima, Diry
3. Argar 0 Amiwars OrueR TRan  (Quadrat | Wi, per
Conata em®
Anemones—sand eomplex; gooxanthel-
in polyps and filamentous algae in
*atached sand grains, .
' Bample l—zooxanthellae in polyps
plus flamentous in attached sand. . B 0.037
Bample 2—aooxanthellae in polyps i _
plus filamentous in attached sand. B 0.025
Hampla 3—zooxanthellae in polypaonly| B 0,050
Rlamentous in attached sand. . . : B 0.017
cl - SR RS =St SR B 0047
Sumple 4—: ooxanthellze in polypsonly| B 0,045
filamentous in attached Su.ndp . B ﬂ'.'ﬂ_lfl_
TPekall s i R e e B LIRSS
Chant elam (Tridaens)
Algan in mantle exposed to sun when i
shell fully opett. ..o oocovenannonn I (.052
Alpae in ralareous shell of same b i

*From lon resf at Rigli Ialand

" govered.
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TapLe 6. Heef fouling on glass alides submerged 21
days,  (Hach figure unless otherwise indieated iz the
menn of § eounts; slides submerged July 3 to July 24,
1854 ; eounts in numbers of individuals per em?2.})

Slides im-
Back Heef | bedded in
Front Reef | Zono of T
Envrusting Large bottam
Zone Hends sand
Station designation (quadest). ... B-1 D C
Dupth of water over alidea nt low-water
apring dde inem. .. ...ooooiiiiiiiian il 30 20
Larger algae {greater than 5 misrona)
individusls/em?®:
Creena (Bufaromer pha, siphanaesous) . . ir a3 ]
Browns (Eeforarpis amd othera) . ... .. o0 53 133
Rede (flaenta and ealeareous pieces). '} il o
Ploe-Greens. . .....cooveuiiciaciaa, 47 H] 4
DiRbMDB. ..o vea i ttaninasvaninnas o 1] a0
Bonnller algae (e than § microns)
L R A 1.2x 108 [ 9.0x 105 | 16,4 x 105
Blhue-Tresti®. . .o viiiinainaniaans 24201048 | 2x 105 [ 6.6x 108
Eaeruating distoma, ................ 52.Bx 104 | 5.4 x 108 | .4x 10F
B v b e R e Sk 44x 108 | 2.4x108 [ 1,2x10&
Cilintes, nematodes, ather similar sized
saft bodied animals, .. ooociiiiniia i 132 15
Fomminiforn (small sized types) . .. ... ... W 4 a
Dy weight of nlgn] protoplasmin hiomas
by chinrophyll method in mgfem?, ., ... 2.5 1.6
Plankton feeders such ns barnacles,
molluses, ectoprocta, hydroids, bunieates a ] ]

brown, red, and green algal filaments embedded in
live and dead ealeareons malerials have been little
studied, yet they make up a large part of the food
making biomass of the reef community. Some idea
of this component ean be gained from connts of at-
tached algae on glass slides (Table G). In spite of
the great diversity in speeies there seems to be a
fairly uniform distribution of produecr biomass as
estimated with the chlorophyll method. Particularly
sinege the living primary prodocers are so completely
interwoven with animal material and in dead skeletal
materinl, the chlorophyll extracting method seemed
to be the most practieal way of obtaining quantitative
estimations readily comparable with other communi-
fies, To permit eomparison with other areas the
chlorophyll methods are outlined in some detail. Tt
ig recognized that chlorophyll is not a perfect meas-
ure of the active plant protoplasm and that it varies
congiderably with species, physiologic age, and
growth conditions.

All walues for irregular shapes are reported in
gms dry weight per area of the horizontal plane
{This surface is much less than the surfacea
aren of the irregnlar object.) For eorals a small
block was ent out with a hacksaw and the area of the
bloek's projection on the horizental surface was meas-
ured.. The block was ent deep enough to inelude all
vizible green material (256 mm uvsually sufficed for
massive corals, deoper sectioning was required for
branching forms). It was later found that some algae
peenr even below the wisible green zones but the
amount iz 5o small as fo be zearcely measurable with
the methods nsed. The block was pulverized with a
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hammer, ground up in & mortar and extracted with
suecessive washings of acetone until all the chlorophyll
had been removed. The extract was filtered into a
test tube, adjusted to 20 ml and read photometrieally,
Reef substrates, rubble and dead heads were also eut
into blocks with a measured surface area and treated
in the same way, eare being taken not to lose the
algae prowing on the surface. Sand from a meas-
ured area was removed into a bottle and then ground
and extracted in the zame manner. It was found that
materials must be extrvacted fresh, preferably not
more than 12 hours after collection. Owven-dried ma-
terials invariably gave lower values than comparable
fresh materials. For corals and most reef materials
a piece with a surface area between 1 and 4 sq em
was required for extraction with 20 ml of acetone.

In the massive corals, algae are coneentrated in
layers just beneath the surface (Fig. 7) while in
branched eorals it is distributed along the branches
with less soncentration at the base and with relatively
little at the exposed tips of branches. In faet in some
branched forms the algae are so diffuse that the in-
tenzely green solutions derived from pale pieces of
eoral are surprising. A “block” of a branching coral

. type such as Acropora or Poeillopora, as used for

extraction, consisted of a vertieal branch together
with the basal seetion from which the braneh arose.
The crosz sectional surface area of such a block (in-
cluding all branches in the imaginary prism direetly
above the measured area on the horizontal) was eon-
sidered comparable with the surface area of flat en-
ernsting eorals, sinee the amount of light per square
centimeter of horizontal surfaee should be similar.
To eonvert photometric readings into biomass of
producing tissue, a calibration enrve was determined
from acetone extracts of known dry weights of an
arbitrarily choszen alga abundantly available in the
field. Codium edule was selected as a standard and
a rvelatively constant relation was found between
chlorophyll eontent and dry weight {Fig. 8). A small
portable eolorimeter was used at first until a Coleman
Bpectrophotometer Model 6 beecame available. Co.
dinm uzed for ealibration was freshly collected and
peired, duplicate pieees were respectively dried and
extracted for chlorophyll. Since a 209% loss of chloro-
phyll was found in pieees oven dried at 100° C for 6
hr, all extraections based on oven dried materials
must be corrected for loss on-drying. Figure 8 shows
the ealibration eurve for optieal density at 670 milli-
microns as a function of Codium dry weight based on
3 replieations on 3 different batehes of material. A
straight line resnlts with monochromatie light. With
the eolorimeter first used, a reprodocible curved line
was obtained for absorption as a funetion of dry
weight of Codinum. The line allowing 209 eorrection
for loss of chlorophyll on drying is also drawn in
Figure 8. A series of nickel-chromium solutions was
made as reference standards and readings equivalent
to dry weights of Codium were ineluded in Figure 8
{upper scale). 10,000 Harvey unitz/1 were made up
with 4.3 gm/1 nickel sulfate and .25 gm/1 potassium
dichromate. Since the readings reported in Figure 8

Ecological Mong
Val, 25, i

were made with a speetrophotometer as G7g m :
microns instead of visually as originally egy,
(Harvey 1934), these are not Harvey units as usugjjy
used as a measure of ehlorophyll but cmlmﬂeu
different. Measurements made later on the m,_.' B
chromium solution with a Beckman model DU spun
trophotometer indicate that the optieal dlensitio -
Figure 8 were made with an optical path of ahg
2 em, From Richards (1952) these densities
eate an order of magnitude of .7 mg chlorophyl
dry Codinm. v
The values for algal dry weights obtained with ¢
above methods are given in Tables 1 and 5 arranm
according to the general produeing types previo
listed. These dry weights may be overest'mates s
the small filamentous strands, so important in ,r"
reef materials, are smaller and thus likely to have 3
lower dry protoplasmie weight-chlorophyll ratio
that characteristic of the standard used, Codj
No correction was made for ash in Codium.
The following tentative conelusions are indiea
from these data about primary produocers:
1. There is a striking similarity between values olj:
tained with different species of corals. When oxe
pressed in terms of cross-sectional area projected
the horizontal, the branching types as eompared wi
flat or rounder massive types were little if any hig
in algal content even though much more caleareoy
matter was extracted and even though the aetual zg
faee area of branching forms exposed to the wate
was much greater. The branching life-form may
an advantage to the animal part of the coral in eateh
ing plankton from deep water and possibly useful fi
plant components in obtaining nutrients. The fun
tional plant producers, however, seem to be regulated
by the available light and are more widely dispe 7
in the branching forms. Thus, in general, the chlo
phyll, per area perpendicular to the sun, is supris
ingly uniform. The chlorophyll per area of a steady.
state community may be expected to have a umfuml- i
ity and greater significance than in transient hlnurp
populations and laboratory cultures. It may be a
better measure of producers and prﬂdueﬁvitj.r under
these more constant conditions.
2, While the algal content of different species of
corals was of the same general order of magnitude,
distinet speeies differences are indicated. Thus
among the massive eorals an unidentified species of
Favid (eode #B—4) had about twiee the algal content . o=
of other species of favids (Table 5). This coral is S8
very green in appearanee with abundant green ﬂlg'ﬂl'-'
and zooxanthellae in the surface in the polyp zone a5
well as in the subsurface zone. Among the I_uamhmg‘
types, Millepora appears to be high and in both spe-
cies (M. platyphylla, M. murrayi) the tall w!rh'-‘“l
branches were found to contain more algae per em”
eross seetion than flat portions of the same eolony.
wide 100 fold range of production and respiration
values had been established for eorals by Kawaguti
(1937).

3. In so far as our small number of sumples shows.
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there was little evident difference in producer content
of live eorals in dilferent zones of the reef which
range from Y5 to 4 ft deep at low spring tide. Simi-
larly, the eorals collected in Kaneohe bay in Oahu,
Hawaii although from more turbid water gave similar
 orders of magnitude of chlorophyll content for com-
paral:llc species,

4, The white sand area of the back reef was the

Cpoly major arvea of the reef which had a definitely
Jower hiomass of producer protoplasm.
5, From the data on glass slide attachment in Table
: G, about twiee the growth of encrusting algae was ob-
* tained in the front veef as on the back reef correlating
with the predominance of enerusting forms up front
with horing forms in back.

670 mill;

Ly defineg
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h of about
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Corans a8 CONSUMERS
* to have

ratio than . Kstimates based on mapped guadrats (Figure 5)

~{ndicate, along with enrsory survey, that most of the
o peef surface iz hetween 16% and 509% covered with
‘live eoral.  Although the living part of a eoral is
~more plant than animal there is, nevertheless, an im-
“portant total weight of animal coral. It has heen
epeatedly shown (Maver 1924, Hdmondson 1928,
Fonge 19307 that coral polyps are in part earnivores
in trophic classifieation, sinee they ecatch zooplankton,
any higher g%peciall],r at night. {Lnd if_ the inferences nf_thr;,- pre-
enloareais | © vious sections and of previous authors {reviewed in
Yonge 1930, Kawaguti 1937) are eorrect, a coral ani-
cmal polyp is very muech an herhivore becanse of
nutrition received from symbiotic algae. Thus, the
animal part of a coral is partly divided in trophie
‘glassification between two trophic levels, herbivores
and earnivores. Three procedures were used to ob-
pin an estimate of the dry weight of the consumer
* fraetion in live coral.

First, the volume of the polyps was estimated by
filling the poves of a slice of eoral from the polyp
* zone with melted vaseline, From the amount of vase-
~line filling the pores, the polyp zone porosity is detor-
cmined as an upper limit to the polyp volume. One
o souree of error, the inclusion of pores nol oceupied by
© polyps, may be cancelled by the error of not inelod-
cing pores partly blocked by animal and plant dry-
- residues,  In drying, shrinkage of polyps may be ex-
peeted to he greater than shrinkage of algal filaments
. within the zkeleton, Thus, a rough upper limit figure
for primarily animal volume {with enclosed zooxan-
thellae) may be oblained. The steps in this prosedure

[ o steady-
1 uniforn-
ient bloom
may he a *
vity under

species of
nagnitade,
ed, Thus
species of
ral eontent

iz coral is are as follows: (1) ent a slice of polyp zone with
reen algae “backsaw, mensure surface aves, dry, and weigh; (2)
Flr ZONE @5 place in melted vaseline in oven 6 hours until per-

hranching

hoth spe- oulside, weigh; (3) the figure for vaseline in pores
1l wvertieal obiained by subtraction of weights, should be divided
¢ per em?® by the density of the vaseline to obtain the volume
eolony., A oeenpied; {4) multiply the volume by the dey weight
egpiéaticm equivalent for anemones and divide by the avea to

obtain final figure for dry weight polyp per square
centimeter,
For two species with large polyps, it was possible

Kawaguti

ales ghows

. .' .1|'|- i
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. meated, remove, eool, wipe all exeess vaseline off the

205

to tease out the protoplasm and obtain a dry weight
directly,

In the proeedure for the third method of estimating
polyp biomass, the chlorophyll-based estimate of the
plant part of the polyp zone is subtracted from the
total loss on ignition {(600°C). This method assumes
that most of the loss on ignition of the polyp zone is
due to ashing of live plant and animal tissues.

Some estimates for polyp weights from the three
methods outlined above are given in Table 2, where
they are in sufficient agreement to permit zome confi-
dence in the order of magnitude at least. The pre-
dlmllinanue of plants over the animal eomponent seems
elear,

The role of eurrent in limiting coral distribution is
supported by their distribution relative to eurrents at
low tide (Fig. 2). Values for the quadeats show a
deerease in coral covernge as the cmrrent decreases.
Sinee ample light for photosynthesiz penetrates the
clear waters of the back reef it would secm likely that
current iz a major factor in the deecrease of eoral
coverage,

Cowsumers OrHer Tmaw CoraLns

Although the trophie relationships of most of the
higher organizms on the reef are very imperfectly
known, an attempt has nevertheless been made to
make rough groupings by trophic level as to herhi-
vores, earpivores, and decomposers. Drs, Hiatt and
Weylander generously gave their help on this, draw-
ing on studies of food relationships in preparation,

Each of the groups required a sunitable means of
obtaining a weight estimate per area. It must he
realized that the great elarity of water permits fuce
mask work with as great visual intimacy as on a ter-
restrial quadrat. In Tables 7-12 are presented the
results of the various estimates by methods briefly
listed with trophic levels below. Where an organism
eatz the matting of algae with included small inver-
tebrates, an omnivore classification might be eorrect
exeept that by weight most of this material is plant.
B, such consumers are classed as herbivores. For
example, a negligible biomass estimate was obtained
for microcrnstacen in algal mats,

The following are the groupings and methods nsed
Tor estimating trophic components, Sinee consider-
able doubt exists as to the trophie relationships, the
groupings are keplt separvate in the presentation to

Tapre 7. Benthie Foraminifera; eounts of individuals
Jjem2. (Counta of representative algal mats and sand
patehes have been multiplied by the coverage .of these
areas in the gqnadrats.

Coverage of | Small | Large

sands or mats| Forpms | Forams

Cmadrat containing | .01l em | .1 em
Foraminifera| size aira
B {Front, encrasting) . . . . i 0%, 25 i
) {Bmall Heads). ... .....| 2495, 2 a
T {Large Heads).........| 349, 2 a2
E {Sa.ngle—ﬁhingle). el embe | 3 51

|

S —
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TapLi 8. Dry biomass estimates on quadrat A on the
algal-coral ridge.

* Eeological Mang .
il
Val. ns_gn';l'

Table 9. Dry biomass on quadrat B on the enerusti
zOne,

Mean
Blomms
avers
over toe %
Biomasa Compoment Quantity measured, Chadrat Biomam Component Quantity Measured, basis far
czlealation £mnE/mE culeulution
Propucers Promany Propuceas
Algae in corals Caral coverage estimated 509, (Fig.5) ¢ 1
Algng in non branching coral (D83 Blab of reef rock surface T0% coverage; (Fig. §) Chlorophyll
gms/em? (Table 5). . s 315, contsining substrate boring | extract estimate: 072 gm/em?,
Fleshy and ealeareous Algae coverage ultunltod Eﬂ‘ﬁ [ﬁ‘ 5! algas and mats of encrust-
Algas in erust and suberast | 064 gms/cm? (Table 5 average ' ing algao
Quad, A reef floar), .. .ooovviienn.e a3,
Totsl Eatimatbe of Produesrs. . |....ccuviearireanrroasireariiansines a5, Zlab of reof foor coveped Covernge 7.0%,; chlarephyll extract
—— - with anemaone—algal per- | cstimate 070 gmfem3, .. .... ... ...
Henervores PRECOMINATELY meated grain complex -
Blate pezeil urchins Cuadrat eount: 8(5, 5, 8) individuals/9 Halimsda clumps Coverage 1%; .038 gm/em? Jnss an
{ Heterocestrodus frigonariug) | m® 50.3 gma loss on lputMImdh ignition of elump. .................,
vidual, . i 9.4
Algaa in corals Coverage of carals 227, Mean bio-
Cmanarids and other Mean of 2 methods mass of algae in non-branching carals,
small crusinees A, 16 individusala/0 em¥; (0004 gma 003 gmfomd (Talda B)..............
loss om igmitaon findividual, . .......
B, 086 gms,.04 m? eollected sample, 4.7 ‘Total Estimate of Primary Produesrs. . ........co00vveiiiiiinnn...
Animal tissee in coraly 509 coverage (Fig. 5); 021 gma/em? Hernivones Prenosisatey
[partly earnivore but T Y | SR S SRR 105, d
classed as predominately Animal tissae in corals Coverage of eocals 229, (Fig. 5) 031
herbivore becasse of (partly caraivores; clamed | gm/em?® anamal tisue in coral
symbintic algae) 88 herbivore duo to saym- | (Tabled)........ocovviieniiunnnnn,,
heiogis with algae)
Parrot fish Visual counts: .4 imlividunl /28 m3; d )
9.1 gms less oo ignition/individual , .. . 1 Anails { Thyiz) Counts: 16.5 (18, 17) individuoak/1.44
m?; 084 gm dry tissue/individual. ... .
Todal Estimate of Herbivares |, ... .0 iiiiiiiiiiinsiimasinnnaas 1449,
Bedentery annelids in Visual count: 85,1.44 m? of non coral
Canxtvones PREposisaTeLy reef Tloor wrea; TI9% coverage; .12 gm dry/
imdividuml. .. .0eii i i e
Annelida, matly af A% gms/. 4 m?sample.............. 16.1
Nereid type Cucumbers Count: 3,28 m?; 2.4 gm,/indiv. loss
' onlgnltos. ..............coiveann, i
Bmall ernba amd other 24 gms loss on ignition/ 4 m2.. ..., T
similar sized erustices Parrot fishes .4 individusla/28 m?; 0.3 gm los on
igmition findividaal. , )
Todal Estimate of Carnivores. |, .. .0vcvvrrmmrrcmnnrrcnrrronnnnanans 13.1
= Ophiuraids in coral beads | Coverage of suitabile heads §.555: 1.50
by TR AR [Tty R R e =07, m loss on ignition in sumple hesd

H/F .24; C/H .08,

permit rearrangements as further knowledge beecomes
available,
HEerrIvoRES

Small herbiveorous fishes, ineluding primarily sur-
geons and damsels, were eounted on the 20 ft quad-
rats visually and converted to dry weight vsing the
mean dry weight per fish found in a rotenoned sam-
ple. A similar method of visual census of coral reef
fish has been recently described by Broek (1954).
Three species, namely, Adcanthurus elongaius, Pomo-
centrus jenkensi, and P. vouili, made up a large per-
centage by weight of small herbivorous fishes at
quadrat C and D as shown by rotenone samples,

Large herbivorous gfishes, ineluding espeeially sur-
geons, damsels, parrot fish, and butterfly fishes were
rapidly eounted with 360° underwater vision. The
area of this zample was estimated from horizontal
vizibility measurement, and the dry weight per fish

Anemones (alss carnivores;
partly herbivores bemuse
of symbiatic algae)

M gm losa on ignition findividasl
T.0%% eaverage of anomone complex; 17
individuals/120 em? of aneemone area . .

Total Estimate of Herhivores,

Cansivones PrEnourmurey

MWereid type annelids in
varal heads

Coverage of hends 8,G2%; 1.56 ;m lasa-
on ignithon 04 m2 head, ... ..0. L
Small erustaces, erabs in
ooral heads

22 gm bose on igaition/. 04 m®;
coverage of beads §.6%5..............

Taotal estimales of carnivores ather than corals and ancmoses

was determined from a sample of 12 speared fish of
the same general size. Scarus sordidus, 5. erithrodon,
Chaetodon avriga, O, ephippivm, O, trifasciatus, Cen-
tropyge flavissimus, Nase liuratus, Adcanthurus oli-
vaceusm, and Clenochaelus striatus were important
gpeeies in this group.




uly, 1983

Corar Reer CoMMunITY 0N ENIWETOE ATOLL

rapLE 10. Dry biomass estimates on quadrat € on the
o gone of amaller heads.

5 Mean
Hinennss
ave
Binmass Camponant {uantity Mensured, busis foc Crandrat
] calculation groy m?
:Pth.lH-‘-l' PRODTCERS
" Alge in live coral Coverage of oral 107 (Fig. 5) 062
% gifom® dey slgae in coral (Tsbles 6., I8,
S0 Coral ghingle permented | Coverage of shinghe 4755: 038 g/
and enerusted with algan em? dry algae inshingle. ... ... .. I78.
*Algas in and oo hard Covemge of algal encrusted Boac-rock
reef loor 99 122 genfom® dey alie. oL 256,
: Algas in and o small Coverage of dead-hsda 11%; 122
*dead-hends (Chaadrag C gmjem?® dry algae. ...l [EL S
dead-hends like reef foor
i pespect 1o algas)
~ Giant dam algne 2% coverage; (082 gm/em® of ax-
poeed mantle photosyothetic surfee. | . 1.
. Tu:f,nl Estimate of Producems. .|, .o co oo TIT.
Hemuivones Prepourrarase
' Hmall pucumhbers in dead- | 3 Individoals 0, 26 m? of head; 2,4 gm
beada bz on ignition,individml; 115,
1 coverage of dend ond live coml beads . al.
-~-Bmall pucsmbers apound ) individunls /18 m2; 4.8 gm leas on
eorals and in shingle ignition findividual ..ol 5.3
-+
- Large encumbers 14 ndividuals/18 m?; 17.7 gm boss on
ignatlonTedividel. ..o 0n i viea - 4.
. Zmall urehing in dead 1. g {4 individunls) Ios on ignithan
i heuds (Bohirsthriz) in 260 em?; 115, coverage of dead heada 4.2
B Targe urching 58 individuala/18 m2; .81 gms loss an
[ Eehinathriz) lgmition pee individusd, .......00000on 1.0
Tridorna (amall) 3 individuals/36 m2; 12.7 gm dry/
o (herbiverous becanss of jnlividual minus 1 gm fm2plant in
- symblotie algae} clom (senahove}, .. ..ol -1
Annalida in dead henda 00 gm dry (19, 210,100 em? dead
heaal; 119, voverage of dead heads;
loas an ignition 575 T0% herbivore. | a0
Bedenfary anpelids on 120 gm boas oo dgnitlon 30 tm® of
hard resf floar reef flnt; coverage 23%. ...l 104
Hponges 1 e volume/'38 m2; 7.0, of wat is
Tnss om dgnibion. . ...ooL.oeeee 02
Banall gustropoda fi individuals/18 m2; .09 gm losa on
(T hariy and Consry) igmitdon findividual .. ... oL Rk
Animal tissus in eorals 109, coverage of ooraly (021 gm/fom? :
animzl bsswe i eoral. . ...oaiiaes 40,
Breesller fiahas WVisunl eounts: 25 {21, 24, 24, 25, 34,
34, 17, 89) fish 30 m®; 2.42 gee dry,
individun] and §15, herhivores bassd
i poaoned smbde, ..o oa 1.4

It can be noted that altempting to polzon ont guad-
rats or other measured aress with rotenone proved to
be o poor eensns method in itself, but was a valuable
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TasLe 10 {continued).
| Menn
Biomaas
nyrraged
; over the
Diinmass Componeot Cruantity Meaeared, basis for Crundrat
rlealntion £ m?
Larger Halwa Visual counts: 52 (35, 40, 65, 75, 43}/
502 m? aren of horizontal visibility in
all direationa, 120 gm dry weight/
ndividual; 904 heebivorous; laoge
fihez abaent from aren 1,3 of time
duwrlog eoaximum careents, ..o 5.0
Toéal Estimate of Herbiwares.[. ... .. c...ooiiiaiiiaiiieninnninanis 122,
Canmyones PresosisnaTeny 3
- Mollusea 6 individusks/18 m®; .00 gm loss on
ignitianfindividual.............. e 3
Emall starfish 11 indiwiduala/18 m2; 1.0 gm lasa on
ignitaonfndividual. . _........000.00 B
Large stacfish 1 indiwidual /36 m2; 106 gm loss on
ignition findividonl, ..ol 3.0
Bmaller fishes 07, of fish counted [gee herbivorous
fishes above). .. ........ R e R
Larger fialea 104 of fish eounted (see herhivorous
[0 Y ) P i
1 stome fish /36 m2 (100 gm dey) (A
stone fish was teries taken [rom the
quundrat ares durlng two days" work) 2.8
Annelids Eatimated 30% of aanefids in dead
heads {pese herbivorous annelids above), 4.0
Tota] Estimate of Carmiverea. .. .....ooioiiiiinnianea s 11.2

adjunet to visnal counts. Many of the larger herbivo-
rous fishes, which abound in coral veefs, travel in
active schools and quickly move out of a limited
poisoned area. But after the active fishes were cen-
sused by repeated counts rotenoning the quadrats re-
vealed the hidden element of small fishes which eould
then he added to the population estimate.
Herbivorous molluscs, sea wrching, sea cucwmbers,
britéle stars, and other large invertebrates were
eounted by hand in subquadrats as the ohserver cave-

- fully took the snperstruclure of the reef apart, lifting

dead material, and breaking open headz with a ham-
mer. The losz on ignition wvalue {G600°C) for an
average sized organism was used as a rough estimate
of live protoplasm to convert numbers of each phy-
letic type into biomass. Ierbivorous molluses were
primarily Thais, Cyprasa, and Tridaena,

In the Herbivorous amnclids were somewhat arbi-
trarily included all those annelids in sedentary tubes
andl all those without pharyngeal jaws. These were
estimated from sample heads of measured hovizontal
area coverage carried back to the laboratory and
broken open. Allowing the head to stand in stagnant
water was found effective in induecing the annelid
eomponent to erawl out into the surrounding water
prior to death. With estimates of the coverage of
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the zone of complex larger heads.

Dry biomass estimates for gquadrat ID om

Mean
Biucmﬁ
Y
aver the
Biomass Componeat Measurement; Pasis for Quiavedrat
Calzulation gms /m?
Priwamy Phobrosns
Algae in live eoml Coverage of live Caral 1655 (Fig. 5)
062 gm dry slgae/em? coral (Table 4) | 100,
Algae in ghingle (dead Coverage 109%; 089 gm/em? algze
coral fragments) in eninghs (Table 5). .. ....ooooouieans &,
Algae in tall complex dead | Coverage of dead heads; 4057 040
heaids, encrusting and gm/em? algae in aod on dead heads. . | 107,
permsnting i
Halimsda clumpa in dead Coverage of dead brads 40°F; (013
Eends gms loss on ignition Holimedo fom®
3 R L 52,
Fleshy algne on lower dead | Coverage of live beads 169%; 7.5 gms
parts of tall five heads loss am ignition /400 cm? live hesd. . . .. a0,
Algae permeating and Coverage of live beads 165%; 028 gm/
entrusling dead cobble em? algae in sample 25 em desp in
ander live heads bead., . i 40,
Algao in white sand in Coverage of sand 34%; 008 pm/em?
channsls Algae msand (Table 5}, ............. 3.
Fleshy algae (Codinm) an | Coverage of dead-heads 40%; Eati-
dend-heads along their mated fraction of dead-heads with
lateral slopes fleshy algne 309 36.5 gm dry algae/
400 em¥ BaEnpla. . 107,
Algae in Tridocna Coverage of Tridocna 3% 040 gm/
em® dry algas ie Tridocng............ 1.2
Taital estimate of primary peoducens. .. oo ik,
Hernivones PREDOMINATELY
Bponges in dead-hrads Covernge of dend-heads 405%; 4.0 gm
2 (4, 9, 3, 2) loss om igmition/ . 04 m2_ ... | 40.
Bponges in live beads Coverage of tall live heads 1855; 7.0
£m Josa om ignition/ 04 m?. . ..., ... 3,
Midget cucumbers in .27 gen Joss o igmition .04 m?;
dead-beads coversge of dead beads 409, ..., )
Zmall encumbers in and 2.4 gm loss oa igrition findividus];
around heads A individunls/2. 38 m2, ... 43
Small urchins in dexd- 13 gm (.19, .06) loss on ignition/ 04
heads m3; dead-head covernge 409 . ... ... 1.3
Dni.imul.du and archina .53 gm loss oo ignithon, (4 m?: live-
in live Beads head coverage 169, . .....cociunnoa 2.1
TUrehina around heads 27 individuals/2. 25 m? subquadrat;
.61 gm logs on ignition findividual. ., ., 7.3
Ophivroids around hesds 38 individumls/2. 25 m? subquadrat;
A0 gm loss om ignitson findividual, . ... 6.4
Hesbivorous annelids in L0, 113 gm Jos on ignition, . 04
diend-hrads m; eoverage of dead heads 405, . ... 1.0

TarLe 11 (eontinuwed).
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Biomass

Measurement; Basis for

Caleulation

Herbivorous annelida in
live heads

Bmall herbivorous
orugtiees in dead-hends

Amall mollusks in dead
hende (herbivores)

Amall mellusks in live
heads

Animal part of corals

EBmall herbivorous Gebes

Large berbivorous Sshes

Tridacom

Total Estimute of Herbivores,

Covernge of live hesds 16%:: .14
loss on ignition/ .04 m®. ... ... .,

Coverage of desd heads 400%; .17 gmy

Coverage of dead heads 407 ; ﬁt-m
loas om ignition,/. 08 m®. . ..., ..

00 gm lees on ignition, .04 m?;
Coverage of live heads 189, ..........

Caverage of live coral 16%,; 021 gm/
em® animal tigsue in live coral {Tahls
4) Burfacs of branching corals about 3
times area covered horizontally ., ... ...

Counts on quadrate: T1 individuoals,
38 m?; 2.42 gm deySindividaal ... .,

Counts per G500 m? borizontally viaible
area; 30 (24, 25, 33, 27, 42) fishes;
estimated 3/4 herbivorous; 120 gm
e ik s R e e
JBEgmfem®F dry. ..o,

04 m? leas on dgaition. . ... ..., ., . A

Canntyomnes PrrsoMisaTeny

Annelids and nemerteans
in desd-hesds.

Anmelids sand nemortesns
in live heads

Bmall crabs and shrimp
in live beada

Small eraba arognd beads

Small erabs in dead-heads

Carnivorous mallusks
around beads

Carnivorous mollasks in
dead-heads

Bmall mrmivorous fishes

Larger sarsivorous fishes

Todul estimate of carniveses,

AT {208, .08) gm loss on ignition, .4
m?; eoverage of

D?mhﬂmmm“mfﬂlm’
eoverage af live heada 165% . ..........

Coverage of live heads 1695 1,08 gm
loss on ignition 400 em®, ..., ...,

4 individeals/2. 25 m®; .15 gm los
o ignitionindividual ... ... ... ..

T gm losa an igritien, . (4 m2;
coverngs of dend-heads 4090 ... ... ..

b individuale/2, 26 m?; .00 g Joas on
ignition tisuefindividual. . ... ... .. .

.5 g loas om fgoitien /.04 m?;
coverhge of dead heads 4097, ........

5.3 individuals,36 m?;2. 42 gm
1/4 of fizhes eounted in visible

horizontsl ares (See herbivorous

the type of head counted from quadrat maps, these
head counts for live and dead head-types were comn-
verted into over-all weights per area using loss on
A correetion by eounting was made

ignition values,




-

ply, 1955

; _J;ﬂ,g 12. Dry biomass cstimates on quadrat E-—F on
e gand-shingle zomes of the back reef. (Data eom-
qed from open areas of Stations E and F.)

Mean
Binmasa
ave
aver t
whike
 Biemnass Compomeni Measarement; Basiz for Cuadrat
G leulation gm/m?
any PROUDCERS
Algae in snd Covernga of Sand 67%%; 000 gmfem?;
dry algae in s (Table &), .......... &l

Covernge of shingle 335%; , 110 gm/
em?; dry algae in shingle (Table 5)....] 331,

stimate of producer Bomam. .. ......cciniiiiiiiiiiiieiiin. 391.

Count 2 (31, 15) individuals/36 m?
uu.drl.t 2.42 gm dry/average sized

............................ 1.5
Behools of mrdine-herring | Count of schools 1.2 (1, 1, 2, 1, 1) per
fighes 600 m? horizontal visible area; About
100 fiah fachool; 1 gm/fish, . ....... .. .2
Large berbivors fishes Count 16 (16, 14, 17, 15) individusls
per (00 m?* borizontal visibde aren;
240 gm dry weight per fish. ., ......, 6.4
ol etimate of herbivores.. | ... 8.1
Canvones PRED0MINLTELY
Larger fishes other than 5.2 (4, 0, 6, 8) individuals counted
sharks per B00 m? borizontal visible nres;
: 240 gm dry weight,fish, .............. 1.3
Bharka obeerved while Counts per 20 minutes oheervation:
walking across back 1.8 (1, 1, 0, B, 1} individzls per 800 | prosaced
‘neel z0aea m? vigible nrea; 90 degrees visibility on time
¥ at o time; mch individual in sight  |and ara
about M0 seeonds; Weght per shark basia
about 50 Ibs wet or 4540 gm dry
(205% of wel) (Vinogrador 1953). . .... S 1.8
L estimake of Commivores. [, .......ounrreronrrossnresnsarnnns 2.5

Counts: 54/em? aren 1.33 x 104
gm loss om igmition findividual (13.5%) |  48.
G759 coverage

for tube worms imbedded in the hard hasc reef of
- the front guadrats,
- Bmall Herbivorous crustecea, 1ne1ud.1ng mainly
shrimps and gammarids, were estimated in the same
“manner as herbivorous annelids,
Micro-crustacea in the algal encrusting mats were
estimated from some counts in samples seraped from
measarved areas, Only 237 (361, 120, 1580, 288) were
found per 28 em? Estimating 02 em x .01 em x .01
em a5 the size of these small species and allowing
o 4% dry tissue in wet volume (Vinogradov 1953), a
. negligible biomass of .022 gms/m? iz found.

CARNIVORES (OTHER THAN COHALS)

Swmirll carnivorons fishes, ineloding mainly wrasses,
groupers, and small moray eels, were estimated hy

Coran Reer CoMuMUNITY 0N ExTwEToK ATOLL

aoy

means of counts and rotenone as described for her-
hivorous fishes, Gymunothorax buroensis, Thalossoma
gquinguevittata, Epinephalus hexagonatus, E. spiloto-
ceps, K. merra, Amblycirrhites arcatus, Scorpaena
parvipinnis, and &, gibbosa were examples of fizshes
in this ecological group,

Large cornivorous fishes, including a variety of
species with no one type predominating, were very
roughly estimated by counts as with the herbivorous
fishes. A rough estimate of shark biomass was ob-
tained as Follows: The time sharks were in view dur-
ing the 15 minute nnderwater walk to and from the
arvea across the back reef zome was recorded. The
fraction of the time when a shark was observed was
assumed to be the fraetion of ome shark's range in
view. The area of visihility of an observer looking
from side to side through a face mask was assumed as
14 of 360 deg. The average shark had an estimated
weight of about 50 lbs. wet. Moray eels were esti-
mated from the rotenone samples on the surely under-
estimating assaomption that all the morays had
climbed out into the channels to die. A rough esti-
mate of area effectively rotenoned was used,

Carnivorens annelids including mainly the nereids
were estimated as deseribed for herbivorous annelids.

Carniverous crustacea ineluding mainly small erabs
were estimated as deseribed for herbivorous crustacea,

Carnivorous molluses primarily Conns were esti-
mated as deseribed for herbivorons molluses.

One series of night counts was made to estimate the
larger night invertebrates. The basis for estimation
was the number seen in walking a known distance
where estimated visibility for bright eye reflections
with an underwater flazhlight iz about 2 ft as a band
along the path. A count of 6 individoals {4 spiny
lobsters, 2 large erabs)/T20m? was obtained. One in-
dividual weighed 150 gm wel with about 35 gms or-
ganic matter as estimated by loss on ignition. Thus
about .3 gms/m*® was ohserved.

DECOMPOSERS

Degomposers are here identified as that trophie
gronp that subsists on the leakage from other food
chains of dead organic matter no longer clearly as-
signable to a living group of producers, herbivores or
earnivores. Ineluded in this group are the baeteria,
blennies, and foraminifera. Many others act as de-
composers in part of their diet in nature, as when
zen cuneumbers eat sand, but in most of these cases a
majority of the putrition is from living algae. All
algae are considered producers even though some may
erode ealearcons skeletons. The following were the
only efforts made to assess the decomposer part of
the eommunity, )

Bacterin. Counts of bacteria on glass slides sus-
pended  three weeks indicated an 809  coverage.
What proportion of these were autotrophs of photo-
synthetic or chemosynthetie type iz not known. As
a possible upper limit, the surfaces of all reef objects
{about 3 times horizontal avea in eomplex zones) may
be assumed to be baeterial covered to the same extent.
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© Allowing .05 gm/em® dry weight and a one mieron

thickness of bacteria an estimate of their possible
biomass of .1 gm/m? results, We have no idea of the
bacterial populations within skeletons.

Foraminifera. The foraminifera of the front reef
algal mat= are verv small forms (.1 mm) characteris-
tie of plankton and probably maintained by influx of
oeeanic water in the strong flow in this area. The
forams of the sandy back reef are large benthic types
like Calearina (1. mm). Rough countz (Table 7)
and loss on ignition values for these components per-
mit rough estimate of their contribution to the hio-
mass. The nutritive source for the large foram hio-
mass (Tahble 12) on the back reef is not known.

Blennies. Following food studies by Strashurg
(1853), the blennies which are numerous in rotenone
samples from the algal ridge zone ean be grouped as
partly decomposers because of their eating of pre-
eipitated detritus (leptopel).

These exploratory estimates were mainly ineidental
to our stundy. An understanding of the trophic rela-
tionships of the bacteria and foraminifera on reefs is
urgently needed. From estimates available, these
eomponents do not represent a large biomass in com-
parison to the other trophic levels. However the high
metabolic rates of the small decomposers life system
greatly magnifies the effect of a small biomass.

Brosmass PYraMIDS

Finally, the guantitative trophie structure of the
reef community ean be set out as a pyramid of mass,
The estimates of hiomasa by trophie level az estimated
in the previouns sections are combined in the graphs
of Figure 10. In spite of the various errors in the
negessarily crude estimates, a general pyramid strue-
ture elearly results in all cazes as predicted by eco-
logieal theory. Furthermore, these pyramids are not
quantitatively too different on a weight basis from
quadrat to guadrat even though entirely different
types of reef eommunity components are represented.
Thus the combined mean estimates in the composite
pyramid {Fig. 10) gives a reasonable picture of re-
lationships of standing erops. Even if any one of the
minor estimates were as much as two fold in error,
the general shape of the pyramids would be un-
changed. If the chlorophyll to organie matter ratio
(Fig. 8) has been underestimated by using Codinm,
the correct pyramids may be steeper than shown
in Figure 10. The ratios of standing erop hetween
trophie levels is H/P 189%; C/H 8.3%. Decom-
poser estimates do not inelude all components and are
left out of the pyramids. Although the reef in gross
appearance is what is usnally deseribed as a eoral
reef (rather than an algal reef), and althongh even
the front breaker ridge is in gross appearance half
eoral, the pyramids show that on a live protoplasmic
basiz the usnal predominance of producer algae exists,
This is partly due to the prevalence of plant proto-
plasm in coral and partly due to large concentralions
of matted algae in and on all the reef surfaces,

The pyramids of biomass structures show up even

Eetoiey, Mromn
within some taxonomie groups. In the ﬂ"’h‘ﬂ, .:
example, there is a striking predominance on g wain
basis of herbivorous parrot fishes, surgeons, dampe,
and butterfly fishes in eomparizon to wrasses, groy,
ers and other earnivores. The numerous, beautify
schools of brilliant herbivorous fishes are indeeq the
“pows" of the reef.

The single coral is first a producer, to a lessey g
tent (in many easzes) an herbivore, and somewhy
carnivore, thus giving something of a pyramid withj
oné coral head. Indeed the isolated eoral heads Zrow
ing in Eniwetok atoll lagoon practically econstity
whole eommunity sinee the plankton is searce ang
mueh of the metabolism is internally complete,
fitting community definition. This need not he {rygy
of all coral heads everywhere and is most certajn]
not the case for elnsters of non-photosynthetie -i a5
drophyllia growing in deeper waters at Bikini or |
shadows of ledges in Hawaii.

COMMUNITY METABOLISM

Having demonstrated roughly the trophie struetn
of the coral reef, consideration may be given the ra
at which the community is operating, its produetivit
its metabolism, its turnover, and the efficiency of i
primary produetion. Although there is eonsens
that individual eorals are not quite inherently
sufficient in production, the work of Sargent
Austin (1849, 1954) suggests that the whole reef dog
subsist on its own primary produoction. They show
nzing black bottles, that the produetion values of
water in both the open sea and lagoon side of the
reef were far too small to be of significance in eom-
parison to the production of the whole reef, although
this did not prove that plankton passing over the reef
was not quantitatively an important source of nn-
trition. Their production measurements only meant
that production by the plankton while passing over
the reef was small relative to the attached community
below. Whether the large volume of water filtered
by the reef was contributing appreeiable energyc
sourees from organie matter previously aceumulated
in the water was not settled. Whether the reef lives
entively on its own production or not, it iz likely 5
that it derives critical nutrients from the strong flow:
over the community.

In this study, to assess the eontribution of the in-3
ﬂm\'ing water to the reef memhuliﬁm, measnrements ¥
of several variables were made in incoming sea water Qe
{represented by water in the windward channel sonth
of Japtan island), in water erossing the front reef
after passing through the hreaker zone, and in water
leaving the reef over the back reef zone (Table 13;'1
The general water characteristics are summarized 1
Table 14. Disenssion follows on the signifieance of
the changes observed as indieated in Figure 11

Sargent & Aunstin (1949) interpreted their high
valuez of organic matter on the front reef as due to :
the trajectory of the water in passing through ﬁf“r‘gt‘ﬂl T
turbulent eddys in the breaker zone at which tone ]
some of the produection of the buttress zone was eol-
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DRY BIOMASS IN GRAMS PER SQ. METER

Fioure 10. Pyramids of biomass resulting from estimates of the dry weight of living materials
(excluding, of course, dead skeletal materials associated with protoplasm). For each quadrat, A-F, the
weight of *‘producers’’ (bottom layer of pyramid), the ‘‘herbivores®® (H) (middle layer), and the
““earnivores’* (C) (top layer) is shown, and also the average dry biomass for the reef.
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TaprLe 13. Plankton characteristies across the reef, July 1954,

Plant,
Vaolume Dry Loss on | Washed | Fraction
Station, circumstance Filtered | Weight ignition ash (dry)| (Extract
m gm,/m? £m,/m? gm/m* |methoed) 9
Oceaxic WaTeR (taken from M boat in Japtan—
Parry channel)
10:30 p.m. {mght.}, Ju]_!,r 19, fathng spring tide:
Zample 1. o 6.1 L0120 L0041 s 5.5,
T e R A e T S 6.1 0121 L0042 L0059 e
2:00 p.m. July 17, rising spring tide:

Bample 1. .. ... . ... i iiaaaaan B.1 0177 L0064 B 6.5
R R e S R R 6.1 D) D036 0054 i
Mean Oesanie Wabar_ . . .. ...oovnoianronarsnrens 0129 00457 0057 6.09; 1

Waren Crossineg Argar-Coral Ripae
Midnight, July 19, turning low spring tide......... 3.6 057 .030 023 41.29%,
2:10 a.m. (night), July 19, rising spring tide. . ... .. 5.0 N} 033 20.79%
MNoon, July 17, turning Iuw nprmg 7 R T R 4.4 358 75 .181 28.79%,
10:45 a.m. Jul:.r 27, falling spring tide.. .. ... ... ... 9.0 J039 21 0168 57.20%%
Mean of water erossing algal ridge. .. ... ... ....... 129 064 074 39.29% B
Waren Crossineg Exp or ExcrusTing ZoNE
(Station B-2)
4400 p.m., July 13, falling neap tide............_.. 21.8 079 022 0236 8.19%,
Warer Crossing Zove oF Laror Hraps (Station 12) i
July 13, turning high neap tide:
Bample 1, 300 pom.. ... 0.0 024 L0079 DG4 32.3%
Bample 2, B0 P M. ov i e nra 0.0 027 L0099 L0054 30.6%
July 19, rizing spring tide, Night:
Smmple L, 100 am. ..., 1.68 054 0327 . 3.3%
Bample 3. 137 BB oo..ouliioiaiin saiiaiol 2.65 034 L0199 J0s1
July 17, t.u.rnmg low spnn.g tide:
Samplal 10:53 a.m.. 11.9 .0129 L0052 20.7%
Enmp152 1240 am.. 5.9 035 L0139 L0171 Hroh
July 27, [alling spring tice:

Dl e s e o 3.0 037 L0184 0125
Mean of water crossing lavge head zone. . .. ... ..... .032 L0154 00493 22.0%
Warer Crossing ZoNE 0F SAND AND SHINGLE OF

T Back Rrer Bnecr (Station E)

July 27, fulling spring tide, 850 am............... 4.0 022 l L0119 0042

L R e L et

tinually being added. The plankton data suggests ties of algae but sinee little water is being thrown up
this pieture to be correct for eoarse plankton. Or and over the reef, they aeceumulate in the breaker
zanie matter data are ineonclusive as to whether the eddies until the incoming tide at which time the
far larger dissolved organiec-matier fraction changes plankton is unnsually heavy in the water first coming
in crossing the reef, over the reef. Some sueh variation may asecount for

As the water passes the shallow portions of the the organic values of Sargent & Austin (1949) which
veef, maeh plankton is removed, That which remainz  were too high on the front reef relative to the back
is expozed to settling in the quieter back waters and  reef to mateh the known respivation of the veef. The
to the schools of small anehovy type fish of the back high plankton values in Sample 1, 2:00 pm. July 17
reef zone. The presence of some open-sea plankters (Table 13) are due to the effect deseribed ahove., The
in the samples of the back reef indicate that a few data in Figure 11 show similar patterns aeross the
individuals do eross the reef without being removed. reef for loss on ignition, chlorophyll extracts of the
In general the reef is a highly efficient filter even plankton, and plankton radioactivity. :
though the water crosses the reef in 15 to 20 minutes.

Becansze the tidal eyele createz a variation in the Fros o LARGER PLANKTON
curvent the reef plankton is highly variable. At very Plankton samples were made with a #10 net. On
low tides the hreakers up front pull off usual quanti-  the reef the net could be set on a stake to permit the

P 0 vt Mot %, 1
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Chemical levels in Eniwetok waters.

Component Aralyaas| Mean Hange
tter, alkaline permenganate method,
T 1 L L L L TP 13 06 -T4—1.11
s nitregen, strychnidine method, in mg
i . AR S O M Kl DE—1.0
phosphores, ammonium molybdate
immgatome/m?. ...l 2n a2 ME—_ 61
Tedal phosphorus, acid digested, in mg
e R e T i L.y 0—3.4
oargen, Winkler method, in mg/1.
“{1} Ineoming Orean Water (from channel}. . ] B.51 | 6.38—0.58
8y Algal-coral Ridge..................... 2 f.50 | 6.00—6.57
Back Reef some of Large Heads
A S e A e s 5 1) 7.31 6.22—8.59
a4 A e AL LA AR E RS L] 537 41.89—8.2%
man Model 3}
Teenming Oeean Water (from chanoel) 3 B2 | 8.19—8.22
Akmlooral ridge. oo 3 8.3l 8.18—8.24
* Hack Kool anoe of large beada, ..., .. ] .32 | 8.30—8.33
nzhit
" Incoming Deean Water (From chansed 2 .19 | 8.15—8.19
Algalcoralridge. . ...__.............. 2 B.18 2.14—8.17
" Back Heef Zone of large heada. .. ... 2 B.1 B.10—8.10
Lure in degress Fahresheit
eoming ceran water (from channel), ., | 2 82.6 |B2.(—82.T7
....................... 2 52.0 2.7—E3.0
........................... 3 84.1 83.5—34.6
.......................... 1 B2.2 Emeiaas

¢ taken from a boat. The volume of water pass-
through the net was determined by placing a drop
ijc {mir-sea-rescue dye marker, [luorescein) in the
th of the net and eounting the seconds requirved
he dye to wash through the net. The ecurrent on
reef was always sufficient to give a satisfactory
mple of plankton after 10 to 40 minutes. The cur-
it outside the net was simultaneously determined
th the dye method in order that somputations of
il plankton flux eould be made. The average time
five dye spots to eross a distance of 20 £t was
il to determine water veloecity.

Quulitutivehr, net plankton of the incoming water
Wwas characterized by pteropods, ealanoid copepods,
radiolaria, and tiny filamentous algae. The reef
plankton after passing the surf zone was eonspieu-
lsly different being made up of large fragments of
- lilamentous algae derived from the buttress-breaker
cEone of the reef. The data {Table 13, Fig. 11) clearly
ndicate a very large inerease of large-sized plankton
* s the water crosses the breaker zone and a rapid loss
~ of most of this plankton in crossing the rvest of the
- teef. Thug the reef consumes its own psendoplank-
tin.  Since the amount of plankton leaving the reef
at the back is about the same or slightly greater than
Fhﬂt in the ineoming water, it seems that the reef is
Itideed energetieally self-sustaining and deriving no
1 gain of larger planktonie material from the in-
ﬂi:_rmn}: water. The data, however, do not entirely
eliminate the possibility of a gain from nannoplank-
ton and diszolved organic matter.
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Fig. 11. Changes in water content as it erosses the
reef in regard to: loss on igmition of net planktom and
seston; green plant content (estimated by chlorophyll
content} of net plankton; suspended sand; radioactivity.

Torar OrcAnic MaTTER

A few measurements to determine the order of
magnitude of the total organie matter were made with
the alkaline permanganate method of Benson & Hicks
(1931). Samples (100 ce) were digested 30 minmtes
at 95°C with standardized permanganate and sodium
hydroxide, The ferrous sulfate was added in an
amount equmivalent to the permanganate, Oxidation-
reduetion conditions were adjusted with manganouns
salts and phosphorie aeid to prevent oxidation of the
ehloride. The excess ferrous sulfate was titrated with
more permanganate to determine the permanganate
lost during digestion. A mean value of about 1 mg/1
of oxygen consumed was found (Tahle 14). The
values obtained with this very rough procedure were
fairly eonsistent and probably give the general order
of magnitnde of dissolved organic matter. Sigmifi-
cantly, the values were similar to those obtained by
Johnztone with BOD determinationz (Surgent &
Austin 1949). We did not find the great difference
between front and back reef found by Sargent &
Austin although our permangsnate method should
probably not be relied upon as aceurate enongh to
delimit a difference of less than 1 ppm. As in other
kinds of water, the dissolved organic matter is much
greater, thongh less eonspicnous, than the partienlate
matter. Motoda (1938) found 2.0-3.1 mg/l, 35 day
BOD, in open sea water at Palao and 5.5 mg/l in the

hax.
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ProvveTion AND RESPIRATION BY
THE Frow MeTHOoD

Sargent & Austin (1949) used an ingenious flow-
rate method to measure the over-all production and
respiration of the coral reef at Rongelap Atoll,
Marshall islands., A similar method has heen used by
H. T. Odum in Silver Springs, Florida (1953, 1954).
The oxygen content of the water upstream and down-
stream is measured simultanecusly. The oxygen in-
erease befween stations doring the day iz the net
photosynthetie produetion of the community, The
oxygen deerease between stations during the night is
the total respiration of the eommunity. By taking a
series of measurements over the daily eyele, one oh-
tains the sourse of production during the day. Meas-
urement of the current transport permits ealenlation
of total reef metabolism. The respiration at night
plus the net production during the day gives the total
production. By comparing the area of the graph
between the day eurve and the zero line with areas of
the graph under the zero line at night one ecan ohtain
an indication of what part of the exeess produection
during the day is wsed up by respiration doring the
night.

A series of such measurements was made on several
different days of typical cloud cover of from 1/10 to
3/10 small eumulus and 1/10 to 4/10 high and middle
clondiness, and also at night. These values are ex-
pressed on an area basis in Figure 12 following their
eonversion from depth and current measurements.
The eurve obtained by Sargent and Austin for their
reef is also plotted in Figure 12,

EY
M3, CLUCOSE
2] #im
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Fig. 12. Graph of primary production and respiration
on the middle reef between the coral-algal ridge and
quadrat . A similar eurve from Rongelap Atoll is re-
calenlated from Sargent & Austin (1848,

Bezides small errors due to inherent fluctuations
and variahility of oxygen samples and methods, cur-
rent and depth measurements, and clond eover
changes, there is a major souree of error that tends
to eanse values of produection and respiration to be
too small. This is the diffuzion of oxygen from and
to the atmosphere, This error is greatest when the
displacement of the gaseous content of the water
from equilibrium with the atmosphere is greatest.
Thus the error in decreasing the production estimate
is greater than that in the respiration sinee greater
displacement from equilibrinm oceurs.  Faorthermore,
during the day's production a ecarpet of hubbles of

e
oxygen is observed to form over the algal-mag s
faees partieularly on the front reef. These bk
are continually breaking off and reach the sypp
without dissolving so that some of the oxygen ig |
further lowering the estimate of production be
the correct figure. The diffusion error is furthey dis
eussed in the seetion on over-all balance sheet fop
reef’ 3

Our curve of reef production for the middle i

(Fig. 12) permits the following interpretations:
The produetivity of the reef is very high, preg
than 24 gms/m*/day or 74,300 Ibs/Aere/vr. (2)
produetivity is greater than that of Silver Spr
Florida, which is very nutrient-rich with a relatiy
constant temperature, and supports a similarly ay
trophie eommunity with a produetion of 50,000 |

Aere/yr (Odum, H. T. 1953-54). Silver Springs '
a higher summer production rate but a smaller
nual total due to the small insolation of the win
The reef production is greater than other marine
calities reported. In eomparison to the open tropi
waters such as that flowing onto the reef (.2 gms/m
day; Sargent & Austin 1949), this reef iz 120 {j
more produoctive, (3) The Japtan reef has twice t
production value per area by the flow method as
Rongelap reef studied by Sargent & Anstin., 1
larger production of the reef per area is matched
a larger respiration per area in comparison to {
reef studied by Sargent & Austin and therefore sugs
gests a greater biomass per avea. Sargent & Austin
(1854) describe their reef as velatively barren. (4
There is a lag between the sun’s light intensity sng
the oxygen produetion as measured in the water aba
the reef each day. It is likely that part of this lag
is doe to the loeation of many of the primary pro-
dueers down in the ealeareous reef surface, sands, nnif_l"
below the coral polyps.

In view of the evidenee for a lag in gaseous exs
change, a symmetrieal morning and afterncon pro-
duction eurve seems incorrect even though Yonge &
Nicholls (1931) showed that isolated single corals |
the sun may reach maximum photosynthesis in tha
morning. Thus Sargent & Austin’s production earve, |
drawn through three afternoon points, probably 5
shows too much productive area. It seems likely that =8
their reef possessed little or no exeess of produetion o
over respiration and may not have heen depositing
stored organie hiomass, .

I‘Imtn:iu-nli Mom,
25

FPropuvcrion EXxrERIMENTS 1IN SUBMERGED BELL
Jars anp Pragric Baos !

Following experience in Silver Springs, efforts 5588
were made to enclose reef eomponents with glass jars
and to zample the water before and after 1_'rr-!1"i4:rd!-.= of
production and respiration. After many diffienlfies
a diaphragm of inner-tube rubber placed ountside of
the glazss jar was found to make a seal between the
jar and the hard irregular reef floor. Sand and
boulders heaped over the ring-shaped rubher horder
prevented active cireulation of the water outside the
jar with the interior water. A rubber tuhe with ap
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qing inside the jar and one outside the jar per-
itted sampling. Water samples were drawn out
cith a type of sampler developed at Silver Springs
hich the observer draws water through two hot-
n a stick by sueking on a tube.  The boltle near-
e bell jar souree is used for Winkler oxyzen
minations after the second bottle has filled.
he onexpected results given in Table 15 for ex-
ceiments on the reef zeem to demonztrate a lag effect
also evidenced in the flow measurements disenssed
e previons seetion. When black eovers were put
oy corals or veel surfaces during the day, oxygen,
resumably from sub-surface bubbles, continued to
‘evolved for over an hour, Supporting this inter-
etation is the observation that myriads of little
les rise from the interior of Millepora or Aera.
i fingers when they are broken during the day.
hard bumps of the veef surface that do not even
ok preen externally, as well as the algal mats of the
nt vecf, are coated with bubbles during the middle
‘ e dey. These bubhles on harve looking places are
prabably coming from the suberustal green algal
ers previously deseribed in the primary producer
oussion,
o determine whether reef components had an
I net produetion or respiration, plastic bag ex-
ents were eondneted in the field. Following the
rrestion of Dr. Max Doty, 6 x 6 in. plastie bags
pe Lied around small poral and algal heads with
bher bands and observed a day later. The hubbles
which accumulated in the hags are assumed to have
[ initially formed of oxyzen beenuse reloase of
er gases seems unlikely. Carbon-dicxide would
‘he released in a gaseous form through basic sea
tér. Binee no temperature changes could oconr in
s field arrangement, air components would not be
eazed from solution. Onee a gaseons phase wag
rmed other diszolved gases might enter. No exten-
Ve decay is suspected that might produce large
nantities of hydrogen, methane or other gas. Asg
sifive evidenee that these hubbles contain consider-
ble oxygen, water drawn from bags with hubbles
super-saturated whereas water drawn from bags
dithout bubhles was undersaturated. However, after
gasecns phase had heen formed, other dissolved
ruges would diffnse in, Visunal estimates were made
the volume of hubbles in the bags after one day.

: lgae have a large net bubhle-produetion whereas the
ile had slight or no production even though 2 hrs
Lag in gna exchange hetwéan reef and

(Dx:rgan changes in dark and light bell jars on
Bt snbslrates. )
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te (Table 16), that the dead hends with encrasting -

: Preceding During Time Oxygen
Burface Light Measure- | Lapse | Change
g Regime ments | Minates|gma ™l
gt ST
d-shingle.| 7 hr light dark a1 +.73
ifud-shingle | 31 min derle | light a0 —.2
Pead-hieads. .| 7 hr light dark al +.085
Dead-heads. .| 3 hr light dark 73 +.125
; |
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TapLe 186. Velume of buhbles acenmulating in plastie
bage over reef heads. Dubbles estimated at noon. .

Time ex- !Vu:-lu.me of
posed hrs | bubbles oo
Dead hemds permeated and en-
erested with algae, .. ... ..., .. 26 15
74 12
20 25
Halimado buneh....._............. 20 2
Bag of foraminiferal sand, ... .. ... Py .1
Live corals
Mllapira. oo R 26 B
e T 26 1.0
Heliopora, .00 26 1.0
Aeropore (read at 9200 aan.). . ... Tn 0
ASTopora. . 4l .1
soft eoral [Lobophytumy, ... ... .. 2 fi
e 26 1

of sunlight of a second day were ineluded in more
than one day’s measurement. This seems to indieate
that photosynthesis in situ does not exeeed respiration
in many eorals although it does match a large fraction
of the respiration. If is possible that the role of
photosynthesis is grenter in the clear waters of the
Marshalls than in more turbid waters in some other
areas. Perhaps fortunately for corals, decreasing
light, due to greater turbidity is often aceompanied
by ineresging plankton eontent,

ProspHORUS AwDp NIroGEN

Ta establish the general nutrient level on the reef, a
few analyses were made of inorganic phosphorns, or-
ganie phosphorus, and nitrate nitrogen, Methods used
were rough adaptations of the ammonium molyhdate-
stannous chloride method for phosphorns {Robinson
& Hemmerer 1930) and the strychnidine method for
nitrale (Zwicker & Robinzon 1944), Samples were
necessarily determined 1 to 6 hrs after collection. Some
lozs due to uptake by bottle walls may have beenrrod,
As expected for a eentral tropieal ocean the ineoming
waters had extremely low values of both nutrient ele.
ments. Although the concentrations were in the lower
limits of sensitivity of the methods, the values re-
ported in Table 14 possibly are of wvalid order of
magnitide.

Considering the produetivity, as established, the
vequired nmirients san he accounted for as follows.
If the mean nitrogen content of the producing alzae
is 3.09% (V2 protein), then .72 gms/m2/day nitrogen
iz rvequired, Considering the width ({Table 17) and
volume transport of water (3. x 10* m?®/day), only
A& gms/m?/day nifrogen could be supplied from inor-
ganie nitrate even if il were all captured and used.
Tt is not all nzed since it was detected in a coneentra-
tion of the =ame order of magnitude in back-reef
water, TUszing open-ocean values (Sverdrup, et al
1946) 1 gm/m?* total organie nitropen iz found in
water with about 2.0 gmez/m® total organic malter.
Using this nitrogen/organic matter ratio of 5% and
a total organie mafter sontent of 1 gm/m? (az de-
termined, Tahle 14), about 4.7 gms/m2/day sould be.
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TapLe 17, Balance sheet for the Japtan inter-island
reef in July. From algal-eoral ridge to the end of the
zone of large heads, this zone js 3228 m? long.

gm,/m?/day

Ivcome®
Planktonie organic matier fTabIe 13} from
breaker sone . 2.0
Primary pmdum.mn I:I:I:IL.II.EUI‘EI:I. ns u‘cjrgan,
caloulated as glucosa:
Net (uncorrected) daytime pq'udm'lmn 14.0

Respiration during daytime. ... .. .. 10.0
Total INOCME. . ..o vvveeecnnanns 25,0
Lozars®*
Planktonic organic matter lost to Iu-,p;tﬂn
{Table 13). . ; 0.4%
Total rcapaml.mu in 24 hr. . i e 433 24.0
Total onkgo. ... coivivavaiviaas 24.4

*Dissolved Organke Matter; 096 gm/m® (Table 14) (no significant dilferancs
ku:] imflux amd outfax; amlyticil method nob precse enough, kowever, o

ﬂ'bn mean water Mfux during planktos sampling was 425m? /br acroas’a band
af recl | m wids,
aeguired by the reef if all the nitrogenous organie
matler were taken up. To meet the need of .72 gms/
m?/day, therefore, much of the incoming organic mat-
ter would have to be takem out. Our few analyses
showed no evidenee of this magnitude of organie-

matter uptake although Sarpent & Austin had some

evidence of large uptake. It seems equally likely that

there is cyeliec re-use of nitrogen along with some
nitrogen fixation by the abundant blue greens of the
front reef. That the surface enerusting algae are so
definitely correlated with high current veloeity, how-
ever, suggests the need for taking out some nutrients
of organie or inorganic nature from the low nutrient
water. As indieated im Table 5, however, the surfaece
eneruzting algae, although eonspicuous, are relatively
unimportant on a hiomass basis in eomparison to the
algae permeating the ealeareous substrates, living
and dead. They may, however, have higher meta-
bolie rates than the imbedded algae,

Similar ealenlations suggest that phosphorus is
more abundant relative to needs than nitrogen.

The back reef production is accomplished largely
by algae within the calcareons dead parts of corals
and other back-reef components. The coverage of
coral decreases from nearly 509 of the front reef to
169 of the back reef and finally 09. Apparently,
nutrients eaught and stoved by the algae and eoval of
the front reef are passed to the back-reef produeers
in the form of skeletal fragments. The front reef
enernsting-producers, being in shallower water with
much swifter currents (Fig. 2), are exposed to
greater volume per individual so that the energy of
nutrient gathering is partly supplied by the flow sys-
tem. Thus an adequate nutrient souree in water and
plankton is available st the front. The nutrient and
eurrent- regimes are thus entively different for the
front and back-reef producers. The front-reef pro-
duocers need eateh only enough nutrients to balanee

Eco[ugh“ Mnnu;
25,
that leaking off the back reef to maintain th
system. The general habit of the boring prpg
in all the reef surfaces is most favorable to py
eonservation. One imagines that at the time
typhoon or ather eirenmstance bringing riche; 'B:“
to the surface of the ocean, the reef would pay
eritical nutrients in an Eﬁmmnt manner for fy
use. Certainly the reef has concentrated radionet
of multiple types in water that is barely above
ground as it drifts in 200 mi. from Bikini. Three
ples of water, evaporated down without ﬁltgrmg
mean radicactivity of 152 eounts/min/l (dete
by K. Lohman). This was roughly of the same
nitude as the dried-plankton radicactivities pey Q
ume (Table 13) estimated with a Beta Gammg 5
meter (AEC MOD-SGM-2B). Coral and algal '11
faces registered about 300 eounts/min/em? o
face. Thus, plankton radioactivity of a liter of w
has an order of magnitude equivalent to that
em? of coral surfaece.
The reef surfaees, living coral, living calea
algae, and dead skeletons all act as a kind of soj
that they conserve phunphﬂrm nutrients and pe i
plant biota to burrow in to reach these nutrients, A
indicated in Vinogradov (1953), fresh eoral skele tong.
have 1% phosphorus and .01 to 1% aluminum i
iron. Caleareous algae contain much less,
layers of boring algae are found just under the
surfaces of caleareous red algae as well as under
corals (Fig. TI).
The N/P ratio by atoms is roughly 2.1 (usingj
nitrogen value inferred from organie matter on
assumption that most is protein), which m{h@
particularly sparse nitrogen conditions. The |
proportion of small blue green algae may sugge
low nitrogen environment.

Rerr Derostrion, Reer Erosion, PH CHANGES

Although the production and rvespiration measur
ments suggest that respirvation is not far from a b
ance with production, there is little elear evide
about the halanee between skeletal reef depositio
and erosion of any one reef yet studied. Certn
the reef atoll as a whole can maintain its relationsh
to sea level for long periods of time. As carel
postulated by Mayor (1924), a reef seems to have t
mechanism for self regulating its balanee of dep
tion and ervosion at about 6 in. below mean low wa
apring tide, The excess of produetion or respiration’
does not in itself indicate whether deposition or erfo="8
sion is in excess. For example, animals like oysters
with entirely respiratory metabolism may nevertheless
relegate energy to deposition. Most marine plants
with a primarily production-type wmetabolism de it
deposit a skeleton whieh their metabolism wounld tend
to precipitate in water almost saturated with rvespect
te ecaleinum carbonate, like that at Eniwetok. Th
might involve an energy ezpomhture It iz not c]Eﬁl'
whether reefs, by a succession, destroy themselves ¥
beeoming a terrestrial community or whether tilﬂ‘;"
form a elimax at the 6 in. level helow low water
spring tide,



Surgent & Austin attempted to estimate reef depo-
fi;il.ﬁ on the assumption that most of the reef hiomass
& voral and that their respiration measurements for
e whole reef would be extrapolated into a deposi-
ton rate, assuming a deposition to respiration ratio
pieal of corals as measured by previous workers.
owever, it is elear from the pyramids (Fig. 10) that
. majority of the biomass is not eoral-animal tissue.
or is the metabolism predominately eoral. By
enlation from Mayor's value for metabolism per
g hiomass of 43 mg/gm/hr (mean of 4 species)
pur figure of .062 gms/em?® total biomass in
als, and a coverage of 209 coral, one obtains a
spiratory contribution of coral of 53 mg/m*/hr.
jig is a relatively small part of the total respiration
the reef determined with the flow method whieh is
out 1.0 gm/m?*/hr.
Jargent & Austin's possible overestimation is
v counteracted by the mse of the wrong density,
ien w0, their over-all estimate of maximum material
did (1.4 em) seems too high, on the basis of their
el ations.
Az n variation of Mayor's calenlation the quadrat
mates of coral coverage were used to estimate rate
eoral deposition with a figure for coral growth
vived from Mayor (1924). Slightly lower growth
¢ are found in eolder waters (Tamura & Hada
32, Ying 1034). By recaleulating on an area basis
id averaging 18 growth values for corals from
'ur, an annuoal skeletal growth rate of 8.0 em was
ined. This involved using a dry gross density of
l of 1.9° gm/ee. Most of our reef seems to be
t of coral (not ealeareous algae) if one ean judge
“blocks of the reef from the dynamite holes else-
e on the atoll (Parry island) or from the present
. position of most of the reef. Mueh of the deposi-
Hon, therefore, comes from the 209 coverage of
. Therefore, the 8 em skeletal growth in the
‘tens of coral is spread over the whole area in the
wm of shingle and dead heads to form a net addition
wfimaterial of growth of 1.6 em. Although this rate
inerement is almost identieal with the one esti-
ted by Sargent & Austin, their apparently less
riduetive reef may actually have a lesser deposi-
onal rate,
~ On the basis of growth rate and coverage estimates,
il a density of 1.8, Mavor estimated 0.8 em annual
leposition and simultaneous erosion on his study reef
“Hamoa.
" “For the middle reef the estimate of 1.6 em eal-
| ®reous deposition amounts to 3.05 gm/em*/yr. The
o over-all income of 26.0 gm/m®*/day (Table 17) is

*In Table 3 are given density measnrements of twa types.
e iz the density uF the dried skeletal material n'M.uimE by
. Whighing wet while suspended in water and hi;r weighing dry.
‘_E'-T.-III density which iz of interest mineralogically is the weight

SRR velume of the component skeletal septa. The density of a
- AUry pross block including the empty pore spaces iz considerally

and iz obiained corracting for pors spnee.  Although the
#letal density (mostly aragonite) is about 2.3 gm/fec (Table
il owith s pore space of 169 the dry blocks of coral have a

tross density of nnf_-,- 1.9 gm,ee, This latter density should hava
Seet used by Sargent & Austin rather than 2.5 gm/fec in esti-
Hiating growth increment from weight increases. Thizs error for-
. funately partly counteracted their error of overestimation of coral
L Bpalations dlsenssed above. When the pore space s filled with

ter, tha gross wet density iz 2.1 gm/ee, & sometimes useful
Aanlity.
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equivalent to 95 gms/em?/yr glueose. Thus the bio-
mass initially deposited is only %4 of the caleareons
deposition. With the water near the inorganie de-
position point, little energy is likely to be required
for this ealeareons deposition. Just how much is not
yet known.

This coral increment being added is very likely
being eroded just as fast by eurrvent abrasion and the
complex of bacteria and boring algae that charae-
terize the eoral shingle fragments that dominate mueh,
of the back reef zomes, so neither the ahove ealeuln-
tion nor Sargent & Austin’s evidenee is at all indiea-
tive of over-all net reef growth or erosion.

Some idea of the magnitude of abrasion taking
plage on the front buttress zone, which must be bal-
anced by growth to maintain the reef and must he
exeeeded to produce a reef-growth laterally into the
wind, may be obtained from the sand in the reef
plankton, The plankton ash in the samples eollected
at the front and hack reef was washed with water
leaving a residue consisting mainly of fine caleinm
earbonate sand that had been suspended in the water
passing through the plankton net. The change in this
sand fraction in ecrossing the reef is depicted in
Figure 11. Strikingly, the sand content rises in eross-
ing the breaker zone and as the eurrent diminishes on
the back reef the sand content falls, thus demonstrat-
ing the action of front-reef growth in filling in and
cementing the back reef., Binece no measurements of
sand in plankton were made during the strong enr-
rents of high tide, the magnitude of deposition and
erosion of reef sand is uncertain.

Batawce Sueer For THE Repr CoMMuNITY

Having made various measurements and estimates
of photosynthetic rates and metabolic processes, we
may now consider the data as a whole to see how
nearly balanced are the gains and losses of organic
matter on one reef section. In Table 17 the sources
of energy storage gain are estimated, ineluding pri-
mary photosynthetic produetion and inflox of or-
ganic matter in the water. The losses of energy are
alzo listed, ineluding respiration, and outflow of or-
ganie matter., The gains and losses arve only 4%
apart. In view of the rough nature of some of the
estimates it is not certain whether this is a significant
difference or whether the community is in a perfect
steady state with losses matching gains. With the
15-209% lower total insolation in winter (insolation
tables, Kennedy 1949) at this latitude than when
these measurements were made in July, a lower pro-
duction but relatively unchanged respiration may he
expected to make an annual balance between produc-
tion and respiration,

This vigorously productive reef is possibly one of
those that Cloud (1954) thinks is now in slightly
deeper water than the equilibrium depth because of
a sen level rise starting about 100 yrs ago. Accord-
ing to this idea the reef may be experiencing a net
growth of ealeareons matter. However, there iz no
definite evidenee from this study to indieate that the
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reef is not in balance with respect to organie matter.
Organie deposition and ealeareous deposition are not
necessarily in phase.

Similarly, as dicussed in the section on production
measurements, a balanee between gains and losses
may have existed on Sargent & Austin’s reef also.
The higgest uncertainty in both these studies is still
the guestion of changes in dissolved organie matter
in the vast flow of water crossing the reef.

We may tentatively conclude, at least, that the
Japtan reef is a true climax ecommunity, in the eco-
logieal sense, under present ocean level conditions,
since there iz little if any net inerease in living bio-
HEEN

Errrcrexcy

From tables of insolation reaching the ground
({Kennedy 1949) a figure for insolation reaching the
water surface can be obtained, taking into account
approximate cloudiness. Ahout 14 of this total inso-
lation is in the visible range (Sverdrup, ¢t al. 1946).
With a Weston photographic light meter enclosed in
a plastic bag a reading above the surfaee of 1500 fe
was obtained eompared to 500 fe 50 em below the
surface at quadrat D. Therefore about half of the
surface light reaches the average reef depth of 2 ft.
From these approximations the energy available to
production on the reef ecan be estimated. Tor the
latitude of Eniwetok in August, these approximations
indieate about 1650 KCal/m?/day incoming energy
reaching the community. Relative to the 96 KCal/
m*/day (24 gm x 4.0 KCal/gm) primary production
estimated from oxygen measurements in Table 16 this
iz abount 5.89% efficiency of primary production.

That this efficiency is a low one in comparison to
some laboratory experiments (Rabinowiteh 1951) and
vet higher than average terrestrial agrienlture is an
important result. Here is an ecosystem which has
had millions of yearz to evolve an effective composi-
tion, which is built for a low efficieney. This may be
support for the hypothesis (Odum & Pinkerton 1955)
that there is an optimum but relatively low efficiency
that produees the most effective trophie strueture
whose survival is based on a high primary produe-
tivity.

RELATIONSHIP BEETWEEN TROPHIC
STRUCTURE AND COMMUNITY
METABOLISM

It seems eclear that the vast eoral reef community
iz highly productive and not far from a steady state
balance of growth and decay. As a community of
ungquestionable durabilitv and ancient origin, it may
be postulated that some kind of optimum adjustment
has been evolved. The evolution may be stated in
terms of the stability prineiple (Holmes 1948) as
follows: As an open system, the eonstruction of self
regulating interactions has led by selective process to
the survival of the stable.

In the previous sections a standing crop of living
bhiomass of about 700 gm/m?* was found and a total
primary productivity (glueose) of 24 gm/m?/day or
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8760 gm/m*/yr. The ratio of annual primary P
duetion to standing erop is therefore about 125 5 15
This ratio ean be ecalled the turnover. If [hm_':

an nnderlying relationship of primary produetion a ;

standing erop under steady-state conditions, ap g
nual turnover value similar to the 12.5 for our reght
may be found in other systems where there are gimite
lar temperatures, and similar supplementary enerei,
supplied as water currents, and similar sized orgar
izms with similar metabolie rates. e

SUMMARY

1. During a mid-summer G-week period {(1954), (1}
the standing crop biomass of “producer” and “ag '
sumer” organisms of a windward, inter-island g
reef on Eniwetok Atoll was estimated, (2) prima
production and total respiration were determined
upstream and downstream chemical measuremen
and (3) from these data the turnover and energe
efficiency of the reef ecosystem were ealeulated.

2, The reef, which has not as yet been directly dis
turbed by nuelear explosions, exhibited 6 disting
zones as follows: windward buttress zone, coral-a
ridge, encrusting zone, zone of smaller heads, zone of¥
larger heads, zone of sand and shingle (Figs. 2-4)3
Zonation of this inter-island reef (with its one-diree:
tion current system) is very different from zonatig
on island reefs so abundantly deseribed in the lite
ture. Quadrats were mapped in 5 of the zones (F
5) und standing erop hiomass determined for each

3. Because producers (algae) are so intimately in;
terwoven with animal and dead skeletal material
chlorophyll extraction method appeared to be th o
most feasible means of estimating produeer biomass. '3
Algal dry weight was determined by relating spectro-
photometrieally, ehlorophyll content with known dry
weights of a reference speecies, Codium edule, Varis
ous methods were used to estimate major animal com-
ponents as deseribed in appropriate sections of the
paper. :

4. On a horizontal surface area basis, the average
living eoral eolony proved to contain three times a5
much plant as animal tissue, or 063 gm/em® dry
weight of algae as eompared with 021 gm of animal
polyp (Table 4 & Fig. 6). Zooxanthellae (in the
eoelenterate polyps) comprised only about 69 of the
total plant portion, filamentous green algae embedded
in the skeleton making up the bulk of plant material.
The evidence indicates that these skeletal algae, often
considered “parasitic” or “horing” by previous work-
ers, may be actually mutualistic. The algal-coelen-
terate complex, therefore, comprises a highly inte-
zrated ecologieal unit (comparable to the algal-fungal
eomplex of a lichen) which permits cyelie use and
renze of food and nutrients necessary for vigorous
eoral growth in tropical “desert” walers having a
very low plankton content. The eoral is thus con-
ceived to be almost a whole ecologieal unit in itself
with producer, herbivore (utilizing food from sym-
hiotic algae), and carnivore (plankton feeding at
night) aspeets.

5. The quantitative coverage of ecoral (50-16%)




1“;5'1:"_'. surface enerusting algae decreased while the
IIf <548 it of subsurface algae inereased from fromt to
d :ihem eToss the reef correlated with mean current
.}11:: o4 suggesting a transition from a water filter-
or 'mf“ ree of nutrients up front to a subsurface de-
e arerg, ) osition somree of plant requirements on the back
ITY energ Aj;.hnugh spemes differences were tndu:.atéd the

0
raﬂlfr umfurm when ealeulated as dry biomass
jected horizontal surface arvea basis (Table
Branching corals contained about the same
nt of algae as massive and encrusting corals.

=land e d reef surfaces, “deadheads,” and shingle con-
2} prima | comparable or somewhat larger amounts of
ermined by or tissue; only the ealeareons sands of the back
AsUrement: ve low values,
il energy “While the kinds of primary producers were
I!ﬂh‘.‘ﬂ. ariable from place to place and zone to zone
lirectly major types are listed in the ecological classifi-
6 distine }, the reef, whether covered with coral or not,
eoral-al Ed to have a rather uniform econtent of algae.
uls, zone ‘gther words, the algal standing erop was of a =imi-
Figs. 24 er of magnitude (between 0.050 and 0.1 gm/
3 one-diree: “throughout, a zituation certainly not evident on
m zonation ficial examination (becanse a large amount of
t the liter reen plant material is subsurface).
zones | The sessile part of the community iz primarily
d for eae rophic with relatively few plankton feeders
ﬂmﬂtf-"]!f 1 han coral polyps; fouling on glass slides was
naterial the -entirely algal.
to be n all zones of the reef a trophic stroctore with
er hiom mid of biomass was found (Fig. 10). Although
g spec y different taxonomic components were present
known dr ifferent zones, similar biomass figures were ob-
'i“f"-"r Vari: : The mean standing erop for the reef as a
nimal eom. = ole in gm/m? wasz: prodocers, 703; herbivores,
ions of S 5 and carnivores, 11.  The ratio between standing-

trophic levels was H/P, 1899, and C/H, 8.3%.

the averagiieg 0. A very high total produoetion of about 74,000

ee hﬂ;fﬂ as’ aere/ year was obtained with the flow rate method,
m/em dry ¥ represents a turnover (the ratio of annual pn-
o of ”,‘mmﬂ- ry production to average standing erop) of about
lae (in the . times per year of existing hiomass. The figures

: 6% of the
¢ embedded -
nt material.

il the production eurve (Fig. 12) provide quantita-
¥e eriteria for assaying the future effect of nuelear
osions, eontinued low-level radicactivity, or other

algae, often _ s on the eommunity as a whole.

vious worls 8 The production on the reef seems to about bal-
tgal-coelen- the respiration on the reef (Table 17). The
tighly inte- ils do not eonstitute s dominant part of the whole
’-!gﬂi'f““b'al ietabolism. It is concluded that the reef community
lic use and 2 iniler present ocean levels, a troe ecological elimax
or Vigoroua ﬂ'PEn steady-state system.

& having 2 The efficiency of primary produetion eomputed
8. ﬂ?“ﬁ.m‘; terms of the visible light reaching the underwater
nit in itzel ommunity is about h% This is support for the

from sym-

feeding ab _.ﬂﬂ'ml!ﬂtt'ﬂ theory that steady state communities ad-

st to a moderately low efficiency as a neeessary
- f0mpensation for high total produetivity.

(50-1675) 13. The reef does not derive a net gain from the
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larger components of plankton in the water erossing
the reef under the stress of the trade winds, Whether
a dissolved organic-matter gain is obtained iz =till
uncertain,

14. Individual corals én situ in nature, like those
in laboratory experiments of other workers, produee
an exeess of oxygen in the daytime but not over the
eourse of 24 hours (Table 18). The coral with its
3:1 ratio of plants to animals is apparently just
about “balanced” in gaseous exchange,

15. The loeation of the sub-surface boring algae
leads to a time lag in gas diffusion with the water
crossing the reef and an afternocon community-pro-
duetion maximum (Fig. 12),

16. The nutrient levels of nitrogen and phosphorns
are very low (Table 14). Some evidenece exists that
n.itrugen is more searee relative to plant needs than
is phosphornz and must be conserved, ﬁxetl, and re-
eirculated,

17. Measurements of low-level radioactivity which
was present (Table 13, Fig. 11) provided further evi-
dence of nutrient eonservation, and autoradiograms
of corals (Fig. 9) provided additional evidence for
symbiosis between corals and their skeletal algae.

18, Plankton and eroded sand broken from the
front-reef breaker zone iz reeaptured on the middle-
reefl zones.

19. Estimates indicate 1.6 cm of caleareous deposi-
tion per year hut there is no evidence that this is not
eroded almost equally rapidly.

20. The Japtan inter-island reef at Eniwetok is
primarily a eoral reef rather than a ealeareous algal
reef in the geological reef-forming sense. But like
other communities studied (whether aguatic or ter-
restrial), the Japtan reef has a large predominanece
of living plant biomass, even though organisms clas-
sified as animals are more conspicuous.
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