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MET ABOLlSM,CALCIFICA TION 

'\: AND 

CARBON PRODUCTION 
Coral reefs not only nave one of the n1gnes~ pr1mary (organLc) production rates 

b ·•t ~h.ey are also the maJOr s1te of calclum caroonate de~osL.~.1on :n a 1nong natural ecosystems, v h 5 c . 
local scale, coral ree::s serve as an l:1'•portant buffer 1n t. e ear-n . .,2 

t~e worlg~ a O~e aio~al scale, they freque:-:::ly are located in areas of. dense human populatton. 
C)Cle. 1 g an often vital role l:i local econo.nles, but they are also threatenea by a 
Tney not on y serve . . . . 

~ dlverse a'Ssortment of hu;nan actlVl ttes. 

The integrity of the coral reef ecosyste~ is dependent on the structure and fun~ 
. f its component communities, and they in turn are composed of populat1ons of organ1sms. 

~~~n :r.~Jor metabolic processes_ affectLng the carbon cyc~e are photosyn~hesls,. calc1t 1cat~on and 
respiratiOn~ The first two, in turn, are controlled by nutrLent supplf and lLght. 

In this seminar, we will discuss te!nporal and spatlal patterns ot carbon 
production ,.at two level's: systems or co:r.:nunltleS (i<_:nseyl and organ1sm (Glad:elterl. Eacn 
sect 1on is self-contalned, w1th 1ts own separate b1ol1-gra~ny. A brtef general s~mmary appears 
at t:.e end. These are not fully com;:>renensive literature re·11ews. Instead, we a1::1 t:> 
concentrate. on a few concepts and approac~es to researcn wn1ch we feel will heip to tncrease 
our understanding of the metaoolic processes occurring on coral reefs. 

SYSTE;\1\S-LEVEL STUDIES 

1. INTRODUCTION 

The first and only fully comorenensive rev1ew of svstems-level orocesses of 
organic oroduction on coral reefs is tr.at oy Lewis 1n 1977 though ·t~ose of Sourrna (1977a;, 
Kinse•J ci983a) and smith (1983a) cover :naJor as::;ecr.s of oroductlon rates. Le<.Hs consldet"ea 
many details of commun1ty structure, tro;m1c reiat1cnsnip-s and nutr1ents fluxes as ·..-ell as 
s~~marising the state of the art w1tn res;:ecr. to estl~ates of producr.1on rates for coral reef 
svs:e:::s. He also cons1dered matte::-s of carbonate prcduc::.1on, coral. and reef growth, eroston 
and tne hydrograpnlC COnditlOnS under WnlCn all these ;:rocesses OCCUt". 

Since Lewis' review was wrltten, the proceedings of t·..-o further Interr.at:ona l 
Coral ::<eef Sympos1a have ap!?eared. ':'!':ese conta1ned n.;:::erous papers 1n t:.e area of s·:ste:cs 
product1on, nutrient flux and growtn stuctes. There has also been a constderaoiy acceieratec 
rate of appearance of relevant pa!?ers 1n tne general sc1enr.1tic literature. 

Two further publications of ·real sign1ficance in the summar1s1ng of l<:nowledue of 
svsr.e::'-5 processes on coral reefs are "?ers-oectives on :oral Reefs" (ed Barnes l983al ar.;:J tr.e 
•?!-oceedings of the Great Barrier ?eef Conference" (eds Saker et al. 19831. "l'ihtle the latte::­
su:::::-.arizes the state of the art in some re.i.evant areas U!? to 1"903-,-tne former conr.a1ns tJapecs 
mos.~y s~~arising the state of the art to the end of !979. 

Recent research has continued to produce more estimates of organic and inoc~an1c 
production by coral reefs wlth the somewhar. inevitable empnas1s on tne eas1ly worked ceet-:lar. 
areas. However, there are a n~~oer of imoortant e:ner~ent themes from research reoortea in the 
nir.e years since Lewls' review. I The ava'i.labLlity of- hlgher technolO'!Y and asso~Lated '11a:--.er 
prec1s1on has led to new concepts of reef performance in ttme and space. Mucn finer levels of 
dLscrl::tl"1ation are possible and the derivatio:1 of data for areas of reefs "inaccess1ole" to 
earlier <:.echnology can now be attempted. The role of nutrients as i.T.portant controls on reef 
productlon has received cons1derable attention. 

The worl< of Smith and Atkinson (e.g. Sr:nth and Joi<iel 1975; S:nlth and Atkinson 
1933; Smith 1983b: Smith et al 1985) has led to an understandlng of tne tmportance of :::rec1se 
esr.1~ates of net gains an~osses by reef systems. 7hey nave stcessed the value of detet"~lntr.~ 
thts variaole directly by budgetting •consecvative" parameters sucn as phospnorus or alkalintty 
ratne::- than by inference from tne d1fference ber.ween cc~~un1ty ?roJuc~ton and consumption. ~~e 
wor~~: of Kinsey {eg. 1977; 1979; 1982; 1983al has ~ed to tneortes of modaltty 1n ::-ee: 
per:cr:nance and the concept of ?redict3ole •standarc" rates foe ocgan1c produc.tLvtty and 
grO'.Jt:l. The work of Barnes (1983b,c; Barnes and ~vereux, 1984) has resulted 1n the 
-~eve ... opment of important relat1onsn1ps bet· ... een reef :,.JrO;JUCtlon ano light re<.ju:o.e as well as 
per:nltting very fine scales of spatlal and te~poral discrLmtnatLon. 

One of the most imoortant themes JUSt ceg1nn1ng to eme~ge 1s that mucn of the 
var:3oility prev1ously attrlbuted.to "no1se" is now seen to be real and to be assoc1ated wttn 
meanLngtul trends, some of wn1cn may prove to have prac:Lcal mana':)ement value. ~ucn attentton 
ls cetng given to var1at1on w1tn latltude and as a funct:on of land prox1m1ty. Three maJor 
proqra:r.s nave addressed tnese quest1ons. They are tnose of: The Australian rnsr.1t~te ot 
~ar:ne 3clence; The 11awa1i. Institute of ~ar1ne BLoloqv 3na llawaLi sea Grant Otfice {Gt:Lgg anj 
co--... or...:.ers) and the Australtan CSii':v OlVlSlOn of fLsr.ei:-tes (:·lar:nton wo; i·Heue anLl co-woc.-<ersl. 

These systems-level open co::::r.~nlt'{ bLoaeoc!'1.emtcal studtes co:1t1nue ~rt:r.artly to 
e~nast.ze tne Indo-Pacltlc regt.on. EVen wt.tn t.ne ~avent. 0: se~:e!:'.li ~a.~oc ::>nt.Joln~ SlrO,~L.1~s, t:;e 
r~ ... ev~~t ll:.erature cont..:.nues to be do;r.li..lt~d -:Jy out:::...:~ :r:)~ s.::~.:ntlst.s tr-o:n a wuJe r.ln~e o: 
1nsr.1t~t1ons many of wn1cn are nor. ?r1:nar1:y concernea ~1::-: coral reet ~ot:K. 

1 



' ' 

2. COMMUNITY METABOLISM STUDIES RE-VISITED 

The expression •communLty metabolism" has been in use in coral reef researcn ~t 
least s1nce t.ne maJOr study of the Enewetak reef-flat by Oau:n and ()dum (1955). falr Y 

b l total commun1ty does not have a metaoolic entity. Ho·.,ever lt is both !JOSSlble o v1ous ·:, a · ' d converteu 
and useful to determlne the rates at whlch mater1als are i:nported, Lncorporate • • 
turned over, excreted and exported by a complete community and even an integrated eco~~~t~~~ 
It is also very useful to determ1ne the net ga1ns (or losses) and, hence, growtn ra~e nlt' 

·total svstem. The use of the term "IJiogeochemlstry" lS prooaoly prefera~le to comm'-! 'I 
metaoolis~· or to the even more restrlctive concepts covered oy "proa~c~lVltY • 

The biogeochemistry of a reef system is dominated .cy aerobic, benthic processes 
of pno~osyntnes1s calcification and integrated community resp1rat.1on. These, ln turn_, ace 
controlled ::JY a~d reflected in the dynamics of nutrient fluxes. Howev~r, the OLrect 
•currenc·;" o"' 'all community biogeo~he:ustry st.JJdies is caroon. Conseyuent.ly, it is 1n ter:ns of 
carbon (lux ~that; most findings are expressed-,_ wnether or not tr:ey ~were based on the d1rect 
measurement of c~anges in the co2 and orqanic caroon content of the S¥stem._ 

While reef systems may be benthic dominated, it is becoming more and more evident 
that we have underccstimated the S.lgnLficance of the direct organ1c flux associated with 
plankton and detritus throughputs. This error has been encouraged by the fact that changes 1n 
such materlals in tne water column may be quite small over short t1me and the concentratLons of 
such materials are usually quite low. However, the total· flux of pla~ktonic. materlal can 
easily oe aemon.strated to be extremely high in open systems. Tnus, lts potent1al to have a 
maJor bu~ unaet.ected effect on the benthic community is very great. Sl~ilarly, the importance 
of anaerO::JlC orocesses in the remineralisation of reef detrltus has generally been underestLma­
ted. i'ihlle ·it is obv1ous that most reefal biological processes are highly aerobic, the 
business of re~enerating and recycling materials, so often stressed as mandatory for reefs to 
survive 1n relatlvely "barren" waters, involves much anaerob1c pro:ess1ng. 

The organic gain (E) by a reef system is typically very small in terms of total 
flux o: caroon through the system ie. gross photosynthetLC fixation (P) is typically 
approx1;:-.a:::ely equal to gross respiratory consumption (R) and tr.e net flux of fixed organ1c 
matter 1s typically small. Thus E(ie P-R) approximates zero over extended time. Because thLS 
is so, t~ere is a great deal of relevance to the development of methodology which allows the 
direct deter~lnation of net gain or loss rather than derlving it inaccurately oy difference. 
On the o:::ner hand, the potentlal for a system to yield a narvest on a sust.ained bas1s lS 
probaoly ~ore a function of gross turnover than it is of net gain 1.n tne •normal• state. Thus, 
the gross fluxes P and R may prove very Lmportant in management ter~~. 

'i'he • inorganic" gain (G) by a coral reef is a :.:easure of the 
biogen1cally carived caroorates. It is very hLqh relat1ve to organ1c ga1n. 
parameter wn1cn determlnes tne long term growth of tne reefal structure. 

net 
It 

gain of 
is thls 

It is extremely important to recognise that, not only tne gross rates, but the 
gain or loss considerations in reef biogeochemistry are extremely ti~e and space dependent -
1e., there are pronounced seasonal cycles and poss1oly varLaoillty 1n otner tlme frames. There 
are also L:r.portant redistribut1ons of materials oetween · local •sources" and "sinks• which, 
indiv1dually, may exh101.t marked ga1ns or losses. This character1stic in itself may be 
~arKedly seasonal. 

Finally, it is very important to recognise that what is a •reef• to one worker 
may not oe anothers conceptlon of a •reef". Thus, it is critical that comparisons be made of 
operat1onally equLvalent parts of re...~fs or, at least, attentLon oe drawn to the relevant 
differences. 

The present state of knowledge in all these areas of researcn is reviewed in the 
sections follow1ng. The following units will be used b~cause of estaolished convention: P, R 
and E expressed in gcm-2d-l; G expressed 1n kg Caco3 m-.:y-1. Partlculate organic matter will 
be desLgnated POM, partlculate organlc n1trogen as PON, dissolved organ1c matter as DOM. GBR 
will be usee to refer to the Great Barrier Reef. 

3. METHODOLOGY 

As Lewis (1977) pointed out, the bas1c tecnnique for est1mating rates of primary 
productlcn and resp1rat1on on coral reefs has been flow resplromet.ry. ~ost. commonly, ~hls has 
lnvolved tne measurement of changes in oxygen cont.ent in tne water as lt flows across a reef. 
Oxy'jen can ce measured accurat.ely and s1mply oy eitner the ,.;1.ni<ler or oxygen electrode 
procedures. Tne processing of oxygen data to g1ve diel curves of productlon and respirat 1on 1 s 
normally oased on the log1c of Odum (1956) and Odum and HosKln (1953). These procedures have 
been upd.lt.ed and are presented as working methods 1n var1ous c::apt.ers of the UNESCO •coral 

- reefs: researcn metnods" (eds Stoddart and Jonannes, 197~) (eg. ~arsn and Smlth, 1978; Kinsey 
197!la). !~ore recently, Kinsey (19dSa) has updated these met.nods once again and has revtewed 
tne stat.us oE metnods fer shor~ term material flux estlmat.Lons 1n coral reef studies (Klnsey, 
l983b). 

There are three principal disadvantaCJeS to us1ng oxygen as the prime monitored 
var1able. Firstly, oxyge·n~ exchanges read1ly w1tn the at::~osphere. Secondly, convers 1 on of 
oxygen ano:::alles to thelr e<..julvalent in metabollC: caroon r-equ1res knowledge of the metaoollc 
quot.len·.s (?.0 and PQ). Th1rdly, oxygen bas!:!d stua1es do not g1ve 1nfor:::at1on about the syste•n 
calc1f1c=~lon rates. All three of tnese suo)ects wlll be cons1dered separately. · 

tJ1) 
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Odum (1956) proposed a field metnod for nandl1nq tne est1ma~1on of the atmosune­
ric exchanye coefficient based on the dan<Jerous assumpt.Lon that system resptcl~ion shoul<-i be 
the same before dawn as 1t was post dusK. 'l'hls ?rocedure . .,as usec.J 1n most early comr..unL~Y 
metaoolLsm studies on coral reefs. ;.ansey and r:om:n (1974) and Kinsey (1978aJ rroposed anotner 
fteld technLque based on an alternatLve (but prooaoly st1ll rtsky) assu~p~Lon ~~at respLra~Lon 
and pnotosynthesls rates were unLtor• for any one t1~e of tne day reyardlass of the sta~e ot 
the ttde or of the actual oxygen concentratLon Ln the wa~er. ~arsn and Smlth (197d) and KLnsey 
(198Sa) nave recommended that tne safest procedure prooaoly LS to use values ~ai<en fro:n t_:-.e 
most generalised constderatton of all ava1laole puollsned da~a rather tnctn to a~~e~pt spec~~1c 
estt:'ila~ion of ~:he coefficten~ 1n the field -~Ltuatlon. This prq_cedure probabLy has naa t:~e mas~ 
general applicatton in recent studtes thougn values fro:n say :1arsn and Smttn (i':17d) have ueen 
s 1gnLficantly weighted by values ootatned cy Ktnsey's fteld tecnntque. A thtro fteld ap?roacn 
has ceen developed by Ntxon and Roques (unpucltsnea ms. Grad. School of oceanoyr., u. of Rnoue 
Is.). This method involves the floatlng of a hemtsphertcal gas f'tlled dome across the water 
surface at the time of the actual resptromecry stud1es and determlnl.!<-J t:~e excnange ra,c_es 
applying at that time. Apart froill the oov-tous lnconvenience:-·of havtng t_o arJpl:f t::e techn1::;-ue 
under many strong w1nd conditions, the potenttal for error in thls approach results fro~ tne 
fact that the surface ripples and waves are modified under the dome. The counter argLLT.ent. 
suggests that turbulence is the main determinant of dlffustve exchange and t:J.at it wlll be 
unmodified. The only application of the techntque to a reef-type study appears to be that. of 
Mur;my and Kremer (1983) at Clipperton Lagoon. :-turpny and Kremer gtve some de~atls 'Ot tne 
actual approach used and discuss their findings in detail. ' 

The subject of metacolic quotients has been reviewed by Kinsey (1985a). The 
maJority of coral reef studies nave made the assumptlOn that PQ = RQ = l without. at.~emp~in~ any 
experimental verification of this value. Unfor~unately most coral reefs s~;.;died have :::>een 
fo~nd to have a value for P no more than 20% different to tne value for R. Tha~ is, ga1n or 
loss is s~all. When these values are cased on converston from oxy~en data i~ can oe seen t.na~ 
a value for RQ or PQ of 1.1 or 0.9 ra~her than the sim;?le stoichiome~rlc l.O could effect a 
dra;natlc dtfference in the lnterpre~ation of tne data in terms of aut.otr::)pnlc oalance (le 
P:RI. Table 1 gives the calculated values for the me~abol1c quo~1encs avaLiable fror:~ ~he 

literature. These are only ava1laole fro:n studies where paraL~el est1ma~1ons of comrr.unlt'f 
metabolic rate by the oxygen and co 2 a?proaches have been made. It should be s~ressed tnat PQ 
= 602; 6C02 wnereas RQ = t.C0:;/602 • Th.us, i ~ can be seen tha: Pco2 = ? 02 /PQ and Rco 2. = R.] 2 • il.Q. 
Typtcal coral reef env1ronmen~s woula seem to nave a PQ ot sltghtly more ~:-.en untty exceo~ 

wnere there is a maJor component of foliose algae. The anomalous low values assoc1a~~d ~it.n 
these algal communit.1es ar::e lii<ely to re-- ult fro:n a suostanl:Lal loss oi oxygen to ~ne 
at;nosphere as buooles rather than from a genu1ne me~aoolic difference. RQ follows a fa1rly 
stra1gn~forward trend from approxtmately 0.9 tn coral domtna~ed commun1~1es to apprec1ably more 
than un1ty in mixed communittes. Values of 1.5 or more are assumea to tndtcate envtronmen~s 1n 
whtch some maJor level of anaerocic decompos1~1on 1s occurrtng. Such processes tend to be 
associated most with sediment areas staoiltsed oy algal mats. 

Table 1. Values obtained for metabolic quotients in coral reef environments. 

Community Type 

Coral heads and 
associated community 

Seaward reef slopes 

Reef-flats dominated 
by corals and 
coralline algae 

Reef-flat; 
coral/algal 

Shallow reefal 
envtronmen~s; 

coral/algal 

Reef-flats with high 
foltose and filamen­
tous algal cores 

Algal flats 

Areas dominated by 
he~erotropns, 

tilterfeeders 

Location RQ 

Pacific Reefs 

Pacific Reefs o.a 
Pacific Peefs 

Central GBR 0.9-1.0 

French Frigate 0.96-0.99 
Shoals 

Pacific Reefs l.l-1.2 

Pacific Reefs 1.1-3.0 

Pacific Peefs l.l-1.6 

PQ Reference 

Kinsey (1979,85a) 

1.1 Kinsey (l979,85a) 

1.05-1.1 Kinsey (l979,85a) 

1.0-1.1 Barnes & Devereux 

l.Ol-1.04 Atkinson & GrLqg 
(1984) 

0.95-1.05 
Kinsey (1979 ,8 Sa) 

0. 6-1.1 Klnsey ( 1979, a Sa J 

0.5-0.9 Kinsey (1979,85a) 

( 1984) 

. The disadvantages of oxygen as an indicator of carbon flux may be avoided by the 
dlrect or indirect monitortng of the co2 flux. co2 is sub]ect only to very limlted atmospner1c 
exchange and 1s, of course, a direct measure of caroon flux. As a maJOr bonus, the es~1mat1on 
may be done in such a way as to par~1t10n the flux into the o~~an1c caroon cycle 
(pno~osynthests and respiratlon) and the •inorgan1c• caroon cycle (calctficat1on). This 
partttlontng requtres ~he monttortng of pH, saltnu:y, temperature and to~al alklnL~y. These 
me~nods are now thoroughly develooed for use in coral reef ~nv1ronments (Smt~h ana Key 1975; 
S:::Lt!'1 and Ktnsey 1978; Smtth l978a 1 usln•J ~a~Lonale from earl1er cor.J.l reet st·Jales (KLnsey 
1972; Smttn 1973; Smttn and Pesre~ 1974; Smlth and JOK1el l975l. Tlle dlsadvanta'"e ot thls 
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indirect COz approach is tha~ it is somewnat less prec1se than oxygen monttortng and that lt is 
suo)ect to certa1n interferences 1n areas w1th restr1cted water ava1lao1l1ty and long res1oence 
times. The most usual type of interference is tnat caused by the ouild up of organ1c ~atter, 
and the productlon of inorgan1c ions whtcn interfere wtth the s1mole relationsnto ::::et·.;een 
allcalln1ty and the seawater co2 system - eg. a:nmon1a and sulphtde. To thls tlme, there ;.s no 
prac~ical f1eld method for directly monitOring the ECOz content of seawater flow1ng ac~oss a 
coral. re~f, and, ln any case, sucn a procedure would not allow the partitiOning into •or~an1c" 
and ·~organ1c" components, in the absence of information on any one of the usual indirect co 2 parameters (e.g. pH or alkalinity-). 

The existence of a simple stotcniometriC relationshio between alkalinity and 
ca~cification rate (ACa+"" = ACOz(calclf.) ~ TOtal Alkalinity/il app2ars to be ceyond 
reasonable doubt ln open flowing coral reef systems (Kinsey 197llb) and can even be appl1ed 
effectively in quite restricted expertmental situations (Borowitzka and Larkum 1976). However, 
th.e need to esttmate total alkalinity is a '!:l.iabiltty as the estimation requires a sample to be 
ta"en for a .-later labor a tory procedure. Add it tonally, this means that direct data logg 1ng 
cannot be use_d, as. it can with the oxygen tecnntque, unless a field autoanalyser is feas1o.!.e. 
Barnes (1983b,c; Barnes and J::evereux, 1984) recently proposed a combined o 2;co2 approacn to 
caroon flux estlmatton whtch still allows partttiontng into the organ1c and calclftcatlOn 
components but avoids the routine requirement for total alkalinity determination. It therefore 
allows continuous data logging. The method takes advantage: of the fact that (a) ACOz (organtcl. 
can:. be deter:nned from t.o 2 provided that crediole metabol:lc quotient data are avallaole, ana 
(o) t. total COz can be determined from pH data orovided i~precise values for total alkal1n1ty 
(determined only on occas1onal samples) are avatlaole. Actually, the world-wtde range for 
total alkalinlty in open waters would cause errors only up to: 5~ in the co2 fluxes calculated 
~~-r~.ls procedure. Thus t.co 2 {calcification) = Hco2 - t._co 2 (organic) = Atco2 - t.o 2 • RQ (or 

In the area of methodology for scudy ing short term (hourly rates, diel cycles) 
material flux in reefs, the most signtficant recenc advances have been those in the develo~~enc 
of higher level technology and higher preciston tecnnology. Barnes (1983b, 19tDc, 1984) nas 
introduced the use of floating, high prec1sion Lagrangian monitors to reef-flat studies. ~1s 
greatly improved technology incorporates automatic logging of all data incl.uding lignt. The 
a;:>;:>roach has also taken advantage of the previously mentioned Oz/C02 technique to infer 
alk~llnities (and hence calcificat1on rates) directly from the continuously monitored o 2 and pH 
data. Barnes' equipment has facilitated an improvement of· two orders of magnitude in tir::e and 
one order of magnitude in space over any previous open-system studies. Barnes' equi;:>~enc is 
presently only su1ted to very shallow water. Another major advance introduced by Barnes has 
been the determination of the full diurnal photosynthesis from observations in only several 
time periods of the day together with the considerac1on of detailed lignt response cur•;es. 
Thls is a sophisttcated development of the standardised diel curve approach used by Klnsey 
(l978a). D. Smith (1983; Sm1th and Horner, 19821 has developed sophisticated computer logic 
and equipment for automated logg1ng of primary produccton data based on the usual pH and o., 
parameters. The equ1pment is incended pr1nc1pally for long term deployment in a fixeo 
pos1t1on. Kinsey (l983b, 1985b) has developed very hign precis1on techniques for deeper ·.;ater 
profil1ng of the usual oxygen;pH type variaoles and this technique also incorporates contlnuous 
logg1ng capao1lity. Thus, it is now prov1ng poss1ole to mon1tor metaoolic rates for reef 
systems in up to 20 m of water over effective intervals of 0 .5-l hour. The deep ·.;ater 
tecnniques use botn Lagrangian drogue studies involving two or more instrument pac~ages mounted 
in a vertical str1ng, or fixed Eulerian arrays mounted together with current meters. 

The otner area of metnodology in whlch there has been a maJor development 1s in 
the use of anomalies in •conservative• variables such as phospnorus and alkalinity, or even in 
the no~conservative variaole total co2 , over extended time to infer precise estimates of net 
ga1ns or losses (Smith and Jokiel 1975; Smith and Atklnson 1983; Sm.lth 1983b; Smlth et i!l._. 
1985). These tecnn1ques are not concerned with short term fluctuat1ons caused by syst:em 
community metabolism but with the long term net changes in total concentrations of the 
monltored variaoles. Fairly obviously, they are most effective where residence tirr.e 1s 
measured in weeks or months. However, recent work involving the high precision determ1nation 
of short term changes in phosphorus in water crossing reef-flats has been used to infer net 
community metabolism even over t1me intervals of only one day (Atkinson 1982). The importance 
of hav1ng ava1laole procedures for measuring net gains and losses directly has been stressed in 
the previous section. 

The recent work of Dunlap (1985) is a potential break-through in the study of 
phosphate •metabolism" as an indicator of system caroon flux. Dunlap has reported that 
extracellular phospnatase activity in reef waters ls strongly correlated with system phOS?norus 
flux. The enzyme production, by reef m1croflora, is activated by reduced inorganic phospnate 
levels sucn that the levels are effectively matr.cained by the resulting hydrolys1s of organtc 
phospnates. Appropriate mathematical treatment of results obtained seems likely to prov1de 
cons1deraole ins1gnt into system funct1on. Clearly, the lmplicatton of these findings 
concern1ng the role of phos~matases is that the study of concentrations or apparent flux of 
i1U?rgan1c phospnate is poss1oly less useful than prev1ously thougnt. 

Flow respirometry in the open, unmodified reefal environment has the distinct 
advantages of belng aule to oe continued over long per1ocs (Lewis 1977) and of caus1ng no 
inter::erence whatsoever 1n the commun1ties under study. However, it suffers the concorntant 
dlsadvantage of lack of spec1f1c1ty, thouqh Barnes' techniques certainly allow a very f1ne 
soat1al scale to oe consldered. Eeef env1ron,nents of part1cular interest may somet1:::es oe 
t"urtner isolated by parttal or total enclosure to facllitate the d1screte monitOr1ng oi t:~e 
co:nmun1ty :netaool1sm of the spectflc fin1te area. Sucn procedures are most JUStlfied 1n a•eas 
nor:na4ly suo]ect to extended per1o~~ of stanC1n~ water where the enclosure bcstcally w1ll not 
:nodlf! the conditions exper1enced dur1nq low ttdes. A technLque us1ng vert1cal "fences" dur1ng 
stanaLn~ water per1ods has oeen used extens1vely oy K1nsey (1972; 1973; 197Ha). Th1s ap~roacn 
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allows relatively normai. exchange w1th the atmosrnere but prevents horlzontd1 m1x1ng wltn wat•:r: 
outs1de the enclosure. Atkinson and Grigg (1984) have used "tents" ot flexible ~Llst::: 
sheetlng to enclose moderate s1zed coral heads in a rel.Jtlvely low ener')y s<~<..tllow la·JOOn.ll 
situatlon. This technlque can be appl1ed in deeper water than the fences and, whlle n'): 
perm1 ttlnq any water excnanqe, does allow reasunaoly normal turGulcncc oecause of the mcotll:f 
of the enclosure. R;~qers (l979a,b) has developed etfcct:lvely, for tne flrst time, an o;Jen­
ended tunnel enclosure for use on tur~ulent and deeper reet slope env1ronments. Thl3 ~ccnnl~-~ 
allows fairly natural water excnange and the use of a m1n1aturised "utJ-stream down-st. rea·::: • 
approach. Turoulence is no douot somewhat reduced but cert.alniy is not ?revente<.i. ;:::e 
pr 1ncipal limitation of R:tgers' technique is that it is, oy virtue ot construct.Lon.l ~ 
lir:atations, restricted to reef slope format1ons of only modest d1mens1<..ms. In a ratne:: 
different ootion for ga1ning spatial lim1.ts for component commun1t1es of a reeial system, :...i·~: 
(1983) has "utilised lar::;e scale microcos.ns assemoled in a laboratory environment. He clal.";.3 
very close simulation o~ the natural reef,~and. certa1nly is aole to effect very precise contro. 
over experimental parameters. The obv1ous crltl.Clsm of the approacn 1s to quest1on wnet~cr ~: 

is ever possible to re-assemble an ecosystem. 

4. PLANKTON STUDIES 

It has generally been assumed that phytoplankton production in coral reef syste~s 
is relatively trivial. However, a riillncer of authors (;,e.g., Gordon et al., 1971: Polov1na, 
1984) have drawn- attention to probable production rates equivalent to 10% or possibly more 0~ 
the total system production. If such levels occur frequently, then phytoplanl(tun rr:oduct.lG:-1 
may well be of consideraole trophic importance to coral reef systems. 

Lewis (1977), Sournia (1977a) and Kinsey (1983a) have reviewed the few da:..> 
available for plankton productivl.ty in reef waters. There have been only a few add1tional dar..> 
in the literature since the per1od covered by those rev1ews. Tacle 2 covers most o: tne dat.l 
to the present time. Values for p are, 1n most cases, oota ined by 14c te cnr.1q ue s. The r e ·.; 
values of R are for the total planktonlc community (includ1nq bacter1a on suspended partlc-es 
etc.) and are all based on 02 uptake. All values for P and R are expr:essea on tr.e area~ 
bas1s. Thus, rates tend to be higher for deeper systems because of tne 1ntegrac:.on of dat.a t.:J 
cover the whole water column which, in turn, is JUStified by the consideraole lignt penet.ration 
occurr1.ng in clear reef waters. 

Table 2. 
systems. 

Published values for plankton community metabolism in the water overlying reef 

Reference 

Sargent & Austin (1949)* 
Jones (1963)* 

Metoda (1969)* 
Gordon et al. (1971) 
Johannes et al. (197 2) * 
Qas1.m et al. (1972) 
Sorokin (197 4 l 
Sourr.1a & Ricard 

" 

Sournia (l977b) 
Rl.card (1977) 

• 
LIMER Team (1976) 
Kinsey (l978a) * 
Hargraves (1982) 
Ricard (l982a) 

(1975a) 
(197 Sb) 
(1976a) 
(1976b) 

Rl.card & Delesalle (1982) 
Kinsey (l983bl * 

Furnas & Hopkinson 
1n K1nsey (1985b) 

I.acation 

Range lap 
Florida 
bloom condition 
Palau 
Fann1.ng Is. 
Enewetak 
Laccadives 
Various 
Moore a 
Tuamotos 
Takapoto 
Vairao (Tahiti) 
Gulf of Eilat 
Tahiti 
FiJi 
Lizard Is. 
One Tree Is • 
Carrie Bow Key 
Moore a 
Scilly 

· Da v 1es lagoon 
s u;nme r bloom 

Davies lagoon 
winter 

p 

0.2 
0.04-0.06 

0.8 
0.08 
o.s 

0.02-0.09 
0.0 3 

0.004-0.03 
0.1-0.3 
0.02-0.4 
0.1-0.4 

0.01-0.03 
>1 
0.2 
0.1 

o-o. o 6 
0.14-0.3 
0.04-0.4 

0.4 

-2 

0.2 

R 

0.003-0.03 

O.l-0.3 

1.5 

P/R 

0-0.3 
0.9-l.4 

0. l 

* Dat..l oota1ned by gas exchange techn1ques. Otner data obta1ned us1ng l4c tecr.n1ques. 

"/Jhile :nanv of the lower rates reoor':ed are sinilar to those of the surround:~.; 
ol1~otroph1c oceans, i~ is clear that there ar~ a numcer of values wn1cn gredtly exceed tr.ose 
l1~ely to be found in oceanic waters. Of the 22 data or ranaes of data for P 1n Table 2, three 
~qual or exce~d lOs of the typical rates reported for very act1ve reef-flat co~mun1t1es (i.e. ~ 
10\ 7 gc:n-2d- 1 ; Klnsey, l983a) and thirteen equal or exceed lO't of the typical rates reo:JOrt.ed 
for complete lagoonal systems (i.e. ~ 10% 2 gcm-2d-l; Kinsey, 1979). aased on the find1ngs ot 
Jones (1963) and Kinsey (1983b, l985b), it seems that very hign values are more likely to ::;e 
assoc1ated with specific bloom periods than susta1ned. This may be clearly assoc1..1ted w1tn 
land runoff as reported by Ricard (1977) and Marsh (1977) or w1tn v1rtual enclos..Jre and 
retentl.on of nutrients (Sournla and Ricard, l976a). However, blooms may s1mply be associated 
Wlth hot, calm weather and a temporary 1ncrease in lagoon res1dence t1me (Kinsey, l985;J). 
Sustalned lncreases ln phytoplan~ton productl.On or two to threeiold have been founJ assOClateJ 
Wlth lagoon areas used for the dredg 1ng of sand and coral materlal (Rl.card, l982bl. 
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m_ 2d_ 1 , 7~e nighest pnytoplankton product1on reported for a reef-related lagoon 1s 4 gC 
at C•l;:J!=erton I...:lgoon (:iurpny and Kremer, l':!l$3). However, thls lagoon nasa sal1n1ty of 

only 4•; •• anu 1s totally 1solated fro~ the present day sea level. 

. Overall, it seems important that phyto?lankton not be disre~arded as an lm~crtant 
contributor to ;?ri:nary produc~1un 1n many lagoonal reef systems. t:ven levels of lU~ c: the 
total proauct1on may well re?resent more than 10~ of tne read1ly available ?r1mary carbon. 

s. BENTHIC AND TOTAL SYSTEM STUDIES 

Previous Fle\'le·.;s 

As mentioned before, carbon flux in coral reef systems is do~inated by benthic 
processes. 10-30% of the total carbon fixed goes into the production o: carbonates (Klnsey, 
1979), the rema1nder is f1xeJ via conventional photosynthetic 'Pathways. '= • .;nile not itself a 
photosynthetic process, the for:r.ai-ion of inorganic carbonates ey reef O!."?anisms exhiD!ts a 
pronounced diel cycle (Kinsey, 1972, 1979; Smith, 1981) and is clearly locked t:) the 
photosynthesis in the reef. 

Lewis (1977), in summarizing organ1c production by coral reefs, concluded. that 
most reefs fell in the range p = l-i4 gcm-2crr, with a P/R ratio which fell to:either s1de of 
1. Thus so:ne reefs seemed to be autotrophic wnile others requ1red an organ1c input to sa;t1sfy 
the requirement for community respiration (R). 

Sournia (l977a) concluded that •few data depart from the ran~e 2-10 gCm- 2d-lu (P) 
while •net production is mucn lower, somet1mes nil or negative• {here, nee productlon = P-2). 

S~ith (l983a) has summarized availaole rates for calclficac1on in reef sys~e~s. 

Developing further the hypothesis of predictability in system calc:fica:::cn rates (Smlt~. and 
Kinsey, 1976; S~lth 1978b; Kinsey, 1979), Smitn suggests that 1-2% of ree: area calcif1es at an 
elevated rate of 10 kg Caco 3 m-2y-l (G = 10), 4-8% calcifies at G = 4 and 9J-95% calc1f1es at a 
mucn slower rate averag1ng about G = 0.8. It is important to stress t::at tnese generalisa­
tions, particularly with respect to area, are meant to apply as averat:es over most o~ the 
world's coral reefs, not necessarily to any one reef. 

Kinsey and Davies (1979al and Kinsev (1983a) drew attention to the fact that the 
•reefs" reported in the numerous commun1ty metaoolism studies are certa1nly not d1rectly 
comparable on any simple basis. Some s tud1es encompass a whole reef syste:::, others JUSt tne 
hign activity reef-flat. Others give data averaged over the annual cycle, wh1le some cover 
only the brief period of an expeditionary study. Some utllise metnodoloov or exoeri::-.ental 
design inco~sistent and incomoatible with others. Kinsey (1983a) suggests that complete reef 
systems give values for p in the range 2-6 gem-2d-l witn a P/R aoparentlv alwavs extremely 
close to 1. The net deposition of carbonates lies in the range ~0 .5-2 :.Cg caco;m- 2 y-l. By 
compar1son, reef-flat systems reported in the literature averaged P = 7.9 (ranye 4~16) and G = 
4.2 (range 3.7-4 .6) while P/R fell in the range 0.6-2.5. However, Kinsey (l983a) exam1nej the 
puolished data more closely and concluded that those clearly quantif;1ng proauctlon in the hlgn 
actLVity reef-flat area over periods of time likely to result in a reasonaole approx1mat1on to 
an annual average and using comparaole experimental approacnes, fell withln very narrow l1mits: 
P = 7.0 : 0.6, P/R = 1.0 ± 0.1, G = 4.0 ± 0.7. This was descr1oed as the "standard 
performance• for a coral/algal flat over extended time and was cla1med to holu at least w1tn1n 
the lat1tudinal range 23°S to 2l 0 N. This •standard• concept builds further on the very un1form 
rates of calcif1cat1on (G = 4) noted for all reported reef-flat stud1es by Smlth and Kinsey 
(1976). 

Kinsey's review (l983a) proposes a series of aos.olute :nodes for coral reef 
metabolic oerformance. It is suggested that the followLng modes cover all reefal env1ron~ents 
otner tha; seagrass/algal beds. 

However, 
activity 
moderate 
proposed 
above. 

lOOl Coral/algal hard suostrate 
100% Algal encrusted pavement 
100% Sand and rubble 

p = 20 
p 5 
p 1 

G 
G 
G 

10 
4 

0.5 

it is allowed tnat total cover with coral/algal substrate may result in reduced 
in very lim1ted areas of restr1cted water availabilLty such as tne edges of low to 
energy patch reefs and fring1ng reefs. On the basis of this modal split, it is 
that the •standard" reef-flat of P = 7, G = 4 is, itself, a m1x of the modes given 

Kinsev and Davies (1979a) and K1nsey (1977; 1979) also emonas1ze that, wh1le the 
overall P/R for a c~mplete system may normally approach 1.0 over the fu.ll annual cycle, never­
theless there are zones within the reefal system actlng as sources and sin~s with respe~t to 
eacn other. T::us, a reef-flat could be a net sink (P/R < 1) with respect to a very high energy 

~-outer slo?e :ro~ wnich bio~ass was cont1nually being broken away. Conversely, other reef :lats 
m1ght well oe in balance or be net producers and act1ng as a source w1th respect to a 
downstream lagoon. 

Larkum (1983) discusses the theoretical limits to sustalnaole photosyntnetic 
yield and concludes that •annual mean pr1mary productivlty of 8 gcm-2d-l 1s tneretore the upper 
11:n1t that can possibly oe expected from a coral ~eef plant communtty. However, h1gner values 
can be achieved for shorter per1ods •.• •. ThlS concept would seem to be ln conflict w1::n tne 
hlgnest mode quoted aoove from Klnsey (19tl3a) 1f lt can be estaollsned tnac extens1ve areas of 
100% cover actually occur. The rate 1s, however, Ln apparently excellent sup,:Jort o: tne 
genera11zed "scanaard• rate of P : 7 cla1med aoove tor reet-flats. At lease two recent scudtes 
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uslng well developed technological expertist aooear to have establisned sustained hi~h rates 
for p in areas of very h1gh coral cover. .5.-.i~!'l (198 ll deter:uned values of P = 17 (12 1n 
seote 1~oer, 21 in March) for a coral shoal 1:1 tne Houtman Abrolhos reefs. Adey (1983: Adey and 
Steneci<, 19851 est 1mated p = .30 (21 1n June, ~3 1:1 Au<justl_ for a hign-cover 1nner reef-flat 1n 
St. croix. As botn these stud1es were over 3:1 area exceeo1ng SO m 1:1 extent and were carr1ed 
out over extended time they do seem to supper~ ~ne probab1l1ty that P = 8 is not a real upper 
limlt. 

Smith (1983o; Smith et al., 19:i5) has St.!pported the general conclusion that net 
production (P-Rl in total reef systems "te:~cs towards zero". However, he stresses that "at 
this time we do not have a very good qunat1:a~1ve grasp of the actual net metabolism of ent1re 

5 stems, nor are we likel:· to oota1n qua:-:~1tat1vely satisfactory data from conventional 
· c~mmunity metabolism stud1es summed over e:-.t1re ecosystems•. Tne advances in metnodology 
allowing net metaoolism to be_ addressed due::tly nave_ oeen re_ferred to. 1n sect1on 1. It 1s 
clear tha~ an accurate determ1nat1on of ga~:1 or loss 1n a reet syste~ w1ll prove to be ?f tne 
utmost importance in terms of troph1c OaJ.a:Jce, nutr1ent 1nput or export, ___ and poss1b.1.y the 
determination of some aspects of harvesta~le yield. Attempts ac scudies of th1s k1nd 1n coral 
reef systems have been few, and restricted to tnose by S. Smitn and co·workeF-s (e.g. Sm1th and 
Joklel, 1975 at Canton; Smith et al., 19~5 a: :hrls~mas Island). 

A Peconsideration of the Data 

Table 3 summarizes most data oresentlv available for the community metaoolism of 
coral reefs and zones within coral reefs •• I~ lS oovious that all "complete• reefal systems 
reported exhibit a P/R ratio within the ra:1ge 0.95-1.05. Howev'"r:-, Sm1th (1983b and many 
others) has continually stressed that the ::1nor departures from unity (particularly those 
determined oy his direct procedures) are real and of the greatest trophic significance. 
sm1 th's data indicate that the Fanning Is. sys:em exhibits a slight deficlt wher:-eas Christmas 
rs. system and particularly the Canton Is. system exhibit definite gains and are therefore 
potential exporters. this, in turn, :r.ay ::e attributed to a positive input of inorgan1c 
nutrients. In the case of Canton, this is a~~osc cer:-tainly the resulL of the reef's locat1on 
in the general area subject to the influence o: tne equator1al d1vergence. It is apparent tha~ 
there is no clear pattern for P or G in tota~ sysLems, both being qu1~e variable and, no douot, 
a function of the particular reef's size and georr.orpnology. 

There are -still few data ava1:.a:;,le for true outer reef slopes. 
generalised conclusions can be drawn from t~cse ln ?able 3. 

Certainly no 

The high activity areas lisLec 1n Taole 3 are very variaole with respect to the1r 
location within the reef complex. Mos: are eitner "100%" hard suostratum (other than alga 1 
pavement) areas on the active edges of low to moderate energy paten reefs or frin~ing reefs. 
some are in the shallow back-reef env1ron:::e::t and some are the toes of cora 1-covered shoals 
(Smith, 1981; Klnsey, 1979, Pl). Not sur:;:::rlslngly, these areas ex.raolt the hlgnest rate:s of 
all extensive areas reported. P ranges fro::: d to 23 while G ranges £rom 4 to 11.7. The P/R 
ratio is very variaole (0. 6-l. 7) and clearl:; h1gn cover w1th corals and related blota 1n no 
sense determ1nes that the balance will be au:ctropnlc or heterotropnic. The claims for percent 
cover oy living corals in these areas range from 30~ to 100~. Tnere 1s l1ttle douot tnat it lS 
in this area of rather suo)ective est1mat10n tnat rr.ucn of the var1aoil1ty between sites will be 
explained. Kinsey (1979, 1983a l nas s:r-:ssed tnat water ava1lau1lity may cons1derallly 
influence community metaoolic activity in t:1ese areas of very high cover. It 1s therefore to 
be expected that some variabil1ty will oe a:tr1ou~aole to tn1s fac:or alone. It is no~aole 
that all the values reported for such areas o: nign cover exceed the act1v1ty of the "standard" 
reef-flat (P = 7, G = 4). Smith (1981) a~ttr1buted tne very hlgh productiV1ty of these coral 
dom1nated, hard substrate areas to the three dimensional structure typ1cal of coral thickets. 
He suggests the increased light-capturing ca;Jabilitles of sucn env1ronments fac1lit.ates the 
high metaoolic turnover. Whether this factor alone is sufficient ~o qffset the arguments put 
forward by Larkum (1983) for a sustainaole U??er lim1t of p = 8 gCm-Ld- 1 1s not clear. 

There are only two data availa~le for high-energy algal pavements. They exhibit 
little consistency. However, it is wortn not1ng that they fall oelow tne activlty of the 
•standard" reef-flat. 

The numerous published values :or the community metabolism of the main coral/ 
algal zones of reef flats exhibit marked co:1sistency. Th1s, of course, was the bas1s for 
pro!)os1ng the concept of the "standard". Tnere is only ODe value for P wnicn departs 
s1gn1ficantly from the range P = 7 ± 1. This value of 17 gc:n-Ld-1 oota1ned by Sourn1a et al. 
(1981) in Mccrea is the more anomalous as it was obtalned only from winter data. The 
relatively high value of P = 8.8 obtained c·: Barnes and ~vereux (1984) is for late summer. 
OeflClencLes of early methodology maKe it dot:::::.ful whether too mucn ec·c1nas1s snould De g1ven to 
tne values of P = 4 and P = 10 1n tne two ear.:.1est stud1es. Tyl?lCal.y P/R is close to unity. 
No Sl~ple _ explanat1on can be offered for <:.:-.e few maJor depar~ures from thls value. Net 
calclfLcatlon rates are generally very un1for::;, aga1n with tne notaole exception be1nq that 

,potalned for a fringing reef in :-~corea (So;.:rnla et al., 1981). Thls value is very low 
~r1nc1pally because of a high negat1ve n1ght :1me rate offsetting a moderate positive day t1me 
rate. In fact, there is great var1ab1lltv 1n davtnlgnt calclficatlon rate rat1os between the 
var•ous stuo1es reported. It may oe more-satisfactory 1n tne future to determ1ne, and report 
separately, tne gross calcificat1on rates a~:: d1ssolut1on rates. There is little ev1dence to 
suggest that the two system processes have any~n1ng in common b1olog1cally or ecologically. 

Deep lagoon data are not included in Table 3. However, a few values are reported 
for snallow lagoon envLronments conta1n1nq so::le oaten reefs and the usual m1x of sediment­
related blota. Three sets of data (3r~S~n) ·are qu1te conslstent and for lagoons not 
ex:.l:::ltLn'J marked colonisatlon by seagr.Jsses cr algal mats. These data all conform well to the 
val~es wn1cn would be pred1cted by Klnsey's aosoiuce modes for the m1x~ure of paten reefs and 
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soft-bottom areas existing. However, the two recent studies in bacK-reefs o! the central GB-R 
(Klnsey, l985ol and the study by Qaslm et al. (1972) of a lagoon in the L3ccad1ves give values 
fo~ productlon mucn hlgher than would be pred1cted us1ng the proport1onal area/aosolute moae 
approach. These h1gn values have been attriouted to the development ot extens1ve dense al<Jal 
mats over tne sediment bottom, and to tne ex1stence of dense seagrass ana algal beds 
respeCtively. It lS clear that the s1mple modality concept proposed by Klnsey (1Yo5bl rcqu1res 
conslderacle revis1on if it is to have general applicability to snallow, co.~.plex lagoona.1. 
environments. 

Table 3. Published values for community metabolism in coral reef systems. 

Reference Locatlon 

•comelete" rtfet svs terns '!' 

Smith ' Pes ret (1974) Fanning Is. 
Smith ' JoKiel (197 5 J Canton Is. 6.0 
Sournia ' Ricard (1976a) Tal<apoto 4 
Kinsey (1977) One Tree Is. 2.3 
Kinsey & Davies (1979a) Lizard Is. 3.2 
Smith et al. (198 5) Christmas Is. 

Outer Reef Slooe 

Smith ' Harrison (1977) EnewetaK 
flOgers (1979a) Puerto Rico 2 
Adey (1983) St. Croix 7.1 

Hiah Activltv areas of near total cover bv hard suostratum 

Gordon & Kelly (1962,) 
Kinsey (1979) . 

• 
Kinsey (1983bl 
Smith (1981) 
Adey (1983; Adey ' 

StenecK, 198 5 l 

Alaal oave~ent zone 

Kinsey (1977) 
K1nsey (1979) 

oahu (outer reef-flat) 
Lizard Is. patch reef Pl 

• lagoon reef edge Ol 
Kaneohe Bay fringe rf edge 
Kaneohe Bay patch reefs 
Johnstone Is. back-reef 
Rib Feef back-reef 
Abrolhos coral shoal 
St. Croix bacK-reefs 
(averages of three reefs) 

One Tree Is. 
Lizard Is. 

Reef-flat coral/a1aal zones 

Sargent ' Austin (1949) 
Odum 6o Odu:u (1955) 
Kohn ' Helfrich (1957) 
Qasim et al. (1972) 
Kinsey (1972) 
Smith (19731 

· Smlth & Marsh (1973) 
Kinsey ' oomm (1974) 
Marsh (1974) 
LIMER Team (1976) 
Sournia (1976) 
Kinsey (1977) 
Kinsey (1979) 

Sournia et al. (1981) 
AtKu~son & Grigg (1984) 
Barnes & Devereux (1984) 
Kinsey (1983bl 

Rongelap 
Enewetal< 
Kauai 
laccadives 
One Tree Is. 
Enewetal< 
Enewetak 
One Tree Is. 
Guam 
Lizard Is. 
Moore a 
one Tree Is. DK13 
Lizard Is. A2 
Lizard Is. 01 
Moore a 
French Frigate Shoals 
Ric Reef 
Rib Reef line reef 

Shallow L3aoonal ::::wironments (1-4 m) 

Gareau et al. (1960) 
Qas1m et al. (1972) 
K1nsey 6o oomm (1974) 
K1nsey (1979) 

,.,A tltinson 6o Grigg ( 198 4) 
"Kinsey {198 5b) 

• 

Uncertain des1qnat1ons 

Puerto Rico 
Laccadives 
One Tree Is. 
One Tree Is. OK22 
French Frigate Shoals 
Rib Reef 
Myrm1don Reef 

Odum et al. (1959) Puerto Rico (various) 
Emery (196 2 l Guam 
Jones (1963) Florida 
Ramachandran Nair & Indian Ocean (various) 

Goplnadna Plllal (1972) 

8 

14 
9 

14 
8 

16.6 
23 

2.0 
7.0 

4 
10 

7.9 
6.2 

6 
6 
7.5 
7.2 

7.2 
7.2 
7.8 
7.0 

17 
-6.5 

8.8 
5.7 

12.9 
2.9 
3.1 
2.5 
5.0 
8.2 

5-16 
4.5 

4-9 

P/R 

1 
5.9 1 
4 1 
2.3 1 
3.2 1 

1 
:" 

-3 -0.7 
6.3 1.1 

(excludlng pave~entl 

24 0. 6 
6 1.7 

12 1.2 
10 0.8 

17 1. 0 
23 1.0 

0.5 
6.7 

3.5 
10 

7.6 
2.5 

6 
6 
6.8 
6.6 

8.4 
7.4 
8.9 
5.8 

17 
-4 

7.6 
8.4 

9.5 
3.1 
3.1 
2.3 
4.2 
8.2 

5-19 
7 

4 
1.0 

1.1 
1.0 
1.0 
2.5 

1.0 
1.0 
1.1 
1.1 

0.9 
1.0 
0.9 
1.2 
1.0 

-1.6 
1.2 
0.7 

0.7 
1.4 
0.9 
1.0 
1.1 
1.2 
1.0 

0.8-1.6 
0.7 
>1 

G 
(Kg caco 3m- 2y- 1 J 

1 
0.5 

1.5 
1.8 
0.1 

4 

4 
5 
9 

10-12 
10 
10 

11.7 

4.0 
2.4 

4.6 
4 

4 

4.6 
4.6 
3. l 
0.5 

-6.5 
3.5 

2.0 
1.5 
1.4 
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It 1s unfortunate that there are too few commun1ty metaool1sm data from Atlantlc 
reefs to faclllt.ate any reasonallle compar1son w1th those from the Indo-Paclfic. Tt1er:e 1s 
certainly a s.;qgestlon of hlqher rates 1n tne very h1qh act1v1ty areas oase.:1 on the data of 
/>dey and Steneci< (1985). 

Table 4 presents those data available from open system or yeneral enclosure 
studies, whic~ re?ort activit1es for spec1f1c reef biotopes. Algal turfs and algal/sane :lat. 
areas are verv variable (note comments in previous para':lraphl. Perhaps tne most notaole 
feature of t~e;;e areas is the clear trend towards very hiqh P/R values. Th1s suggests that 
such algal do:unat.ed environments are acting a-s sources for fixed caroon ex?orted to otner 
areas of the reef (Table 3 indicates that a general balance will be found in tne system as a 
whole with P/~ • i). 

'"'he two data sets in Table 4 for coralline encrusting algae S:Jggest quite lo-..1 
activity for these environments with a modest autotrophy existing (P/R = 1.3-t.4). There does 
not. a?pear to be any Sill\ple correlat1on between these -findin_gs and the two -sets of data 1n 
Table 3 for extensive algal pavement zones. Fegrettably, calc1f1cat1on data are not ava1lable 
for t~ese specific studies of coralline algal biotopes. The two algal pavereents reported ln 
Table 3 were quite inconsistent in the1r calcification rates. 

Table 4. Published values for specific biotopes in coral reef environm~nts. 

Reference U>cation 

Alaal turfs & alaal/sand flats 

S:nitn (1973) 
Smlth & Marsh (1973) 
K1nsey (1979) . 
Hargraves (1982) 
Soroidn (1982) 
Vooren (1981) 
Hawkins & Lewis (1982) 
Rogers & Salesky (1981) 

Enewetak 
Enewetak 
Lizard Is. 
Kaneohe Bay 
Carrie Bow Key 
Various Indo-Pacific 
Curacao 
Barbados 
St Croix (turf) 

(macro) 

Coralline encrusting algae 

vooren (1981) 
Hawkins & Lewis (1982) 

Sournia (1976) 
Sorokin (1982) 
K1nsey (1977) 
Kinsev (1979) 
K1nsey (1979) 

Coral outcroos 

Kinsey (1979) 

• 
• 

Atk1nson & Grig3 (1984) 

Curacao 
Barbados 

Takapoto 
Various Indo-Pacific 
One Tree Is. DK17 
Kaneohe Bay 
One Tree Is. DK13 

Various (6 sites GBR) 
Leotor1a Ehrvaia patch 
Acrouora Eulcnra patch· 
Por1tes anarews 1 patch 
Po c 1llooora dam1corn1s 
French Fr1gate Shoals 

p R 
(gcm-2d-l) 

11.6 6.0 
10.4 6.0 

4.3 4.3 
5.6 2.6 
-20 
2-4 
1.9 0.7 
1.0 0.2 
3.0 2.1 

14.7 4.0 

1 0.8 
0.8 0.6 

-2 
0.6-1.3 

0.9 1.4 
2.7 2.4 
1.5 1.5 

17-37 19-43 
8 9 
18 15 
14 13 

patch 

Por1tes comoressa/lobata -10 -9 

P/R 

1.9 
1.7 
1.0 
2.2 

-0.5 
1.2-1.8 

2.7 
4. 6 
1.4 
3.7 

1.3 
1.4 

0.6 
1.1 
0.7 

0.9-1.3 
0.9 
1.2 
1.1 

-1.1 

G 
(kg caco 3m- 2y- 1 l 

4 

0.3 
0.3 

0.4 
1.2 
1.0 

9-10 

7 
10 

-9 

Note: Values are expressed per unit plane area of reef over wn1cn the 1nd1cated biotope occurs. 

. Areas designated as "sand" have generally been found to be sur?risingly a,:t1ve 
w1tn ~oth P and G qu1te high for areas usually assumed to play only a m1nor role in the reef 
mater1al budget. ~uch of this activ1ty is likely attr1butable to foraminifera (Sournia, 1976) 
and tnls 15 certalnly supported circumstantially by the apprec1aole calcification rates 
~ndiC.lted for the three GBR sites. Hallock (1981) has est1mated calcification rates for 
fora=.Lnlfera 1n sediments in the ranae G = 0.2 on seaward slopes, G = 2.8 on reef-flats, and G 
• 0.6 on lagoon slopes. Hallock's data were all obta1ned in Palau, but are clearly comoat1ble 
Wlt!"l tne gener:al1.sed data in Table 4 for sand areas 1n the GBR region. . 

':'"ne coral outcrops listed in Table 4 by dominant species were studied using 
te~porary enclosure of large coral Knolls or patches. Those sites averaged from Kl.nsey (1979) 
~l~nout des1gnat1on of doml.nant spec1es were determined by enclosure of the sediment bottom 1n 
reet-flat areas t~en determ1ning the coral outcrop act1vity from the overall reef-flat act1v1ty 
by difference. There is an impress1ve consistency in the findings, with the value of P show1ng 
a ::~ar.<ed correlatlon w.;.th the ty;Je of coral (\/here designated). Calclfication rates are 
consistently n1gn and, with the exception of the Atkinson and Grigg (1983) data, have been used 
to develop tne modal1ty theory prev1ously outl1ned. 

It is clear that the activlties of these specific coral outcro?plngs are those 
w~~:~ _are ap?roacned by the "hign act1v1ty areas of near total cover" in ':aole 3. It ls f -l~ularly notaole tnat tne open structure, hlgnly brancneu Acr:ooor:a oulchra outcrop reported 
ro~ vne ':Tee Island (23•sJ exh1b1ts Vlrtually 1dent1cal communlt.y mec.aool1sm to that exhu:nted 

0 Y_t~e n~gn a~tiVlty area ln the Abrolnos (2~ 0 5) reported by Sm1tn (l~til; see Taole 31 and also 
do ... ln.Jt.ea cy ::r-ancn1ng spec1es of ,;crcuora. 
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i3oro•ntzka et al. (19tl3) hdve suggested that typ1cal patc:1 rcets have r..:Jrj 
substratum cover ::1aae up as follows: 20-701 turt algae; 20-601; corall1ne alqae; 25-3v< 
cor:3ls. He su~':Jests that the photosynt:lCtlC contrioutlon of tnese t:"lree gro.J;JS :o; .lCOt.:t. 
equal. 5orokln (1982) essentlally supports these find1ngs 1n su<Jgesttnq t:-.at pe:-•;mytcn 
covered dead coral 1s aoout e~ual to livtny cora~s in act1v1ty thouqn exn1b1t1n~ a hl~~er ?:~ 
rat1o. (up to 2 for perlphyton:· l-L5 for corals). Sorok1n does not spec-.Jlat.e on t.~e :-eiatl·:e 
contri.butlon of the encrust1ng coralllnes. The impllcatton of botn tnese autnors' :1nd1n:;s 
would seem to be that the productlVlty of hard suostratum reefal e:1v1ronrr.ents s~.ould ;;e 
reiat1ve1y similar regat:dless of the percentage cover w1tn liv1ng corals. ThlS does :;ot. s·ee.n 
well supported by ?a ole 4 wh1cn suggests that corals are significantly more act1ve tnan ::-.ost o:: 
trte other reef env1ronments per s~uare metre of pro)ectea reef ared. :-;or is lt sup,::oro:.ed -:J'f 
the data from the htgh act1v1ty areas in Taule 3 where the results are rat.1er ;Hdely ·:art.:wle 
thougn bear1ng no close relat1onsh1p to liv1ny coral cover. 

Seasonality and ·latttude 

The i::1portance of consider1ng seasonality in commun1ty metai.Jolis:n st-..;:nes c: 
coral reefs was ratsed by Kahn and Helfr1cn (1957) dnd oy Gordon and Kelly (1962). t\Dsey ar.o 
Domm (1974) and Kinsey (1977) stressed the marked nature of seasonal1ty and suygested ~~at tr.e 
phenomenon did not a9pea~ to oe stronqly correlated witn latitude desplte a ~reater seasonal1ty 
of temperature Wltn · inc~eased latltude. Ta;)le 5 covers:: most ot the' studles ~~ ··llHC~ 
seasonality has been expliCitly exa1:11ned. All data are ~o~ snallow a~eas suostantially 
domlc-.ated by corals and related hard suost~atum. Tne early data of Konn and Helt~1..:r: a~e, :;:,y 
the1 admission, ratner 1:nprec1se witn ~espect to the reliaoility of tne seasonal1~·! 
info~~at1on. Excluding that studv, it is most str1k1ng how uniform the pattern of seasonal1ty 
is ln te~ms of P and R, with an aoo~OXJ.matelv two-fold summer/winter diffe~ence. Howev<:~, wnat. 
var1a01lity does occur is surp;~sJ.ngJ.y 1n. aoo~oxlmately inverse ~elat.J.onsnto to :atltude. 
Thus, the greatest seasonality 1s at L1za~d Is. (14"5) while tne leas~ ls a·t tne . .:..:.rolhos 
(29"5). Net calcificatJ.On follows the ouoos1te trend, Wlth only slignt seasonailty at 
~easonable latitudes but develop1ng ve~y m~;ked seasonal1ty near t:::e limlting latlt..;des of 
F~encn F~lgate Shoals and the Aorolnos. These trends seem sufficlently clear t~ be a=cepted, 
but no stralghtforward explanat1on is indtc:~ted. Another aspect of seasonality t:av1n9 a 
sign1ficant effect on the overall data is that winter algal booms charactertze tne t~o lowest 
latltude s1tes (Lizard Is. and Kaneohe Bavl. This, in turn, accounts for the hio:1er P 1 R rat:o 
in w1nter time. The One Tree Is. sites. are charact.erlzed by summer algal blooms lKlns.:'/, 
1979) whlch g1ves the reverse pattern in tne P/R ratlo. The puolished info~mation for t!';e 
other sites does not appear to make clear whether tnere is a clear seasonality in the st.andtng 
stocks of labile algae. 

Atkinson and Grigg (19tl4) also repo~t seasonality in the general shallow lagoon 
environment at French Frigate Shoals. It is notaole that the trends in thJ.s more algal 
env1ronment are much less marked (S/~ rat1os P 1.1; R 1.2; G not given) tnan those 1n tr.e reef­
flat environment. However, the seasonality in a Porttes domlnated coral outcrop (S/~ ratios P 
2. 7; R 2.6; G 1.9) was generally s1m1iar to that of tne overall reef-flat. It see;ns cl,ar tr.at 
the corals themselves are likely to prove the most. seasonal component of hign lat1tuce reefs. 
By contrast, the low S/\'1 rat10 1n calclficatlon found at One Tree Is., Llzara Is., ana Kaneone 
Bay suggest that extreme seasonal1ty in the corals is not· at all a feature at t!1ese more 
moderate latitudes. By inference then, t~e more laotle pr1:nary proaucers sucn as tne :olJ.ose 
algae ~ust account for most of the seasonality at lower latitudes. 

Table 5. Seasonality in community metabolis~ of shallow reef-flat areas. The ratio of summer 
{Sl to winter (W) values is given in parentneses. 

Reference LOcatlOn P/R G 
{kg Cac0 3::1- 2y-l l 

Kahn & Helfr1cn Kauai fringing reef 
{1957) (22"~1) s 8.3 (1.1) 7.6 (1.0) 1.1 

w 7.7 7.6 1.0 

Kinsey & Domm (1974) One Tree Is. s 4.1 (2.4) 
3.8 (1. 6) 1.1 

patch reef (2 3. s) w 1.7 2.4 0.7 

Kinsey (1977) One Tree Is. s 9.0 ( 2. 5) ~:~ (1.5) 
1.1 ~:~(1.3) reef-flat (23"5) w 3.6 0.7 

Kinsey (1979) Lizard Is. s 9.7 ( 2. 4) 11.8 ( 3 , ) 0.8 3. 3 'l .t) 
reef-flat (15"S) w 4.1 3.8 .... 1.1 2 • ' • ... 

Kinsey (1979) Kaneone Bay s ll:5o c 2 .o l 165:l ( 2. 5) 
0.7 lO.a, 1 31 fr1ng1ng reef (21 °~) w 0.9 7. 9 ' • -Smith ( 1981) Abrolnos s n:~(l.7) 19.6(1 4) 1.1 

\
8
."/ ( 3 .9) coral shoal (29"5) w 14 .4 . 0.8 

Atkinson & Gr1gg French Frigate s 8.5 (2.0) 4.9 ( 1.9) 1.8 120. 2; 3 .6) 
(19tH) Shoals reef-r: lat. (25"5) w 4.3 2.6 1.7 • tl 

Adey and 5teneck (1985) indicate that the seasonality in the three St. Crot;( 
(lat. ltl"~ll fore-~eefs Whtch thev studied gave 5/;.1 rat1os of -1.5 for P and -2.\J for R. Tne 
three hlqh cover oack-reei areas· of tne1r study reefs gave 5/•• rat1os ot -1.8 ~or p .1nJ -~.::> 
for R. These values are clearly 1n good agreement ·.nt:'l tnose for tne qene~al Pac1t1c ~eef-ft.lt 
env1ronments "ncluded in Table 5. However, tnere lS a suygestton ot lesse~ seasonal1ty wnen 
cons1dered reJ.atJ.ve to latltude and cumpared Wltn LlZ.l~d Is. reef at lat. 15"::. 
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tlot only does Table 5 demonstrate t:-Je generally unitor:n na~:Jre oE :;easonallty 
\llth latit:Jde, but lt clearly suggests th.Jt netther pr1mary productlon nor calclficatton tn 
shallow reef environments exhibits any tendency to ciecllne w1tn lncreastn~ latlt:Joe - at ledSt 
up to the 29o limit of the _data 1ncludeo. ThlS f ind1ng would seeon t'J ::>e. in total 
contradlction of the direct radlographlc growtn rate stud1es reported by Gr~11 (l'1d:.!). Grl<J<j's 
fLn.::ilnas S:Jggest that at least one coral spec1es, Por1tes looata exnl::>tts a growtn rate wn1cn 
declln~s at a simple linear rate Wltn 1ncreas1ng lat1tuae alony tne ~awa113n ~rc~1pelaqo. The 
decllne- in qrowth rate of f..· looata is quite clear even by latitude 23° at Frencn Fr1gate 
Shoals _ the system where Atlonson and Grl;!g (1:984) found a 'lery t::·?Lcal, unattenuated 
calclfication rate for tne reef-flat as a whole, and one whicn was not, ap?arently, the resuit 
of 1ncreased standing stocks of ca1c1f1ers. 

In dis-cussing the apparent lack of decrease in metatJOllc actl"llt! w1th increas1ng 
latitu~, ·smith (1981) states •all (p1eces of evidence) suq<Jest tnat tot.;;l co:n:nun1ty metaoolism 
does not droo dramatically as the commun1ty compositlon snlfts fr:Jm corai reef to kelp and 
seaqrass com:r".unities: rather, the coral reef contrioution to tnat :::etaoolts:n d:-~ps•._ Sm1tn 
goes on to conclude: "Complex coral reef commun1t1es wn1cn have pe::~etrateq. ::eyona the1r usual 
latltudinal limits 'can be expected to funct1on mucn l1ke complex cora.!. reer commun1t1es 
e lswnere; eventual loss of complex1ty w1ll attenuate the standl::l~ era? anc.J ::;roduct1on of 
inorqanlc and organic ~aterials commonly associated with coral reefs". Jonannes e: al. (l983b) 
support s:n 1 tn's conten_.t.1on that reef actlv.tty and growth does not oecome lo·wer '""ltn 1ncr~ased 
latttude oer se, but spggest that compet1t1on w1tn macroalgae may set the ult1:nate latltuotnal 
limlt for~e:--occurrence. 

[And Proximitv 

In general, Table 3 indicates approx1mately the sa~e level of co~munity 
metaoolism for reefs closely associated w1th high land masses as it does fer ocean1c reefs and 
reefs of the GBR system. A tentat1ve conclus1on, based on the data set :or St. Cr~1X (Adey ana 
stenecK, 1985) and that for Moorea (SOurnta et al., 1981), might be t:1at very h1gn values arc 
somet1:nes, but not always, assoctated Wltn h1gn 1sland reefs. 

In the discussion of phytoplankton activity associated with coral reefs, it was 
noted that occasional blooms are associated wltn pertodic runoff (Rlcard, 1977; ~arsn, 1977). 
sucn land runoff will- almost inevitably contaln elevated nutrtent levels. Is tnere then any 
good evidence to suggest that reef benthos responds to either perloalc elevatlon of nutr1enr.s 
or t::> a general prox1m1ty of land? Blrkeland (1984) states tnat •average ?rl:nary producttvtty 
does not d1ffer signlficantly between hign islands and atolls•. However, r.e oelteves that the 
response of island systems to "occas1onal 1ntense pulses of nutrlents• is seen at the level of 
the centnos as well as the pnytoplankton. 

It is clear from numerous studies that long-ter!':l reef co::-~-r.un1ty structure is 
stro::~g ly influenced by prox1m1ty to land. The present core ecological program of tne 
Australlan Institute of Marine Sc1ence is pr1mar1ly oriented to tne eiuc1dat1on of thls 
infl.Jence. t;illiams and Hatcher (1983 - fish), Done (1982 - corals and genet"al descriptive l, 
Drew (1983 - Halimeda), W1lk1nson et al. (l9o4 - nitrogen fixation) and li1ll<1nson and Trott: 
(1985 sponges) all have reported marked trans1t1ons .in reefs across the Australian 
cont:lnental ~arg1n in the central GBR reg1on. The A.r.~.s. commun1ty ~etaool1s~ studies nave 
not yet reacned a stage of establishing clear equivalent and susta1ned trends. However, they 
are st.rongly implied by the first 2 years data. Kinsey (l985b) 1nd1cates an apprec1aole 
dtfference in back-reef algal mat metabolism bet•..-een a mid-shelf reef ( Rlbi and an our.ersnelf 
reef (~yr~tdon) (see also Taole 3). The outer reef exhibited apprectaoly higner actlVity but a 

·lower net gain than the mid-shelf reef. 

In the previous section it was noted that Smith (198·1) has expressed the view 
that reef co~munity metabolism tends towards constant values regardless of quite marked shifts 
in co:nmun1ty structure. However, this observatlon does not include cons:deration of t~e 
poss1ole influence of nutrient gradients ex1st1ng near land masses. At thls stage in the 
development of community metaoolism stud1es, it seems reasonaole to suggest that all reefs do 
tend to common_ levels of_ sustained activity in equivalent zones and seasons. However, mucn of 
the second oroer var1at1on 1n findings prev1ously attributed to •no1se" w1ll prove to be real 
trenas. Sor..e of these trends will certainly relate to sucn influences as land proxim1.ty 
(K1nsey, l983o). A.I.~.s. data suggest that reef-flat variability wltnln t~e •standard" range 
P • 1 :t: 1 ana G • 4 :1:: l does relate to real gradtents. The effects alluded to in these 
f 1nd1ngs are prooably different to the snort-term pulse responses d1sc.Jssed oy Blrkel.;;no 
(1934 ). 

Llcnt relatl~nshLos 

~any community metabolism studies have includea ~easure~ent:s of incident 
radlatlon and many have included the calculatlOn of photosynthetiC convers1on eff ic1enc1es • 
Mowe~er, untll recently none have reported the prec1se nature of tne relat1onsn1p between lignt 
~nd tne b1ogeochem1stry of the system. 

1 Barnes and Devereux (1984) have publisned two elegant diagra~s demonstr.Jting the 
re 3 ~1 onsntps Oetween net hourly product1on and light intens1ty, and net ca:ctfica:ton actlVlty 
:no l~nt l.ntensity. These two diagrams are reproduced here as F1aures 1 and 2. The data are 
':'l~r ~ ~0~~ of ~he width of the reef-flat (excludLng the surf zone ·ot the reef crest) 1n late 
• 

0 
r~::1 date summer) at Rlb Reef on the Australlan Great Barr1er Reef. Tne data oresented are 

0 t:lne uslng the cont1nuous logging, Lagranq 1 an approaches referred to 1n tne ~~thods review 
sec~lon. Flqure l demonstrates clearly tnat. reet-flat photosyntnesls and reso1rat1on are 
gre 3 test t;o~ards the reef crest and decl1ne towards the bacv-ree" throuanout the. nlght or 1n 
per·~oso·•·'l" 1 ~ • · ::: i • • 4

... lso at1on. However, lt 1s equally clear that tne l1gnt saturatlan charact:er-
lSt.~s O tne commun1ty vary cons1deraoly w1tn distance from tne crest. :'he outer reet-fl..lt 
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never achieves saturae1on whereas the inner reef-flae is saturated at about 1000 -~ m-:s-1. 
• liqnt ineens1t1es lo .. er than th1s level, the central reef-flat net phoeosyntr.es1s f:?.:~s 

mucn more rap1dly tnan areas to elther side • 
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Figure 1. Pe rs,ective diagram of net 
productivity (pos1t1ve values) or net res­
plratlon lnegatlve values) in terms of light 
intens1ty across tne reef-flat at Rib Reef, a 
mid-shelf reef in the Central Great Barrier 
Reef. The dia;ra~ is reproduced from Barnes 
and Devereux (l9a4) with per!nssion of the 
publishers. 
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Figure 2. Perspective diaora~ of net 
calclfication (negatlve rates) or net dis­
~olution (positive rates) in ter:-..s of light 
1ntens1ty across the reef-flat at Rlb Reef, a 
mid-snelf reef in the Central Great Barr1er 
Reef. The diagram 1s reoroduced fro:n aarnes 
and t:evereux (1984) with. perm1ss1on of the 
puolishers. 

In Figure 2, Barnes and Devereux (1984) indicate that calcification (~ere ?lottej 
as increasingly negative values with increased activity) never even approaches sat~rat:~~ •1t~ 
increased light intens1ty and an approximately linear relationship .is ma1nta1nea tnrc;;:;r.out. 
However, the slope of this linear relationship varies with position on the reef-:lat s~~~ t~at 
at zero l1ght (nlgnttimel appreciable rates of dissolutlon are ach1eved towards t:-,e r-o:,;: c::es: 
and to a lesser degree towards the back-reef, whereas slightly positive rates of calc1::cat1C~ 
are mainta1ned in the central reef-flat throughout the diel cycle. OVerall, rates ot ~ay:1~: 
net calc1fication increase markedly with distance from the reef crest. Barnes ar.d :eve::e:.:x 
(1984) d1scuss the commun1ty structure impl1cations of these findings at length. ~~e •;alu~ o: 
th1s kind of study and the interpretive power of detailed data presentation of tne iund .lSe~ br 
Barnes and Devereux is obvious. Th1s reef-flat, for whicn this detalled communl~!' r.1e:a::o-~.1= 
analysis is now available, is the same reef-flat for which the general1sed inforrr.a~~on ~~ 73o:: 
3 s1mply indicates a rather normal, virtually •standard• reef-flat. 

6. THE FATE OF ORGANIC PRODUCTION 

It has already been established that most, if not all, coral reef syste~s stud1ej 
exhibit a vitocual oalance oet\ooleen P and R over extended time. However, it nas a.so ::>ee~ 
rtressed that, while this may be approximately true for the total system, it certa1nly is no~ 
tfue for all zones withln the system. MaJor imbalance between P and R occurs 1n var1o~s 
zones. SOme of thls surplus or deficit may represent build-.up or decline in sta~dlng soc:Jcks 
over relatlvely short t1:ne per1ods (e.g. one season). However, the annual imoala:1ce :::ust ~ 
cons1dered to represent interzonal transfer of fixed organics (either soluble or partlc:.:laoce). 

Smith (1983b and others) has stressed that even the apparent bala:;ce oe~·oo~ee:1 
total system P and R mav be little better than a generalisation. Imoort and/or ex:::or:. :::a·J ::: 
small but very Slqnlflca.nt. Typ1cally, fluxes in particulates enteru1g and leav1ng "coral r"ee:s 
have been very inadequately stud1ed, though changes in the concentrat1ons of such mater:als are 
ap;:>rec1aole. Studles on fluxes of d1ssolved organ1cs have proven part1cuarly un~:;:::::::aoc 1 -.-e 
bec3use of the h1gn levels of refractory OOM conta1ned in the 1ncom1ng "ocean1c" ,.oate::, 
to~etner w1th the h1gh flux rate for tne water mass over shallow reef areas. 
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Lewls (1977) summar1xed the Stiltus of k.nowled<Je conccrnH~·~ detrLtus 1n coral 
reefs. oraw 1nq from tne ftndtnqs ot 'lars:-.all (19651, Gen;cr and :•lilrsr.ai.l (1974), Johannes 
(1967), QaSliR and Sani<aranarayandn 1.1':170..:), •:;lynn (1'173), .Jna otncrs, z.ewts concludeu that 
•there are tnen a nUJl\ber ot stuaJ.cs wn1cn sno·~ tnat on crosstnq .1 reer, ocean1c water acqu1rc;; 
d~trttus which is then avatlaule to iL~tcr f~eders and sus~enst~n feea~rs on tne re~f incl..:u1nq 
corals•. He stressed that, whllt.! tne tno:nass ot zoo?lan~<ton :nterl!1y r::any reets nas o~en 
apparently demonstrated to ce too _low to SU??Ort the nutrlt.tonal neeas ot corals, there were 
cleat'ly very mucn hJ.gner levels ot otner :natenal .ldet~ltus) to sattsf:::_ ... t:us need. !!~also 
stressed the several studtes on .nucus aqgre·~at.es tn t.1e ltte.rat.ure. • .• us, the ~:npna~ts 1:; 
clearly on-tee production of particulate~ by tne reef and theretore the potenttal for export to 
other dO'tolnstrea:n zones or to outSllle t.ne t:otal system. No com.:luston 15 drawn concernln'J tne 
ievel of ulti~ate export: which may oe assoc1a~ed with reefal systc~s. 

L<!wis (1977) also summarized tne st:atus of zooolan~<ton st..:dies. He retterates 
the findin.qs of the early reef studies :.m1cn .concludea tnat 1n~om1~g Z()O~.i.ani<t~n clear ~y cannot 
support t-he benthic inverteorates on tne· reet. He tndiC3tes tnat .ranter and George (J.972) and 
Glynn (l91l) measured appreciable redU'Ction- '1f incotnlng zoo?lani<ton o1o:::ass ind1cat1ng that 
reets certatnly ava1led themselves of t.rns toad supply, to an extent eq\.avalent to perhaps 10% 
of the total com:nun1t:y metaoolism (reef-flat only). However, l..ewts also scresses that several 
stud 1es (e.g. Dncry, 1968; Sale et al.., 197o) nave found a suostantlaJ.l.y elevatecl level of 
zooolan.c:ton assoctated with reefs demonstrating that:, wntle ree::s dou::;tlessly re:move mucn 
oceanlC plani<ton, they may freyuently rnax:e :::ore of ;theLr "m.m" tnan t:::.ey consume_ trom tne 
ocean. Thus, -this reef-related zooplani<ton- :::ust oe constdered as a rurt.::er component of tne 
organ 1 c partlculat:es produced and ava1.i.a:;le :or interzonal or extra-:;'fs::.c:n ex;.>ort. Clearly, 
tne or 1g1nal source of t:\lS excess productton oi zooplan.c:ton rr.ust oe ree:: ~r1mary production. 

Kinsey and oav1es (197'Ja) su;r.rearized essentl.ally the sa;ne literature as Lew1s. 
It 1s noted that most detritus in the ~ater crosstnq reets 1s bentnlc a:~al ln or1.g1n. They 
stress that interzonal transport of detrltus lS frequently "up to 10~ o: the photosynthetiC 
productlOn of the seaward reef zones. ~ucn of the mater1al has been found to be de~osit.ed on 
tne inner reef-flats with some net trans;::>or:: into tne lagoon (lldum anj Odum, 1955; :-tarsnali, 
1965, 1968; Qastm and Sankararnarayanan, 1970; Johannes and Geroer, 19-~; i'larsnall et :>i.., 
1975)•. K1nsey and Davies general1se tnat "complete reet systems have oeen found to exhlc~t a 
very small net. loss of organtcs to tr:.e ocea:1 at a rate cqutvalent to less than 0.5% of tne 
total i.n situ pnot.osynthetic turnover•. In retrospect., it seems t!".a:: most evi.aence LS 
insuffi"Clent:ly precise to support this claim. However,- lt is clear (see !Jrevious section) that 
net gatn in the sense of E lS VF!ry lo·• in total systems. Kinsey and cav1es summar1ze: "tr:e 
creat1on and re-ut.ilization of dissolved or suspended parttculate organ1c ~atter lS dornlnantly 
an internal function of reef systems Wltn negiiqlole net. excnange wlth tne ocean". Whtle tniS 
is prooaoly a reasonable first order approx1mat1on, the conclusion is based on a totally 
inadequate data base, particularly for dJ.ssolved organtcs. 

Hatcher (198 3 l has recent.lv rev1e·.o~ed the literature on the s'-loJect of the role o t 
detr1tus. Relattvely few new reierenc~s ar<: c1::.ed (e.q. ;.;estru:n and :-~eyers, 1978; Slmmons, 
1979: :-!eyers, 1980; )o!Ociarty, 1973; SOro.c:ll':, 1978; ..::cossla:1d et al., 193~; Hatcner, l9d2). 
Hatcner's rev1ew lS by far the most comprenens1ve avat.i.aole concern1n~ tne sources ana fates o: 
partlculat:e and dissolved organ1c matter 0:1 coral reefs. He scresses parttcularly tne 
importance of qual tty tin terms ot C ::-1:?) J.n cons1der1nq the 'aistrloutJ.wn c: orqan1-::s. rn tnts 
connec::1on, Glynn (1973) not:ed that, even tr.oL:gn the flux of detrital organtcs exceeded x 10 
tnat of planKton, no significant deplet1on o: detrlt.us appeared to occ~r :rom tne water mov1nq 
across the reef-~lat. By contrast, he not:ed t.nat. 90~ of the diatoms and 60~ of tne zooplan~<ton 
was re:noved. At.c:lnson and SmJ.th (19dJ} na·.-e also drawn att:entlon to tne relatJ.ve.Ly lo·,.. 4ualu:.y 
of ~acroalgal detritus (rnedian C::l:P = 550:30:1) compared w1.tn phyt:oplan"ton. Parttcularly 
t!'ley stress the low phospnorus levels. On tne· other hand, ounla!?'S (!9oS) work has stressed 
the value of. exported organ1c matter in act1ng as an immediate . source for extracellular 
remJ.nerallsatton of phospnate. Hatcher's revtew summar1zes the nature of parttculate matter : 
~The part1cula~e fraction in waters bathing ::.he per1meters of CRE's (coral reet ecosystems) is 
co~osea ma1n1y of detrital materia.i. ana livtng neterotro~hlc m1crooes, w1tn plan~<::on 
co~r1s1ng only a small portlon. On tne outer reef slopes and reef crest:s organ1c aggre~ates 
and mucus floes_ d~rlved from the ricn coral co~mun1ties are the ma)or constltuents. Over a~gal 
n.ages and reet-tlats fragments of algae, and, to a lesser extent faecal pellets, domu~ate 
PO~. Total organ1c loading is highest: downstream of these areas ••••• In the oackreei areas 
PO~ concentr:at1ons decrease as a result of sedimentatton • • • • Coral reef lagoon waters are 
suostan~tally enrlched •••• althougn concentrattons are not as high as those over tne 
surrouna1ng reefs (but) a greater proport1on is living plankton espec1ally zooplankton•. 

. Hatcner stresses the role of bacterta in converting oo~ to PO~ and refers to the 
evloence for release of substant.lal quantit1es ot 00~1 by both alqae and corals. H~ indicates 
tnat :r.ucn Of the vartabiltty in data for the proauctton and 'exoort of organ1cs by reets 
r~~lects the lar')e errors associated w1tn t:-e methods employed · In this connection he 
stresses the need for sy t · • • ' ceet-tl3 t d nop tc consloeratton. Hatcner reconsiders export of. oryantcs from 
• san concludes tnat many syscems mav be exporting more than 20~ (as hlqh as 60~) oi 
;-~: 1lO'tolgnrsotss ?Clmary productton to downstrea.n ·areas. He discusses the fate of PO~\ and 00'1 on 
tne poss ~eam pass~ge throuqn the reef syste~ 1n conslderaole detatl out does not specul3te on 

10 e rate ot ultlmate export trom tne system as a wnoie • 

. In overall conclus1on, lt see:ns f<nr to say tn.lt tne ~ore detail that has 
appeared ln tne llteratur:e on the suo)ect: of -ne movement of ornunLcs tt1roc: .. 1n reei systems, t"'e 
more confusea has oecome · ~ ., .. 
tne svst ~ H any poss1ole nypotnesJ.s concernea wtth the overall tropntc balance of 

dn'
0

. • e. •
1 

owevler, lt ls clear that tmoort, cre.:ttlon, redlst:rloutlon a. nu. export ut dJ.ssol•Jea 
cart1cu ate ( lVLnq and det ll · 

1 ::-.:Jortance to an r1ta . organtc e~atter 1s prov1ng to oe ot ::::e sreatest. posstole 
· 

0 
Y complete study ot svste:n level caruon flux and tro:::uc oal.J.nce Ln -..:orai 

ree:s. ur earlJ.er tendency to assume that ~ coral reet could oe trounl=.J.l~y cnar.J.-::terlsed ~v 
cor.sJ.aeratton ot 1ts comm ntt · · · u Y metaoolls:n wds mucn too 51::\p.LLStlC. .,e nave, tlowevet·, tleen 
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enco~raqed to adopt tnis Sl~plisttc reasontn~ by the fact that reefs do tend to exntblt dverall 
P/R rattos close to untty. At th1s stage the only safe assumptton to be drawn from a long ter~ 
P/R = 1 would seem to oe t~at im9ort e~uais export. Stmtlarly, tnerefore, P/R = 1.1 s~ould not 
be interpreted as 10$ of P avat:aole for export, but rather a Sltuatlon 1n wh1Cn potenttal 
export exceeds import by an amount e~ual t~ 10~ of P. 

7. TliE FATE OF •INORGAIHC• PRODUCTION 

The prev1ous sect1on has err.pnasized the substantial uncertainties concern1n~ the 
ma~nitude and fate of the smal.1. or poss1.,ly neg11<JtOle excess orqan1c productton o: ..:1 coral 

'reef. It did, however, also em;:mastze the qutte suustanttal posstbi.1ittes tdenc~:ted foe 
interzonal transfer. By concras~, the ma~nitude of excess productton of 1nocgan1c caruon 
compounds (essentially, caco3 1 LS _now well quantif1ed c1nd substanttal. St;nllarly, a 
cons1de-raole amount is itnown aoout tnt! reoistr1but1on (1:lterzondl transf~r) ana exporr. of tnese 
materlals in the form of sedir.:ents-. Another ~evtew in tnese proceedtngs,., 1s concerned 
specifically- with the growtn of coral reefs, whicn is the long teem ex9resston of tnt: 
accumulation and redistribution of reet~l sed1ments~ 7his section will tnerefoce oe restrl.ctea 
to CO•!llnents on the status and siqn1f1c3nce of "metaool1cally" determined calctftcactor. rates. 

t The earlier section on "Benthic and -Total System Studies" has su:nmarized the 
present state of knowledge concern1n~ calc1ficat1Qfl rates determ1ned by biogeoche::.l.cal and 
methods, -smith and Kinsev (1976) drew attention to an apparent b1modal1ty 1n reef 
calcification rates of G = ·4 for reef-flats and G =- 0.8 for lagoons or comf:>lete systems. 
Kinsey (1979, 1982, l983a) dre-w attention to a much hi<:Jher mode of G = 10 for areas of ver:7 
hlgh cover. He acce~ted the mode G = 4 for ex':ensive reef-flats and algal pavec-.ents but 
suggested G = 0.5 for sediment dominated areas. He also suggested that most reef-:~ats were 
tnemselves a mixture of the G = 10 and G = 0.5 modes to give an effect1ve weignted mean of G = 
4. Only algal pavements were conceded to represent an absolute G = 4 mode. Ttas prese:1t 
review has presented daca from a numoer of autnors whtcn generally closely confer~ to tne aDove 
modes. The only apflrectable exce;:>t1on is the reef-:::lat rate of only G = 0.5 for a fr1ng1nq 
reef in Moorea found by sournia et al. (1981). There nas been l1ttle e1idence chat ge:1eral1sed 
reef calcification decllnes with latitude (within those latitudes in which reefs occur) desp1te 
the marked decline in growth rates for at least some corals (Griqg, 1982). Whlle there 1s sorr.e 
evidence for higher calcification rates in the Car1ooean than those found in the Inco-?aclflc 
(Adey, 1978), spec1fic comparac1ve stud1cs sucn -as tnat of Kinsey (1982) suggest tnat 
comparable locations 1n botn oceans exh1bit very s1m1lar calcif1cat1on cates. The fre~uency of 
lower races reported fro:n the Paclfic 1s likely to prove pr1.nc1.paily a funcc1on of the 
difference in reef structure forced by the hign energy regtmes so common tn the Pac:i1c (Adey, 
1978). Kinsey (1979; l983ll,c) has also drawn actentl.On to tne fac:. tnat, in adaltl-:Jn to tne 
l1m1.ted areas of hign percent cover on reef edges, extens1ve areas do occur 1n tne Pac1f1c 
exhlOiting elevated calclftcatl.on rates avera>:J>.nq G = 10. Tnese areas are apparec.tly well 
below present day sea level (to the extent of 1- - 5 ml and as such are aole to grow vert1cally 
wlthout restrictton. Clearly, t:le trr.pllcacior. of sucn f1nd1ngs is that elevate-:: gco.o~tn rates 
around the G = 10 mode were prooaoly nor:::al, or at lea::;t common, dur1ng much of tne Holocene 
transgression when :r.a ]Or vert :Leal framework accreca1on was occurtng. It nas oeen suggested 
that reduced calcificatton rates (or departures from the normal mode\ may result fro~ upwelling 
or enrichment of tne sur!'ace water (Glynn, 1977; Glynn and Stewart, 1973; Klnsey and oav1es, 
l979b; Klnsey, 1979). ~hetner th1s is pr1mar1ly temperature related or nutrient rela~ed lS not 
fully determ1ned. These inhtbitory effeccs are not l1kely to be "felt" by very many reefs and 
so the findings are probaoly of speciftc interest ratner than of wide applicat1on. However, 
Klnsey and oav1es (1979~) do ra1se tne possioility that surface enr1chment may have been a more 
widespread phenomenon durtng the Holocene transgress1on. 

Smith (l983al has also summarized the available calcification rates up to about 
1981 and supported the general modal concept outlined above. As ment1oned earl1er, Sr~nth has 
suggested that 90-95'6 of the world's coral reef area will conf.orm to a g = 0.8 mode (Srr\lth's 
generalised lagoonal mode which 1ncludes patch reefs and therefore is not a contrad1ct1on of 
Kinsey's G = 0.5 model, 4-8~ to a G = 4 mode, and l-2% to a G = 10 mode. 

Three important points must be constdered 1n attempting to use these system level 
calcification ~ates to predlct growtn rates for the reef. 1. Tnere is no reason to ass~~e cnat 
the bioqeocherr:=ally prec1p1taced caroonates est1mated by the flux studies reported here are 
retained at t<le s1te of thetr creatlon; nowever th1s is more l1kely tn tne deeper and 
frequently more active areas wnere ~~framework construction is occurring and the nign G = 
10 calc1fl.cat1on mode 1s prooaoly o;::erat~ve. 2. The values for G are net, and may rei?resent 
pos1t1ve rates for ooth day and ntgnt (normally exhtoitlng a pronounced d1el cycle), or may oe 
tne resultant of pos1:1ve EJrecl.pltatl.on :n tne dayc1me and suostantla;. d1sso1ut10n ?rocesses 
throughout the 24 hour per1od. In tne latter situat1on, most common 1n fully developed reef­
flat commun1t1es, tr.ere l.S no reason to assume any relattonsnlp between cne processes of 
precipitatlOn (l.e. gro:.~tn of corals, algae, forams etc.) and the processes of d1ssolut1on 

, ( 1.e. tnfaunal boring etc.). ':'nus, ::~osc current prec1p1tat1on 1n gcowtn processes may oe 
exported as partlC:Jlate sedtments, while all dtssoluc:~.on occurs from the stand1ng stock of 
carbonate mater1als - 1.e. a pos1t1ve value for G aoes not automat1cally imply a pos1~1ve rate 
of in situ growth. 3. EVen the most localised values for G so far determtned are averaaed 
overapprec1aole areas. Thus cons1aeraoly h1qner rates of calc1f 1cat1.on may well oe poss10le 
in very restricted areas of act1ve coral growth. 

If the d_om1nant modes for G are converted to verttcal growth potenttal usin<J a 
density of 2.9 g c:r,-l for calculm caroonate and assum1ng an average poros1ty for reefal 
seatments of 50% (Smltn and Klnsey, 1976; oav1es and i(lnsey, 1977) it canoe seen tnat tne 
tnree modes become: G • 10, = 7 ~~ v-1; G • 4, = 3 mm y-~; G = 0.5, • 0.35 mm v-1. However, as 
S:tuth (l983al po1nts out, very rao.ld reet framework yrowth may exhlDlt poros'tty up to 905 1n 
some cases. If we allow a .nore conservatlve 60~ up!Jer llmlt tor framewon. poros1ty wn1le 
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1 

case where all producuon rema1ns in p.i..:~ce. c;uvLousl.y ::.otn Ol<Jher and 
represent tne 51 'c .. ?c .. er wnere sediments are 1mported or exported respect tve ~'/. 
lower rates can o ~ 

.. t t!'len is the level of aqreement oetween these gro..,tn :no<.H:is ;-reaictt!d from 
... ha oc~emical production rates, and tne rates ot actual reef :ro•tn in tne 

pre,sen1: c:l~y :noge d f~om reef strau•J[apny. Davies (19~3) indlC3tes tnat :ra.~.e.rorK <Jrowc.o 
Holocene ceter:n1ne f l-16 mm y- with -modes at 7-d mm y-1 for oatc:'l reef and 4-o mm y- J. 
falls witr.ln a w1ce range o . ·- He suppOrts the biogeocne:ucal findings that tnere iS litt:e correlation 
for reef ·:~r·J 1 n5He also repocts clear evidence from cores tnat. 'the most r-=cent s.;rface growt.~ 

_vltn lttLt. ;· (t e . since aoprox1:nating the present sea level). oav1es et al. (1983) not 
has s. owed ?"'" ,.: the same ·~ade range with an upper limit of 14 mm y-1. P.~pley (1983) 
surpr 1singly repo ; Holocene framewoC'K growtn tends to the range -5-10 mm y-l wr.ile present sea 
!u2:~st:C:~:\~P%~ 

2 
:r"":: y-l or. less. This same infor:nat1o_n is detailed slightly <hf!:erently ~l 

e 9 d H 
1 

.(l983l. They suggest a mode of 2 mm y 1 for coralline algae (:'lOte 3 mm y 
~::::d a:bov:pf~i the biogeochemical rate in sucn areas l, 7-S mm y-1 f~r pate!'\ .reef framework 
~ t 

7
_

9 
:11m y-l claimed for blogeochemical rate aoove), l-9 mm y l for .-ee·.,ard marg1n 

f~~m!worlt (note sa:::e 7-9 nuu y-1 clai;ned above), and 1-4 ;nm y- for fringing ree:s (note 3 mm 
-1 claimed abOve :or reef-flats). The ~ompar1son between actual margin growtn :r paten reeE 

:~ owth and the'calclfication rate for hlgh act1v1ty_ areas appe~rs totally JUStl:led as these 
~.~eas ~ould notihave f~nctioned operationally as sur:ace. reef-flats .dur1ng tne ac~1ve Holocene 

transgress
1
on but as areas of framework accret1on. .Jote that tnese autnors ind1cate the 

present dav growtn rates to be lower. The compar1son between the actual grc·.,tn rates for 
frlnging reefs and tr.e calcification rate for present day reef flats. also seems reas:mable in 
v

1
ew of tne 1 c generally more elevated antecedent platform ( maintalne<.l by so:r.e terrigenous 

·sedimentattonl ana consequently their more protracted status as a true reef-!:lac. Glynn and 
Mac

1
ntyre (1977) alsq reported very compatiole ranges for real growtn in tne ?acific Panama 

area of 1.3-4.2 mm y- 1 for reef-flats and 7.5 mm y-l for upper reef slope. 

cavies and Hopley (1983) argue that the equivalence of thelr vert:cal accret1on 

1110
des and the present day biogeochemical precipitatiOn rat.es is not as close as 1 t has oeen 

presented aoove. They sugqest. that. vertical accretion can never involve 100% of tne mater1a1 
preclpitated as some horizontal growth must be assumed. OVer extensive areas of reef per1meter 
or across a large patch reef thlS content1on seems to be incorrect. They also sJggest that 

-thelr vertical accretion rates based on 14c dating techniques may be underestl~ates but the 
ev1dence to support this seems tenuous. As a first approx1mat1on it seems that reef growth 
rates for in situ framework detecmined from Holocene cores are 1n good general agreement w1tt1 
present day--n~logeocnemLcal preclpitatiOn rates. The fact tnat the cnemical rates lndicate 
a somewhat more restricted range than is actually found in cores can be explained, at least 1n 
part, by the spatial variability which may be missed by the averaging effect.s of present 
biogeochemical tecnnology. The reduction in growth rates associated with many ~odern surface 
reefs (Hopley and Davies various as aoove) does not appear to represent any unexpla1ned change 
in present day perfor:r.ance. Rather it would seem to be simply a reflec:.1on of a transitlon 
fro:n the unrestr1cted framework orowth rate of G = 10, = 7-9 mm y-1 to tlle restrlcted reef-flat. 
gro-.rth rate of G = 4, = 3 mm y-1 assoc1ated with reaching sea level; notlng particalarly that 
tlle potentl.al growth of 7-9 mm y-1 in the past is likely to have been rea.i.1sed lo'nereas the 
potent1al growth of 3 mm y-1 today is likely to be mostly exported by down·.r1nd sediment 
transport. 

8. NUTRIENT FLUX STUDIES 

_The literature concerning nutrient fluxes on coral reefs is no~ extensive. 
Regrettably, lt l.S not feasible to cover the subJeCt adequately in one sect1on of this overall 
rev1ev of system :::.etaoolism. Our modern understanding of the role of nutrients on coral reefs 
began v1tn the S~o1os Expedition to Enewetak Atoll in 1971 (Johannes et al. 1972· Pllson and 
Betzer, 1973;_ wieoe et. al., 1975; Webb et al., 1975). These studies led to ~wo co~clus1ons of 
qreat .s1gn1f1cance - that coral reefs prooaoly exported nitrogen compounos, t:1us ·3uggesc.1ng 
that f1xat1on was a maJor process, and that nitrogen was unlikely to be l1miting; that coral 
reefs had a negl1~1ble effect on the phospnorus content of the water flow1ny across them thus 
suqgestlng that pnospnorus was tightly recycled. Of course this led to no easy conclusion as 
to9 t4het~ero any nutrlent exerted a controlling influence on reef productlon. • ?o:c.eroy et al. 
Cl ) a sd stressed the extreme 1mportance of recycl1ng as a phenomenon dominant 1n coral reef 
ftYtr1ent ynam1cs. 

and concluded ~~~s ~19717 1 rev.iewed the early literature up to and including the 3~r.nu1os papers 
renewed cont tl nl e vartous for:ns of phosphorus m1ght be 1n lo"" concentrat:ons they are 

tnuous y and recycled lth · th f " ·-• h -concluded: •:"'uch :r.ore work . w ln e ree system • nlt. respect to n1trogen, Lewls 
be tnat. t~e resources of O"\ n1trogen flux ••• is needed but the prevalling O?in1on appears to 
pl.ant/anl:::al assocl.atlon. nltrogen are tightly cycled or conserved at lease. ·.r1tn the coral 

1 
N1trogen fixation may make an important contribution to the amount 

Pn surface waters ••• • 

1 
Crossland (1983) in reviewing the status of nutrient stud1es up to about. 1980 

c:of nc uded:. •The concentration of d1ssolved nutrients urtner1n~ our unaerstanding of 
1 

in seawater prov1des a tool for use 1.n 
prov1de 

1111
n

1
mal inf . cora reefs". He also stresses: ·~utr1ent concenc.rat1ons alone 

nutrlent fluxes• o~matlon and future study should be aimed toward:; appraislng the dvnamics of 
be maJor JLffere~ces 1~:~g wock in the Lizac~ Island system, Crossland stresses tnat.· there may 
lnterzond.i. trans 

0 
. ween. zones of a reet 1n thelr strateg 1es for nutr1ent nandl1ng. Thus 

been found to bepw~~n 1 ~.asdlmportant Wlth respect to dissolved inorganlC nutrL~nts as lt has 
t..LZ.lrd Is ·and s • lxe ocganiC matter (see earlier sectlonsl. The overaLL e.::ect of. the 

.. ys ... e,n on l. ts sur o · 1 · f -B.lrnes. 19;
31 

...,.,, su . r unaln<J contlnenta sne1 wat~r lS summar1sea l~.-rosslanu ana 
-z ggest1ng tnat there 1s no slgnLfic3nt net cor.sumptl.On or export. o: 1norgan1c 
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n1trogen, phosphorus, Sili.cat~, organic carbon or organic n1trogen, However, n1tratE: was 
exported from the windward reef to tne lagoon but had returned to background levels in water 
leav1ng the leeward reef. Elevated levels of ammon1u:n, PO~ and POt• moved from the la-?o:.m to 
the leeward reef but were removed by passage over the leeward reef, Thus tne lago"n 1s 
identified as playing an important role in nutr1ent balances, 

. Very wide ranges of concentrations for nutrients in coral reef waters have o~en 
published, Crossland (1983) has summar1zed these to about 19HO. There has been no recent 
complete tabulation of values but it is doubtful that a large table of such virtually random 
information is useful in this review. Crossland's (191:13) values for nitrate ranye fro1a 
essentially oceanic at 0.01 11M to as high as 2.5 u~t in some lagoons. Values as high. as 5 ~,~:-t 

,are reported for the enclosed areas of the Abrolhos. Ammon1a is usually detected and values 
·reported range from 0.07 to 2.5 11M with Abrolhos values reaching nearly 3 111'1. Dissoived 
organic nitrogen tends to be more consistent and in tne range 1.7-5 ~~~ w1tn occasional n1gner 
values. Dissolved organic ghosphate valu~s are relatively few and typ1cally less tnan l ~~. 
Values found in specific s-tudies involving nutr1ent addition and in ~llutet.l env1ronr.:ents 
obviously are higher. However, even ar~as of known chronic pollution of reefs such as Kaneone 

- Bay (prior to 1978) or Tarawa lagoon are subjected typ1cally to a range of inorganic ni~ro9en 
of only 2-4 11M and of inorganic phos!?hate of 0.3-1.2 ~o~X (Smith et al., 1978; Kinsey, 1979; 
Johannes et al., 1979; Smith et al., 1981)_. 

There have been a number of _"recent papers addressing specific aspects of cora! 
reef nutrient dynamics. iHlkinson and sammarco (1983), and Wilkinson et al. (19H4l have found 
n1trogen fixation to be a very general phenomenon in GBR systems with tne greatest rates found 
away from the land influence even though the greatest algal biomass is found inshore. ~ls 
effect is attributed, at least in part, to increased fish grazing rates offsnore w:nch 
encourage colonisation by blue-green algae. Hanson and Gunderson (1976) suggested that 
bacterial nitrogen fixation may be more important than fixat1on by blue-greens in some s·;stem$ 
(Kaneohe Bay is .cited as a probable case). Dunlap (1985) has drawn attention to the 
possibility of major and very rapid rem1neralisat1on of phospnate from organic matter 1n tne 
water column caused by the production of microbial extracellular phos!?hates. This cycle ~ay be 
sufficiently rapid to result in negligible net changes in inorganic pnos!?nate l~vels. ~tsch 
et al. (1983a) have reported substantial phosphorus pools in lagoonal sediments wit!-. very 
elevated levels of both phosphorus and nitrogen being detected in interstitial waters. ~hey 
suggest the possibility of Halimeda flakes as a mechanism for input of nutrients to the 
sed1ment pool. Similarly, Andrews and Muller (1983) report the maintenance of elevated r.1~rate 
and phosphate levels in the water within the open framework of a patch reef. They sugges~ that 
the patch reef indicated a potential for export of nitrogen equal, per un1t area, to tnat 
reported for the Enewetak reef-flat by Webb et al. (1975). D'Elia et al. (1981) have dra•n 
attention to the possibilities for continuous groundwater input to have a maJor impac~ on 
nutrient supply to fringing reefs and particularly to establish a more usable N:P ratlO by 
virtue of the pronounced elevated nitrate levels normally assoclated with groundwater. ~tarsn 
(1977 J had earl1er drawn attention to the periodic effects of both terrestrial run-o:: and 
groundwater inputs in causJ.ng phytoplankton blooms, while Birx.eland (1984) has extenaea tne 
interpretation of the effects to suggest that reef oenthos also res2onds to these ep1sod1c 
events. Kinsey and oomm (1974) and K1nsey and Davies (1979b) nave suggested tnat regular oa1ly 
but 1ntermittent exposure to elevated nutrients (somewhat higner than l1kely in nature) w1ll 
cause a substant1al increase in reef productlVlty put a marked reduction J.n re~f 
calcification. Kinsey (1979) has reported on maJor shifts in community metabolism o! tne 
Kaneohe Bay reefs in response to a marked increase in nutr1ent load1ng of the bay (do:r.~s::lc 
sewage) but stresses that the reef is responding to an elevated organ1c load (planx.ton) rather 
than to elevated nutrients. Rayner and Drew (~984) found marked increases 1n n1trate in s"'all 
enclosed Ind1an Ocean lagoons with clearly as!Oociated phytoplankton responses. Crossland et 
al. (1984) raise the poss1bilities for substantial nutrient elevat1on in n1gn latitude reefs by 
the remineralisation of macro-algal detritus accumulated in the lagoon from areas outside the 
reef. Andrews and Gentien (1982) have indicated possibilities for nutrJ.ent enhancement from 
shallow upwellings induced by incursions of subsurface water over the continental shelf edge 
(GBRl. No evidence is presented that these upwellings actually cause nutrient elevat1ons 
•felt• by the surface reefs. Hatcher and Hatcher (1982) have stressed that .narked seasonality 
occurs in lagoonal nitrogen levels at One Tree Island but that levels are always higner tnan 
those outside the reef. They suggest that crest levels are the highest of all which is in 
keeping with the earlier suggestions that reef-flats may be the dom1nant site for n1trogen 
fixation (Symbios papers). Entsch et al. (l983bl have raised the frequently 1gnored issue of 
whether there is any reason to focus on nitrogen and phosphorus when seeking to expla1n 
possible nutrient limitat1on to reef productivity. They suggest that iron availability ~ay be 
important in influenc1ng not only product1on rates but even species distr1but1on. Sicyr1ng 
(1983, Skyring and Chambers, 1976) has raised the potential importance of sul!?hate reduct1on ln 
exercis1ng a maJor influence on the sedimentary env1ronments so lmt?ortant to the 
remineralisation processes for other nutrients. Contrary to expectatJ.on, highest levels of 
sulpnate reduction are found on the apparently well flushed and oxygenated reef-flats 
(associated with cyanobacterial mats), not in the lagoon floor. 

,..,. In reviewing the status of pnospnorus studies, Atkinson (19M2, 19831 has 
indicated that recent work demonstrates that small changes in phosphate do occur in the water 
crossing reef-flats and that these bear a defin1t.e relatlonship to net cornmun1ty metaoOJ.lSm 
(E). He indicates that high input of phosphorus. (by virtue of large water exchange rates) 
provides a continual source to mainta1n high bio:nass and the small net product1on (exoort). 
However, he stresses that the low concentration of phosphorus probably 1 imi ts the sp~c lt: i c 
growth rate of the community. He summar1zes: •coral reefs have hign areal production and hl<Jh 
elemental turnover times because they mainta1n high biomass. The specific growth rate of a 
coral reef community is low, reflecting the low concentratJ.on of nutrlents • At!onson 
indicates that nitrogen is also likely to prove limiting to spec1fic growth rate by virtue of 
1ts low concentrations whether or not it is actually be1ng produced by fi.xatJ.on or even 
exported. 
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S::!lth and Jokiel (1975) were prooably t:~e first to raise the 1mportance of a 
definite relatlonsnlp oetween overall or net produc::.1·nty of a coral reef system and its 
nutr1ent supply (1nput and restden<:e time cons1d<:!ratluns). s.-n1th and Atic 1 nson (19831, 1n tnc1r 
study of the Shark Bay system (a hypersaline, seagrass jo~lnatcd, luno res1dence tlme, neqat1ve 
estuary) stressed that the rate of del1very of nutrlent.s (phospnurus ~pecltlCallyl controls net 
productlVLty wr.ereas "local transfer of materials fro.r. one com!?onent of tne system to anot.r1er 
allows the rr.etabolis::~ of tnose lndiviaual compone~ts to oe amplifled until they are 
.netaoolically C.Jntrolled by other factors. The _aollit.y to accumulate tHomass appears to be at 
least the maJOr immed1ate control". In systems free :rom land 1nput, rate of delivery can 0<! 

equated with i::put of ·.;ater. Howe-ver, Smtth (19~4) ana S;ntth et al. (19~5) stress that thts 
form of net production control is only relevant to sys~e~s sucn as Canton Atoll or Snark Bay 

'..,here very low levels of water exchange occur. 5.-nit:: U9a4) summarttes the roles of nttrogen 
and phospnorus tn marine systems; "If hydrographic fluxes are small, then oiochemtcal fluxes ot 
ni~ogen are llkely to obviate nitrogen limitat1on w:\ile pgosphorus is exnausted. If 
hydrograpnlc L.uxes are large, t!Hm neither biocne;r.icdl f luxe·::; nor hydrographic suptJlY · of 
either n1trogen or phosphorus is likely to limit net ecosystem production of organic matter. 
Other limit1ng factors t:Lust be sought". Tnus, open flo• syste,ns nave gross productiun rates 
limited by concentration while net productton rates a::e limited by factors probably not yet 
identified. Lagoons etc. have gross productiOn rates ~i~ited by both concent::ation and supply 
"'f'th supply limlting the net production as ~;ell. Phos:;:-.ate is always the more likely limiting 
nutr1ent, part1cul~rly in lagoons because of the accum~lation of nitrogen from Lixation. 

Jonannes et al. (1983a) nave developed a further hypothesis concerning nutrient 
control on coral reef productivity. They propose tnree patterns of community metaoolism: Type 
l: Nutrient fluxes display no diel rhythm but are cor::elated with ambient dissolved nutrient 
concentrations (found With the lowest nutrtent concentratlons relat1ve to dem·and). Type 2: 
Nutrient fluxes are not concentration dependent and exnibLt clear diel rhythm, i.e. are 
dependent on metabolic activity at the time (found wit:: intermediate nutrient concentrations). 
Type 3: Nutrient fluxes display neither concentration dependence nor a diel cycle (found with 
elevated nutrient concentrations). They believe all t::ree protocols are found with the hi':}n 
latitude reefs of the nbrolhos. They also claim all t:1ree patterns can occur s1.multaneously 
for different nutr1ents, also that patterns can snA.!t with time (or season) in tne one 
community. 

Over.all, it seems clear that a rat:~er effective picture is _being bul.lt-up 
concerning the role of ntur1ents in controlling ootn gross production rates and net 
productJ.vity in coral reef syste.ns. A maJor dist::l:J.Ct::l.On is :nade oetween tne conce;;:>ts of 
nutrient:: supply and nut::rient concentration. Concen::.t"ations are likely to prove the only 
significant factors in such places as reef-flats and sea~ard slopes wnereas supply is probauly 
the domJ.nant influence 1n most large lagoonal sys~ems. lHtrogen fixat1on is clearly 
establlshed as a general reefal phenomenon but is :::ore pronounced in snallow areas. New 
emphasis is indicated for studies concerning the recycling of nutrtents, parttculat"ly 
phosphorus. Where a maJor nutr1ent limltation lS lndicated, it iS virtually always ltkely to 
be phosphorus but the poss1bility of limitation oy othe:: nut::rlents 1s ratsed. 

9. THE MANAGEMENT APPLICATION 

It has been concluded earlier in this review that recent studies (e.g. Barnes and 
Devereux, 1984) are reacning a level of sopn1stic.!t.ion where second order var1at1ons 1n 
community metabolism previously attributed to •no1.se" will be found to identify real trends 
(Kinsey, l983b). It nas certa1nly been identif1ed tnat relatlvely maJor shifts from the 
•natural" nutrient availability patterns may cause co::::r.unit::y metabolism to alter to a degree 
easily detectable as a perturbation (Kinsey an·d oom:::, 1974; KlnseY. and Davies, 1979b). In a 
patch reef at One Tree Island, P was increased by aoout 10-20% · (seasonally variable l, R 
remained unaltered while G was decreased by aoout 50~ following a nutr1.ent enhancement, for 
about 3 hours each day, to 20 11M nitrogen and 211M phosphate (experiment lasted 8 months). 
Similarly, Rogers (1979::>) has considered the metaoolic response of reef slope communities to 
shading using manipulat1ve experimentation and ootained very marked response in P and R. In a 
rather different form of manipulative experimentat1or:, Kinsey (1973) stuciled the effects of 
floating oil films on air/sea diffusion of oxygen oy studying the metaoolic patterns of the 
reef commun1ty underly1ng tne oil film. 

. In an extended study of the response of t::e Kaneohe Bay reef-flats to botn sewa':le 
lnput and increased terrigenous sed1mentat1on, Kinsey (1979; Smith et al., 1981) found clear 
patterns of var1at1on 1n the system's metaoolic para:::eters. Taule 6 tndicates tne ftndJ.ngs of 
that study based on data ootained over all seasons of an approxJ.mately one year pertod. All 
reef-flats listed in Taole 6 would have been s1m1lar =r1or to man's tmoact on Kaneone Bav as 
far as can be deduced at this time. At the time of :::le study, a grad1ent of sewage effect 
existed from a max1:nur:: at the "SE" reef to a m1n1mu:r: at tne "Central" and "Ni'i" reefs. Th1s 
effect, as noted in the previous section, was iden~tfied prirnar1ly as be1.ng one of P0:-1 

..,(plankton) load1ng. The N'~ site and the SE site were ::>otn subJeCt to ext::ensive sedlmentation. 
~t is clear that. reef ?rimary production is reduced cy etther of these adverse influences. It 
ls equally clear that ~eterotrophy (i.e. R and P/Rl is :::ar~ecily increased by the effects of the 
organic loading but marKedly decreased by the effects of sedimentation. The reason for more 
exteme heterotrophy at the Lil1puna site than at the SS site is because of the sedimentation 
at the SE S1te and additionally because of a total collapse of the or1g1nal SE outer zone hard 
Substratum caused by heterotrophic infauna (hence reduced suostratum for filter feeding 
epifaunal. The latter effect is clearly demonstrated oy tne values for G which decrease with 
lncreased organ1c loading and have become severely n.egatJ.ve at the SE s1te (infaunal 
bortng). G s1:nply a??roaches zero with sediment ove::load alone (N'.'i site). The overall 
conclus1ons are not mucn affected whether the total fiat 1s constdered (Taole 6b) or only the 
Outer, or originally t:ard substratum areas (Taole 6a1. In th1s context it should be notco 
that the Llllpuna site iS small and all hard suostratu.-:-.; tne SE and N;.J Sltes orig1nally had an 
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outer hard sul:l:>tratu.-n zone 
·o~n1cn is nO'ol totally unHlent.l­
f. Laole; the Central and Coconut. 
Island si.tes still have out.er 
hard substratum zones. 

The Kaneohe ea y 
study has estal:lllsned that 
:nar~ed shifts in com;r.unlty 
;r.etabolism are associated wl.th 
equallr mar~ed and VLSually 
obvious shifts in commun1ty 
structure and sedimentary :na~e­
up. Tr.e crLtical quest1on to 
be asked concerning the mana~e­
ment value of metaoollsm 
studies is whether the cnanges 
in biogeochem1cal para.::et.ers 
wilcl.. be statistically sLgnlfl­
cant as early warnings before 
t~e adverse effects of outside 
influences become obvious. The 
answer to this quest1on simply 
is not certain at thls t1me. 
However, the level of sopnLsti­
cat.lon which we are reac:nng 
Wlth our methodology (Kinsey, 
l983b; Barnes and Devereux, 
1984; Smit.n et al., 1985) 
suggest that we are close to 
ach1eving sufficlent. precision 
to make use of system met.a­
bolis:n tools in management.. 

TABLE 6. Community metabolism for various perturbed• reefs 
in l<.aneone Bay, uawail durutq the per10d Sc:ptealOer 1976 -
Sept.cmt.er 1977. 

(~) Bentn1c metaoolLsm for the outer reef-flat, or1g1nally 
hard suostratum zones (5 E and m-1 reefs currently lac~ any 
true hard suost.ratum, Lilipuna lS all hdrd suostratum). 

Transect p R P/R G 
(gC m-2d-l l (i<g Caco 3 

m-2y-l) 

SE 3.3 4.6 0.7 -6.5 
Li1ipuna s. 2 12.7 0.4 3.1 
Coconut Island 6.9 10.2 0.7 2.4 
Central 7.9 9. 6. 0.8 8.9 
Nvr 4.1 2.3 

~ 
1.8 0.0 

(b) Benthic metabolism for the complete reef-flats -(all 
zones integrated) 

SE 3.3 4.6 0.7 ;.. 6. 5 
Lilipuna 5.2 12.7 0.4 3.1 
Coconut Island 3.8 5.3 0. 7 ,. 0.4 
Central 5.2 4.5 1.2 2.4 
NW 4.1 2.3 1.8 0.0 

<-------
• Sewage irr~act primarily in the form of ~ncreased plan~ton 
loadiny (Chlorophyll a grad1ent: 10 mg m-j at 5E to 0.5 mg 
m-3 at CentrJ.l and NW) and, to a lesser extent, some 
nutr1ent ennancement (inorganlc nitrogen gradient 4 ~~ to 1 
~·'1; inorgan1c phosphorus gradient 0.7 1,1M to 0.2 "MJ. 
Terrigenous sedimentat1on marked 'at botn SE and NW Sltes, 
but low on all other sites. Data aft.er Klnsey \1979). 

10. SUMMARY AND CONCLUSIONS SYSTE.~S STUDIES 

Studies of coral reef •metabolism or biogeochemistry have extended over 
approximately 35 years. However, relatively few stud1es have cons1dered any partlC'-liar 
systems for longer than the period of an expeditionary vis1t. We are, therefore, very lac~lng 
Wlt.n respect to stud1es involv1ng detail and repl1cat10n. Logistic constra1nts are likely to 
allow no real improvement 1n thls situation in the future except with respect to the output 
fro~ a verv small nurnoet" of instltutions located on or near coral reefs. However, innovatl'Je 
new techniques 1nvolv1ng "hLgh tech", high prec1sion, cont1nuous logg1ng equi;?ment w1ll ena~-e 
ver·< fine disccu:u.nat1on in botn time and soace, toget.her with tne 1nclusion of a gredt.er 
nwn;er of mon1tored var1aoles. Simultaneously with this increase in the rate of data 
aca~1sition, there is li~elv to be a reduct1on in actual personnel field time requ1red. ~ore 
ext.enslve cons1derat.1on of· such "conservative• variaoles as phOS;?horus is also 1 i'l<e ly to 
cont.Lnu<:! to improve the quality of the informatlon wnich we are oota1n1ng. All these new 
tec~n1ques will allow not only an expanded output in the future for the same expended effort 
but the cons1derat1on of ~ore discr1m1natlng quest.lons. 

Studies of pelagic met.abolis~ have demonstrated a pattern of great variaoility 
with substantial responses to seasonal or episodic influences. However, it is clear that 
phytoplankton productlon generally has been under-emphasLsed as a. factor in overall syst.em 
production. Gross product LOn and calcifLcat.ion in coral reefs are, nevertheless, clearly 
dom1nated by benthic processes and have been proven to conform to rather preaictaole rates. 
Anomalous rates are generally explained by some recognised abnormal1ty in the system, but 
there rema1n some report.ed rates wh1cn are anomalous and unexplaLned. Net ga1ns or losses 1n 
organ1c productlon are typ1cally very small but. are proving vital diagnost.LC attributes in 
cnaracter1z1n~ reef tropn1c status. Seasonality has been demonstrated to be a marked feature 
of reefs at apparently all latltudes. Little variation occurs in seasonal rate differences 
witn latitude for para~et.ers of organic productlon and resp1rat1on. However, seasonaltty in 
calcif1cation rates appears to have a marked latitudinal dependence, increas1ng w1th inc=eased 
latltude. overall reef ~et.abol1c rates do not seem to attenuate wlth latltude; rather reefs 
and reefal communLties event.ually cease to exist beyond certaln latitudinal l1m1ts. 'rhls lS 
most usually attrLouted to DlologLcal competltion. Prox1m1ty to land has been demonstrated to 
be a detectable 1nfluence on system metaool1sm but, to date, there are few publlshed studles 
report.lng clear trends in response. Thet'e are many opportun1ties for future research 1n th1s 
area. Instantaneous cor=elatlon between product.lon/calcification and lignt are prov1ng to he 
o: great Slqnlflcance and ~ust oe an area of maJor researcn effort 1n the future. Tne flux of 
particulate and d1ssolved organ1c carbon is still very poorly eluc1dated but proving to be of 
tr.e greatest importance 1n understanding the overall trophic structure and balance of coral 
reefs. Calc1ficat1on rates determ1ned for total reefal environments have been shown to 
correlate well WLth geolo~1cal stud1es of the sedlmentary record. Flnally, nutr•ent studies 
have recently gtven ln:or~atton from which effect.Lve hypotheses of system-metabolism control 
have been developed. T~ere appears to be great scope for further work in thLs area, toget~er 
w1th the area of studies of nutr1ent recycling. 

Perhaos t~e ~ost. imcortant incent1ve required to ensure the oroductive 
cont.lnuatton of sys~ems-level stud1e~ ofthe i<Lnd revtewed here will be the establis~ment of a 
dcf1n1te value tor t.he d.lt.a and tecnntc.;ues 1n envLr:)ntaenta1 manayement.. Thts ts not yet tr.e 
case. Some studtes have ce~onst.rat.ed clear patterns 1n response to envtronmental gradtents. 
~owever, tt has yet to oe cemor.st.rate•J tnat. suc:1 pattet'ns can be det.ectel.l wtt.h a level ot 
dtscrtmlnat.lon suttlc:en:!~ ~1ne to act as an advance warn1nq oetare VlS~•l cnan~e ts alreadv 
ouvLcLt,;. It ,ices seee1 O::ro:.Jaulc that sucn sens:..t.LVtty Wlll oe acnLevel.l w1t:1 tne ~resent. 
l~provem~nts 1n tecnnL~ues • 
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