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METABOLISM,CALCIFICATION )
AND
CARBON PRODUCTION

Coral reefs not only have one of the hignest prlmafy (organic) prosucglf?ig:tfi
ng natural ecosystems, but they are also the major site of calcium caroonate depos zroa i
e gorld On a ﬁlooal scale, coral reefis serve as an important buffer in the earin's (3,
2§51;i 0; a regional scale, they frequencly are located in areas of dense human popi;;tgoné
f;ey not only serve an often vital role 1a local econoamies, but thgy are also threater Y
diverse assortment of human activities.

) The integrity of the coral reef ecosysten is dependent on the structute ana fugg—
tion of its component communities, and they in turn are composed of pgpulatxons‘Pé ori?g;s;n;
The major metabolic processes affecting the carbon cycie are phocosyntnesls,_calgx;xca L st
respiration, The first two, in turn, are controlled by nutrient supply and ltght. i
In this seminar, we will discuss temporal and spatial patterns of carbos
production at two levels: systems oOr ccmmunicie; (gznsey) and organism (Gladielter). ‘Eac:
sect:ion is self-contained, with its own separate bxolycgragny. A b;xef general summary appears
ar tn2 end. These are not fully compreanensive literature reviews. Instead, we aim €2
concentrate on a few concepts and approacses to researcn wnich we feel will heip to 1increase
our understanding of the metapolic processes occurring on coral reefs.

LA

SYSTEMS-LEVEL STUDIES

_ . " 1. INTRODUCTION

m

The first and only fully comprenensive review of systems-level processes o
organic production on coral reefs is that oy Ilewis in 1977 though those of Socurnia (1977a:,
Kinsev {(1983a) and Smith (1983a) cover major aspects of oproduction rates. lewls considered
many details of community structure, trooanlc relaticnsnizs and nutrients fluxes as welil as
summarising the state of the art witn respect to estlmates of productlon rates tor coral reefl
systens. He also considered matters of carponate preoduction, coral and reef growth, erosion
and tne nydrograpnic conditions under wnich all these Drocesses occur.

Since lewis' review was written, the proceedings of two further Internat:ional
Coral R2eef 3Symposia have appeared. These cecntalined nulerous papers 1N the area of svsterns
production, nutrient flux and growtn studies. There nas aiso been a consideranly acceierated

rate of appearance of relevant papers 1n tne general scientlfic literature,

Two further publications of ‘real significance in the summarising of knowledge of
svstens processes on coral reetfs are "“Perspectives on Coral Reeis" (ed Barnes 1983a) and tne
"?roceedings of the Great Barrier Reef Conference” (eds Baker ez al. 1983). While the lacter
sutrnarizes the state of the art in some relievant areas up to 1983, tne former concains papers
mos:ly summarising the state of the art to the end of 1979.

Recent research has continued to produce more estimates of organic and inorganic
production by coral reefs with the somewhat inevitable empnasis on tne easily worked reef-Zlat
areas. However, there are a numper of important emerzent tnemes from research reported in the
nine years since Lewis' review. The availability of higher technoloay and associated hianer
precisicon has led to new concepts of reef cerformance in time and space. Mucn finer levels of
discrimination are possible and the derivation of data for areas of reefs "inaccessiple® to
eariier technology can now be attempted. The role of nutrients as important controls on r=2ei
production has received considerable attention.

The work of Smith and Atkinson (e.g. Smith and Jokiel 1975; Smith and Atkinson
i983; Smith 1983b: Smith et al 1983) has led to an understanding of the importance cf precise
estinates of net gains and iosses by reef systems. They have stressed the value of determining
this varianle directly by budgetting "conservative” parameters sucn as phospnorus or alkalinity
ratner than by inference from tne difference between ccmmunity production and consumption,

The
wor< of Kinsey ({eg. 1977; 1979; 1982; 1983a) has lad to theories of modality 1in ree:
perisrmance and the concept of predictavie "standara” rates €or organic productivity and

growen,. The work of Barnes (1983b,c; Barnes and Devereux, 1984) has resulted 1in the
Jdeveiosment of important relationsnips between reef production and light regime as well as
fermitting very fine scales of spatial and temporal discrimination.

Cne of the most important themes Just Jeqinning to ewerge 1is that much of the
variaoility previously attributed to "noise™ 1s now seen to be real and to be associated with
Meaningtul trends, some of wnicn may prove toO have practival management value., Much attention
ls ceing given to variation with latitude and as a funciion of land proximity. Three major
Programs nave addressed tnese Juestions. They are wnose oOf: The Australlian Institute ot
Marine 3cience; The flawali Institute oOf Marine Bioloay ang

Hawal1i Sea Grant Office ({(Griag and
Co-worxers) and the Austraiian CSIRY Division of Fisneries

(1armion Lap:; Wlepe and CcO-workers).

These systems-level open community bloceocnemical studies continue primarily to
e:?naslze tne Indo-Pacif1iC region. Even wiln Tne advent o: severil major 2ndoind vrograms, the
re.evant literature continues to be dominated Dy QUETUT Jrom SClenflSEs Lrom a4 wide range o:f

insticitlions many of wnica are not grimari.y CONCernea w<itn coral re2f wWork.




2. COMMUNITY METABOLISM STUDIES RE-VISITED

The expression "community metabolism®™ has been in use xn_coral rezgsgeseaigirﬁ;
least since tne major study of the Enewetak reef-flat Dby Oaum and odgm ﬂl botg ceeible
obviousls, a total community does not have a metaoolic entity. However, it 1s a co%verteu.
and useful to determine the rates at which materials are imported, 1ncorporate é cosysten.
turned over, excreted and exported by a complete community and even an xnteqri;eraie L e
It is aiso very useful to determine the net gains (or losses) and, hence, grow

i i i < "communit}
‘total system. The use of the term “biogeochemistry" is prooaoly preferable to "¢ 1 b4

4 L] - -
metabolisn” or to the even more restrictive concepts covered oy "prodauctivity”.

The biogeochemistry of a reef system is dgminated cy aerobic, benthic Eﬁgsesii:
of pnotosyntnesis, calcification and integrated community resplréclon. ;?iii}'lnthe d;rect
controlled oy, and reflected in, the dynamics o§ nutrient fluxes. wever, A
"currency” of all coimunity biogeocnemistry studies 1s caroon. Consgguentiy, it is in edirect
carbon £lux that most findings are expressed, wnether Or not trey “were based on the
measurement of ¢hanges in the CO, and oryganic carpon content of the system,_

While reef systems may be benthic dominated, it is becoming more and more evident
that we have underzstimated the significance of the direct organic flux associated with
plankton and detritus throughputs. This error has been encoudraged by the fact that changes 1n
such materials in the water column may be gquite small over short time and the concentrations of
such materials are usually quite low. However, the total® flux of plapktonchmaterxal can
easily be demonstrated to be extremely high in open systems. Tnus, 1ts potentzal‘to have a
major but undetected effect on the benthic community is very great. Similarly, the importance
of anaerodic processes in the remineralisation of reef detritus has generally been underestima-
ted. whnile it is obvious that most reefal biological processes are highly aerobic,_ the
business of recenerating and recycling materials, so often stressed as mandatory for reefs to
survive in relatively "barren® waters, involves much anaeroblic processing.

The organic gain (E) by a reef system is typically very small in terms of.total
flux of carpbon through the system - 1ie. gross photosynthetic fixation (P} is typically
approxiTately egual to gross respiratory consumption (R) and the net flux of fixed organic
matter 1s typically small. Thus E(ie P-R) approximates zero over extended time. Because this
is so, there 1s a great deal of relevance to the development of methcdology which allows the
direct deterxination of net gain or loss rather than deriving it inaccurately by difference.
On the otner hand, the potential for a system to yield a narvest on a sustained basis 1s
probaply more a function of gross turnover than it is of net gain in tne "normal” state. Thus,
the gross fluxes P and R may prove very important in management terms.

The "inorganic"™ gain (G) by a coral reef is a measure of the net gain of
bilogenically derived carporates. It is very nigh relative to organic gain. It 1is this
parameter wnicn determines tne long term growth of tne reefal structure,.

It 1is extremely important to recognise that, not only the gross rates, but the
gain or loss considerations in reef biogeochemistry are extremely time and space dependent -
1e., tnere are pronounced seasonal cycles and possiply variapility in otner time frames. There
are also 1mportant redistributions of materials bpetween' local *®sources® and ®sinks® which,

individualiy, may exhipit marked gains or losses. This characteristic in itself may be
markedly seasonal. :

Finally, it is very important to recognise that what is a "reef" to one worker
may not pe anothers conception of a "reef”. Thus, it is critical that comparisons be made of

operationally equivalent parts of .regfs or, at least, attention be drawn to the relevant
differences. i

The present state of knowledge in all these areas of researcn is reviewed in the
sections following. The following units will be used because of estaolished converntion: P, R
and E exprassed in ng‘Zd‘l; G expressed in kg CaCO3 m oy, Particulate organic matter will
be des:ignated POM, particulate organlc nitrogen as PON, dissolved organic matter as DOM. GBR
will be usec to refer to the Great Barrier Reef.

3. METHODOLOGY

As Lewis (1977} pointed out, the basic tecnnique for estimating rates of primary
oroductica and respiration on coral reefs has been flow respirometry. MOst commonly, this has
involved tne measurement of changes in oxygen content in tne water as 1t flows across a reef.
Oxygen can ope measured accurately and simply by eitner the winkler oOr oxygen electrode
procedures. Tne processing of oxygen data to give diel curves of croduction and respiration is
normally oased on tne logic of Odum (1956) and Odum and Hoskin (1958). These procedures have
been uvdated and are presented as working methods 1n various cnapters of the UNESCO "Coral
reefs: researcn methods” (eds Stoddart and Jonannes, 1978) (ey. Marsn and Smith, 1978; Kinsey,
1978a). More recently, Kinsey (l9d3a) has updated these metnods once again and has reviewed
tne status of metnods fcr short term material flux estimations 1n coral reef studies (Kinsey,
1983b).

There are three principal disadvantages to using oxygen as the prime monitored
variable,. Firstly, oxygen exchanges readlly Witn the atmosphere. Secondly, conversion of
oxygen anoTmall2s to their equivalent in metabolic carpon requires Xnowledge of the metaoolic
quotients (RQ and PQ). Thirdly, oxvgen based studies do not give 1nformation about the g
caicific2zion rates. All three of tnese supjects wlll be considered separately,
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Odum (1956) proposed a field metnod for handling tne estimation of the atmosvne-
ric exchanye coefficient based on the dangerous assumptlon that system respiration shoulu be
the same before dawn as it was post dusk. This procedure was used in most early community
metaoolism studies on coral reefs. Kinsey and Domm (l974) and Kinsey (l978a) proposed anotner
field technique based on an alternative {(but provdaoly still risky) assunption that respiracion
and photosynthesls rates were unifora for any one time of tne day reyardless of the state oOf
the tide or of the actual oxygen concentration in the water. Marsn and Smith (197%) and Kinsey
(1985a) have recommended that the safest procedure probaply 1s to use values taken fron trne
most generalised consideration of ail availaple puolisned data rather tnan to atteapt speciiic
estimation of the coefficient in the field situation., This procedure probabiy has nad the most
general application in recent studies thouga values from say Marsn and smith {(iv7d) have wveen
significantly weighted by values obtained by Kinsey's field technique. A third field avsroacn
has peen developed by Nixon and Roques (unpuplisned ms. Grad. School of Uceanoyr., U. of Rnoae
15.). This method involves the floating of a hemispherical gas filled dome across the water
surface at the time of the actual respirometry studies and determinify the excnange rates
applying at that time. . Apart from the oovious 1inconvenience ™0f having to avply the technijue
under many strong wind conditions, the poétential for error ip this approach results from tne
fact that the surface ripples and waves dre modified under the dome, The counter argument
suggests that turbulence is tne main determinant of diffusive exchange and tnat it will be
unmodified. The only application of the technigque to a reef-type study appears to be that of
Murpny and Kremer (1983) at Clipperton Lagoon. Murpny and Kremer give some detalls of tne
actual approach used and discuss their findings in detail. - :

LA

The subject of metabolic gquotients has been reviewed by Kinsey (1985a). The
majority of coral reef studies have made the assumption that PQ = RQ = 1l without attempting any
experimental verification of this value. Unfortunately most coral reefs studied have oeen

found to have a value for P no more tnan 20% different to tne value for R. That is, gain or
loss is small. When these values are pased on conversion from oxyjgen data it can pe seen tnat
a value for RQ or PQ of 1.1 or 0.9 rather than the simple stoichiometric 1.0 could effect a
dramatic difference in the interprecation of tne data in terms of autotropnic opalance (ie
P:R). Table 1 gives the calculated values for the metaboliic quotiencs available from the
literature. These are only availaple from studies where parallel estimations of community
metabolic rate by the oxygen and CO; approaches nhave Dbeen made. It should be stressed that PQ
= AOz/ACOZ wnereas RQ = ACO:/AOz. Thus, 1t can be seen that P 02 = POZ/PQ and Rcoz = Rpz.RQ.
Typical coral reef environments would seem to nave a PQ of sgthtly more then unlty €xceot
where there is a major component of foliose algae. The anomaious low values associated witn
these algal communities are likely to re:ult from a supbstantial 1loss of oxygen to tne
atmosphere as buooles rather than from a genulne metacolic difference. RQ follows a fairily
straigntforward trend from approximately 0.9 1in coral dominated communities toO appreciably more
than unity in mixed communities, Values Oof 1.5 or more are assumed to indicate environments in
which some major level of anaerobic decomposition 1S OcCcurring. Such processes tend to be
associated most with sediment areas staollised oy algal mats.

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

Community Type Location RQ £Q i Reference

Coral heads and Pacific Reefs 0.85~0.90 l.1-1.15 Kinsey (1979 ,85a)
associated community

Seaward reef slopes Pacific Reefs 0.8 1.1 Kinsey (1979,83a)
Reef-flats dominated Ppacific Reefs 0.9-1.05 = 1.05-1.1 Kinsey (1979 ,853a)

by corals and
coralline algae

Reef-flat;

coral/algal Central GBR 0.9-1.0 1.0-1.1 Barnes & Devereux (1934)
Shallow reefal French Frigate 0.96-0.99 1.01-1.04 Atkinson & Grigg
environments; Shoals (1984)

corai/algal

Reef-flats with high Pacific Reefs 1.1-1.2 0.95-1.05

foliose and filamen- Kinsey (1979 ,8535a)

tous algal cores

Algal flats Pacific Reefs 1.1-3.0 0.6-1.1 Kinsey (1979,83a)

Areas dominated by Pacific Reefs l.1-1.6 0.5-0.9 Kinsey (1979 ,85a)

heterotropns,
tilterfeeders

) ] The disadvantages of oxygen as an indicator of carbon flux may be avoided by the
direct or xnd;rect monitoring of the CO0- f lux. CO,; 1is subject only to very limited atmospneric
exchange and is, of course, a direct measure of carpon flux. As a major bonus, the estimation
may be done in such a way as to partition the flux into the organic carpon cycle
(pnotosyn;hesis and respiration) and the "inorganic" carboon cycle (calcification). This
partitioning requires the monitoring of pH, salinicty, temperature and total ailkinity. These
metnods are now thoroughly developed for use in coral reef =nvironments (Smith and Key 1975;

T1tn and Kinsey 1978; Smith 1978a) using rationale from earlier coral reer studies (Kinsey
1972; Smitn 1973; Smith and pesret 1974; sSmith and Jokiel 1975). The disadvantade of this
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indirect CO, approach is tha: it is somewnat less precise than oxygen monitoring and that it is
suoject to certain interferences in areas with restricted water availaoility and long residence
times. The most usual type of interference is tnat caused by the ouild up of organic matter,
and the production of inorganic ions whicn interfere with the simple relationsnip sSectseen
alkalinity and the seawater CO2 system - eg. ammonia and sulphide. To this time, there is no
prachcaL‘field method for directly monitoring the £CO, content of seawater flowing across a
coral reef, and, in any case, such a procedure would not allow the partitioning into "orzanic®

and "inorganic® components, in the absence of information on any one of the usual indirec: Co,
parameters (e.g. pH or alkalinity).

o . The existence of a simple stoichiometric relationship between alkalinity and
calcification rate (aCa*™ = ACo,p(caleif.}) = 4 Total Alkalinity/2) appears to be cevond
reasonable doubt in open flowing coral reef systems (Kinsey 1978b) and can even be apciiled
effectively in Quite restricted experimental situations (Borowitzka and larkum 1976). However,
the need to estimate total alkalinity is a=liadbility as the estimation requires a sample to be
taken for a ~later laboratory procedure. Additionally, this means that direct data logging
cannot be used, as it can with the oxygen tecnnigue, unless a field autoanalyser is feasinle,
Barnes (1983b,c; Barnes and Devereux, 1984) recently proposed a compined 0,/CO; agpproaca to
carpon flux estimation which still allows partitioning into the organic and calcificacion
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) 4C0Oyp (organic)
can: be determined from 80, provided that crediole metabolic quotient data are available, and
(o) & total CO, can be determined from pd data provided imprecise values for total alkalinity
(determined only on occasional samples) are available. Actually, the world-wide randge for
total alkalinity in open waters would cause errors only up to # 5% 1in the COy fluxes calculated

gaé_g-;lis procedure. Thus 4C0, (calcification) = ALCO; =~ ACO; (organic) = AICO; - 80,.RQ (ot

In the area of methodology for studying short term (hourly rates, diel cycles)
material flux in reefs, the most significant recent advances have been these in the develogpment
of higher level technology and higher precision tecnnology. Barnes (1983b, 1983¢c, 1984} nas
introduced the use of floating, high precision lagrangian monitors to reef-flat studies. This
greatly improved technology incorporates automatic logging of all data including lignet. The
approach has also taken advantage of the previously mentioned 0,/C0, technique to infer
alkalinities (and hence calcification rates) directly from the continu0usiy monitored O, and pH
data. Barnes' equipment has facilitated an improvement of- two orders of magnitude in time and
one order of magnitude in space over any previous open-system studies. Barnes' equipment is
presently only suited to very shallow water. Another major advance introduced by Barnes nas
been the determination of the full diurnal photosynthesis from observations 1n oniy several
time periods of the day together with the consideration of detailed lignt response curves.
Thls is a sophisticated development of the standardised diel curve approach used by Kinsey
(1978a). D. Smith (1983; Smith and Horner, 1982) has developed sophisticated computer logic
and eguipment for automated logging of primary production data based on the usual pH and O,
parameters. The equipment is intended principally for long term deployment in a fixed
position. Kinsey (1983b, 1985b) has developed very hign precision tecnniques for deeper water
profiling of the usual oxygen/pH type variables and this technique also incorporates contlnuous
logging capapility. Thus, it is now proving possible to monitor metawvolic rates for reetf
systems in up to 20 m of water over effective intervals of 0.5-1 hour. The deep water
tecnniques use botn Lagrangian drogue studies involving two or more instrument packages mounted
in a vertical string, or fixed Eulerian arrays mounted togetner with current meters.

The otner area of metnodology in which there has been a major development is in
the use of anomalies in "conservative® variables such as phospnorus and alkalinity, or even in
the non-conservative variaole total CO,, over extended time to infer precise estimates of net
gains or losses (Smith and Jokiel 1975; Smith and Atxinson 1983; Smith 1983b; Smith et al.

1985). These technlgues are not concerned with short term fluctuations caused by system
community metabolism but with the long term net changes in total concentrations of the
monitored variables. Fairiy obviously, they are most effective where residence time 1is

measured in weeks or months. However, recent work involving the high precision determination
of short term changes in phosphorus in water crossing reef-flats has been used to infer net
community metabolism even over time intervals of only one day (Atkinson 1982). The importance
of having avallable 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 studvy of
phosphate “metabolism®™ as an indicator of system caroon flux. Dunlap has reported that
extracellular phospnhatase activity in reef waters 1s strongly correlated with system phosonorus
flux. The enzyme production, by reef microflora, is activated by reduced inorganic phosphate
levelis sucn that the levels are effectively maintained by the resulting hydrolysis of organic
phosonates. Appropriate mathematical treatment Of results obtained seems likely to provide
conslderaple insight into system function. Clearly, the 1implication of these findings
concerning the role of phosohatases is that the study of concentrations or apparent flux of
ngrqanxc phospnate is possioly less useful than previously thougnt.

Flow respirometry in the open, unmodified reefal environment has the distinct
advantages of beilng awvle to pe continued over long periods (Lewis 1977) and of causing no
interference whatsoever 1n the communities under study. However, it suffers the concomitant
disadvantage of lack of specificity, though Barnes' techniques certainly allow a very fine
gsparial scale to oe considered. Reef environments of particular interest may sometimes bDe
furtner iscolated by partial or total enclosure to facilitate the discrete monitoring of the
community metaocolism of the specific finite area. Sucnh procedures are most justified in areas
normaily supject to extended pericds of standlnyg water where the enclosure basically will not
Tod1fy the conditions experlenced during low tices. A technique using vertical "fences" during
standging water periods has oeen used extensively Oy Kinsey (1972; 1973; 1978a). This approacn
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‘allows relatively normai exchange with the atmospnere but preveunts horizontal mixing witn watet
outside the enclosure. Atkinson and Grigg (1984) have used "tents" of flexible plast:ic
sheeting to enclose moderate sized coral heads in a relatively low energy siallow lajoonii
situation. This technique can be applied in deeper water than the fences and, while no:z
permittlng any water excnange, does allow reasonaply normal turoulence vecause of the moLLiLT/
of the enclosure. FRogers (1979%a,b) has developed etfcctively, for tne first time, an open-
ended tunnel enclosure {or use on turvulent and deeper reef slope environments. Thl3 tecnnig.s

allows fairly natural water excnange and the use of a mintaturised “up-stream down-strean”

approach. Turoulence is no doupt somewhat reduced but certainty is not prevented. Tne
principal limitation of Rogers' technique is that it is, Dy virtue ot constructionii
limitations, restricted to reef slope formations of only modest dimensions. In a ratner

different option for gaining spatial limits for component communitles of a reefal system, Aldu
(1983) has utilised large scale microcosms assempled in a laboratory environment. He clail:zs
very close simulation og the natural reef,ﬁand certainly 1s avle .to effect very precise contro.l
over experimental parameters. The obvious criticism of the approdcn is to guestlion wrether it
is ever possible to re-assemble an ecosystem.

4. PLANKTON STUDIES

It has generally been assumed that phytoplankton production in coral reef svystems
is relatively trivial. However, a numper of authors {€.9., Gordon et al., 1971: polovina,
1984) have drawn- attention to probable production rates equivalent to 10% or possibly more oI
the total system production. If such levels occur frequently, then phytoplankton productien
may well be of consideraole trophic importance to coral reef systems.

Lewis (1977}, Sournia (1977a) and Kinsey (1983a) have reviewed the few daza
available for plankton productivity in reef waters. There have been only a few additional daca
in the literature since the period covered by those reviews. Taple 2 covers most of tne data
to the present time, Values for P are, in most cases, ootained by C tecnniques. The rfew
values of R are for the total planktonic community (including bacteria on suspended partlc.e3
etc.) and are all based on O, uptake. all values for P and R are expressed on tne areza.
basis. Thus, rates tend to be higher for deeper systems because of the integration of data o
cover the whole water column which, in turn, is justified by the consideraole lignt penetration
occurring in clear reef waters. - -

Table 2. Published values for plankton community metabolism in the water overlying reef

systems.
Reference location P R B/R
(gcm™ 26~
Sargent & Austin (1949)* Rongelap 0.2
Jones (1963)* Florida 0.04-0.06
- bloom condition 0.8
Motoda (1969)* Palau 0.08
Gordon et al., (1971) Fanning Is. 0.5 ,
Johannes et al. (1972)* Enewetak ' 0.003-0.03
Qasim et al. (1972) Laccadives 0.02-0.09
Sorokin (1974) Various 0.03
Sournia & Ricard (1975a) Moorea 0.004-0.03
- . {197 5b) Tuamotos 0.1-0.3
" " (1976a) Takapoto 0.02-0.4
" " (197 6b) Vairao (Tahiti) - 0.1-0.4
Sournia (i%977b) Gulf of Eilat 0.01-0.03
Ricard (1977) Tahiti >1
" Fiji 0.2
LIMER Team (1976) Lizard 1Is. 0.1
Kinsey (1978a)* One Tree Is. 0-0.06 0.1-0.3 0-0.3
Hargraves (1982) Carrie Bow Key 0.14-0.3 0.9-1.4
Ricard (l1l982a) Moorea 0.04-0.4
Ricard & Delesalle (1982) Scilly 0.4
Kinsey (1983b)* ‘Davies lagoon
sunmer bloom ~2
Furnas & Hopkinson Davies lagoon
in Kinsey (1985b) winter 0.2 1.5 0.1

* pata obtained by gas exchange technigues. Other data obtained using lac tecnnlygues.

a0

Ahile many of the lower rates reported are sinilar to those of the surrcunding
ncse

ree
2

oligotrophic oceans, it i1s clear that there are a numper of values whlcn gredtly exceed t
likely to be found in oceanic waters. Of the 22 data or ranges of data for P in Table 2, th
2qual or exceed 10% of the typical rates reported for very active reef-flat communities (i.e.
10% 7 gCm™2d~!; Kinsey, 1983a) and thirteen equal or exceed 10% of the typical rates reported
for compliete lagoonal systems (i.e. » 10% 2 ng‘zd‘ ; Kinsey, 1979). Based on the findings of
Jones (1963) and Kinsey (1983b, 1985b), it seems that very hign values are more likely to ze
associated with specific bloom periods than sustained. This may be clearly associated witn
land runoff as reported by Ricard (1977) and Marsn (1977) or witn virtual enclosure and
retention of nutrients (Sournia and Ricard, 1976a}. However, blooms may simpiy be associatead
with hot, calm weather and a temporary lncrease in lagoon residence time (Kinsey, L13850).
Sgstaxned increases in phytoplankton production Of two to threefold have been found associatzi
with lagoon areas used for the dredging of sand and coral material (Ricard, 1982b).




i ; ,_Te o kton ' c
L -24-1 . _<~e alghest pnytoplankton production reported for a reef-relaced lagoon is 4 qC
I m at Cliprerton lagoon (Murphy and Kremer, 1Yd3). However, this lagocn nas a salinity of

only 4%/ee ana 1s totally i1solated from the present day sea level.

‘ Overall, it seems important that phytoplankton not be disreuarded as an imgcrrant
contributor to primary production in many lagoonal reef systems. LEven levels of 10t ci the
total production may well represent more than i0% of tne readily available primary carbon.

i : 5. BENTHIC AND TOTAL SYSTEM STUDIES

Previous Reviews

As mentioned before, carbon flux in coral reef systems is dominated by benthic
processes. 10-30% of the total carbon fixed goes into the production of carbonates (Kinsey,
1979), the remainder is fixed via conventional photosynthetic pathways. T «#anile not itself a
photosynthetic process, the formation of inorganic carbonates by reef oraanisms exhibits a

pronounced diel cycle {Kinsey, 1972, 1979; sSmith, 1981) and is clearly locked to tne
photosynthesis in the reef.

- - ' lewis (1977), in summarizing_organic production by coral reefs, concluded that
most reefs fell in the range P = 1-14 ng‘zd‘ , with a P/R ratio whicn fell to either sigde of

1. Thus some reefs seemed to be autotropnic wnile others reguired an organic input to satisfy
the requirement for community respiratiaon (R). - :

) Sournia (1977a) concluded that "few data depart from the range 2-10 ng'zd'l" (P)
while "net production is much lower, sometimes nil or negative®™ (here, net production = P-2).

Smith (1983a) has summarized availavle rates for calcification in reef sysctems.
Developing further the hypothesis of predictability in system calcificaticn rates (Smitn and
L Kinsey, 1976; Smitn 1978b; Kinsey, 1979), Smitn suggests that 1-2% of reei area calcifies at an
i elevated rate of 10 kg CaCO, m'zy'l (G = 10), 4-8% calcifies at G = 4 and 90-95% calcifies at a
mucn slower rate averaging about G = 0.8. It is important to stress tnat tnese generallsa-
i tions, particularly with respect to area, are meant to apply as averages over most of the
" world's coral reefs, not necessarily to any one reef.

i3
ﬂ; Kinsey and Davies (1979a) and Kinsey (1983a) drew attention to the fact that the
! "reefs™ reported in the numerous community metabolism studies are certainly not direczly
comparable on any simple basis. Some studies encompass a whole reef system, others Just tne
hign activity reef-flat, Others give data averaged over the annual cycle, while some cover
¢ only the brief period of an expeditionary study. Some utilise metnodology or experizental
: design incorsistent and incompatible with others. Kinsey (1983a) suggests tnat conplete reef

: systems give values for P in the range 2-%6 ng'Zd‘l witn a P/R apparentlv alwavs fxt;emeiy
close to 1. The net deposition of carbonates lies in the range G=0.5-2 xg CaC0.™" Yy *. By
comparison, 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 (l1983a) examined the
published data more closely and concluded that those clearly quantifying procuction in the hign
activity reef-flat area over periods of time likely to result in a reasonacle approximation to
an annual average and using comparaple experimental approacnes, fell within very narrow laimits:
p= 7.0 ¢ 0.6, P/R = 1.0 & 0.1, G = 4.0 £ 0.7, This was descriced as the “"standard
performance” for a coral/algal flat over extended time and was claimed to nold at least witnin
the latitudinal range 23°S to 21°N. This "standard™ concept builds further on the very uniform

’; rates of calcification (G = 4) noted for all reported reef-flat studies by Smith and Kinsey
i (1976).

Kinsey's review (1983a) proposes a series of absolute modes for coral reef
metabolic performance. It is suggested that the following modes cover all reefal environrments
other than seagrass/algal beds.

100% Coral/algal hard substrate P = 20 G =10
100% Algal encrusted pavement P= 5 G = 4
100% Sand and rubble P= 1 G = 0.5

However, 1t 1is allowed that total cover with coral/algal substrate may result in reduced
K activity in very limited areas of restricted water availability such as tne edges of low to
: moderate energy patch reefs and fringing reefs. On the basis of this modal split, it is
proposed that the "standard" reef-flat of P = 7, G = 4 is, itself, a mix of the modes given
above.

Kinsey and Davies (1979a) and Kinsey (1977; 1979) also empnasize that, while the
overall P/R for a complete system may normally approach 1.0 over the full annual cycle, never-
theless there are zones within the reefal system acting as sources and sings with respect to

.. eacn other. Tnus, a reef-flat could be a net sink (P/R < 1) with respect to a very high energy
'® outer slope from wnich biomass was continually being broken away. Conversely, other reef flats
might well pe in balance or be net producers and acting as a source with respect to a
downstream lagoon.

Larkum (1983) discusses the theoretical limits to sustainaole photosyntnetic
yield and concludes that "annual mean primary productivity of 8 gCm” “d™* 1is tneretore the upper
limit that can possibly be expected from a coral reef plant community. However, higner values
can be achieved for shorter periods ...". This concept would seem to be 1in conflict wizn tne
hignest mode guoted above from Kinsey (1983a) 1f 1t can be estaplisnea tnat extensive areas of
100% cover actually occur. The rate 1s, however, 1n apparently excellent support oI tne
generalized "stanagard” rate of P = 7 claimed apove for reer-flats. At least two recent scudies
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using well developed tecnnological expertise appear to have establisned sustained high rates
for P in areas of very high coral cover. 3mitn (1981) determined values of P = 17 (l2 1n
Septemper, 21 in March) for a coral shoal in tne Houtman Abrolhos reeis. Adey (1983; Adey and
Steneck, 198%) estimated P = 30 (21 1n June, 33 in August) for a hign-cover inner reef-flat in
st., Croix. As botn these studies were over an area exceeding S0 m in extent and were carried
out over extended time they do seem to supoori ine probability that P = 8 is not & real upper
limic.

i - smith (1983pb; Smith et al., 19:3) has sypported the general conclusion that ?et
production (P-R) in total reef systems ®tencds towards zero”. Howeger, he stresses that "at
this time we do not have a very good qunatitative grasp of tpe actuail net metabolism of entire
systems, nor are we likely to obtain guantitatively satlffactory data from conventicnal
‘community metabolism studies summed over entire ecosystems”, Tne advances 1in metnodology
allowing net metavolism to be addressed direczly nave peen referred to in section 1. It is
clear that an accurate determination of gain or loss in a reef systen will prove to be of tne
ytmost importance in terms of trophic baiance, nutrient input or export,_ and possibly the
determination of some aspects of harvestavie vield. Attempts ac studies of - this kind in coral
reef systems have been fey, and restricted to tnose by S. Smitn and coworkers (e.g. Smith and
Jokiel, 1975 at Canton; Smith et al., 1985 at Cnristmas Island).

A Reconsideration of the pata - B

Table 3 summarizes most data presently available for the community metavolism of
coral reefs and zones within coral reefs. I+ is oovious that all "complete® reefal systems
reported exhibit a P/R ratio within the range 0.95-1.05. Howewvz2r, Smith (1983b and many
others) has continually stressed that the =inor departures from unity (particularly those
determined by his direct procedures) are real and of the greatest trophic significance.
smith's data indicate that the Fanning Is. system exhibits a slicht deficit whereas Christmas
Is. system and particularly the Canton Is. system exnibit definite gains and are therefore

potential exporters. this, in turn, mayv =ze attributed to a positive input of inorganic
nutrients. In the case of Canton, this 1s ainost certainly the resuit of the reef's location
in the general area subject to the influence oI the equatorial divergence. It is apparent that

there is no clear pattern for P or G in totali systems, both being gquite variable and, no doubt,
a function of the particular reef's size and geomorpnology.

There are still few data availanle for true outer reef slopes. Certainly no
generalised conclusions can be drawn from tncse in Table 3.

The high activity areas listecd in Tasle 3 are very variaole with respect to their
location within the reef complex. Most are eizner "100%" hard sucstratum {other than algal
pavement) areas on the active edges of low to moderate energy patcn reefs or fringing reefs,
Some are in the shallow back-reef environTenz and some are the tocs of coral-covered shoals
(Smith, 1981; Kinsey, 1979, Pl). Not surcrisingly, these areas exniolt the hlghest rates of
all extensive areas reported. P ranges Irox 8 to 23 while G ranges irom 4 to ll.7. The P/R
ratio is very variable (0.6-1.7) and cleariy hign cover with corais and related biota 1n no
sense determines tnat the balance will be autcziropnic or heterotropnic. The claims for percent
cover by living corals in these areas range Zrom 30% to 100s. Tnere 1is little doubt tnat it 1s
in this area of rather subjective estimation tnat mucn of the variapility between sites will be
explained. Kinsey (1979, 1983a) hnas szrsssed that water avatlilavility may considerably
influence community metabolic activity in these areas of very high cover. It 1s therefore to
be expected that some variability will oe atzrioutaple to tnis factor alone. It is notaole
that all the values reported for such areas oI nign cover exceed the activity of the "standard"”
reef-flat (P = 7, G = 4). Smith (1981) acttributed the very high productivity of these coral
dominated, hard substrate areas to the three dimensional structure typical of coral thickets.
He suggests the 1increased light-capturing capabilities of sucn environments facilitates the
high metapolic turnover. Whether this factor alone is sufficient ¢o coffset the arguments put
forward by Larkum (1983) for a sustainaole uzger limit of P = 8 gCm~<d™* 1is not clear.

There are only two data available for high-energy algal pavements. They exhibit

little consistency. However, it is worta noting that they £fall bpelow the activity of the
®*standard” reef-flat.

The numerous published values Zfor the community metabolism of the main coral/

algal zones of reef flats exhibit marked ceasistency. This, of course, was the basis for
proposing the concept of the "standard"®. Tnere is only ope vaiue for P wnicn departs
significantly from the range P = 7 & 1. nis value of 17 gCm™<d™* optained by Sournia et al.
(1981) in Moorea is the more anomalous as it was obtained only from winter data. The
relatively high value of P = 8.8 obtained ov Barnes and Devereux (1984) is for late summer.
Deficirencies of early methodology maxe it douc:ful whether too mucn erpnasis snould be given to

the values of P = 4 and P = 10 in tne two earliest studies. Typircally P/R 1s close to unity.
NO simple explanation can be offered for tne few major departures £rom this value. Net
calcification rates are generally very uniform, again with the notaoie exception being that
JObtained for a fringing reef in Moorea (Scurnia et al., 1981). This value 1is very low
principally because of a high negative nignt zime rate offsetting a moderate positive day time
rate, In fact, there is great variability n daysnignt calcification rate ratios between the
various studies reported. It may ope more satistactory in tne future to determine, and report
separately, the gross calcification rates ans dissolution rates. There 1s little evidence to
Suggest that the two system processes have anytning in common biologically or ecologically.

Deep lagoon data are not included in Table 3. However, a few values are reported
for snallow lagoon environments containing some patch reefs and the usual mix of sediment-
related biota. Three sets of data (3ro-3:n) are quite consistent and for lagoons not
exniciting marked colonisation py seagrasses Cr algal mats. These data all conform well to the

vaiues wnicn would be predicted by Kinsey's aosoiute modes for the mixture of patch reets and




soft-bottom areas existing, However, the two recent studies in back-reefs of the central G8R
{Kinsey, 19850) and the study by Qasim et al. (1972) of a lagoon in the laccadives give values
for production mucn higher than would be predicted using the proportional ar=za/apsolute moae
approach. These hign values have been attriouted to the development of extensive dense algal
mats over tne seadiment bottom, and to tne existence of dense seagrass and alyal veds
respectively. It is clear that the simple modality concept proposed by Kinsey ({(lY83D) requires

consideraple revision if it is to have general applicability to snallow, complex lagoonail
environments.

Table 3. Published values for community metabolism in coral reef systems. i
Reference location P R P/ R G
(gcm™ 2471, (kg Cacoym™2y~1)

"Complete” r&ef svstems
Smith & Pesret (1974)

i

Gopinadna Pillai (1972)

A Fanning 1Is. 1 1
Smith & Jokiel (1975} Canton 1s. 6.0 5.9 1 0.5
Sournia & Ricard (1976a} Takapoto 4 4 1
Kinsey (1977) One Tree 1Is. 2.3 2.3 1 1.5
Kinsey & Davies (1979a) Lizard Is. 3.2 . 3.2 1 1.8
Smith et al. (1985) Christmas Is. : 1 6.1 -
Outer Reef Slope ‘
Smith & Harrison (1977) Enewetak 4
Rogers (1979a) Puerto Rico 2 ~3 ~0.7
Adey (1983) St. Croix 7.1 6.3 1.1
High Activity areas of near total cover by hard supbstratum (excluding paverent)
Gordon & Kelly (1962) Oahu (outer reef-flat) 14 24 0.6
Kinsey (1979) Lizard Is. patch reef Pl 9 6 1.7 4
* - lagoon reef edge D1 14 12 1.2 5
- Kaneohe Bay fringe rf edge 8 10 0.8 9
. Kaneohe Bay patch reefs 10-12
* Johnstone Is. back-reef - 10
Kinsey (1983b) Rib Reef back~reef - 10
Smith (19381} Abrolhos coral shoal 16.6 17 1.0 11.7
Adey (1983; Adey & St. Croix back-reefs 23 23 1.0
Steneck, 1985) (averages of three reefs)
Algal pavement zone
Kinsey (1977) One Tree Is. 2.0 0.5 4 4.0
Kinsey (1979) Lizard Is. 7.0 6.7 1.0 2.4
Reef-flat coral/alaal zones
Sargent & Austin (1949) Rongelap 4 3.5 1.1
Odum & Odum (1935) Enewetak 10 " 10 1.0
Konn & Helfrich (1957) Kauai 7.9 7.6 1.0
Qasim et al. (1972) laccadives 6.2 2.5 2.5
Kinsey (1972) OCne Tree Is. 4.6
_Smith {(1973) Enewetak 6 6 1.0 4
Smith & Marsh (1973) Enewetak 6 6 1.0
Kinsey & Domm (1974) One Tree Is. 7.5 6.8 1.1
Marsh (1974) Guam 7.2 6.6 1.1
LIMER Team (1976) Lizard Is. 4
Sournia (197s) Moorea 7.2 8.4 0.9
Kinsey (1977) One Tree Is. DK13 7.2 7.4 1.0 4.6
Kinsey (1979) Lizard Is. A2 7.8 8.9 0.9 4.6
- Lizard Is. D1l 7.0 5.8 1.2 3.1
Sournia et al. (1981) Moorea 17 17 1.0 0.5
Atkirson & Grigg (1984) French Frigate Shoals ~6.5 ~4 ~1.8 ~6.5
Barnes & Devereux (1984) Rio Reef 8.8 7.6 1.2 3.5
Kinsey (19813b) Rib Reef line reef 5.7 8.4 0.7
Shallow laaoonal ™vironments (1-4 m)
Goreau et al, (1960) Puerto Rico 0.7
Qasim et al. (1972) Laccadives 12.9 9.5 1.4
Kinsey & Domm (1974) One Tree Is. 2.9 3.1 0.9 2.0
Kinsey (1979) One Tree Is. DK22 3.1 3.1 1.0 1.5
JAtkinson & Grigg (1984) French Frigate Shoals 2.5 2.3 1.1 1.4
“Kinsey (19835Db) Rib Reef 5.0 4.2 1.2
- Myrmidon Reef 8.2 8.2 1.0
Uncertain designations
Odum et al. (1959) Puerto Rico (various) 5~16 5-19 0.8-1.6
tmery (1962) Guam 4.5 7 0.7
Jones (1963) Florida >1
Ramachandran Nair & Indian Ocean (various) 4-9




. It 1s unfortunate that there are too few community metaoolism data from Atlantic
reefs to facilitate any reasonavle comparison with those from the Indo-Pacific. There 1s
certainly a sug3estion of higher rates 1in tne very high activity areas bpasea On the data of
Adey and Stenecx (1983). '

Table 4 presents those data available from open system or yeneral enclosure
studies, whicn reoort activities for specific reef biotopes. Algal turfs and algal/sanc flat
areas are very variable (note comments in previous paragraphj. Perhaps tne mOst notaole
feature of tnese areas is the clear trend towards very high P/R values. This suggests that
such algal dominated environments are acting as sources for fixed carbon exported toc otner
areas of the reef (Table 3 indicates that a general balance will be found in the system as a
whole with P/R = 1). I

~he two data sets in Table 4 for coralline encrusting algae syggest quite low
activity for tnese environments with a modest autotrophy existing (P/R = 1.3-I.4). There does
not appear to be any simple correlation between these -findings and the two sets of data 1in
Table 3 for extensive algal pavement zones. Regrettably, calcification data are not available
for tnese specific studies of coralline algal biotopes. The two algal pavements reported in
Table 3 were quite inconsistent in their calcification rates.

Table 4.> published values for specific biotopes in coral reef environments. 5

Reference location . -~ P lR © P/R G !
(gcm~2a71) (kg Cacoqm™2y~1)
Algal turfs & alcal/sand flats )
Smitn (1973) Enewetak 11.6 6.0 1.9 4
Smith & Marsh (1973) Enewetak 10.4 6.0 1.7
Kinsey (1979) Lizard Is. 4,3 4.3 1.0 0.3
. Kaneohe Bay 5.6 2.6 2.2 0.3
Hargraves (1982} Carrie Bow Key ~20 ~0.5
Soroxkin (1982) Various Indo-Pacific 2-4 1.2-1.8
Vooren (1981) Curacao 1.9 0.7 2.7
Hawkins & Lewis (1982) Barbados 1.0 0.2 4.6 _
Rogers & Salesky (198l1) St Croix (turf) 3.0 2.1 1.4
- (macro) 14.7 4.0 T 3.7
Coralline encrusting algae
Vooren (1981) Curacao 1 0.8 1.3
Hawkins & Lewis (1982) Barbados 0.8 0.6 1.4
*3Sand® areas
Sournia (1976) Takapoto ~2
Sorokin {1982) Various Indo-Pacific 0.6-1.3
Kinsey (1977) One Tree Is. DK17 0.9 1.4 0.6 0.4
Kinsey (1979) Kaneohe Bay 2.7 2.4 1.1 1.2
Kinsey (1979) One Tree Is. DK13 1.5 1.5 0.7 1.0
Coral outcroos
Kinsey (1979) Various (6 sites GBR) 17-37 19-43 0.9-1.3 9-10
. ° leotoria phrvgia patch 8 9 0.9
® Acrovora puicnra patch’ 18 15 1.2
* Porites andrewsi patch 14 13 1.1 7
* ) Pociliopora damicornis patch 10
Atkinson & Grig3 (1984) French Frigate Shoais
Porites compressa/lobata ~10 ~9 ~1l.1 ~9

Note: Values are expressed per unit plane area of reef over wnicn the indicated biotope occurs.

) Areas designated as "sand® have generally been found to be surprisingly active
with doth P and G quite high for areas usually assumed to play only a minor role in the reef
material budget. Much of this activity is likely attributable to foraminifera (Sournia, 1976)
and tnis 1is certainly supported Ccircumstantially by the apprec:iaple caicification rates
indicated for the three GBR sites. Hallock (1981) has estimated calcification rates for
foraminifera in sediments in the ranage G = 0.2 on seaward slopes, G = 2.8 on reef-flats, and G
= 0.6 on lagoon slopes. Hallock's data were all obtained in Palau, but are clearly compatible
with the generalised data in Table 4 for sand areas in the GBR region.

temporary enc£§:3:c°r211 outcrops listed in Table 4 by dominant species were studied using
wiinout des: natu € °£ darge coral knolls or patches. Those sites averaged from Kinsey (1979)
ieei-‘la: arzas ion of dominant species were determined py enclosure of the sed{ment bottom 1in
by dxg‘erence ;Qe" determining the coral outcrop activity from the qverall reef-flat activity
a mac<ed cor}el €re 1s an 1mMpressive consistency in the findings, with the value of P showing
consistent] acion w.th the type of coral (where designated). Calcification rates are

ntly nign and, with the exception of the Atkinson and Grigg (1983) data, have been used
to develop tne modality theory previously outlined.

It is clear that the activities of these specific coral outcroopings are those
which are apsroacned by th "hi LI T 4
E Y e hign activity areas of near total cover in Table 3. It s

f:g;lfularly notaole that tne open structure, hignly brancheu Acropora pulchra outcrop reported
ov E":n: Tree_faland {23°S) exnhibits virtually identical community mectacolism to that exhidited
g n 1gn activicy area in the Abroinos (29°S) reported by Smitn (195l;: see Taole 3) and also
Ominated oy Iranching species of acrovora.
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Borowitzka et al. (1983) have suggested that typilcal patcn reefs have nard

substratum cover made up as follows: 20-70% turt algae; 20-60% coralline alyae; 25-304«
corals, He sugyests that the photosyntnetic contrioution of tnese tnree grouws 13 acout
equal. . Sorokin (1982) essentially supports these findings 1n suggesting that peripnvtca
covered dead coral is about egual to living corass in activity thougn exnibitiny a hiiner PR
ratio (up to 2 for periphyton;  l-i.5 for corals). Sorokin does not speculate on the rejative
contribution of the encrusting corallines. The implication of botn tnese autnors' Zindinis
would seem to be that the productivity of hard suostratum reefal environments sndould oo
relatively similar regardless of the percentaqge cover witn living corals. This does not seean
well supported by Taole 4 which suggests that corals are significantly more active tnan mOost O
tnne other reef environments per sguare metre of projected reef area. Nor 1s 1t supported ov
the data from the high activity areas in Table 3 wnere the results are rataer widely variaole
thougn bearing no close relationship to living coral cover.
- .

Seasonality and -latitude - -

The importance of considering seasonality in community metabolism stuzies cof
coral reefs was raised by Kohn and Helfricn (1957) and by Gordon and Keliy (l96Z2). Rinsey ana
Domm (1974) and Kinsey (1977) stressed the marked nature of seasonality and suygested aat trne
phenomenon did not appear to oe strongly correlated with latitude despite a greater seasonality
of temperature witn - increased latitude. Taole 5 coversl most of the. studles Ln wnica
seasonality has been explicitly examined. All data are =for shallow areas supstantialliy
dominated oy corals and related nard supbstratum. Tne early data of Konn and Helfricn are, uy
their: admission, rather imbrecise with respect to the reliability of tne seasonality
itnformation. Excluding that study, it is most striking how uniform the pattern of seasonality
is 1n terms of P and R, with an approximately two-fold summer/winter difference. However, wnat
variapbility does occur 1is surprisingiy 1in approximately inverse relationsalp to Latitude.
Thus, the greatest seasonality 1s at Lizard Is. (14°S) while tne least 1is at tne 2>rolhos
(29°S). Net calcification follows the opposite trend, with only slignt seasonaiity at
reasonable latitudes but developing very marxed seasonality near tne limiting latituides of
Frencn Frigate Shoals and the Aprolnos. These trends seem sufficlently clear to te accepted,
but no straightforward explanation is indicated. Another aspect of seasonality having 23
significant effect on the overall data is that winter algal booms characterize the two lowest
latitude sites (Lizard Is. and Kaneohe Bay). This, in turn, accounts for the higher P’R rat:o
in winter time. The One Tree Is. sites are characterized by summer algal blooms (Xinsev,
1979) wnich gives the reverse pattern in the P/R ratio. The published information for the
other sites does not appear toO make clear whether tnere 1s a clear seasonality in the standing
stocks of labile algae.

Atkinson and Grigg (1984) also report seasonality in the general shailow lagoon
environment at French Frigate Shoals. It is notaole that the trends in this more algal
environment are much less marked (S/W ratios P l.l; R l.2; G not given) tnan those in the reei-
flat environment. However, the seasonality in a Porites dominated coral outcrop (S/W ratios P
2.7; R 2.6; G 1.9) was generally simiiar to that of tne overall reet-flat. It seems clzar tnat
the corals themselves are likely to prove the most seasonal component of hignh latituce reefs.
By contrast, the low S/W ratio in calcification found at One Tree Is., Lizard Is., ana Kaneone
Bay suggest that extreme seasonality in the corals is not at all a feature at these more
moderate latitudes. By inference then, the more laoile primary producers sucn as tne Ioliose
algae must account for most of the seasonality at lower latitudes.

Table S. Seasonality in community metabolism of shallow reef-flat areas. The ratio of summer
{S}) to winter (W) values is given in parentheses.

Reference Location P 1 R B/R G
(gcm™ 2471 : (kg cacoqm2y~1)
Kohn & Helfr:icn Kavai fringing reet
{1957) (22°W) S 8.3 7.6 1.1
W 7.7 {L.1) 7.6 (1.0) 1.0

Kinsey & Domm (1974) One Tree Is. S 4.1 (2.4) 3.8 (1.6) 1.1

patch reef (23°S) W 1.7 * 2.4 * 0.7
Kinsey (1977) One Tree Is, S 9.0 7.9 1.1 5.0

reef-flat (23°S) Woo3.e (2230 573015 4 a.0 -3

Kinsey (1979) Lizard Is. S 9.7 11.8 0.8 3.3,
reef-flat (15°S) W41 28 g3y 2.3 Le3)
Kinsey (1979) Kaneone Bay S 11.0 15.1 0.7 10.0,
fringing reef (21°N) W 5.5 (2:00 FT(2.5) g9 7.9 1.3
-
Ssmith {(1981) Abrolhos S 21.0 19.6 1.1 18.3,
coral shoal (29°S) w1217 a6y 4.7 3e9)
Atkinson & Grigg French Frigate S 8.5 (2.0) 4.9 (1.9) 1.8 10.1,3 6)
(1984} Shoals reet-flat (25°S) W 4.3 : 2.6 . 1.7 2.3 ‘7"

Adey and Steneck (1939%) indicate that the seasonality in the tnree St. {roix
{lat. 18°N) fore-reefs which they studied gave S/W ratios of ~1.5 for P and ~2.0 for R. Tne
three high cover bpack-reef areas of tneir study reetfts gave SA¥ ratios of ~1.3 for P and ~1.
for R. Tnese values are cleariy 1n good agreement witd tnose for the general Pacific reef-flac
environments .ncluded in Table 5. However, there 1S a suggestion Of lesser seasonality wnen
considered rejative to latitude and cumpared witn Lizard Is. reef at lat. 15°nu

.
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Not only does Table 5 demonstratec tnhe generally uniform nature of seasonality
with latitude, but it clearly suggests that neither primary production nor calcification in
shallow reef environments exhibits any tendency to decline witn 1increasinyg latitude = at least
up to the 29° limit of tne data includea. This f;ndlnq would seem <o oe in toral
contradiction of the direct radiographlc growtn rate studles reported by Gri3d (1932). Griag's
findings suggest that at least one coral species, Porites looata exnioits a growtn rate wnica
declines at a simple linear rate wiktn increasing latitude alony the Hawalilan Arcnipelagyo. The
deciine in growth rate of P. lopata 1s quite clear even by latitude 23° at Frencn Frigate
Shoals - tne system where Atkinson and Grigy (l984) tfound a very typical, unattenuated
calcification rate for tne reef-flat as a whole, and one whicn was not, apparently, the resuitc
of 1ncreased standing stocks of calcifiers,

. ". In discussing the apparent lack of decrease in metavolic activity with increasing
latizude, Smith (1981) states "all (pieces of evidence) suggest that total ComTunity metadbolism
does not drop dramatically as the communicy composition snifts from corai reef to kelp and
seaqrasé comtunities; rtather, the coral reef contripution to tnat metapolisa drops®.,  Smitn
goes on to conclude: *Complex coral reef communities whicn have penecrated zeyond their usual
iatitudinal limits 'can be expected to function mucn like complex c¢oral reef communities
elswnere; eventual loss of complexity will attenuate the standing cros ana groduction of
inorganic and organic materials commonly associated with coral reefs”. Jonaanes et al. (1983b)
supobr: smitn's contention that reef activity and growth does not pecome lower witn increased
latitude per se, but siiggest that competition witnh macroalgae may set the ultimate latitudinal
jimit for reeri occurrence.

tand Proximity

In general, Table 3 indicates approximately the same level of community
metacvolism for reefs closely associated with high land masses as it dces fcr oceanic reefs and
reefs of the GBR system. A tentative conciusion, based on the data set for St. Croix (Adey ana
Steneck, 1985) and that for Moorea (Sournia et al., 1981), might be tnat very higa values are
sometimes, but not always, associated witn hign island reefs.

In the discussion of phytoplankton activity associated with coral reefs, it was
noted that occasional blooms are associated witnh periodic runoff (Ricard, 1977; Marsn, 1977).
Sucn land runoff will-almost inevitably contain elevated nutrient levels. Is tnere then any
good evidence to suggest that reef benthos resoonds to either pericdic elevation of nutrients
or t9 a general proximity of land? Birkeiand (1984) states tnat "average primary productivity
does not differ significantly between hign islands and atolls”. However, ne pelileves that tne
response of island systems to "occasional intense pulses of nutriencs® 1is seen at the level of
the pentnos as well as the pnytoplankton.

It is clear from numerous studies that long-term reef community structure is
strongly influenced by proximity to land, The present core ecological program of the
Australian Institute of Marine Scilence is praimarily oriented to tne eiucidation of this
inflyence. williams and Hatcher (1983 - fish), Done (1982 - corals and general descriptive),
Drew (1983 - Halimeda), Wilkinson et al. (1984 - nitrogen fixation) and ailxinson and Trotc
(1985 - sponges) all have reported marked transitions .in reefs across the Australian
continental margin in the central GBR region. The A.I.M.S. community metécolisam studies nave
not yet reacned a stage of establishing clear equivalent and sustained trends. However, they
are strongly implied by the first 2 years data. Kinsey (19835b) 1indicates an appreciaocie
difference in back-reef algal mat metabolism between a mid-shelf reef (Ribi) and an outershelf
reef (Myrmidon) (see also Taple 3). The outer reef exhibited appreciacly higher activity but a
lower net gain than the mid-shelf reef. )

In the previous section it was noted that Smith (1981) has expressed the view
that reef community metabolism tends towards constant values regardless of quite marked shifts
in community structure. However, this observation does not include cons:deration of the
possiple influence of nutrient gradients existing near land masses. At this stage in the
deveiocment of community metabolism studies, 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 §econd order variation in findings previously attributed to "noise"™ will prove to be real
trends, sore of these trends will certainly relate to sucn influences as land proximity
{Kinsey, 19830). A.I.M.S. data suggest that reef-flat variaoillity witnin the "standard” range
P = 7 21 and G = 4 % 1 does relate to real gradients. The effects alluded to in these

f;;:;?qs are propably different to the snort-term pulse responses discussed oy Birkeland

Licnt relacionships

) ~Many community metabolism studies have inciuded measursmencs of incident
ragiacion and many have included the calculation of photosynthetic conversion efficiencles.

Ho;ever. until recently none nave reported the precise nature of tne relationsnip between lignt
and tne biogeochemistry of the system.

Barnes and Devereux
relationsnios between net

ana lijnt intensity,

(1984) have publisned two elegant diagraws demonstrating the
hourly production and light intensity, and net caicificazion activity
for most of the wid These two diagrams are rep;oduced here as quu;es 1 and 2. The data are
March (late summert 21 of the reef-flat (excluding the surf zone of the reef crest) in lace
obtained using the cont Rib Reef on the Australian Great Barrier Reei. Tne data presented are
seczion. Fiaure 1 2 inuous logging, Lagrangian approaches referred to in tne methods review
greatest towards the emonstrates clearly that reef-flatc photosyntnesls and resplration are

er:icas of £ii1 i reef crest and decline towards the back-reef throudnout the night or in
pericas or t.iil isolation. However, 1t 1s equally clear that the lignt Saturation character-
istics of tne community vary considerably witn distance from tne cresct. The outer reetf-flat
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never achieves saturation whereas the inner reef-flat is saturated at about 1000 y& m~<s~ L, 2=

o » lignt intensities lower than this level, the central reef-flat net photosyntresis falls off
mucn more rapldly tnan areas to elther side.

Calcitication (mmot CaCOam~In"%)

Preductivity (mmel & m ')

Piqure 1.

. Persgective

, diagram o©of net Figure 2. Perspective diagraa of net
productivity (positive values) or net res- calcification (negarive rates) or net dis-
piration {negative values) in terms of light sclution (positive rates) in terms of light

intensity across the reef-flat at Rib Reef, a

mid-shelf reef in the Central Great Barrier

intensity across the reef-flat at Rib Reef, a
mid-snelf reef

‘ : 2 in the Central Great Barrier
Reef. The diazraa is reproduced from Barnes Reef. The diagram is reproduced from Barnes
and Devereux (1984) with permission of the and Devereux (1984) with permission of the
publishers. puolishers,

In Figure 2, Barnes and Devereux (1984) indicate that calcification (nere zlo:zted
as increasingly negative values with increased activity) never even approaches saturat:izcn wit:
increased light intensity and an approximately linear relationship is maintained tnrcujnout.
However, the slope of this linear relationship varies with position on the reef-flat sucn =nas
at zero lighz (nignttime) appreciable rates of dissolution are achieved towards tne r=z=I cres:
and to a lesser degree towards the back-reef, whereas slightly positive rates of calcif:caticn
are maintained in the central reef-flat throughout the diel cycle. Overall, rates of Zayzize
net calcification increase markedly with distance from the reef crest. Barnes and Devereux
(1984) discuss the community structure implications of these findings at length. Tne vaiue of
this kind of study and the interpretive power of detailed data presentation of tne xind Jsed oy
Barnes and Devereux 1is obvious. This reef-flat, for whicn this detailed community metacoiilsa
analysis 1s now available, is the same reef-flat for which the generalised informazion ia Tz2o.2
3 simply indicates a rather normal, virtually "standard” reef-flact.

6. THE FATE OF ORGANIC PRODUCTION

It has already been established that most, if not all, coral reef svstems studiesd
exhibit a virtual palance oetween P and R over extended time, However, it nas a.s0 Deen
ctressed that, while this may be aporoximately true for the total system, it certainlv is no:
tfue for all zones within the system. Major imbalance between P and R occurs in vario:ss
zones. some of this surplus or deficit may represent build-up or decline in szandina stocks
over relatively snort time periods (e.g. oOne season). However, the annual impalance =ust 22
considered to represent interzonal transfer of fixed organics (either soluble or particulace).

smith (1983b and others) has stressed that even the apparent balance osexween
total system P and R mav be lit:ile better than a generalisation, Import and/or excor: mav o2
small but very significant. Typically, fluxes in particulates entering and leavan'coral reels
have been very inadequately studied, though changes in the concentrations of such mater:als are
appreciaole. Studies on fluxes of dissolved organics have proven particuarly
because of the hign levels of refractory DOM contained in the incoming 5
togetner with the high flux rate for tne water mass over shallow reef areas.

uninisrTaclva
“"oceanic” Jater,
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Lewis (1977) summarized the status of knowledge concerning detritus 1in coral
reefs. prawing from tne findingds Or Marsnall (1965), Gerver and Marsn?Ll (L974), Johannes
{1967), Qasin  and Sankaranarayanan t1974), Giynn (1973), ana others, kwls concludey that
*there are tnen a numper Of studles WALlCA SNOW that On Crossiny A reer, 0CEANlC water acguires
detritus which is then availavle to fiiter twzeders and suspension teeasrs on tne reel incluging
corals”. He stressed that, while the Dbiomass of zooplankton enteriny Rany reers nas oeen
apparently demonstrated to pe too_low TO support the nutrictlonali neeas oL ;?rals, there were
clearly very much higner levels ©of otner mater:ial }detrzcu;) to satxsf{'tnls need. He also
stressed the several studies on .puCus aggrejates in the literature. Thus, the empnasis is
clearly on tre production of particulates by tne reef and therefore the potential for exporc to
other downstream zones Or to outside tane tortal system. No conclusion 1s drawn concerning the

level of ultimate export which may pe associated with reefal systeas.

;Lewi§”(1977) also summarized tne status of zooplanktoi s:;d;es. He reiterates
the findings of the early reef Studxes:gnxcn ;oncluded that tncoming zqop;anxcqn clear}y cannot
support the penthic inverteorgtes on the-reet, ‘Hg indicates tnat'Tran:er and George (5972) and
Glynn {1971} measuced appreciable reductzoq—o: incoming zooplankton oiomass indicating that
teers certainly availed themse;ves of tnis food supply, to an extent eguivalent to perhaps 10%
of the total community metaoolism (reef-flat only). However, [ewis also stresses that several
studies (e.g. bBmery, 1968; Sale et ai., 1976) nave found a suostantiaily elevated level of
zooplankton associated with reefs demoastrating that, wnile reefs doustlessly remove mucn
oceantc plankton, they may frequently maxe xore of xthelrr "own” tnan taey consumg trom tge
ocean. Thus, -this reef-related zooplankton must ope considered as a turtner component ©f the
organic particulates produced and availaole for interzunal or extra-system export. Clearly,
the original source of tiils excess production of zooplankton must ve reet primary production.

Kinsey and Davies (197Ya) summarized essentially the same literature as Lewis.
It is noted that most detritus in the water crossing reefs 1s bentnic aizal 1n origin. They
stress that interzonal transport of detritus 1s fregquentiy "up to 10% of the photosynthertic
production of the seaward reef zones. Mucn of the mater:al has been found tdo be deposited on
rne inner reef-flats with some net transcor:t into the lagoon (Odum and Odum, 1935; Marsnaii,
1965, 1968; Qasim and Sankararnarayanan, 1970; Johannes and Geroer, 1974; Marsnall et ai.,
1975)%. Kinsey and Davies generalise tnat "complete reef systems have oveen found to exhiocit a
very small net loss of organics to trhe ocean at a rate equivalent to less than 0.5% of tne
total in situy pnotosynthetic turnover®, In retrospect, it seems thas most evidence i3
insufficientiy precise to support this claim. However, 1t is clear (see previous section) that
net gain in the sense of E 1s very low in total systems. Kinsey and [avies summarize: ®tre
creation and re-utilization of dissolved or suspended particulate organic matter 1s dominantly
an internal function of reef systems witn negliigiple net exchange with tnhe ocean". wWhile tnis
is propaply a reasonable first order approximation, the conclusion is based on a totally
inadequate data base, particularly for dissolved organics.

Hatcher (1983) has recently reviewed the literature on the subject of the role of
detritus. Relatively few new references are cited (e.g. westrun and Mevers, 1978; Simmons,
1979; Meyers, 19380; Moriarty, 1973; Soroxkin, 1978; Jrossland et al., 1934; Hatcner, 1922).
Hatcner's review 1s by far the most comprenensive avalliaole concerning tne sources and fates of
particulate and dissoived organic matter oa coral reefs. He stresses particuliarly the
importance of quality (in terms of C:N:P) 1in considering the distriloution ¢ Oryganics. In tnis
conneczlon, Glynn (1973) noted that, even trnougn the flux of detrital organics exceeded x 10
tnat of planxton, no significant depletion of detritus appeared tO OCCir IrOM the water moOving
across the reef-flat. By contrast, ne noted tnat 90% of the diatoms and 63s of tne zooplankton
was removed., Atxinson and Smith {1943) nave also drawn attention to tne relativeiy low guality
of macroalgal detritus (median C:4:P = 550:30:1) compared with phytoplankton. Particularly
they stress the low phospnorus levels. On tne other hand, Dunlap's (l19s3) work has stressed
the value of exported organic matter in acting as an immediate ,source for extracellular
remineralisation of phospnate. Hatcher's review summarizes the nature Of particulate matter
“The particulate fraction in waters bathing the perimeters Of CRE's (coral reef ecosystems) is
composea mainly of detrital material ang living hneterotropnlic microces, witn planxkton
comprising only a small portion. On tne outer reef slopes and reef crests organic aggredaactes
an@ maucus flocs‘d§r1ved from the ricn coral communities are the major constituents, Over a.igal
ridges and reef-flats fragments of algae, and, to a lesser extent faecal pellets, dominate
POM. Total orjanic loading is nighest downstream of these areas ..... In the backreer areas
POM concentrations decrease as a result of sedimentation .... Coral reef lagoon waters are
substantially enriched ,... althougn concentrations are not as hign as those over tne
surrounding reefs (but) a greater proportion ... 1is living plankton especially zooplankton”.

) Hatcher stresses the role of bacteria in converting DOM to POM and refers to the
evidence for release of substancial quantities of DOM by both algae and corals. He indicates

‘“?t Tucn of the variability in data for the production and export of oOrganics by reefs
retlects the large errors ass

ociated with tnhe methods employed. In this connection, he
stresgfs the need for synoptic consideration. Hatcner reconsiders export of organics from
feet-tlats and concludes that

many systems may be exporting more than 203 (as high as 604%) of

ne < ; -

:Est;mz;§;iaif;2:ry production to downstrean areas. He discusses the fate of POM and DOM on
Sage througn the reef svst j does not s a n

the possiule rate g I system 1n consideraole detail oput peculate o©

Of ultimate export irom tne system as a wnoie.

sppeared in tninlf::::t“ conclusion, it seems fair to say tnat tne more detail that has
more confused has Oecom:ri On the supject of tne movement Of organics throuja reef systems, tne
the system. However, it inY DOSsinle nypotnesis concernea with the overall tropnxc_balance of
ang céttxculate (liv;n 8 clear that 1mporet, Creation, redistrivution énq‘export of dissolvea
\moortance to any cos ﬂ;f detrxcal) Qrganic matter 1s proving toO be of the Jreatest possxDLg
reé:s. oar earlioe te%j € study of system level caruvon flux and trogalc o;Lance 1n corai
consideration ot its ndency to assume that 2 coral reet could oe tropnically cparacterised by

communlty metaoolism was MUCh tOO S1aplistic. ~e nave, however, been
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encouraged to adopt this simplistic reasoning by the fact that reefs do tend to exnibit overall
P/R ratios close to unity. At this stage the only safe assumption to be drawn from a long ternm
P/R = 1 would seem to De tnat import ejuais export. 31imilarly, therefore, P/R = 1.1 snould not

pe interpreted as 13% of P availanle for export, but rather a situation in whicn potential
export exceeds import by an amount egual to 10% of P.

.

- 1. THE FATE OF ®"INORGANIC® PRODUCTION

The previous section has emphasized the substantial uncertainties concerning the
magnitude and fate of the smali or vossioly negiigiole excess organic production of a corail

‘reef, It did, however, also empnasize the quite suostantial possibilities identified for

interzonal transfer. By contras:i, the magnitude of excess production of 1norganic carvon
compounds {essentially, CaC03) 1s _now well quantified and substantial. Similarly, a
considerable amount is xnown adbout tn& reuistribution (interzonal transfer) ana export of these
materié}s in the form of sedirents. another review in these proceedings z1is c¢oncerned
specifically with the growtn of coral reefs, whicn is the long term expression of the
accumulation and redistribution of reefal sedimentss- This section will tnerefore pe restricted
to comnents on the status and significance of "metaoolically” determined calcificacion rvates.

* The earlier section on "Benthic and Motal System Studies™ has summarized the
present state of knowledge concerning calcificatiQh rates determined by biogeochexical and

methods. “smith and Kinsey (1976) drew attention to an apparent bimodality 1in reef
calcification rates of G = 4 for reef-flats and G =:0.8 for lagoons or complete systems,
Kinsey (1979, 1982, 1983a) drew attention to a much higyher mode of G = 10 for areas of very
high cover, He accepted the mode G = 4 for extensive reef-flats and algal paverents but
suggested G = 0.5 for sediment dominated areas. He also suggested that most reef-Ilats were
tnemselves a mixture of the G = 10 and G = 0.5 modes to give an effective weignted mean of G =
4, Only algal pavements were conceded to represent an absolute G = 4 mode. This present
review has presented data from a numper of autnors whicn generally closely confora to tne anove
modes. The only appreciable exception is the reef-flat rate of only G = 0.5 for 2 fringing

reef in Moorea found by Sournia et al. (1981). There has been little evidence that generalised

reef calcification declines with latitude (within those latitudes in which reefs occur) despite

the marked decline in growth rates for at least some corals (Grigg, 1982). While there 1s some

evidence for higher calcification rates in the Caripoean than those found in the Incdo-Pacific

(Adey, 1978), specific comparative studles sucn -as tnat of Kinsey (1982) suggest that.
comparable locations in botn oceans exhibit very similar calcification rates. Tne frejuency of -
lower rates reported from the Pacific is 1likely to prove principaily a tfunction of the

difference in reef structure forced by the hign energy regimes so common in the Paciiic (Adey,
1978). Kinsey (1979; 1983b,c) has also drawn attention to tne fac: tunat, in adaition to tne
limited areas of high percent cover on reef edges, extensive areas do occur in tne Pacific
exhiviting elevated caicification rates averaying § = 10. Tnese areas are apparantly well
below present day sea level (to the extent of 1l- ~ 5 m) and as such are able to grow vertically
wlthout restriccion. learly, tne 1impiicarion of sucn findings is that elevates growtn rates
around the G = 10 mode were propaoly normal, or at least common, during much of tne Holocene
transgression when major vertical framewOrk accretaion was occuring. It nas oeen suggested
that reduced calcification rates (or departures from the normal mode} may result from upwelling
or enrichment of tne surface water (Glynn, 1977; Glvynn and Stewart, 1973; Kinsey and Davies,
1979b; Kinsey, 1979). Whetner this is primarily temperature related or nutrient related 1s not
fully determined. - These inhibitory effects are not likely to be "felt" by very many reefs and
so the findings are probanly of specific interest rather than of wide application. nowever,
Kinsey and Davies {19790) do raise the possinility that surface enrichment may have been a more
widespread phenomenon during the Holocene transgression.

smith (1983a) has also summarized the available calcification rates up to about
1981 and supported the general modal concept outlined above, As mentioned earlier, Smith has
suggested that 90-95% of the world's coral reef area will confiorm to a g = 0.8 mode (Smith's
generalised lagoonal mode which includes patch reefs and ther=zfore is not a contradiction of
Kinsey's G = 0.5 mode), 4-8% to a G = 4 mode, and 1-2% to a G = 10 mode.

Three important points must be considered 1n attempting to use these system level
calcification rates to predict growtnh rates for the reef. 1. There is no reason to assume that
the biogeocher:cally precipitated caroonztes estimated by the flux studies regorted here are
retained at tne site of their creation: nowever thils 1is more likely in tne deeper and
frequently more active areas wnere in situ framework construction is occurring and the nignh G =
10 calcification mode 1s propaply operative. 2. The vaiues for G are net, and may represent
positive rates for poth day and nignt (normally exhipiting a pronounced diel cycle), or may ce
tne resultant of posltive precipltation :n the daytlme and supstantiai dissoiution processes
throughout tne 24 hour period. In tne latter situation, most common i1n fully developed reef-
flat communities, there 1S NO reason to assume any relationshlp between the processes of
precipitation (i.e. growtn of ccorals, algae, forams etc.} and the processes of dissolution
{1.e. 1nfaunal boring et<c.). Thus, mOSt current precipltation in growtn processes may bpe
exported as particulate sediments, while all dissolution occurs from the standing stock of
carbonate materials - 1.e. a positive value for G agoes not automatically imply a positive rate
of in situ growth. 3. Even the most localised values for G so far determined are averaged
over appreciaole areas. Thus consiaesraoly higner rates of calcification may well be possible
in very restricted areas of active coral growth.

If the dominant modes for G are converted to vertical growth potential using a
density of 2.9 g cx™3 {for calcium carponate and assuming an average porosity for reefal
seaiments of S0% (Smitn and Kinsey, 1976; Davies and Kinsey, 1977) it can pe seen that tne

tnree modes become: G = 10, = 7 ma y +; G = 4, =3I mm y"*; G = 0.5, = 0.35 mm y"l. owever, as
Smith (1983a) points out, very ranld reef framework growth may exhiolt porosity up to 90% 1in
some cases. If we allow a more ccnservative 603 upver limit for frameworx porcsity wnile
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i s at 50% porosity, then the three potential growth rate
~e reef flat and sediment area o © e 1 nt
1e§V;“%1t.t s petter stated: G = 7-9 mm y"&; ¢ = 3 mm y"!; ¢ = 0.3 am y™. These modes
mode ngnche siTnle case where all production remains 1n place. Ouviousiy o0ta nigner and
I:S::s:ates can oébur wnere sediments are 1mported Or exported respective.y.

what tnen is the level of i?reemené ﬁﬁé;eigtsﬁei: grOwci.moue§‘9recxcted from
i iecal production rates, an actual reef :rowtn 1in the
present  Caf aloqi:fn:?;;aresf stratigrapny. Davies (1983) indicates taat Iraie<ork 4rowt
¥°:§ceng cetermKZe range of 1-16 mm y~ witn modes at 7-8 mm y~! for patca reef and 4-o wmm y~
er i;g;n::r§1:5.~,ge suppdfts the bioggocnemxgal findings that tnere 1s littie correlation
witn latiilde.~ He also reportS.Clear eyxdenpe from cores tnat ‘the most recent csJyrface growth
‘nas sloved down (1.e.since approximating the present sea level). Davies et a}. {1983) not
surprisingly ‘yeporte . the same wide range with an upper - limit °§ 14 mm !1 . _fopley (1¢33)
;uqbests tnat uppetuHOLQCene f ramework qrowtn tends to ;he‘;ange-:flo mm y wnils present sea
level rowin is at 2 m=a Yy or less. This same information 1S detailed slightly differently bx
naviesgand Hopley -(1983). ~They suggest a mode of 2 mm y * for cotgiline algae (note 3 mm ¥y
claimed above for the bioqeochequal rate in such areas), 7-3 mm Yy EEE patch ;eeﬁ framework
(note 7-9 am y—l claimed forl blogeochemlcal rate aoove), _ -9 am .y ‘for ;geward margin
framework {(note saxze 7-9 mm y 4 claimed abovel, and 1-4 mm ¥ for fringing reeis (note 3 mm
-1 claimed above for reef-flats). The comparison petween actual margin growtn OT patcn reef
‘growth, and the ‘calcification rate for high activity areas appears totally justiZied as these

:areas would notihave functioned operationally as surface reef-flats during tne active Holocene

“gransgression but as areas of framework accretion. Note that tnese authors indicate the
present day growtn rates to be lower. The comparison between the actual grewtn rates for
fringing reefs and the calcification rate for present day reef flatsvalso seems reasonable in
view of tneir generally more elevated antecedent platform (maintained by some terrigenous
‘sedimentation) and consequently their more protracted status as a true reef-flac. Glynn and
sacintyre (1977) alsq reported very compatiole ra?ges for real growtn in tne paciflic Panama
area of 1.3~-4.2 mm y * for reef-flats and 7.5 mm y ' for upper reef slope.

pavies and Hopley (1983) argue that the eguivalence of their vertical accretion
modes and the present day piogeochemical precipitation rates is not as close as 1t has oeen
ptesented apove. They suggest that vertical accretlon can never involve 100% of tne material
precipitated as some horizontal growth must be assumed. Over extensive areas of reef perimeter

or across a large patch reef this contentjon seems to pbe incorrect. They also suggest that

" their vertical accretion rates based on C dating techniques may be underestinates but the
evidence to support this seems tenuous. As a first approximation it seems that reef growth
rates for in situ framework determined from Holocene cores are 1n good general agreement with
present day net biogeochemical precipitation rates. The fact that the cnemical rates 1ndicate
a somewhat more restricted range than is actually found in cores can be explained, at least in
part, by the spatial variability which may pe missed by the averaging effects of present
biogeochemical tecnnology. The reduction in growth rates associated with many modern surface
reets (Hopley and Davies various as apove) does not appear to represent any unexslained change
in present day perforrance. Rather it would seem to be simply a reflection of a3 transition
from the unrestricted framework growth rate of G = 10, = 7-9 mm y‘l to the restricted reef-fiat
grosth rate of G = 4, = 3 mm y ! associated with reaching sea level; noting particularly that
the potential gqrowth of 7-9 mm y~* in the past is likely to have been realised wnereas tne

potential growtn of 3 mm y~! today is likely to be mostly exported by downwind sediment
transport.

8. NUTRIENT FLUX STUDIES

The literature concerning nutrient fluxes on coral reefs is now extensive.
Regrettably, it is not feasible to cover the subject adequately in one section of this overall
review of system tmetaoolism. Our modern understanding of the role of nutrients on coral reefs
began witn thg Symoios Expedition to Enewetak Atoll in 1971 (Jonannes et al., 1972; Pilson and
Betzer, 1973; wWieoe et al., 19753; Webb et al., 1975). These studies led to two conclusions of
grea:tpxgnxfxcance - that coral reefs prooaoly exported nitrogen compounas, tnus 3uggesting
22:;3 ;:;::x;euii :b?ajogfprocess, and that nitrogen was unlikely to be limiting; cthat coral
S oegesting tha:;pgtsn:;e ect on the phospnorus content of the water flowing across them thus
o Nhetner amy nucrienzus was tigntly recyqledﬂ Of course this led to no easy conclusion as
(1974) also stressed the gifggfdAa controlling Lnflugnce on reef production. PoTeroy et alz
putrient dynamics. e importance of recycling as a phenomenon dominant in coral reef

and concluded Ei;;i L}?i?) reviewed the early literature up to and including the Symolios papers

T eneved continuousi nx(f various forms of phosphorus might be in low concentrat.ons they are

concluded: "Much To:; and recycled within the reef system". dith respect to nitrogen, Lewis

be tnat ;hé reséhrce;°;§ :};nxroqen flux ... is needed but the prevaillng ©plnion appears to
¥ rogen are i '

plant/anizal association. g tightly cycled or conserved at least witn the coral

Ni i i . S
”35 surface waters ... " trogen fixation may make an important contrioution to the amount

concluded: -¢§itizitﬁxi (1983)in reviewing the status of nutrient studies up to about 1980
. ration of dissolved nutrients in seawater provides a tool for use 1in

fuctnerin ; i
provide mfn?::luysggfgfff;:ga°§ coral reefs”. He also stresses: "Nutrient concentrations alone
nutrient fluxes®, Citing w nk future study should be aimed towards appraising the dynamics of
Le major differences oetgee:r in the Lizard Island system, Crossland stresses tnat there may
interzonal transgort is as j zones of a reef in their strategles for nutrient nandlindg. Thus
been found to be witn fixedlgportdnt with respect to dissolved inorganic nutrisnts as 1t has
Lizard Isiand system on its rganic matter (see earlier ;eccxons). The overali effect of the
Barnes, 1933) by su ‘surroundiny continental sneif water 1s summarised (Crossland ana
ggesting that there is no significant net consumption OCL e€Xxport oI inorganic
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nitrogen, phosphorus, silicate, organic carbon or organic nitrogen, However, nitrate was
exported from the windward reef to the lagoon but had returned to background levels in water
leaving the leeward reet. Elevated levels of ammonium, POM and PON moved from the lazoon to
the leeward reef but were removed by passage over the leeward reef, Thus tne lagoon 1is
identified as playing an important role in nutrient balances.

, Very wide ranges of concentrations for nutrients in coral reef waters have neen
published. Crossland (1983) has summarized these to about 1980, There has been no recent
compléte tabulation of values but it is doubtful that a large table of such virtually random
information is useful in this review. Crossland's (1983) values for nitrate ranyge from

" essentially oceanic at 0.01 yM to as high as 2.5 uM in some lagoons. Values as high as 3 uid

are reported for the enclosed areas of the Abrolhos. Ammonia is usually detected and values
reported range from 0.07 to 2.5 uyM with Abrolhos values reaching nearly 3 uM. Dissoived:
organic nitrogen tends to be more consistent and in tne range 1.7-5 uM witn occasional nigner
values. Dissolved organic phosphate values are relatively few and typically less than 1 aM.

- Values found in specific studies involving nutrient addition and in poelluted environments

obviously are higher.  However, even areas of known chronic pollution of reefs such as Kaneone
Bay (prior to 1978) or Tarawa lagoon are subjected typically to a range of inorganic nitrogen
of only 2-4 u and of inorganic phosphate of 0.3-1.2 wM (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 corai
reef nutrient dynamics. Wilkinson and Sammarco (1983), and Wilkinson et al. (1984) nhave found
nitrogen fixation to be a very general phenomenon in GBR systems with tnhe greatest rates found
away from the land influence even though the greatest algal biomass is found inshore. This
effect is attributed, at least in part, to increased fish grazing rates offsnore wnich

encourage colonisation by blue-green algae. Hanson and Gunderson (1976) suggested that
bacterial nitrogen fixation may be more important than fixation by blue-greens in some svstenms
(Kaneohe Bay 1is citsd as a probable case). Dunlap (1985) has drawn attention to the

possibility of major and very rapid remineralisation of phospnate from organic matter in tne
watar column caused by the production of microbial extracellular phosphates. This cycle mav be
sufficiently rapid to result in negligible net changes in inorganic pnosphate levels. Entsch
et al. (1983a) have reported substantial phosphorus pools in lagoonal sediments with very
elevated levels of both phosphorus and nitrogen being detected in interstitial waters. They
suggest the possibility of Halimeda flakes as a mechanism for input of nutrients to <the
sediment pool. Similarly, Andrews and Muller (1983) report the maintenance of elevated nitrate
and phosphate levels in the water within the open framework of a patch reef, They sugges: tnat
the patch reef indicated a potential for export of nitrogen equal, per unit area, to tnat
reported for the Fnewetak reef-flat by Webb et al. (1975). D'Elia et al. (1981) have drawn
attention to the possibilities for continuous groundwater input tc have a major impact on
nutrient supply to fringing reefs and particularly to establish a more usable N:P racio by
virtue of the pronounced elevated nitrate levels normally associated with groundwater. Marsn
(1977) had earlier drawn attention to the periodic effects of both terrestrial run-ofZ and
groundwater inputs in causing phytoplankton blcoms, while Birkxeland (1984) has extenaced tne
interpretation of the effects to suggest that reef openthos also responds to these episodic
events. Kinsey and Domm (1974) and Kinsey and Davies (1979b) have suggested that regqular daily
but intermittent exposure to elevated nutrients (somewhat higner than likely in nature) will
cause a substantial increase in reef productivity put a marked reduction in reef
calcification. Kinsey (1979) has reported on major shifts in community metabolism o©f tne
Kaneone Bay reefs in response to a marked increase in nutrient loading of the bay (domestic
sewage) but stresses that the reef is responding to an elevated organic load (plankton) ratner
than to elevated nutrients. Rayner and Drew {(1984) found marked increases in nitrate in swmaill
enclosed Indian Ocean lagoons with clearly associated phytoplankton responses, Crossland et
al. (1984) raise the possibilities for substantial nutrient elevation in hign latitude reefs by
the remineralisation of macro-algal detritus accumulated in the lagoon from areas outside tne
reef. Andrews and Gentien (1982) have indicated possibilities for nutrient enhancement from
shallow upwellings induced by incursions of subsurface water over the continental snelf edge
{GBR). No evidence is presented that these upwellings actually cause nutrient elevations
"felt®™ by the surface reefs. Hatcher and Hatcher (1982) have stressed that marked 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 dominant site for nitrogen
fixation (Symbios papers). ©Bntsch et al. (1983b) have raised the frequently ignored issue of
whether there is any reason to focus on nitrogen and phosphorus when seeking to explain
possible nutrient limitation to reef productivity. They suggest that iron availability may be
important in influencing not only production rates but even species distribution. Skyring
(1983, Skyring and Chambers, 1976) has raised the potential importance of sulphate reduction in
exercising a major influence on the sedimentary environments sSoO 1mportant to the
remineralisation processes for other nutrients. Contrary to expectation, 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 phospnorus studies, Atkinson (1982, 1983) has
indicated that recent work demonstrates that small changes in phosphate do occur in the water
crossing reef-flats and that these bear a definite relationship to net comnunity metaocoilsm
(E). He indicates that hign input of phospnorus (by virtue of large water exchange rates)
provides a continual source to maintain high biomass and the small net production (export).
However, he stresses that the low concentration of phosphorus probably limits the specific
growth rate of the community. He summarizes: "Coral reefs have high areal production and hign
elemental turnover times because they maintain high biomass. The specific growth rate of a
coral reef community is low, reflecting the low concentration of nutrients ...". Atxinson
indicates that nitrogen is also likely to prove limiting to specific growth rate by virtue of
its low concentrations whether or not it 1s actually being produced by fixation or even
exported.
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Saith and Jokiel (1975) were provably tae first to raise the importance of a
definite relationsnip oetween overall or net productivity of a coral reef system and its
nutrient supply (i1nput and residence time considerations). Smith and Atkinson (1983), 1in tneir
study of the Shark Bay system (a4 hypersaline, seagrass Jominated, long residence tlme, negative
estuary) stressed that the rate of delivery of nutrients (phosphnorus speclficaily) controls net
producthICy whereas "local transfer of materials fror one component of tne system to another
allows the mecabolisan of tnose 1ndividual components to we amplified until they are
metapolically controlled by other factors. The .apility tO accumulate piomass appears to be at
jeast the major immediate control®. In systems free Zrom land input, rate of delivery can pe
equated with input of water. However, Smith (1984) anc Smith et al. (1985) stress that thils
form of net production control is only relevant to systens sucn as Canton Atoll or Snark Bay

‘where very low levels of water exchange occur. smitn (1934) summarizes the roles of nitrogen
and phospnorus in marine systems:; "If hydroyraphic fluxes are small, then piochemical fluxes of
nitrogen are 1likely to obviate nitrogen limitation wihile pposphorus is exhausted. If
hydrograpnic fluxes are large, then neither biocneirical fluxes nor hydrographic supply - of
either nitrogen or phosphorus is likely to limit net ecosystem production of organic matter.
pother limiting factors must be sodght™,” Tnus, open flow systens nave gross production rates
limited by concentration while net production rates are limited by factors probably not yet
identified. Lagoons etc. have gross production rates iimited by both concentration and supply
with supply limiting the net production as well. Phosznate is always the more likely limiting
nutrient, particularly in lagoons because of the accuwuiation of nitrogen from fixation.

Jonannes et al. (1983a) Have developed a further hypothesis concerning nutrient
control on coral reef productivity. They progose tnree patterns of community metaoolism: Type
1: Nutrient £luxes display no diel rhythm but are correlated with ambient dissolved nutrient
concentrations (found with the lowest nutrient concentratlons relative to demand). Type 2:
Nutrient fluxes are not concentration dependent and exnibit clear diel rhythm, i.e. are
dependent on metabolic activity at the time (found witn intermediate nutrient concentrations).
Type 3: Hutrient fluxes display neither concentration dependence nor a diel cycle (found with
elevated nutrient concentrations;. They believe all taree protocols are found with the hiyn
latitude reefs of the Aabrolhos. They also claim all taree patterns can occur simultaneously

for different nutrients, also that patterns can shift with time (or season) in the one
community.

Overall, it seems clear that a ratner effective picture 1is _being built-up
concerning the role of nturients 1in . controlling ootn dgross production rates and net
productivity 1in coral reef systems. A major distinction is made petween the concepts of
nutrient supply and nutrient concentration. Concenzrations are likely to prove the only
significant facrtors in such places as reef-flats and seaward slopes wnereas supply 1is probavly
the dominant influence 1in most large lagoonal syscems. Nitrogen fixation 1s cleariy
establisned as a general reefal phenomenon but 1s =ore pronounced 1in shallow areas. New
emphasis 1s 1indicated for studies concerning the recycling of nutrients, particularly
phosphorus. Where a major nutrient limitation is 1ndicated, it 1s virtually always likely to
be phosphorus but the possibility of limitation py other nutrients 1s raised.

9. THE MANAGEMENT APPLICATION

It has been concluded earlier in this review that recent studies (e.g. Barnes and
Devereux, 1984) are reaching a level of sophisticazion where second order variations 1in
community metabolism previously attributed to "noise® will be found to identify real trends
{Kinsey, 1983b). It nhas certainly been identified tnat relatively major shifts from the
"natural® nutrient availability patterns may cause comrunity metabolism to alter to a degree
easily detectable as a perturbation (Kinsey and Domm, 1974; Kinsey and Davies, 1979b). In a
patch reef at One Tree Island, P was increased by aoout 10-20% ' (seasonally variable), R
remained unaltered while G was decreased by apout 503 following a nutrient enhancement, for
about 3 hours each day, to 20 uM nitrogen and 2 ud phosphate (experiment lasted 8 months).
Similarly, Rogers (19795) has considered the metaoolic response of reef slope communitlies to
shading using manipulative experimentation and obtained very marked response in P and R. 1In a
rather different form of manipulative experimentationr, Kinsey (1973) studied the effects of
floating oil films on air/sea diffusion of oxygen by studying the metabolic patterns of the
reef community underlying the oil film,

. In an extended study of the response of tne Kaneohe Bay reef-flats to botn sewage
lnput and increased terrigenous sedimentation, Kinsey (1979; Smith et al., 1981) found clear
Patterns of variation in the system's metabolic parameters. Tawvle 6 indicates tne findings of
that study based on data obtained over all seasons of an approximately one year period. All
reef-flacts listed in Taole 6 would have been similar zrior to man's 1mpact on Kaneone Bay as
far as can be deduced at this time. At the time of =zne study, a gradient of sewage etfect
existed from a maximum at the "SE® reef to a minimum at tne “"Central” and "NW" reefs. This
effect, as noted in the previous section, was idencified primarily as being one of POM

wﬁplénkton) loading. The NW site and the SE site were potn subject to extensive sedimentation.

*it is clear tha: reef primary production is reduced oy either of these adverse influences. It
15 equally clear that seterotrophy (i.e. R and P/R} is markedly increased by the effects of the
organic loadina but markedly decreased by the effects of sedimentation. The reason for more
€xteme heterotrophy at the Lilipuna site than at the SI site is because of the sedimentation
4t the SE site and additionally because of a total collapse of the original SE outer zone hard
Substratum caused by neterotrophic infauna (hence reduced supstratum for filter feeding
e¢pi1fauna), The latter effect is clearly demonstrated ov the values for G which decrease with
lncreased organic loading and have become severely negative at the SE site (infaunal

dring), G simply aporoaches zero with sediment overlcad alone (MW site). The overall
Conclusions are not mucn affected whether the total £iat is considered (Table 6b) or only the
Quter, or oriqinally hard substratum areas (Table 6aj. In this context it should be notea
that the Lilipuna site 1s small and all hard supstratus; tne SE and NW sites originally had an
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outer hard substratun zone TABLE 6. Community metabolism for various perturbed® reefs

wnich is now totally unidenti- in Kaneohe Bay, Hawali during the period September 1976 -
fiacle; the Central and Coconut Septemiyer 1977,
Island sites still have outer
hard substratum zones. (a) Bentnic metapolism for the outer reef-flat, originally
. hard supstratum zones (SE and NA reefs currently lack any
) The Kaneohe Bay true hard suostratum, Lilipuna is all hard supbstratum).
study has establisned that -
marked shifts in comrnunity Transect H ¢ _2d_1R P/R . 2 2.1
Tetabolism are associated with - (gC m ) (kg CacOo3 m"“y™ %)
equally marked and visually -
obvious shifts in community igl‘ 3.3 4.6 0.7 6.5
structure and sedimentatry make- 1ilpuna 3.2 12.7 0.4 3.1
> Coconut Island 6.9 10.2 0.7 2.4
up. The critical question to c 1
te asked concerning the manage- entra 7.9 3.6 « - 0.8 8.9
NW 4.1 2.3 1.8 0.0
ment value of metaocolisa -
studies is whether the cnanges N ) '
in biogeochemical paraseters (b) Benthic metabolism for the complete reef-flats -(all
will be statistically signifi- zones integrated)
cant as early warnings before =
the adverse effects of outside SE 7 3.3 4.6 6.7 =6.5
influences become obvious. Th Lilipuna 5.2 12.7 0.4 2 3.1
answer to this guestion simply Coconut Island 3.8 5.3 0.7 * 0.4
1s not certain at this time, Central 5.2 4.5 1.2 2.4
However, the level of soopnisti- NW 4.1 2.3 1.8 ¢.0
cacicn which we are reacning
with our methodology (Kinsey, * Sewage impact primarily in the form of incredsed plankton
1983Db; Barnes and Devereux, loading {(Chloropnyll a gradient: 10 mg m 2 at SZ to 0.5 mg
1984; Smith et al., 1985) m~3 at Central and NW) and, to a lesser extent, some
suggest that we are close to nutrient ennancement (inorganic nitrogen gradient 4 u4 to 1
achieving sufficient precision uM; inorganic phosohorus gradient 0.7 uM to 0.2 uM}.
to make use of system meta- Terrigenous sedimentation marked at botn SE and NW sites,
bolism tools in management. but low on all other sites. Data after Kinsey (1979).

10. SUMMARY AND CONCLUSIONS - SYSTEMS STUDIES p

Studies of coral reef “metabolism or biogeochemistry have extended over
approximately 35 vyears. However, relatively few studies have considered any particular
systems for longer than tnhe period of an expeditionary visit. We are, therefore, very lacking
w1tn respect to studies involving detail and replication. Logistic constraints are likely to
allow no real improvement 1in this situation in the future except with respect to the outdut
from a very small numoer of institutions located on or near coral reefs. However, innovative
new technigques involving "hian tech", high precision, continuous logging eguipment will enaclie
very fine discrimination in botn time and space, together with the inclusion of a greater
numper of monitored variadles. Simultaneously with this increase in the rate of data
acguisition, there is likely to be a reduction in actual personnel field time reguired. More
extensive consideration of such ®“conservative®" variaples as phosghorus 1i1s also likely to
continue to improve the qguality of the information wnich we are optainind. All these new
tecnnigues will allow not only an expanded outout in the future for the same expended effort
but the consideration of more discriminating guestions.

Studies of pelagic metabolism have demonstrated a pattern of great variaoility

with substantial responses to seasonal or episodic influences. However, it 1is clear that
phytoplankton production generally has been under-emphasised as a. factor in overall system
production. Gross production and calcification in coral reefs are, nevertheless, clearly

dominated by benthic processes and have been proven to conform to rather predictaple rates.
Anomalous vates are generally explained by some recognised abnormality in the system, bput
there remaln some reported rates which are anomalous and unexplained. Net gains or losses in
organic production are typlcally very small but are proving vital diagnostic attrioutes in
characterizing reef tropnic status. Seasonality has been demonstrated to be a marked feature
of reefs at apparently all latitudes. Little variation occurs in seasonal rate differences
witn latitude for parameters of organic production and respiration. However, seasonality in
calcification rates appears to have a marked latitudinal dependence, increasing with increased
latitude. Overall reef metavolic rates do not seem toO attenuate with latitude; rather reets
and reefal communities eventually cease to exist beyond certain latitudinal limits. This is
most usually attriputed to blological competition, Proximity to land has been demonstrated to
be a detectable influence oOn system metapolism but, to date, there are few published studies
reporting clear trends in respense. There are many opportunities for future research in this
area. Instantaneous correlation between production/calcification and lignht are proving to he
oI great significance and must e an area of major researcn effort in the future. Tne flux of
particulate and dissolved organic carbon is still very poorly elucidated but proving to be of
tne greatest importance 1n understanding the overall trophic structure and balance of coral
reefs. Calcification rates determined for total reefal environments have been shown to
correlate well with geolozical studles of the sedimentary record. Finally, nutrient studies
have recently given information from which effective hypotheses of system-metabolism control
have been developed. Tnere appears to be agreat scope for further work in this area, together
with the area of studies of nutr:ient recycling.

Perhaps the most 1mportant 1ncentive required tO ensure the oproductive
continuation of systems-level studies ofthe xind reviewed here will be the establishment of a
definite value for the data and tecnnigues in environwmental management. This 15 not yec tne
case. Some studies have cemonstrated clear patterns 1n response to environmental gradients.
However, 1L has vet to ce cemonstrated that SucCh patterns can be detected with o level of
discrimination sutticienzly fine tO act as an advance warning verfore visual cnange is alreadvy
ouvivas. It Jdees gseem 2zrosavle that sucn sensitlvity will oe acnieved with

tne gcresent
improvements 1n tecnnijues.
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