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Preface

This workshop report results from an international workshop on the carbon cycle
and coral reef metabolism at Miyako Jima. The aim of this workshop was to bring
together marine chemists, marine biologists, coral ecologists, geologists, and
environmental chemists to assess the state of knowledge and analyze the carbon
cycle and coral reef metabolism of coral reef systems. Our goal was to clarify the
potential of reef systems to act as a sink of atmospheric carbon dioxide. Among the
many important issues discussed, the most important was changing our initial central
question from "Are coral reefs sources or sinks for CO2 ?" to " What are
the factors that make coral reefs either sources or sinks for CO2 ?"
The first issue addressed at the workshop was the definition of our object of study:
What is a coral reef ecosystem? What is our definition of a sink or source?. In order
to take into account time and space scales, it was proposed to investigate carbon
budget of both the whole system and the components of the system, and to keep
track of exchanges with neighboring system. Seventeen presentations were given,
divided into those investigating the whole system and those investigating individual
system components.
The workshop was a great success drawing a consensus about the state of
knowledge of the carbon budget of whole coral reef systems, and for determining
important future research issues. It was an important step toward answering RITE's
question about whether it is possible to create coral reef sinks for CO2.
The workshop was supported by staff at RITE (Dr. Fujii, Mr. Kobayashi, Ms.
Higashi), The Okinawa Electric Power Co. Inc., (Mr. Heshiki, Mr. Kinjo, Mr.
Iha), the Miyako Municipal Association (Mr. Yasuda) and students of Shizuoka
University and The University of the Ryukyus (Mr. Ishikawa, Ms. Kanehara and
Ms. Onishi).

Chairperson
Yoshimi Suzuki
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Organization
Research Institute of Innovative Technology

Sponsored by:

for the Earth (RITE)
Co-sponsored by:

New Energy and Industrial Technology
Development Organization (NEDO)
The Okinawa Electric Power Co. Inc.

Supported by:

Miyako Municipal Association

Program Committee
Chairperson:

Yoshimi SUZUKI (Shizuoka Univ., Japan)
fax: 054-238-0491, e-mail: <seysuzu@toubu2.shizuoka.ac.jp>

members:

Tamotsu OMORI (Univ. of Ryukyus, Japan)
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Administrative office and correspondence:
Tetsuya DEGUCHI (RITE, Japan)
tel.: 0774-75-2302
fax: 0774-75-2314
e-mail: <deguchi@rite.or.jp>
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Purpose
Coral reefs have been given much attention with regard to biological fixation of
atmospheric carbon dioxide, because of their possibly significant role in the global
carbon budget and global warming. Two biological processes in coral reefs contribute to
the absorption or release of atmospheric CO2 photosynthesis and calcification. First, net
organic production (gross organic production minus respiration) fixes CO2 dissolved in
the water. Second, net inorganic production of CaCOs (calcification minus dissolution)
also fixes carbonate ions dissolved in the water, but leads to a net increase in the CO2.
Like organic production, biological calcification also appears to depend on light, because
calcification is linked directly to photosynthesis. A major issue is the net ratio of organic
production to calcification. This means that by knowing the average daily rates of gross
community photosynthesis, respiration and calcification, we can potentially determine the
extent of CO2 absorption by or release from the coral reef system. A useful term that we
will examine here is the ratio of gross production to respiration, the P/R ratio and also the
ratio of net organic production to calcification, the P/C ratio.
Gattuso and his colleagues reported that coral reefs may be significant carbon sources to
tire atmosphere, as their experiments indicate that net organic production is near zero in
tropical coral reefs. RITE started a coral reef project for understanding carbon budgets
and cycling on coral reefs in 1993. During the past few years, the task team of RITE has
gotten the result that the production to respiration ratio (P/R ratio) is greater than 1, and
also that the production to calcification ratio is higher than 0.6. These results mean that
the coral reef may possibly be a sink for atmospheric CO2, because CO2 is fixed as
organic matter. This supports the results of a group at the Geological Survey of Japan
(Kayane et al).
At present we do not yet have any explanation for the discrepancy between the results of
RITE and GSJ and those of Gattuso and his colleagues. Perhaps these differences might
be due to differences in the field study, location, seasonality, experimental design, or
other reasons.
The best way to determine the causes of discrepancies is to have interactive discussion
among research groups and joint experiments at the same field site. A workshop is
planned to undertake such discussions and joint experiments at Miyako Island, ultimately
to determine whether the coral reef is a sink or source of atmospheric CO2. The results of
this workshop will affect strongly the RITE research program and the Japanese
governmental policy on global environmental problems.
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Schedule
Mon. 16, Oct.
Fly to Miyako-Jima, Okinawa.
Opening party at Daiichi Hotel
Tue. 17, Oct.
Look at coral reefs and field experiment of RITE group
and European Group
[session 1]

Impressions of and questions about the
field experiment

Wed. 18, Oct.
[session 2]

What are the main questions for
understanding the carbon cycle and coral
reef metabolisms?

Thu. 19 - Fri. 20, Oct.
[session 3]

How do we resolve the questions?

Sat. 21, Oct.
Draft the preliminary conclusions and
preparation for presentation
Sun. 22, Oct.
Opening remarks

8:30-8:50
Dr. Miyachi
Mr. Miyoshi

General background.

8:50-9:40

Chairperson

Dr. Miyachi

Presenters:

Dr. Suzuki

8:50-9:10

Dr. Buddemeier

9:10-9:40

The whole system

10:00-18:00

Chairperson

Dr. Gattuso

Presenters:

Dr. Barnes

10:00-10:40

Dr. Gattuso

10:40-11:20

Dr. Frankignoulle

11:20-12:00

Lunch

12:00-13:00
CO

o

CO

2
o

Dr. Kayane

"

Dr. Nozaki
Coffee Break
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13:40-14:20
14:20-14:40

Mr. Krains

14:40-15:20

Dr. Omori

15:20-16:00

Dr. Suzuki

16:00-16:40

Coffee Break

16:40-17:00
Dr. Buddemeier

Comments

17:00-17:40
. 17:40-18:00

Reception at Miyako Daiichi hotel

19:00-21:00

Topic 2 Component of the system

9:00-17:00

Mon. 23, Oct.
Chairperson
Presenters:

Dr. Buddemeier
Dr. Richmond

9:00-9:40

Dr. Pages

9:40-10:20

Coffee Break

10:20-10:40
Dr. Clavier

10:40-11:20

Dr. Boucher

11:20-12:00

12:00-13:00

Lunch
Dr. Casareto

13:00-13:40

Dr. Zimmerman

13:40-14:20
14:20-14:40

Coffee Break

14:40-17:00

Discussions
Tue. 24, Oct.
Proceeding summary and general discussions

9:00-12:00
Dr. Suzuki

Chairperson

(Coffee Break 10:30-11:00)
12:00-13:30

Lunch

13:30-15:00

Discussions for conclusion
Chairperson

Dr. Suzuki
15:00-15:30

Coffee Break

15:30-17:00

Make a report
Chairperson

Dr. Suzuki

Wed. 25, Oct.
9:00-10:00

Closing remarks
Dr. Suzuki
Dr. Miyachi
Mr. Miyoshi
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Abstract of Presentation

A Role of Coral Reef to the Response for the
atmospheric CO2

Yoshimi Suzuki
Institutes of Geosciences, School of Science,
Shizuoka University, 836 Oya, Shizuoka,
Shizuoka 422, Japan
tel:81-54-238-4799, fax:81-54-238-0491,
e-maikseysuzu@sci.shizuoka.ac.jp

Coral reefs are estimated to cover about 600,000km2 of the earth's surface (Smith, 1978). Coral
reefs protect large parts of the tropical coastlines from wave damage and erosion and are particularly
important for the livelihood of many people, who obtain a considerable proportion of their food and
earnings from the productivity of coral reefs. They are dominated by calcifying and organic
production organisms which are depositing about 0.6 to 0.9 Gt of calcium carbonate and are
produced about 0.54 Gt ( Romankevich, 1984) of organic matters globally each year. Comparison
with the global scale of primary production in the ocean (40 to 50 Gt), their magnitude is small.
However, as one of the important sink to the biological fixation of CO2 which is available the natural
system, coral reefs are noted with much attention. Recently Buddemeier and Smith (1992) had
reviewed on the global change and coral reef ecosystems" They discussed that the global climate
impacts of significance to coral reefs are likely to be increase in sea temperature, sea-level rise and
possibly increasing levels of UV radiation.
What is question?
The recent increase of studies on the coral reefs related to the globally carbon cycle has been given
the hot debate on the coral reef behaviors as a sink or source of atmospheric CO2. Two biological
reactions occur in coral reefs : one is photosynthesis and respiration, another is calcification.
Photosynthesis and respiration is a process of organic production and decomposition (chemical
reaction 1), while calcification is a process of precipitation of calcium carbonate (chemical reaction 2).
6CO2

+ 6H2O

Ca2+ + 2HC03'

«—►
4—»

G5H12O6 + 6O2
CaCOs

+ CO2 + H2O

reaction 1
reaction 2

Calcification and photosynthesis extract CO2 from seawater, forming CaCOs and organic carbon,
respectively. However, the former causes an increase in the CO2 partitial pressure in seawater and
thus release oceanic CO2 into the atmosphere. The latter has an opposite effect and causes seawater
to take up more atmospheric CO2. Therefore, there are two major questions for understanding of
carbon cycle in coral reefs: one is to know the fate of organic matters produced by symbiotic
zooxantheller, macro and micro algae, phytoplankton, and another is to know the fate of CO2
released through formation of calcium carbonate.
Up to the present, many investigators reported that coral reef plays a role as a source of carbon
dioxide as a consequence of calcification (reaction 2). Because net organic production is almost zero
(Frakignoulle, et al., 1994; Gattuso, et al., 1995). If the net organic production is near the zero, CO2
-7-

will be released to the water, and then ventilate to the atmosphere partially or all. Therefore question
is to make clear the fate of organic matters produced in the coral reef. And also integration of the CO2
fluxes measured during a 24 h experiment at the back reef showed that the reef was a source of CO2
to the atmosphere ( Gattuso et al., 1993). These results were obtained from the direct measurement
of change in CO2 atmospheric concentrations- over 10 min inside a bell floating with a surface
exchange of 0.506 m2 on the sea surface (Frankignoulle, 1988).
While Kayane et al., (1995) reported from the direct measurement of CO2 concentrations in air and
sea water at Shiraho Reef to the Ryukyu Islands, Japan that the reef flat area is a net sink for
atmospheric carbon dioxide. Suzuki, et al (1995) and Kraines et al., (1995) also indicated that the net
organic production rate of the reef community exceeded its calcium carbonate production rate. Suzuki
et al. (1995) and Casareto et al., (1995) suggested that water column, sediments and organisms play
an important role for the storage of carbon as organic matters in the coral reefs.

How do we determine preliminary whether a coral reef system is a net sink or
source for atmospheric CO2.
For understanding of carbon balance or carbon cycle in coral reefs, there are two mainly questions to
be solved : one is the fate of organic matters produced by photosynthesis, another is the behavior of
CO2 released with calcium carbonate precipitation. The former question is to know the net organic
production, the latter question is to evaluate the exchange between air and sea water or recycling
within water column.
A coral reef is a complicated system which has many different components. An example of carbon
cycle in coral reef is shown in Fig.l. Compared with that of open ocean, there are many
components, and the cycling and/or change of each component are short time scale. Therefore, It is
not so easy to determine whether a coral reef behaviors as sink or source for atmospheric CO2. What
makes a coral reef as sink or source ? How to approach for this problem?
The first step for a solution of these problems is to evaluate organic production to respiration ratio
and organic production to calcification ratio in the coral reefs water. The important point is to know
how much organic carbon produced accumulates within coral reefs or transports to open ocean, and
also to evaluate accurately the precipitation of calcium carbonate. The second step is to make clear a
rate of exchange between air/reef water and open water/reef water. It is accepted that the direction
and flux of CO2 between air and sea water in the open ocean are dependent upon the difference of
CO2 concentration and wind speed. But those of coral reefs might be determined by the different
factors, which are due to the difference of CO2 concentrations by the water exchange between reef
waters and open waters, and by the biological cycling. Because the flux would be determined by the
rate constant which processes are fast or slow. Especially an exchange rate of CO2 between air and
sea is slower than that between reef water and open ocean water based on the tidal cycle. Therefore
for determination of potential CO2 flux between air and sea water, source or sink, to know the reason
why the amplitude of CO2 signal could be determined is important.
The second question is really connected to the carbon budget in the whole system of coral reef,
which is consisted of water, sediment and organism.

What should we discuss for understanding of carbon cycle and coral reef
metabolisms related to the atmospheric CO2?
[basic questions]

*

1) How much,is the net organic production in the subtropical and tropical coral reefs ?.
-8-

2) How much is the calcification ( net inorganic production of CaCOs in the subtropical and tropical
coral reefs) ?
3) How much is the CO2 fluxes in the subtropical and tropical coral reefs ?
4) What is the fate of organic matters produced in the coral reefs ?
5) How is the coral reef metabolisms in carbon and nutrients cycles ?
6)

What is the difference in evaluation of carbon cycle and coral reef metabolisms between
subtropical and tropical coral reefs?

7) What is the better methods for evaluation and understanding of these above questions?
8)

Can we determine whether the coral reef is sink or source to the atmospheric CO2?

In the course of the study, we have been studying on the measurement of calcium concentration in
coral reefs water ( Ishikawa, Suzuki and Hiraga, 1995). Up to the present, the amount of
precipitation of calcium carbonate is calculated based on the change of total alkalinity, which is
defined as an ion balance between negative and positive ions. There is a stoichiometric relationship
on the change between total alkalinity and calcium concentration in an inorganic reaction as shown in
reaction 2. A change of 1M total alkalinity is corresponding to a change of 2M calcium concentration
at the physico-chemical equilibrium. On the based on this stoichiometry, the amount of calcium
carbonate precipitation is calculated.
A question is to make sure about whether there is a stoikiometric relationship on a change between
total alkalinity and calcium in seawater or not. Horibe et al., (1976) reported a relationship between
total alkalinity and calcium concentrations in the Pacific Ocean waters. They showed there is no
strong relationship between both chemical signals, which does not follow to the stoichiometry with
1:2 ratio. The similar reports were done by other investigators (Tsunogai et al., 1987; Chen, et al.,
1987). According to the GEOSECS summarized by Chen et al., (1987), the property vs property
plot on the change between total alkalinity and calcium concentrations in oceanic waters exhibited the
stoichiometric relationship in the deep waters below the euphotic zone, but did not within the euphotic
zone. This suggests that no stoichiometric relationship might be affected by chemical matters or
compounds produced throughout the biological processes, such as organic matters. Bradshow and
Brewer (1988) also discussed there is a difference about the total carbonic acid concentration between
measurement directly by GC and calculation from total alkalinity measured by titration method. They
proposed the presence of unprotonated compounds to be explained this discrepancy. This difference
between both data is greater in the surface water, and decreases with depth.
It is still enigma on the difference of calcium concentrations between direct observation and
calculation from alkalinity or the difference of total carbonic acid concentrations between direct
measurement and calculation from alkalinity. Therefore, to measure directly calcium concentrations
in seawater is greatly significant for knowing the accurate flux of calcification in coral reefs water.
Up to the present, there is no report on the change of calcium concentrations in coral reefs water
which are observed directly. All reports on the calcification in coral reefs water are calculated from
total alkalinity and pH measured ( Grassland, et al., 1991; Frankignoulle, et al., 1993; Nakamori, et
al., 1992;, Gattuso et al., 1993).
Guttuso and his co-workers obtained from the measurement of
atmospheric pCOz over 10 min inside a bell floating on the sea surface with a surface exchange of
0.506 m2 and total volume of 0.202 m3 (Frankignoulle, 1988). According to their results, Fluxes
measured at the real front and back reef stations displayed a strong daily pattern. There was a CO2
invasion during the day ( up to -71 nmol m'2 s'1) and a evasion at night ( up to 88 nmol m"2 s'1).

-9-

While Kayane et al., (1995) reported that the reef flat area at the Shiraho is a net sink for atmospheric
carbon dioxide, and net organic production rate of the reef community exceeded its calcium carbonate
production rate during its observation periods. And also Suzuki et al., (1995) and Kraines et Al.,
(1995) concluded the same results at Miyako Island. They reported net organic production is higher
than thought previously. However, these any conclusions can not be judged which is correct or not
under the present situation. Until now, almost studies on the organic production have been carried
out indirectly based on the inorganic matters such as dissolved oxygen, inorganic carbon, pH. There
are two main questions. The diel change of these compounds concentrations measured at the field is
dominated by the physical, biological and chemical changes. Actually if we would like to evaluate
net biological production and respiration, the separation between physical and biological contribution
to the change of concentrations observed is required by the analysis of data with the model calculation
and tracer experiment. This is one question. Another is that it is not so easy to study the cycling of
organic matter directly in coral reef. Therefore, little is known on the fate or cycling of organic
matters in coral reef.
For clarifying the net organic production calculated from the change of inorganic compounds, we
need the study of organic matters in coral reef. Suzuki et al ( 1995) measured the concentrations of
dissolved organic carbon and nitrogen with particulate organic carbon and nitrogen in coral reef
waters. They had pointed that dissolved organic carbon and nitrogen play an important role in the
carbon and nitrogen balance. And also pointed that organic matters may be possibly accumulated in
the coral reef waters and sediments with ages of a few decades years. But it is still enigma on the
balance of organic matters.
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CORAL REEF CARBON CYCLE RESEARCH: CONCEPTUAL AND
EXPERIMENTAL DESIGN
KANSAS GEOLOGICAL SURVEY
OPEN-FILE REPORT 95-56b

Robert W. Buddemeier
Kansas Geological Survey, University of Kansas
1930 Constant Ave., Lawrence KS 66047 USA

Preface:
This paper is an expanded version of an abstract submitted to the International
Workshop on Carbon Cycling and Coral Reef Metabolism, Miyakojima, Japan, October
16-25, 1995; because it addresses the relationships among coral reef community
structure, function, and the carbon cycle, it is also being circulated as a working paper of
SCOR Working Group-104. Although it is a stand-alone document, it is best read in
conjunction with the working paper of Smith (1995), which addresses the history and
significance of reef community metabolism measurements in much more detail than the
summary treatment presented here. As a working paper it is intended to be
conceptually complete, but does not necessarily contain the level of citation and
literature review appropriate to a formal publication.
Introduction:
In spite of the likelihood that carbon fluxes due to coral reef metabolism can
only be a minor component of the global carbon cycle, there is persistent interest in
exploring the question of whether coral reefs represent sources or sinks for atmospheric
carbon dioxide. This paper examines the methods and requirements for making such a
determination.
Two definitions are critical, and often ignored in the design and interpretation of
individual experiments: what is a source or sink, and what is a coral reef.
Sources, Sinks, Inventories, and Fluxes:
A source of atmospheric C02 is any process (or reservoir) that produces a
transfer of C02 into the atmosphere from another compartment of the exchangable
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carbon cycle; the term sink is normally used to refer to the material where carbon
resides after it is extracted from the atmosphere (e.g., terrestrial biomass, soil organic
matter, etc.). Any flux of CO2 into or out of the atmosphere can be called a source or
sink, but a critical component of the definition is the time scale. The mixing time of the
atmosphere is a few years, so definition of a source or sink is problematic unless it
results in a net change over that time scale. From a climatic standpoint, material
removed from the atmosphere must be sequestered for a minimum of many decades
(more realistically, centuries to millennia) before it can be considered a sink. Because
the atmosphere is the reference reservoir and because its carbon dioxide dynamics are
relatively well known, the problem of source definition is less critical.
Figure 1 presents a simplified schematic of some of the major pathways and
reservoirs of carbon related to reef systems. Net community production (the difference
between photosynthesis (P) and respiration (R), also termed “excess” production: E =
P - R) is a potential sink for atmospheric C02, just as net calcification (precipitation dissolution) is a potential source. The simplified relevant reactions are CO2 + H2O —>
H2O + O2 (P, or -R), and 2HCO3' + Ca+4’ —> CaC03 + CO2. Neither sink nor source
are actual, however, unless the integrated net reactions proceed as written, and the
products are protected from further reaction and re-exchange with the atmospheric
carbon cycle. In an actual reef system, organic and inorganic production tend to
counterbalance each other in terms of atmospheric fluxes; the degree to which they
counterbalance each other in source/sink behavior is more difficult to assess.
Figure 1 shows three possible destinations for the net organic and inorganic
products of reef metabolism. They may end up in the local reef or reef-derived, or they
may be exported to other oceanic compartments (here simplified as the shallow and
deep ocean). To a first approximation, sediments are usually considered to be out of
exchange with the atmosphere, but in actuality they are the site of active biogeochemical
reactions and cannot be treated as inert (Tribble et al., 1989; Tribble et al., 1990; Walter
et al., 1993); these issues are discussed further below.
A key issue for this discussion is the question of whether the transport of
material fractionates the inorganic and organic products in such a way as to enhance
either source or sink behavior. Transport of material to the deep ocean can effective
removal from the short-term carbon cycle; although both inorganic and organic products
are likely to react at depth, there re-equilibration with the atmosphere will be
postponed for hundreds to thousands of years (oceanic turnover times). Downslope
transport of material is known to occur at shelf edges and on atoll slopes, but the
fraction of total production following this path is very poorly known. Because of the
extensive sediment trapping on shallow shelve, banks and lagoons and the approximate
equivalence of reef accretion and reef production rates (Buddemeier and Smith, 1988) it
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Figure 1: A schematic representation of reef-related carbon fluxes and reservoirs. If net
calcification and net photosynthesis are positive, then their products must be transported
to one of the reservoirs indicated (sediment, deep ocean, or surface ocean). Only in the
case where the amount of organic carbon buried in the sediment or transported to the deep
ocean is > 0.6 x the amount of carbonate carbon similarly transported can reef metabolism
be considered a sink for atmospheric C02.
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is normally assumed that a substantial majority of shallow water production is retained
within the depth range of the oceanic mixed layer. For the material transported
downslope, density will be a factor; solid carbonates will sink more readily than free
organic matter. The carbonates removed will carry with them included or attached
organic matter, so to a first approximation we can assume that transport to the deep
ocean will remove organic and inorganic carbon in the same proportions as burial in the
shallow sediments.
A more significant potential fractionating mechanism is transport of material out
of the reef system to the surface ocean. Although oceanic “alkalinity plumes” around
reef areas testify to some off-reef transport of carbonate materials, loss of organic
material in the form of POC and DOC is probably proportionally more important
because of the buoyancy and reactivity of organic material. Mobilization of reef organic
matter has been reported by a numerous authors (Coles and Strathman, 1973; Marshall,
1965; Marshall et al., 1975). Indications of the significance of this flux are reported by
Johannes (1967), who estimates that the carbon exported from reefs by coral mucus
production is equivalent to about 40% of the coral respiration; he also cites studies
reporting that normal oceanic phytoplankton/zooplankton ratios are shifted
dramatically in favor of zooplankton in the vicinity of coral reefs. If it is correct that
the net productivity of reef systems is of the same order of magnitude as the
surrounding oceans (Crossland et al., 1991), this observation implies that a significant
fraction of the reef primary production is exported to and consumed in locations away
from the reef. This is an important consideration in metabolic estimates of fluxes; if
respiration is separated in time or space from photosynthesis, local or short-term
measurements may suggest a sink where, on a more realistic scale, none actually exists.
Reefs, Reef Communities, and Reef Organisms:
The term "coral reef is applied to many structures and communities, and the
terminology used by other disciplines is not necessarily appropriate for "reef
classification in terms of carbon cycle behavior. The most rigorous and traditional
definition might be an community in which the benthos is dominated by calcifying reef
organisms, living on top of a carbonate structure produced by that community or its
predecessors. Examples of this are oceanic atolls (especially those with relatively small
emergent areas) and outer shelf barrier reefs, as in the central Great Barrier Reef. Such
communities are normally found to be primarily autotrophic, although this is not an
intrinsic requirement of the definition.
However, geologists may focus on the carbonate structure without close
attention to its presently living community, and ecologists apply the term to mixed
communities in which there may be net heterotrophy, terrigenous influences, or other
communities (e.g., seagrasses) that are not an obligate part of the "pure" coral reef
community. Figure 2 depicts a gradient in “reef community” types from seaward to
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landward. Stressed or coastal coral communities often contain a much higher ratio of
non-calcifying to calcifying organisms, and therefore may exhibit a higher organic to
inorganic production ratio, making them appear to be larger potential CO2 sinks
(Gattuso et al., 1995). This may in some cases be true, but the error lies in ascribing
this behavior to a “coral reef community;” the actual sink behavior is the product of (for
example) a seagrass or algal community that not only is not an intrinsic part of the coral
reef community, but may even be competing with or replacing it.
Approaches to Source/Sink Determination:
At present, we can classify three basic approaches to the determination of sink
behavior in terms of the methods available for experimental assessment. Two of them
involve determination of production rates and/or the disequilibria that drive fluxes, and
one directly measures the reaction products. All have specific — and different —
limitations and disadvantages. The experimental approaches, which will be discussed
with regard to their limiting uncertainties and applications to date, are:
1. Site-specific community metabolism
2. System-level community metabolism
3. Characterization of sequestered materials
All of the methods require some level of regionalization of local (or "point")
data, and/or site selection for "representativeness," in order to generalize specific
measurements to the global and climatic levels. These processes — selection and
regionalization — depend critically on the conceptual design, the definition of a coral reef
or coral reef community, and the limitations of the methods employed.
Site-specific community metabolism:
Studies of community metabolism typically depend on measurements of the
changes in carbon and/or oxygen chemistry in either isolated bodies of water or along a
well-defined flow trajectory. Time scales of measurement are typically of hours to a
few days, and spatial scales may be meters to a few hundred meters.

Advantages'. Relatively high precision and direct measurement of the metabolic
reactants and products are possible; determinations can be made of the function of
specific communities. Although technologically demanding, the methods can readily be
carried out in the field.

Disadvantages: Because of the inherent small spatial and temporal scales, variability is
difficult to assess, and extrapolating or regionalizing measurements to larger scales of
time and space is almost certainly the limiting uncertainty in the method. The method
cannot assess the loss of fixed carbon from the local system, and sediment metabolism
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Figure 2: Environmental trends in “coral reef’ communities. Terrigenous and human
influences are commonly associated with communities having a lower proportion of
calcifying organisms. Non-calcifiers may be intimately associated with corals and
coralline algae, but are not an obligate part of a strictly defined “coral reef community”
such as occurs in many oceanic settings.

-17-

contributions may vary on time scales long compared to the period of observation. The
method is difficult to apply in high energy environments or in areas where the water
volume cannot be defined, both of which may be important to the total flux of CO2.

Applications to date: Perhaps as many as 50 such studies have been carried out at a
wide variety of locations in all oceans. Results are usually expressed as relevant to a
specific community type (e.g., reef flat, reef slope, lagoon, etc.). Calcification, and
especially photosynthesis and respiration, are highly variable between sites of the same
type and at individual sites over time. Gross rates of P and R may fluctuate by factors
of 3-4 or even more, making calculation of net rates, extrapolations, and regionalizations
highly uncertain. An overview of results (Kinsey, 1985; Smith, 1995) indicates a wide
variation in the inferred source or sink behavior of individual sites, but suggests that an
overall system average is probably close to zero.
System-level community metabolism:
System-level studies have commonly used nutrient (phosphorus) depletion as
an indicator of net organic fixation in combination with alkalinity and salinity changes to
assess the metabolism of relatively enclosed, long residence time systems (see
discussion by Smith, 1995).

Advantages: This approach integrates over most of the spatial variability of the
system, which is probably the greatest uncertainty in combining site-specific studies. It
also integrates over longer time scales than most site-specific studies, although it will
not (unless repeated) characterize major seasonal or interannual variations.

Disadvantages: The method can be applied only in cases where system geometry and
residence times produce a detectable and inteipretable signal. Probably the major
disadvantage is the need to use assumptions about C:P ratios or other large-scale
chemical estimators in order to calculate productivity; because of natural variability in
this ratio, there is significant uncertainty in the absolute value of the calculated results.

Applications to date: System-level studies have been carried out at six atoll or island
lagoons, plus three other carbonate-producing but not coral reef environments. Results
consistently indicate that the carbon flux is either approximately neutral or a small net
source to the atmosphere.
Figure 3 provides some perspective on the results of both local and system-level
metabolic measurements. It was prepared by pooling all of the P, R, and G values listed
by in Table 3 of Kinsey (1985) to produce a mean and standard deviation for each of the
indicated reef categories. This calculation implies that each measurement is an
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Figure 3: C02 flux estimates by community type, obtained by pooling all metabolic
data reported by Kinsey (1985) for the indicated categories. Plot is of mean and
standard deviaion of the difference between net production (E=P-R) and 0.6 x net
calcification (G). Positive numbers indicate a flux of C02 from sea to air; negative, from
air to sea. None of the numbers are significantly different from zero, but whole-system
values show the by far the smallest variance.
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equivalent sample of a normal population; although we know that is not a reasonable
assumption, the results are instructive nonetheless. The value E - 0.6G is an estimate of
the net C02 flux (negative is a release to the atmosphere, positive is an uptake).
The observations of interest from figure 3 are: (1) none of the categories show a
mean that is significantly different from zero; (2)-the most highly calcifying systems
(outer slope and total coral cover) show the greatest tendency toward source behavior;
and (3) the standard deviation for system-level measurements is strikingly less than the
standard deviations of any of the more localized communities, and the values plotted
graphically illustrate the basis for the conclusion (e.g. Smith (1995); Ware et al. (1992))
that reef systems are probably a very small net source of C02. These observations
emphasize the importance of scale — reef systems consist of variable component
subcommunities whose functions are integrated over time and space scales much larger
than those of the typical direct experimental observation.
Characterization of sequestered materials:
This method considers the chemical composition of reef sediments as indicators
of source-sink behavior. Calcification releases 0.6 moles of carbon dioxide per mole of
carbonate precipitated and photosynthesis takes up one mole of carbon dioxide permole of carbon fixed. Therefore, if all of the products of the net metabolism are
deposited in the sediments, a sedimentary ratio of organic to inorganic carbon >0.6
would indicate a source, while <0.6 would, reflect sink behavior — this ratio is equivalent
to 5-6 weight % organic carbon in a sediment that is essentially all carbonate and organic
matter.

Advantages: This method views the long-term process over the time scales of sediment
deposition, which are generally appropriate to climate considerations. Sampling and
analytical techniques are well established, and sediment samples can be taken in
environments not amenable to metabolic study. Because extensive, distributed sampling
is feasible, regionalization is less of a problem and can be supported with (e.g.)
bathymetric and seismic surveys. Sediment analyses can also be used to assess
terrigenous contributions or other factors.

Disadvantages: It is known that reefs export organic carbon as DOC and POC; while
most of this is probably oxidized rapidly rather than sequestered elsewhere, it must be
explicitly addressed in the budgetary estimates. Postdepositional organic inputs or
diagenesis may alter the organic/inorganic ratio by pathways that do not imply the same
source-sink relationships as primary deposition. Sediment samples integrate over time,
but the time period sampled depends on the sediment accumulation rate, so samples
from different locations will not necessarily represent the same time periods — this
dictates a long-term, steady-state assumption in combining results. Sampling of near
surface or recent sediments is complicated by possible inclusion of benthic biomass that
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should not be considered truly sedimentary. Finally, if the community has undergone a
recent change, the sediment results may not reflect current performance.

Applications to date: Although substantial data are available in the literature, there has
been no systematic application of this to carbon cycle studies. This is probably in part
due to the fact that the "source or sink" answer appears to be a foregone conclusion on
the basis of sediment analyses — most carbonate sediments in reef environments have
organic/inorganic C ratios an order of magnitude lower than that required for a net
carbon sink.
A variety of analyses from active reef systems suggest that typical organic C
contents are <1% (organic/inorganic C ratios 0.1) (Emery, 1962; Emery et al., 1954;
Smith, 1984; Tribble, 1990). Organic ratios may be higher in close proximity to a high
productivity (and usually not coral-reef) source of organic materials. Systems-level
surveys of sediments illustrate the effects of reef and other ecosystems. In the
Bahamas (which is a carbonate platform of primarily non-coral origin with some coral
reef communities) sediment organic levels are quite low except where they can be
identified with mangroves, algal communities or seagrass beds (Morse et al., 1985).
Brunskill (unpubl. data, pers. commun.) and colleagues at the Australian Institute of
Marine Science have performed extensive sediment surveys in the Herbert River region
of the Great Barrier Reef, in Exmouth Gulf in Western Australia, and in the Gulf of
Papua. The first two locations provide a broad view of primarily reef-derived
sediments over scales much larger than that of the reefs themselves. In both cases,
sediment organic/inorganic ratios exceed 0.6 only in very limited areas close to the shore
or strongly affected by streamflow. The organic/inorganic ratio remains low even in
settings where carbonate material is less than 50% of the total sediment mass. These
observations tend to reinforce the view of coral reefs as carbon dioxide sources except
when they are influenced by or combined with other communities.
Two aspects in which sediments may contribute to some form of carbon sink
deserve mention here, both relating to the fact that shallow reef sediments are sites of
active bacterial metabolism and diagenesis (see above). When organic carbon is oxidized
in the air or in surface ocean water which is in equilibrium with the atmosphere, CO2 is
returned to the atmosphere. However, when it is oxidized in carbonate-containing
sediments the CO2 may be neutralized by dissolution of solid carbonate, with the
carbon transferred to the bicarbonate form (CH2O + O2 + CaCOg —> 2HCO3' + Ca44).
If this simply canceled out the atmospheric effects of the original calcification and
photosynthesis it would have no impact on source/sink considerations. However,
because a mole each of organic and carbonate carbon formed represent a net withdrawal
of 0.4 moles of atmospheric C02, the 1:1 neutralization in the sediment could be
considered a net transfer of carbon from the atmospheric to the oceanic reservoir.
Whether or not this represents a genuine sink has not been rigorously examined.
However, because reef sediments are 5-10 times too depauperate in organic carbon to
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represent a sink, and because this consideration could only change the ratio by a factor
of about 2, it does not change the basic conclusion but may serve to somewhat reduce
the discrepancy between the system metabolism and the sediment-based assessments.
A further related consideration has been pointed out by B. N. Opdyke (pers.
common.). The “titration capacity" of carbonate sediments could in principle convert
terrestrial or marine organic carbon into an oceanic inorganic form if there were
mechanisms for mixing the two “reactants.” This could be a significant sink, but it is
important to not that it is not a direct function of the metabolic activity of coral reef (or
any other specific) communities; sedimentary microbes are the primary community,
operating independently on the organic and inorganic products of other communities.
Evaluation and Conclusion:
Site specific studies are extremely useful for examining community function at
small scales, but are generally inappropriate for extrapolating to whole-ecosystem
performance, and especially to global and climatic scales. A broad overview of the
results of many — and variable— site studies is consistent with the smaller number of
more uniform findings of whole-system studies; on average, reefs are presently nearly in
balance with respect to CO2 flux, or are possibly a small net source of CO2. A greater
and more interesting discrepancy is between system studies and interpretation of
sediment analyses, which suggest that either reefs have been a somewhat stronger CO2
source over the recent past, or that there are carbon transport and reaction pathways in
the present systems that have not been adequately characterized. Where sediment and
whole-system metabolism studies are in reasonable agreement, the combined results
might be used to calibrate the regionalization of site-specific studies, and to infer by
difference the behavior of communities that are not directly measurable.
Identification of the actual — as opposed to traditionally described —
communities and organisms involved in carbon fixation and transport, and determination
of their functional behavior over appropriate scales of time and space, are critical to any
effort to define true C02 source or sink behavior.
The issues of carbon metabolism are not only (or not even primarily) of interest
from a carbon-cycle standpoint; they are crucially important to present concerns about
reef conservation and management. Many reefs have been damaged by overfishing, and
others have been stressed or killed by high inputs of sediment, organic matter, and/or
nutrients. If reefs have a higher net productivity than has been generally determined (as
would be suggested by carbon sink behavior), they could sustain greater biomass
harvesting and possibly higher nutrient or organic inputs. If managers and policy
makers respond to an incorrect suggestion of higher productivity by relaxing
environmental controls, the global loss of coral reefs could be accelerated. Careful
experimental design and interpretation are essential in addressing this sensitive topic.
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Centuries-long records of coral growth: a means to assess recent estimates of
reef performance

D.J. Barnes and J.M. Lough

Australian Institute of Marine Science
PMB 3, Mail Centre, Townsville Qld 4810, Australia

Detailed observations and measurements of calcification in living coral reefs began a little
' over 20 years ago with the introduction of the alkalinity anomaly technique, which was
developed independently by D.W. Kinsey and S.V. Smith. Data collected over the last
20 years suggest that the “standard” performance of a biologically heterogeneous reef
flat is 4 ± 1 kg CaC03.m"2.yr"1.

Despite the short period over which these and similar

data have been collected, such estimates of reef performance are frequently used as an
appropriate mean from which to make estimates of the global significance of coral reef
metabolism over 10s to 100s of years.

Centuries-long records of annual growth contained in massive coral skeletons provide a
means to identify objectively the natural, background variability in coral growth and
calcification.

Such data may indicate the likely background variability in coral reef

calcification. Growth data from massive corals could also identify environmental factors
which principally control or influence coral and coral reef calcification.

Massive corals deposit skeleton of varying density over the course of a year. Since their
discovery in 1972, the resulting annual density bands have promised to be the key to a
wealth of proxy climate and environmental information for ocean areas within the
tropics. This promise has not been met, largely due to insufficient understanding of the
mechanisms by which coral density bands are formed. Work at the Australian Institute
of Marine Science (AIMS) has recently provided an account of coral density band
formation. This account resolves many of the fundamental conflicts and contradictions
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which characterise the literature on density banding and the associated literature on
inclusive (trace) records in coral skeletons.

Annual density bands in corals are usually displayed by X-radiography of skeletal slices,
about 5-10 mm thick, cut from a colonial growth axis. Accurate measurements of the
density variations are most easily made by gamma densitometry of such skeletal slices.
Work at AIMS has provided much better understanding of problems associated with
dating skeleton from annual density bands and ways in which several, widely different
aspects of skeletal architecture intrude upon the basic, annual density signal. As a result,
we now realise that present techniques for viewing and measuring density banding are
not suitable for making measurements of comparable quality in different coral colonies or
in different parts of the same colony.

However, we find that we can obtain

representative measurements of colonial growth by modification of the usual
densitometry techniques and by appropriate averaging of data over time and space.
Using such modified techniques and data manipulation, we are able to recover data for
average annual extension (cm.yr1) and average annual skeletal density (g.cm'3).
Average annual calcification (g CaCOs.cm^.yr*1) is the product of these estimates of
extension and density.

Annual extension and annual average density were measured in cores removed from 35
very large colonies of massive Porites by Dr Peter Isdale (AIMS). The colonies were
growing at inshore and offshore sites along the length of the Great Barrier Reef (GBR).
The colonies ranged in height between 1.5 m and 8.0 m. The shortest record started in
1934; the longest record started in 1479. The 35 colonies contained twice as much
information in common as would be expected by chance. This common response points
to a forcing factor or factors which operate over the length of the GBR.

Temperature and light are forcing factors which could operate at the required scale.
Suitable data for light are not available. Consequently, we used rainfall records, which
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Annual average calcification for 10 Forties and SST, 1906-82
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begin in 1891, as a proxy for light. Suitable sea surface temperature (SST) records,
obtained by ships of opportunity, begin in 1906.

The 10 largest Porites colonies

provided data covering the common period, 1746-1982.

Data for average annual

calcification in these 10 colonies, smoothed using a 5-year filter, was not significantly
related to rainfall and, hence, light (r = -0.03). However, average annual calcification
was significantly related to SST (r = 0.53; pcO.OOOOOl). Consequently, the average
calcification series for these 10 colonies provides a proxy for SST in the western Coral
Sea since 1746.

Features of the 237 year record of calcification in these 10 colonies, which cover the
length of the GBR, include a significant spectral peak at periods of 15-17 years; high
coral calcification (= high SSTs) in the late 18th century and low coral calcification (=
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low SSTs) in the early 19th century. This low growth period is not matched in any of
the subsequent record. There is no indication of recent, unusual declines in the average
annual calcification that might be attributed to human activities. Indeed, the 20th century
witnessed the 2nd highest 50-year period (1927-76) and the 3rd highest 10-year period
(1964-73) of calcification across the full record. Indeed, based on data presented here, it
may be that reports of a decline in coral performance on the GBR in recent years as a
result of human activities may simply reflect a return to “average” conditions.

Average annual calcification for 10 Porites vs SST
y=0.1594x +1.5233
R2 = 0.2897

A temperature (°C)

Our results show that calcification and, possibly, reef performance are highly variable at
time scales much longer than decades. Of significance to reef performance is the finding
that all measurements of coral reef calcification have been made during a period when

Porites calcification on the GBR was higher than the long term average. The peak
occurring around 1970 in the 5-year filtered data for average annual calcification shows
rates more than 11% above the long-term (237 year) mean. Perhaps more significantly,
the 5-year filtered data for the whole 237- year period show excursions up to 12% above
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the long-term mean and down to 20% below the mean. However, these data indicate
that measurements of reef calcification over the last 20 years, at least on the GBR, are
not likely to overestimate significantly long-term reef performance.

Average annual calcification for 10 Porites
5-year filtered data

30-year filtered data
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long-term mean
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Light intensity had no influence on average annual calcification across these 10 massive

Porites colonies, which came from sites in shallow water between 14°S and 22°S. This
finding accords with data for light response curves for photosynthesis in hermatypic coral
colonies which suggests that, at depths less than about 20 m, many corals, including

Porites, are fully light saturated for most of the daylight period, at all times of the year.
Thus, although light would certainly have boosted calcification in these massive Porites,
average annual calcification is unlikely to have been affected by inter-annual variation in
light intensity.
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Average annual calcification in these 10 colonies was principally influenced by inter
annual variations in seawater temperature. Regression of calcification against sea surface
shows that calcification rate changed by about 16% for a 1°C change in seawater
temperature (Qio= 1.6). Such data suggest that global warming will enhance the ability
of reefs to track any consequent rise in sea levels.
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Effect of photosynthetic and calcifying marine organisms and
ecosystems on air-sea CO2 fluxes
J.-P. Gattuso1, M. Pichon2 and M. Frankignoulle3
1 Observatoire Oceanologique European, Centre Scientifique de Monaco, Av. Saint-Martin,
98000 Monaco, Principality of Monaco
2 URA 1453 CNRS, Laboratoire EPHE/Biologie Marine, 66860 Perpignan Cedex, France
3 Universite de Liege, Laboratoire d'Oceanologie, 4000 Sart Tilman, Belgium

Carbon dioxide uptake by photosynthesis and its release by respiration are major processes by
which marine organisms and ecosystems can alter the concentration of carbon dioxide in sea
water. Another set of reactions, precipitation and dissolution of calcium carbonate, has drawn a
lot of attention recently. It is well established that calcification induces shifts in the sea water
carbonate equilibrium which generates dissolved C02 and is therefore a source of C02 to sea
water (Chamberlain, 1898; Wollast et al., 1980). The deposition of one mole of calcium
carbonate releases nearly one mole of C02 in freshwater (Frankignoulle et al., in press) but
releases approximately 0.6 mole of C02 in seawater (Ware et al., 1992; Frankignoulle et al.,
1994).
High rates of calcium carbonate precipitation are often associated with high rates of photosyn
thesis, both at the organism (e.g. zooxanthellate scleractinian corals, calcareous algae, coccolithophorids) and ecosystem (coral reefs) scales. Photosynthesis, respiration and calcification are
tightly coupled in certain marine systems. For example, C02 released by calcification may be
used as a substrate for photosynthesis. Such coupling has hampered elucidation of the effects
of marine systems on air-sea C02 fluxes (Sikes & Fabry, 1994; Sikes et al., in press). As
pointed out by Holligan et al. (1993): "the interacting effects of photosynthesis,
calcification and regenerative oxidation of organic matter are difficult to unravel". These
metabolic processes must, therefore, be investigated simultaneously in order to assess the
biological control exerted by marine systems on air-sea C02 exchange.
This contribution is a short version of a paper in press (Gattuso et al., in press) which establi
shes a relationship between surface layer metabolic processes of photosynthetic and calcifying
organisms and ecosystems (photosynthesis, respiration, calcification) and air-sea C02 fluxes.
We derived a simple model and used published data in order to provide some indication of the
role of these systems on the inorganic carbon system and air-sea C02 fluxes.
The amount of CO2 which needs to be exchanged at the air-sea interface in order to bring sea
water back to its pie-metabolic /7CO2 can be computed from (more details can be found in
Gattuso et al., in press):

or

FCOl =~Pg+R + ^ G

(1)

Fco2 =~pn +iJ>G

(2)

with (in molar units per day):

FCOi = air-sea C02 flux
Pg=- gross primary production
Pn= excess (net) production
R = respiration
G = calcification
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ij>= moles of C02 liberated per mole of CaC03 precipitated

FCO} can be normalized to the respiration rate in order to enable the comparison of systems dis
playing a wide range of metabolic activity:
FCOl /R = 1 -Pg/R (1 - qG/Pg)

(3)

Expression 1 can be illustrated by a numerical example similar to the one presented by Ware et
al. (1992). Parameters of the seawater inorganic carbon system were calculated using the follo
wing combinations of variable: {pCO%, TA} and {DIG, TA}; all computations were carried out
with the freeware program 'CO2' (available from ME).
Sikes et al. (in press) made distinction between systems open and closed to the atmopshere,
and photosynthetic systems. They demonstrated that the ratio of CO2 released to precipitated
calcium carbonate is 0.06 in a closed system and suggested that it varies "between zero for the
photosynthetic system to about 0.6 for the open system with complete CO2 efflux to the atmos
phere’.
A closed-system model is one in which there is no exchange of any chemical species with the
surrounding environment, including the atmosphere. Such systems have been used repeatedly
in ecophysiological studies of marine organisms, both in the laboratory and in situ, but does
not apply to any species or ecosystem in their natural environment and gives no insight on
processes occuring at the air-sea interface. Open-system models or experiments take into
account fluxes and reactions at interfaces and are the method of choice to assess the effect of
metabolic activities on air-sea C02 fluxes. Such system is used in the following calculations.
Final
Initial
Final
Seawater having the characteristics
(sealed)
(open)
shown in Table 1 is equilibrated with ■
Chemical and physical parameters
the atmosphere (pC02= 356 ppmv). TA (mmol kg"1)
2.370
2.320
2.320
341
A photosynthetic and calcifying pCO2 (ppmv)
356
356
25
25
25
t(°C)
biological system is incubated in this
S (psu)
35
35
35
medium at constant temperature.
pH(SWS)
8.090
8.104
8.082
DIG (mmol kg"1)
1.971
2.021
1.982
respectively (Table 1). At
Metabolic parameters
0.075
Pg (mmol DIC)
R (mmol DIC)
0.050
0.025
G (mmol DIC)
atmosphere, TA and DIG have fallen
1.50
f/a
to 2.32 mEq kg-1 (= initial TA- 2G)
033
and 1.971 (= initial DIG - Pg +R - Table 1- Effect of primary production, respiration and calcifi
on the inorganic carbon system. The derived chemical
G), respectively. pCO2 is down to cation
data (in italics) were obtained from the fixed parameters (in
341 ppmv. Upon opening of the bold). pH is on the seawater scale and the C02 constant set is
incubation
chamber,
seawater
*
reequilibrates with the atmosphere by
absorbing C02 (until pC02 is back to 356 ppmv) without altering TA. DIG increases to 1.982
mmol kg-1, the CC^ invasion is then -0.010 mmol kg"1 (we adopt the convention of assigning a
negative sign to C02 invasion and a positive sign to C02 evasion). This value equals Fn
CO2
computed according to eq. 1:

Fco = .-0.075 + 0.050 + (0.6 x 0.025) = -0.010 mmol kg"1
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The result of this computation for
P/R = 1.5 and G/Pg = 0.33 is
shown in Fig. 1 together with FCOi
calculated for systems displaying the
same P^R ratio but different G/Pg
ratios (0 and 1). If the system does
not calcify (G/Pg= 0), C02 is
absorbed by seawater after opening
the incubation chamber in order to
exactly balance the decrease in DIC.
C02 invasion also occurs when net
precipitation of CaC03 is moderate
compared
to
gross
primary
production (G/Pg = 0.33) but C02 Fig.
a 1- Numerical example of the effect of organic and inorgagenerated by calcification becomes nic carbon metabolism on seawater inorganic carbon after
higher than C02 uptake when G,Pe
1 and C02 evasion takes place.

FCOi /R is plotted as a function of
the P^R and G/Pg ratios in Fig. 2.
FCOt IR increases directly with G/Pg
and inversely with P^R. The role of
photosynthetic
and
calcifying
systems on the direction of air-sea
C02 exchange depends on the
relative magnitude of primary
production and calcification rather
than on the absolute rate of each.
For example, organic carbon Fig. 2- Model estimate of air-sea C02 budget as a function of
metabolism by corals and coralline M
algae results in net removal of C02 Moorea barrier reef flat (Gattuso et al., 1993); O, average coralwhen their PJR ratio is higher than
S &ST"
1 but these calcareous organisms
generate C02 when G/Pg exceeds a threshold set by P^R: e.g. when P^R = 1.5, the
threshold is G/Pg= 0.56.

Coral reefs are majors photosynthetic and calcifying ecosystems and can be used as a case
study. They exhibit a number of physiographic zones that significantly differ in rates of primary
production and calcification (Done, 1983). The metabolic performances of reef flats are, by far,
the best known of the reef zones. This stems from the fact that community metabolism of the
other reefal areas (outer reef slope, algal pavement and lagoons) is technically much more
difficult to investigate. Kinsey (1983) observed that reef flats exhibit rather uniform metabolic
rates and suggested the following performances fora4 standard’ reef flat

Pg = R = 583 mmol C02 m'2 d"1 and G= 110 mmol CaC03 m"2 d"1
Fc02 /R computed from these estimates is +0.11 (Fig. 2) suggesting that coral reef flats are
sources of C02 to the atmosphere. It is worth noting that when community production and res
piration are nearly balanced (Pg /R % 1, e.g. most coral reef flats; Kinsey, 1985), biologically-
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induced air-sea C02 fluxes are dominated by the increase in sea water pC02 that results from
calcification. Gattuso et al. (1993) investigated the community metabolism of a barrier reef flat
at Moorea (French Polynesia) and the associated air-sea C02 flux. They reported the following
rates (Pg and R expressed in terms of 02 were converted to C02 units by setting the photo
synthetic and respiratory quotients to 1):

Pg and R = 640.2 and 642 mmol C02 m"2 d'1; and G= 243 mmol CaC03 m"2 d"1
The only measurement of air-sea C02 flux driven by coral reef metabolism so far made showed
that the reef flat released C02 to the atmosphere (Gattuso et al., 1993), in concordance with the
output of the model presented here (FCOi /R= +0.23; Fig. 2).
There are few estimates of metabolic performances of‘entire’ reef systems, i.e. which integrate
the effect of the various physiographic zones of the reef. Grassland et al. (1991) proposed
that Pg and R of such systems are, respectively, 250 and 242 mmol C02 m"2 d"1. Smith (1983)
suggested that whole coral reefs produce an average of about 30 mmol CaC03 m"2 d"1. Our mo
del predicts that the average ‘entire’ reef ecosystem also cause an efflux of C02 to the
atmosphere (FC02 /R= +0.04; Fig. 2).
The estimated amount of dissolved inorganic carbon (FCOi) which needs to be exchanged with
the atmosphere is quite sensitive to the uncertainty associated with the Pg IR ratio. Pg and R
are often calculated by numerically integrating photosynthesis-irradiance curves (e. g. Barnes &
Devereux, 1984). There is presently no statistical procedure enabling the computation of the
standard error of such metabolic parameters. Kinsey (1983) claimed that the Pg /R ratio of an
average reef flat that he reported was known to ± 0.1 but this refers to a range rather than to a
statistical parameter (Kinsey, pers. comm. 1995). The error bars around FCOi /R for coral reef
flats and whole coral reef systems were calculated using this uncertainty. The error bars do not
include FCOi /R= 0 for coral reef flats but FCOi IR derived for whole coral reef systems may not
statistically differ from 0 (Fig. 2). This suggests that the prediction that an average coral reef
flat is a source of C02 is robust but that the influence of whole reef systems on atmospheric
C02 remains uncertain.
The proposed expression predicts the net effect of primary production and calcification on airsea C02 exchange of isolated marine organisms and stable open marine systems (e.g. coral
reefs). It is however sensitive to uncertainties associated with P^R ratio. Future work should
be carried out to derive a statistical procedure enabling estimation of the standard error of meta
bolic parameters.
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The dynamics of inorganic carbon in seawater is quite complex because it is influenced
by all biogeochemical and physical processes that are liable to occur. Biogeochemistry
includes processes that modify the concentration of any chemical species involved in the
carbonate system equilibria (i.e. HsO+, CO2, HCOs" and COs"), and physics includes
properties that control thermodynamics and kinetics of the system (e.g. temperature,
hydrology).
Coastal ecosystems are sites of various local properties which greatly influence the
inorganic carbon cycle:
- Diversity of coastal ecosystems with relatively high primary production.
Continental shelves, which cover approximately 8 % of the total oceanic area, could
account for 25 % of the total oceanic production. While open ocean primary production is
limited to phytoplankton, coastal zones harbour several kinds of ecosystems, including
estuaries, marshes, marine meadows of macrophytes and coral reefs.
-A large range of chemical conditions, due to their role of interface between land
and the ocean and which could be anthropogenic (e.g. eutrophication) or have natural
origins (e.g. mixing processes in estuaries).
- Very energetic environments, due to tides, breaking waves, local hydrology and
topography.
- Direct access to the sediment which can thus directly interacts with
biogeochemical processes occurring in the water column.
The aim of this presentation is to discuss some of these properties and their consequences
in terms of inorganic carbon dynamics in complex ecosystems such as coral reefs.
Particular attention is paid on the effect of reef metabolism on the speciation of inorganic

—35—

carbon and the resulting air-sea CO2 exchanges. Theoretical considerations will be
illustrated by results obtained during some field experiments.
Inorganic carbon speciation
The speciation is defined as the repartition between inorganic carbon species. It is a
fundamental aspect of aquatic carbonate chemistry because most of biogeochemical
processes work using only one among the tree species (e.g. air-sea exchange via
dissolved CO2). The speciation is based on the mass law and changes with physical
parameters (salinity, temperature and pressure) as well as during processes using species
involved in the carbonate system equilbria. The speciation change during reef
metabolism is quite complex because it induces changes in dissolved CO2 and H3O4"
concentrations (photosynthesis/respiration) and in carbonate concentration (calcification).
A convenient parameter which can be used to discuss processes that are responsible for
inorganic carbon variations are the so-called chemical buffer factors: dX/dY where both
X and Y are any inorganic carbon species. A set of chemical buffer factors are presented
that allow to describe the evolution of the partial CO2 pressure when changes of CO2,
H3O"1" and COs™ occur simultaneously, such as in coral reefs.
Air-sea CO2 exchanges
Air-sea CO2 exchange is a fundamental process that controls the oceanic response to the
atmospheric CO2 excess. The flux at the interface is a function of the exchange coefficient,
which mainly depends on physical stress, and of the gradient brought the interface which
depends on the carbonate system speciation. Both those aspects are discussed in the a
coral reef context with a special attention to the CO2 source /sink concept.
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Diurnal Changes in the Partial Pressure of
Carbon Dioxide in Coral Reef Water
Hajime Kayanne,*t Atsushi Suzuki, Hiroshi Saito
Coral reefs are considered to be a source of atmospheric carbon dioxide because of their
high calcium carbonate production and low net primary production. This was tested by
direct measurement of diurnal changes in the partial pressure of carbon dioxide (PC02) in
reef waters during two 3-day periods, one in March 1993 and one in March 1994, on
Shiraho reef of the Ryukyu Islands, Japan. Although the PCOj values in reef waters
exhibited large diurnal changes ranging from 160 to 520 microatmospheres, they indicate
" that the reef flat area is a net sink for atmospheric carbon dioxide. This suggests that the
net organic production rate of the reef community exceeded its calcium carbonate
production rate during the observation periods.

Phocosynthetic organic production and
calcium carbonate production occur simul
taneously in coral reefs at rates more than
100 times those in the outer ocean (I).
Photosynthesis acts as a sink of atmospheric
C02 (C02 + H20->CH,0 + 02), where
as respiration releases the fixed CO,. Cal
cium carbonate production, on the other
hand, raises Pco. in seawater (Ca2+ +
2HC03- -» CaCO) + H,0 + C02). It is
thought that gross organic production in
reefs is high, but net organic production is
near zero, because the tropical ocean is
typically depleted in nutrients to support
net production. Therefore, coral reefs are
thought to be a source of CO, to the atmo
sphere (2). One model proposes that the
glacial-interglacial increase in atmospheric
CO, levels resulted from the release of CO,
that accompanies calcium carbonate depo
sition in reels (3).
Global productions of net organic car
bon and calcium carbonate in reels have
been roughly estimated ar 20 X 10,2gofC
per year (4) and ill X I012 g of C per year
(5), respectively, which supports the hy
pothesis that coral reels are a net source
H, Kayanue and A. Suzuki, Marine Geology Department.
Geological Survey o( Japan, Tsukuba 305. Japan.
H. Saito, Thermophysical Metrology Department, Na
tional Research Laboratory ol Metrology. Tsukuba 305.
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for atmospheric CO, (2). However,
knowledge of the actual Pco, changes that
accompany reef productions has been un
certain and requires direct measurement of
Pco. changes in reef water (6).
We have monitored the change in Pco,
of reef water over Shiraho coral reef on
Ishigaki Island in the Ryukyus ofJapan (Fig.

1A). Our measurements were made with a
compact seawater PCOi measurement sys
tem with a nondispersive infrared gas ana
lyzer (NDIR) and a membrane tube (7).
The- device is most effectively used in a
shallow reef area, which is inaccessible to a
large research vessel. We made measure
ments continuously for two three-day peri
ods, from 9 to 12 March 1993 (Fig. 2A) and
from 13 to 17 March 1994 (Fig. 2B). In
addition to reef water Pco,, we measured
the partial pressure of C02 in the atmo
sphere (Pco,). light intensity, current direc
tion and speed, and water depth. Pco_ val
ues outside the reef were measured twice: at
12:00 Japan time on 14 March 1994 and at
0:00 Japan time on 16 March 1994.
Shiraho is a typical fringing reef with a
reef flat 850 m wide from the shore to the
reef edge. This reef is known for its flour
ishing corals (Fig. IB) (8). The seaward rise
(reef crest) is exposed during low tides and
separates water on the reef flat from the
outer ocean. This situation is ideal for con
ducting a natural closed-field experiment.
During these stagnant periods, the calcium
■ LandMoat

Fig. 1. (A) Location of the study site and a
transect across the reef flat perpendicular to
the shoreline, and (B) an aerial photo which
shows the monitoring point (P). landforms,
and benthic communities. The aerial photo
was taken by the Geographical Survey Insti
tute. Reef landforms and communities can
be identified by their colors: seagrass in
black, sand and gravel in light blue, corals in
brown, and algal turf and brown algae in
light brown. While color to the south of
Shiraho reef shows reef rock covered with
sand. The outer reef crest and reef rock are
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carbonate production of coral communities
has been estimated on the basis of changes
in the measured alkalinity values in seawa
ter, and the organic production and respi
ration have been estimated on the basis of
changes in the total COz concentration
computed from the measured alkalinity and
PCq2 values. The water exchanges on every
high tide with adjacent open-ocean water.
We observed a diurnal pattern of reef
water PCOz> with a minimum of 157 patm
during the day and a maximum of 521 patm
during the night (9). The magnitude of the
daytime decrease corresponds well with the
light intensity. Table 1 shows the averaged
light intensity and the averaged PCOj nor
malized at 23°C for each daytime and
nighttime period. On 16 March 1994, av

eraged light intensity was at its highest
value (720 pmol m-2 s-1) and daytime
average PCOz at its lowest value (242 patm)
measured during the observation periods.
The relation between the average values of
Pco, and those of light intensity (I) is rep
resented as PCo2 = 352 — 0.131, if we as
sume linearity. The mean light intensity
in March for Ishigaki Island from meteoro
logical observations is 552 pmol m-2 s-1
(10). The corresponding value of PCOi
would be 279 patm.
Atmospheric pco, was almost constant:
348 ± 9 p-atm in 1993 and 348 ± 2 patm
in 1994. Compared with the average day
time (279 patm) and nighttime (352 patm)
PCO, obtained from the above equation,
this reef showed higher daytime COz inva

Table 1. Relation between P^ and light intensity. PC02 and light intensity are averaged for each daytime
(D) and nighttime (N) period. Estimated organic and carbonate productions during six stagnant periods
(DI to DIV, Nl, and Nil in Fig. 2) are also shown.
Day of March 1993
Parameter

Averaged P~
(patm)
Averaged light
intensity
(pmol m~2 s-y
Stagnant period
Organic
production
(mmol C nr-2 hour"')
Carbonate
production
(mmol C m-2 hour')

9

Day of March 1994

10

11

13

D

N

D

N

D

N

319

327

336

367

270

365

556

0

197

0

519

0

Dlt
11

7

N

14
D

16

15
N

D

411 322 385 302

N

D

N

377

242

255

0

720

0

0 111

0

137

Nit
-3

Dll
13

Nil
-5

Dill
9

DIV
16

-1

4

1

5

3

"Micromoles of photosynthetically available radiation.

tProductions were measured 400 m south of site P in fig. 1B.

sion from air to sea (a difference of 69
patm) than nighttime evasion (4 patm).
To evaluate the function of reefs in the
exchange of COz between air and sea, we
must compare the reef Pco, with the off
shore value (322 patm at 23°C). The esti
mated mean daytime and nighttime reef
water Pco2 values were 43 patm lower and
30 patm higher than the offshore value,
respectively, which also indicates that the
reef serves as a sink of atmospheric COz.
The light-dependence of PCOz changes
implies that changes in COz in the Shiraho
reef water are caused primarily by the bal
ance of photosynthesis and respiration. To
test this, we compared organic carbon and
calcium carbonate productions with PCOj
changes during six stagnant periods. During
the four daytime stagnant periods (DI to
DIV in Table 1), photosynthetic organic
production (9 to 16 mmol of C per square
meter per hour) exceeded the carbonate
production (3 to 7 mmol C m-2 hour-1).
Because the rate of photosynthesis exceeds
that of calcium carbonate production by a
factor of 1.6 or greater (Table 1), the PCOj
in reef waters decreased during the day
time. During the nighttime stagnant peri
ods (HI and Nil in Table 1), the COz
production by respiration (—3 and —5 mmol
C m-2 hour-1) was associated with minor
carbonate production (—1 and 1 mmol C
m-2 hour-1) and hence caused an increase
in Pco2*
We estimated the daily calcium carbon
ate and photosynthetic organic productions
by measuring pH and alkalinity change on
Shiraho reef (11). The reef has a net organ
ic production of 110 mmol C m-2 day-1
(1.3 g C m-2 day-1) and a net calcium

Fig. 2. Changes in reef wa
ter P(%)2 and atmospheric
Pco, together with light in
tensity, current direction,
current speed, and water
depth for the periods from
9 to 12 March 1993 (A) and
from 13 to 17 March 1994
(B). The combined stan
dard uncertainties for the
Pcovalues were ±10
patm in 1993 and ±5
patm in 1994 (7). The 1994
values were more precise
because we improved the
stability of the measuring
system. Two offshore Pco,
values at midday and at
midnight were, the same
(322 patm), which sug
gests they were constant
as shown by the dashed
line. The stagnant periods
are represented by shaded
vertical bars identified by changes in water depth and currents. The spikes of Pco, just after the stagnation correspond with those of the currents from the mouth
of the reef (M in Fig. 1B). This flow pushes the water south of the station, where "dense corals make the Pc<-,2 change larger. MSL, mean sea level. Japan time
is universal time plus 9 hours.
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carbonate production of 100 mmol C m-2
day-1 (1.2 g C m-2 day-1) in March 1993
(12). The ratio of organic production to
"calcium carbonate production is 1.1. The
ratio was almost the same in August 1992
(1.0). The ratio of organic carbon produc
tion to calcium carbonate production re
quired to maintain seawater Pco, at a
constant value of 350 p,atm has been cal
culated to be 0.6 (2). When the ratio
exceeds these values, reefs serve as a sink
of COz (13). The ratio for Shiraho reef
exceeds these threshold values, which is
consistent with our PCOl measurements.
On Moorea barrier reef, French Polyne
sia, COz evasion from sea to air was ob
served at a backreef site, and it was con
cluded that reefs are a source of COz (6). In
contrast, at a reef front (corresponding to
the reef crest in this study) site, COz flux
from air to sea was observed (14). These
results suggest that different reef zones act
differently as to COz fluxes and that the
highly productive zone such as the reef
front acts as a sink of C02.
A relatively low estimate of global reef
net organic production was based on a
mean reef production rate of 0.1 g C m-2
day-1 (4), which in turn was based primar
ily on measurements from three atolls (15).
In that study, net production for the whole
reef was calculated from changes in total
carbon and alkalinity in enclosed lagoon
water with a long residence time (50 days).
Decomposition of organic matter predomi
nated in such lagoons, and thus, the esti
mate might have been low. The low esti
mate of net organic production is also based
on underestimates of the contribution of
nitrogen fixation (4), which provides new
nutrients for net organic production in the
coral reef. Coral reefs, on the other hand,
are known to be active sites of nitrogen
fixation (16). Our Pco> measurements and
our estimate of high net organic production
indicate that reefs might serve as a sink, not
a source, for atmospheric C02.

7.

8.

9.

10.

11.

C02 by monitoring the partial pressure of COz in air
inside a floating chamber on a barrier reef of Moorea.
French Polynesia. This method did not monitor sea
water Pco2 directly.
H. Saito et a!., in press. We used a membrane in
stead of a spray as an equilibrator. Gaseous C02
diffuses through the membrane into flowing air inside
the membrane tube, and its C02 concentration is
measured by NDIR. P^ changes in seawater were
monitored continuously with the combined standard
uncertainties of ±10 natm in 1993 and ±5 palm in
1994 estimated from NDIR calibration and vapor
correction.
R. J. Planck, D. E. McAllister, A. T. McAllister,
Shiraho Coral Reef and the Proposed New Ishigaki
IslandAirport, Japan (International Union for Conser
vation of Nature and Natural Resources, Switzer
land, 1988).
The P^ data are in situ values in microatmospheres
(1 patm = 0.101325 Pa). The study site is situated
on a reef flat (mean depth of 200 cm) surrounded by
coral patches. We set the P^ measurement sys
tem 50 cm above the reef floor. The water was well
mixed vertically by currents >2 cm s""’. We mea
sured the water temperature and salinity at the same
time we measured Pqc^- The maximum changes in
temperature and salinity were 2°C and 0.1, and the
estimated thermodynamical effects of these chang
es on Pco2 at 350 palm were 30 and 1.5 patm [R. F.
Weiss. R. A. Jahnke, C. D. Keeling, Nature 300,511
(1982)), respectively, except for the night from 13 to
14 March' 1994 when the temperature changed 4°C.
Therefore, the large P^ change of more than 300
patm was mainly the result of biological metabolism.
The global solar radiation was observed at Ishigaki
Local Meteorological Observatory 5 km west of
Shiraho reef. The mean light intensity (photosynthetically available radiation in micromoles per square
meter per second) for March was calculated from the
radiation records (megajoules per square meter) from
1986 to 1990 with the relation described by K. S.
Baker and R. Frouin [Umnol. Oceanogr. 32, 1370
(1987)1 and A Morel and R. C. Smith [ibid. 19, 591
(1974)).
Estimation procedures were based on those of S. V.
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New Methods and Technology for Coral Reef Study
in Electrotechin'ical Laboratory
Ken NOZAKI
High Temperature Bnegy Sec., Energy Div.,
Electrotechinical Laboratory, A 1ST, MITI
1-1-4 Umezono, Tukuba, Ibaraki 305, JAPAN
(Tel: 0298-58-5793, Fax: 0298-58-5806)
In order to develop technologies to suppress C02 concentration in the
atmosphere through coral reefs, four features of the coal reefs should be
applicable: ecological, geochemical, geological, and giographical or geo
political.
(1) The ecological featur of the coral reef with high carbon production
is the object of this workshop.
(2) Geochemically, limestone, that is CaC03, of the coral reefs is
suitable reservoirs of CO2 when liquefied carbon dioxde, which will be
recovered from CO2 souces, such as fossil fuel fired power stations, could
be injected into the coral rock of the reefs. Preliminary calculation
shows that only 5% dissolution of the limestone in a reef with 10 km in
diameter and 2 km in depth can store 7 Gt C02 or 2 Gt C, which corresponds
to 1/3 of the C02 released by combustion of the fossil fuel in the world
per year.
(3) Geologically, coral reef islands have proper shapes for OTEC (oceant
hermal enegy conversion) system, which could be used to uptake deep sea
water with nutirent and to be increase the carbon production.
(4) Giographic or geopolitical feature of coral reefs should became
important for east Asian coutries,
because many trade lines for fossil
fuel, such as coal from Aus-tralia and oil from the Mid East, lies close
by the countries with coral reefs. In these coral reef islands, which will
suffer the damage of the sea-level rise at first, some energy comlexes
to convert coal or heavy oil to less carbon containing fuel, such as
methane or hydorogen, might be constructed, and the eliminated carbon
dioxede from the complex would be injected to the bo tom of reefs as
mentioned above.
For any feature to be selected, rapid and convenient diagnostic
methods for the coral reefs will be necessary, because many types of coral
reefs are existed in the wide area.
In the Electrotechnical Laboratory,
(l)analysis of satellite remote sensing data of the coral reefs by
personal computer system, (2)ground or sea truth observation systems using
GPS and under water VTR camera, (3)optimization of chemical analysis
system for the estimation of organic and inorganic production in coral
reefs, (4)automatic monitoring system combined with the systems mentioned.

—40—

VIDEO CAMERA & VTR

WATERPROOF CASE

DEO CAMERA SONAR
& VTR
OUTRIGGER
(2m ALUMINUM PIPE)

ALUMINUM FR.

■.VIDEO CAMERA & V

—41—

FLOAT

An inter-comparison between four approaches to analyzing
DO concentration profiles observed in a coral reef
Steven Kraines1, Yoshimi Suzuki2 and Hiroshi Komiyama1
l Department of Chemical Systems Engineering, University of Tokyo
department of Earth Sciences, Shizuoka University
Introduction:
A tremendous amount of progress has
been made in analytical techniques for
determining various water quality parameters in
coral reefs since Odum and Odum made thenpioneering study at Enewetak Atoll (Odum and
Odum 1957). As a result, coral reef researchers
have accumulated a great amount of data on a
variety of coral reef systems. However, in order
to use this data to understand the workings of the
various biogeochemical cycles occurring in coral
reefs, we need a mechanistic understanding of
the reef ecosystem with which to relate and
interpret the quantitative measurement data in a
comprehensive way. The complexity of inter
action between diverse biological communities
and complex flow patterns makes this a difficult
task indeed (Smith 1984, Hamner and Wolanski
1988, Bradbury 1988). Through the use of a
simulation model, we can employ the computa
tional powers of modem day computing systems
to help us to solve this problem of interpreting
data acquired from a limited number of points in
the field and/or a limited number of laboratory
conditions. This model should be sufficiently
realistic to provide a reliable tool for determining
the major processes contributing to patterns
observed in the data, but simple enough to be
comprehensible, allow sensitivity analyses and
be applicable to a variety of similar systems.
Computer numerical simulations are by
no means new to the field of coastal ecosystem
modeling. However, most efforts have been
made towards employing computers to solve the
basic equations determining the fluid dynamics
and flow patterns in such systems (Prager 1991,
Black et al 1990). Numerical simulations of this
complexity are necessarily highly site specific;
however, there have been some attempts to make
generalized observations. Black and colleagues
(1990) derived an empirical formulation for the
residence times of neutrally-buoyant matter in

lagoon systems of varying size and shape.
Parnell (1988) examined six fringing reefs and
found that circulation in the lagoons were a
function of the regional tidal stream and the
shape of the bay. However, no attempt has yet
been made to use these observations to model
observed profiles of measured substances.
On the other side of the spectrum, several
researchers have presented models which •
examine changes usually in dissolved oxygen
under very simplified flow conditions. These
models generally fall into two groups. The first
are ecosystems such as small ponds or relatively
isolated lakes which can be assumed to have
horizontally and often vertically homogeneous
concentrations (Stefan and Fang 1994, Van Duin
and Lijklema 1989, Ginot and Herve 1994,
Nishimura 1984). The second group comprises
rivers which can be assumed to have constant
flow and minimal diffusive mixing (Van Orden
and Uchrin 1993a,b).
Two more models should be mentioned
here due to their sophistication in coupling flow
dynamics and biological processes. One is
Kremer and Nixon's excellent report on an
ecosystem model of the plankton - nitrogen
dynamics in Narragansett Bay which they
coupled with a box flow model derived from a
separate fluid dynamics numerical simulation
(1978). The second is Fasham's nitrogen-based
model which simulates plankton and bacterial
nitrogen dynamics in open ocean waters (1990).
This ecosystem model has been successfully
coupled with the oceanic general circulation
model at Princeton (Sarmiento et al 1993,
Fasham et al 1993). However, both of these
models focus on ecosystems with far longer
residence times than coral reefs, where water
turnover often occurs in less than a day (Prager
1991, Black 1990, Parnell 1988). In order to
examine the relative contributions of physical
mixing and transport by water advection with the
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influence of biological processes such as photo
synthesis, respiration and biogenic calcification,
we require a model which examines these pro
cesses on a time scale of hours or even minutes.
In this paper, we report the development
of a relatively simple one dimensional diffusion/
advection model combining mixing and physical/
biological processes occurring in a coral reef
ecosystem with a one dimensional flow system.
We test the model by examining the fit of the
model results to dissolved oxygen (DO) concen
tration profiles observed at two locations in Bora
Bay at Miyako Island. The data was taken from
October 13 to 15,1993 during the spring tide
where concentration changes are strongest.
We begin by examining typical applica
tions of traditional methods, including a daily
averaged mass balance and a zero dimensional
model of changes in measured quantities with
time, to the DO data profiles obtained at the reef.
Next, we present a very simple model combining
these methods which employs basic concepts of
chemical engineering. Finally, we present a one
dimensional diffusion/ advection model which is
able to explain the entire diurnal DO profiles at
both locations with an excellent fit of the model
to the data.
Materials and Methods:
The data set that we will use here is the
results of the October 1993 Miyako Island
Research Effort. The field effort took place at
Bora Bay, a small bay less than 1 km2 in area
and located on the south eastern tip of the island.
The Kuroshio flows along the southern edge of
the island and produces a strong current from
west to east of about 1 meter per second outside
the bay (Ho and Marra 1993). The reef is a
fringing type reef along the southern edge of the
bay that covers an area of about 0.16 km2.
During the low spring tides, the reef emerges and
forms a nearly complete barrier between the outer
ocean and the lagoon. The lagoon itself covers
an area of approximately 0.3 km2 so the entire
system is only about 0.46 km2 in area (figure 1).
The 1993 October field effort was carried
out during the spring tide from Oct 13 to Oct 15,
1993. The survey produced an extremely rich
data base including measurements of water flow

speeds and directions, salinity, temperature,
meteorological conditions, dissolved oxygen
(DO) by both continuous in situ galvanic
electrode meters and the Winkler Method, total
inorganic carbon (TIC), pH, alkalinity, pC02,
nutrients, organic carbon and nitrogen, biomass,
and biocommunity distributions.
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* '
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Figure 1: Topographical map of depth contours at Bora Bay.
Sampling points Ml, M2, M3 and Stl are also shown.

The observation and sampling sites in the
lagoon at Bora Bay are shown in figure 1. In
this paper, we will be concentrating on the flow
measurements which were carried out at all four
locations and the continuous profiles of DO
which were obtained by the galvanic electrodes at
Ml and M3. These measurements were all
carried out by Tokyo Kyuuei Ltd. which
specializes in such environmental assessments.
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Figure 2: DO concentration profiles from October 1993 at M3 (a) and M1 (b).

The DO profiles shown in figure 2
theoretically give enough information to
determine rates of community photosynthesis
and respiration. However, it is clear that the

—43—

profiles at the two points Ml and M3 are very
different, and particularly at M3 the profile is
more complex than a simple diurnal rise and fall
which would be predicted by community
metabolism alone. As we will see below, the
problem is that we must account for the influence
of advection from the outer ocean and other areas
of the reef system.
Flow measurement profiles are shown in
figure 3. Average flow vectors at the observation
points Ml, M2, M3 and Stl indicate a unidirec
tional flow component flowing northeast at M3
on the west, east through Stl in the center, and
southeast at Ml on the east as shown in figure 4.
This flow is independent of the tidal cycle
(Kraines 1995).

channel on the east side of the reef flat at Ml.
The flow component from west to east may be
accentuated by forcing from the Kuroshio which
flows strongly west to east outside the reef
system (Ho personal communication).
For the modeling considerations below,
we have expressed this flow system as a
combination of a unidirectional flow from M3 on
the west side of the lagoon to Ml on the east
side, and the tide induced flow across the central
reef flat as shown in figure 4. This is described
in more detail in Kraines (1995).

Figure 4: Diagram of Bora Bay showing the general
water flow pattern in the bay and sampling points M1,
M2, M3 and St1. The R indicates input from a small
stream, and the I indicates input from a small waterfall.

St1 (c) and M2 (d). Grey areas show periods when flow
speed at M3 is near zero. Direction of primary flow is
given on the right of each graph. Directional flows were
obtained by multiplying the water speed by the cosine of
the deviation of flow direction from the primary flow.

The average flows at M3 and M2 show
net inflow to the lagoon, and average flows at
Ml shows an outflow to the ocean. Thus, as is
the case in many fringing reef systems (Hamner
and Wolanski 1988, Hearn and Parker 1988,
Prager 1991), water flow in Bora Bay occurs
primarily from the ocean to the lagoon over the
reef flat, particularly on the-West side, due to
wave energy impacting on the reef edge. It then
produces a longshore current in the lagoon
through Stl, and exits the system through a
-44

The Models:
In this paper, we will examine an evolu
tion of four levels of modeling or data analysis
methods of increasing complexity to analyze the
DO observations taken at the lagoon at Bora Bay
in October 1993. The goal of these methods is to
estimate the rate of net organic production in the
system and thus the rate of C02 fixation by
photosynthesis (P) minus respiration (R). Note
that this does not include the contribution of
inorganic carbon production which is a source of
C02. In addition, we will consider the value of
the ratio of P and R which is an indication of the
trophic nature of the system, P/R < 1 indicating a
heterotrophic system and P/R > 1 indicating an
autotrophic system.

The four methods are as follows:
A) differences of day and night averages of DO
concentration between upstream and
downstream observation points.
B) a zero dimensional model dividing time
dependent changes in DO concentration
into the contributions of gas exchange,
photosynthesis and respiration without
consideration of advection or mixing.
C) a simple flow model dividing the reef system
into two different flow regimes: zero
diffusion on the reef flat and perfect
mixing in the lagoon.
D) a one dimensional diffusion/ advection model
based on model C. Here, time dependent
flow is integrated across the reef flat, and
the lagoon is treated using a one
dimensional box diffusion model.
A. Mass Balance
The first, and simplest analytical
approach is a mass balance across the reef flat
and the lagoon. The theory behind the simple
mass balance method is that over the long term,
the net activity of the reef expressed as net
consumption (respiration) or net production
(photosynthesis) of 02 can be obtained by the
difference in DO concentrations observed
between two points in a steady flow.

are high and the net effect will be to partially
mitigate the effects of the biological processes on
the DO concentrations. Therefore, estimates of P
and R by this method may be slightly low but the
P/R ratio should be reliable.
For the mass balance calculations, we use
the change in DO concentration from the outer
ocean to M3 to determine the effect of the reef
flat, and the change in DO from M3 to Ml to de
termine the effect of the lagoon. The difference
in DO concentration between the two points at
night shows the effect of community respiration,
and the difference during the day shows the role
of photosynthesis.
Table 1 shows the results using averages
of DO concentration from 8:00 to 16:00 for the
day and 20:00 to 4:00 for the night. It is
immediately obvious that, while the reef flat
calculations give reasonable results for photosyn
thesis and respiration, the calculations across the
lagoon give negative rates which imply that
photosynthesis is consuming oxygen and
respiration releasing it! Even if we attempt to
account for a time delay for DO concentration
increases at Ml compared to M3 by averaging
concentrations above and below the total
average, shown in Table 1 as DO max/min, we
obtain negative rates across the lagoon.
reef flat

biological activity = T-1(Cavginput -Cavgoutput)
Here, t is the residence time of the region
considered. This type of averaging method was
employed by Charpy-Roubaud et al to analyze
their impressive nutrient data set at Tikehau
(1990) and Le Campion-Alsumard et al to derive
calcification rates from their carbonate data
obtained at Tiahura reef (1993).
Since gas exchange depends on the
instantaneous concentration gradient across the
air-sea interface (see model B), we cannot
include it in this simple time averaged analysis.
Gas exchange is very important for mass balan
ces of DO. However, over the long term, if the
inflow DO concentration is nearly in equilibrium
with the atmosphere, gas influx during periods
where DO concentration is low should be largely
compensated by outflux when DO concentrations

DO day/ P=
•night-> R=
P/R =

6.81
1.84
3.70

lagoon
gC/m2/day
-2.83
-1.33
2.13,.

whole
system
-0.13
-0.51
.0.25

DO max/ p=

6.40

-0.37

1.79

min->

1.75

0.16

0.71

3.66

-2.28

2.53

G (day) = 2.97

0.10

1.08

P/R =
' ALK->

"DO+ALK (day)->
-0.61
R-2*P-G=
"TIC (day)->
-0.64
'
R-2*P-G=

gC/m2/hr
0.03

-0.16

-0.25

0.02

Table 1: summary of results from simple mass balance calculations
using the equation (reef activity) = (1/t) (Cinflow - Coutflow)
where tis the residence time of each region. P is photosynthesis,
R is respiration, G is calcification. The last two lines show carbon
fixation rate calculated from the above parameters (DO+ALK) and
directly from measured TIC.

One problem is that the calculations here
ignore gas exchange. Still, as we have described
above, ignoring gas exchange should only serve
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to reduce our estimates of the biological rates,
not reverse the sign. The real problem is that we
have assumed that the inflow steadily displaces
the resident water in a region so that the base
water concentration is the same as the inflow
concentration. While this may be true across the
shallow reef flat due to the rapid flow, the high
DO concentrations at M3 are immediately diluted
in the large lagoon before the water reaches Ml.
The result is that during the day a drop in DO
concentration is observed from M3 to Ml while
at night DO increases as water from the lagoon
mitigates the strong reduction in DO concentra
tion which occurs across the reef flat. The
paradoxical decrease in DO during the day and
increase at night across the lagoon is therefore a
result of the mixing processes and slower water
turnover occurring in the lagoon.

shown in figure 5.
With this method, we were able to
successfully replicate the rise and fall of DO
observed at Ml which indicates that the advec
tion of water to Ml may be of relatively minor
importance. However, at M3 the model was
unable to duplicate the complex pattern of peaks
and dips observed in the DO profile there. This
is presumably due to the high water flow rates
observed at this point (figure 3a). But, even
when we restrict our consideration to periods
where flow speeds were less than 2 cm/sec, the
average flow speed observed in the center of the
lagoon at Stl, the model was unable to duplicate
the observed profile. Clearly, advection plays a
very important role in this high flow region.

B. No Advection Model
The next method we will consider takes
an opposite approach. This model resembles the
one dimensional depth models of DO concentra
tion changes we cited above. Here, the basic
assumption is that advecdve transport of 02 can
be ignored. The time variation of DO concentra
tion observed at a point is therefore attributed to
the three processes of gas exchange,
photosynthesis (P), and respiration (R).

E 250
q

200

time (hrs)

Figure 5: No advection model results for M1. (a) and M3

d[DO]/dt = d[DO]/dt (gas exchange) +
d[DO]/dt (P) + d[DO]/dt (R)

speeds less than 2 cm/sec (see text).

Gas exchange can be estimated by the concentra
tion gradient between the water surface and the
air multiplied by the gas transfer coefficient
proposed by Wanninkoft as a function of wind
speed (1992). Therefore, we can calculate R
from the rate of decrease in DO observed at night
minus the influx of 02 from the air. Similarly,
we estimate P-R from the increase of DO during
the day.
R = d[DO]/dt (night) - d[DO]/dt (gas exch)
P = d[DO]/dt (day) - d[DO]/dt (gas exch) - R
By choosing values of P and R which give the
best fits to the data, this model can replicate the
observed DO profiles at M3 and Ml by using the
first equation. The resulting modeled profiles are

C. PFR-CSTR model
The previous analytical techniques have
shown us that at Ml advection is relatively
unimportant and the influence upstream can be
considered to be largely washed away, but at M3
advection is far more important. In engineering
terms, we can express this difference in flow
regimes by assuming that flow over the reef flat
is "plug flow", i.e. diffusion is negligible.
Thus, we model the reef flat here as a plug flow
reactor, or PFR. The lagoon, on the other hand,
behaves as a constantly stirred tank reactor or
CSTR, i.e. diffusion is infinite and inputs to the
lagoon are immediately uniformly diluted
throughout the lagoon. Admittedly, this is a
rather extreme assumption, and we will see later
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that it is not completely adequate. However, it is
important to see how well this highly simplified
flow model can simulate DO concentration
profiles in our system. Detailed explanations of
the concepts of plug flow and CSTR are given in
Levenspiel (1962).
In order to apply these concepts to the
reef system at Bora Bay, we propose the model
shown in figure 6. Here, we have assumed that,
relative to the reef system, the outer ocean can be
treated as an infinite reservoir with constant DO
concentration. This assumption is supported by
data we gathered during a short cruise of the
ocean region surrounding the bay (see Kraines
1995). As shown in the figure, in the model
water flows from this oceanic reservoir and
crosses the reef flat as plug flow. This water
then enters the lagoon CSTR where it is
instantaneously mixed.

reef flat. The result is peaks observed right after
the noon low tides and dips following the
midnight low tides (figure 2a). A further process
which lowers the magnitude of the observed
peaks is mixing of the peak waters with water in
the lagoon. Therefore, the rate of decrease of
DO following the peaks indicates how fast the
reef altered waters are diluted in the lagoon.
This model can be expressed with the
following set of equations:
for the reef flat:

Creef = cocean + “ (reef activity)
for the lagoon:

dt
where

=-(creef' clagoon) + (|a9°on activity)
t

is the concentration of DO in the

inflow from the ocean which is assumed to be
constant,
is the concentration of water
flowing off the reef flat and Clagoon is the con
centration in the lagoon, t is the residence time
of water in the entire lagoon for Ml and a smaller
region around the west side entrance for M3.
CSTR
Figure 6: diagram of the PFR-CSTR flow model. See text for
detailed explanation

We differentiate between M3 and Ml by
the volume in which this mixing occurs. This is
not an entirely satisfactory formulation for M3.
While for Ml, the mixing volume is simply the
average volume in the lagoon, for M3 this vol
ume becomes an arbitrary parameter determining
the extent of mixing in the area around M3. We
fit this parameter by examining the rate of
decrease of DO concentration following the
observed peaks. As described previously
(Kraines 1995), the peaks at M3 are a result of
highly altered water which was trapped over the
reef fiat flowing into the lagoon at M3. This
highly altered water is followed by oceanic
waters which, due to the rapid water speed
during the flow cycle, is relatively uninfluenced
by the biological and physical processes on the

Figure 7: PFR-CSTR model resdts fcr M1 (a) and M3(b). Observed data is
shown by tha dotted ires. Model restits are shown bysd'd lines.

The modeled profile for Ml using best fit
values of P and R is shown in figure 7a. Over
all, the PFR-CSTR model gives a smoother fit to
the data than the no advection model, although
the modeled DO peak on the second day follows
considerably after the observed peak, and the
shape of the following dip is completely different
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from the observed profile. On the other hand,
the modeled fit on the first day is nearly perfect.
The modeled profile for M3 is shown in
figure 7b. The assumption of plug flow across
the reef flat requires that flow be sufficiently fast
on the flat. This is because, even though the
model correctly integrates the time required for a
parcel of water to flow across the reef flat
following a time dependent flow speed, we have
not integrated the instantaneous gas exchange
which is a function of the instantaneous water
concentration and the time dependent photosyn
thetic fixation of DO which depends on the light
profile. Therefore, if the time spent on the reef
flat by a parcel of water is too long, we would
expect large errors in calculation of these fluxes
during slow flows.
Still, for the periods where flow speed
was sufficiently fast to allow us to model the M3
profile, we were able to obtain a remarkably
good fit. Although the shortness of the modeled
segments makes it impossible for us to make
confident estimates of P and R, the match of the
model to the data indicates that at least our
thinking in designing this model is correct.

D. One dimensional diffusion - advection
model
There are two major problems with the
PFR-CSTR model. One is that, as we have
described above, the model can only treat
sufficiently rapid flow speeds across the reef flat.
We can solve this problem with a model which
integrates not only the time spent on the reef, but
the instantaneous change in DO concentration of
the water as it flows across the reef. This model
is shown in figure 8.

we compare the relative contributions of
diffusion and advection in the lagoon, we can.
show that the advection contribution resulting
from a 2 cm/sec average flow through the 900
meter long lagoon is more important than even a
relatively large diffusion rate. However, as we
showed earlier in the simple mass balance
consideration, we cannot assume that there is no
mixing. Also, the PFR-CSTR model did not
account for the mixing occurring as water flows
in and out of the lagoon over the central reef flat.
We solve this problem by using the one
dimensional diffusion - advection model shown
in figure 9. Transport of DO is modeled along
the unidirectional flow from M3 to Ml. The
lagoon is divided into boxes perpendicular to this
flow which are assumed to be perfectly mixed.
A survey of spatial distribution of concentrations
of various substances taken in March 1994
shows that concentration gradients are far
stronger in the east west direction than in the
north south direction (Kraines 1995). This
observation supports the one dimensional
modeling assumption here. Diffusion and
advection of DO is then calculated between each
bf the boxes, and in addition the inflow and
outflow of water over the central reef flat is also
included. The central reef flat is modeled in the
same way as described above for the reef flat
outside of M3, with provision made for the
reversal of flow direction between the ebb and
flow tides.
Outer Ocean

lagoon h---------- Ax---- —h———Length------------- H
Figure 8: M3 reef flat plug flow mode!. Here: F = flux of modeled
\
substance by gas exchange and biological activity, U^g(t) = measured V
flow speed at M3 indirection of primary flow, U^eef(t) = flow speed bn the\

\

"
V
- \

reef flat calculated from U^t) as shown below, t = time, C =
X
-N
concentration of modeled substance at M3, C* = concentration exiting the \ /
reef flat, and Cq - concentration of substance in the ocean.

The second problem is in the assumption
that mixing is perfect in the lagoon. In fact, if

Figure 9: Structure of the one dimensional diffusion - advection model
used to simulate the advection and mixing of substances through the
lagoon at Bora Bay. Here: [X] = concentration [mmol/m^], Ax = tank
width [15m], n = tank # = 1 to 60 and U's are flow speeds [m/min].
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A detailed description of the basic
components of the model minus the diffusion
formulation is given in Kraines (1995).
The results of this model are shown in
figure 10. Figure 10a shows the fit of the
modeled M3 DO profile to the observed profile
using best fit values of P and R. We have shown
two different model profiles. One profile is
obtained by calculating the flow speed over the
reef flat directly from the observed water flow
speed profile at M3 (figure 3a). The second
profile is obtained by modeling the flow speed
over the reef flat as a step function dependent on
the depth on the reef flat. The idea here is that
the flow volume at M3 is constant except when
the reef emerges above the water surface and cuts
off the oceanic inflow.
The observed profile lies between the two
profiles for the most part. Therefore, it is pos
sible that a combination of these two methods for
calculating the flow speed over the reef flat may
yield an even better fit. We are currently inves
tigating this possibility. In any case, both of the
models yield excellent fits to the data over the
entire daily cycle that was unobtainable from any
of the other methods we considered in this paper.
Furthermore, the fit appears to be good enough
to conclude that this model is also adequate to
accurately simulate the observed data.

10b. The models using measured flow speeds at
M3 and the depth dependent step function are
shown. The model here also fits the data very
well and includes some additional detail that was
not apparent in any of the previous models. As
at M3, the observed data generally falls between
the two modeled profiles. Overall, at Ml the
model using the depth dependent step function
for flow speeds over the reef flat appears to give
a slightly better fit than the model using observed
water speeds. Particularly during the second and
third day, a substantially better fit was obtained
than in the previous models.
Results:
The values of P and R estimated by each
method are shown in Table 2. It is informative to
compare the results here with results obtained at
other coral reefs in the Ryukyu's. Nakamori et
al (1992) studied carbon flux at Shiraho Reef in
the neighboring island Ishigaki located about
halfway between Miyako and Taiwan. Using the
tent method to isolate a community, they found
that gross community primary production,
corresponding to P here, was 0.6 gC/m2/day in a
sand bottom community and 4.9 gC/m2/day at an
inner reef flat coral community. They estimated
respiration to be 0.8 gC/m2/day in the sand
community and 4.6 gC/m2/day in the coral
community. Kayanne et al (1995) estimated net
production at the same reef from changes in
pC02, pH and alkalinity. They found that net
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organic production was 1.3 gC/m2/day on the
reef flat.
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Figure 10: Diffusion Model Results at M3 (a) and M1 (b).
Observed data is given by the dotted lines. The solid line shows
model results using the observed M3 flow profile (figure 3a) to

Diffusion Model

model flow over the reef flat. The grey fine shows model results
using a depth dependent step function to model the reef flat flow
(see text).

The model fit at Ml is shown in figure
—49—

Table 2: summary of model results for photosynthesis (P),
respiration (R) and the P/R ratio. Values are in gC/m2/day.

We have no explanation for the large
difference between Kayanne et al's results and
Nakamori et al's results for the same reef
system. However, both results are far lower
than the results of our model here. There are a
few factors which may contribute to this
discrepency. First, the area surrounding the
, coral reef at Bora bay in Miyako is heavily
cultivated with a variety of agricultural products.
Thus there is a strong influx of nutrients from the
shore. This may serve to increase production.
Also, the small size and relatively strong flows at
Bora bay may serve to pump organic material out
of the lagoon faster than at Shiraho, forcing a
higher ratio of production to consumption to
compensate for this loss.
Finally, part of the difference may be due
to differences in analytical techniques. Nakamori
et al used an isolation technique (plastic tents) to
examine two restricted communities. In their
analysis of total production on the entire reef,
they used a much higher value of 1.97
gC/m2/day on the reef flat. This is closer to
Kayanne et al's results, but still only 25% of our
result for the diffusion model. We suggest that
the remaining difference may be partially due to
the contribution of advection which is not
considered by either paper. Advection would
serve to reduce high concentration signals thus
resulting in possible underestimation of
production in high production regions such as
the reef flat.

flow through the lagoon as having a constant rate
of diffusive mixing between boxes arranged
perpendicular to the longshore current observed
in the lagoon. We believe that the simplicity of
this model together with the realistic nature of its
fundamental assumptions may make it general
enough to be applicable to a variety of coral reef
and coastal ecosystems with similar flow
patterns. Therefore, this model may be a
powerful tool in analyzing data profiles of high
flow ecosystems such as coral reefs.

Conclusion:
In order to estimate the rates of metabolic
activity from concentration profiles of various
substances in a high water flow system such as a
coral reef," we must remove the masking
influence of advection and mixing as well as the
buffering effect of gas exchange on the metabolic
activity. We have investigated this problem by
applying four analytical approaches of increasing
complexity to DO profiles taken at a coral reef in
Miyako Island. Simple considerations which
oversimplify the role of advection and mixing
failed to duplicate the observed data. We were
able to obtain a complete and excellent fit to the
data profiles by using a one dimensional
diffusion advection model. This model simulates
flow over the reef flat as having no diffusion and
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Organic and inorganic productions by coral and/or coral reefs,
and it's relation to atmospheric 002.
Tamotsu Oomori
Department of Chemistry, University of the Ryukyus
Nishihara, Okinawa 903-01, Japan.

1. Introduction
How does coral reef respond to the global environmental change and increasing atmospheric CO2?
Coral reef is a complex biogeochemical ecosystem including photosynthesis-respiration and
calcification-dissolution processes, which are light-dependenLThese organic and inorganic carbon
productivities of coral reef are extremely high (500-5000gC/m2/y), which suggests that coral reef has
a potential possibility to contribute to the atmospheric CQ2. However this possibility is dependent on
the net production of coral reef ecosystem.
According to the IPCC(1992), as to the atmospheric CO2 budget, increasing rate of atmospheric
CO2 is 3 AX 1015gC/y, however the amount of release of CO2 to the atmosphere is 7.1X 1015gC/y
which is derived from the anthropogenic CO2 (5.4X 1015gC/y) and the tropical deforest (1.6X
1015gC/y).On the other hand, amount of CO2 removed into the whole ocean is estimated as 2.0X
1015gC/y. As the result, 1.6X 1015gC/y is missing (which corresponds to 30% of the fossil fuel
combustion, and 20% of total CO2 release).The ocean is the biggest reserver for the atmospheric
CO2, and is expected to be the major absorber for the missing CO2, however it is not clarified yet.
Annual average value of CO2 removed into the ocean is given as 5.5gC/m2/y (=2.0 X 1015gC/y
/361X 106km2) considering the total ocean areas. And also expected values for the ocean to absorb
the whole increasing CO2 is given as 9.4gC/m2/y (=3.4X 1015gC/y / 361X 106km2). These values
is the guideline to consider about the effective role of coral reef on the atmospheric CO2. If the coral
reef has any mechanisms to reserve 0.2 to 2 % of the organic matter produced, the role of coral reef
on atmospheric CO2 may not be insignificant
In order to evaluate the role of coral reef ecosystem on atmospheric CO2, the following studies are
required.
1) Primary production, respiration and calcification in the coral reef ecosystem,
2) Carbon fluxes related to coral reef, particularly those of CO2 at air-sea interface and of organic
matter at reef- ocean interface;
3) Where the produced organic matter are stored, and when and how much of the organic
may be decomposed.
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matter

For this purpose, follow studies have been carried;
1) Measurement of organic, and inorganic carbon productions through incubation experiments of
coral,
2) Observation of coral reef at Bora-bay, Miyakojima, and,
3) Inter-calibration of carbonate systems in seawater.

2.Incubation experiment of corals (at Sesoko Marine Science Center).
Diurnal change in organic and inorganic productivities of corals were measured through incubation
of corals in sea water pool at Sesoko Marine Science Center, University of the Ryukyus. Massive
corals (Porites, Favites) were incubated in the seawater pool (3m3, coverage 7%). Change in
chemical compositions of sea water such as pH, total alkalinity, dissolved oxygen (DO) and salinity
were measured. Partial pressureof C02(PC02), organic and inorganic productions and total
inorganic carbon (TCO2) were calculated from pH and alkalinity values.
The following results are obtained;
l)Diumal variation of pH, DO, PCO2 and TCO2 values are remarkable, which are dependent on the
biological processes such as photosynthesis, respiration and as calcification.2) PCO2 and TCO2 value
clearly decreased with the duration of time, which suggests that corals uptake CO2 during growth in a
range of short period.

•

3) Carbonate alkalinity decreased according to the increase in DO in a daytime.
Calcification and photosynthesis processes are linked and occurred simultaneously.
4) The CaC03 production rate and net primary production rate are 14 mmol/m2/day and 35
mmol/m2/day, respectively. Higher primary productivity of corals than CaC03
productivity leads to the CO2 uptake from sea water.

3.Dome experiments at Bora-bay coral reef, Miyakojima.
The diurnal variation of pH, DO, total alkalinity and PCO2 were measured through incubation
experiments in the dome at Bora-bay coral reef. Organic and inorganic production and the change in
PCO2 have been observed. It is found that coral reef has a potential possibility to uptake CO2 from
atmosphere awing to the high organic and inorganic carbon productivities. The studies of CO2 flux
and metabolic cycle of organic matter must be intensively carried. And also, for Bora-bay study,
evaluation of the effect of tidal current, exchange rate of seawater mass during experiments and the
contribution of ground water to the coral reef must be carried out accurately.

4.Inter-calibration program of carbonate system.
In order to understand the carbon cycling in the wide area of the ocean, accurate and precise
determinations are required, however the measurement of carbonate species has been carried
intensively by different institutions.
—54—

As the inter-calibration program of carbonate system in sea water, comparative study of the
determinations of carbonate species such as total alkalinity, pH, PCO2 and TCO2 were carried by 8
organizations in Japan(in June 25-July 1, 1995 at Hokkaido University).
The pH values of sea water were monitored by NBS or SWS scales. Alkalinity values are
obtained by Gran's titration methods or analysis by titration curve. PCO2 in sea water were measured
by NDIR with different types of equilibrator such as showering, bublling or gas permeable Teflon
Tubing(GOATEX).. TCO2 were measured by Coulometric titration or gas chromatography. The
results of calculation of PCO2 and TIC by pH-alkalinity method also are shown.
It is seen that all the reported values (pH, alkalinity, TIC and PCO2) are largely dependent on the
standard solution for calibration utilized in the measurements, however the change in values during
monitoring are consistent among the organization. PCO2 values shows that the type of equilibrator
also some effect on the measured value.

S.Summary
1) Incubation experiments in the sea water pool shows,
Organic and inorganic productions by coral are dependent on the photon fluxes and linked each
other. Amount of primary net production at daytime (3,6 mmol/m2/day) exceeds the amount of
calcification (14 mmol/m2/day). The balance in total carbon and PCO2 in sea water reveals that CO2
is uptaken by corals during incubation.
2) Observation of coral reef at Bora-bay, Miyako-jima shows,
The ratio of Inorganic carbon to Net organic carbon production ranges from 1.5 to 2.5 in the
daytime, that is, coral reef can potentially uptake CO2 from sea water. However budget of CO2 are
not obtained precisely, because the effects of tidal current, exchange rate of seawater and the
migration of ground water are not evaluated.
3) In order to evaluate the role of coral reef on the atmospheric CO2, the studies on
(1) the CO2 fluxes between air-sea interface and sea-bottom interface, and
(2) the mechanism of carbon cycle (such as metabolism of organic carbon and nutrients) must be
carried intensively.
Acknowledgement: Thanks are due to RITE for providing the opportunity to study the coral reef
ecosystem at Bora-bay. Miyakojima, and also due to colleagues of University of the Ryukyus, S.
Kanahara, H. Fujimura, Y. Yanagi, K. Yamamoto and S. Nagaoka who help the incubation study of
corals at Sesoko Marine Science Center.
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Recently, much attention has been given for the understanding of coral reef system, in relation
to the sink or source of atmospheric carbon dioxide. The biological fixation of carbon dioxide is
occurring as calicification and organic production in coral reef. Coral reef is located in the
oligotrophic area, with low concentrations of nutrient. However, primary and secondary
productivities are higher in the coral reef-inside than out-side. This is "paradox". Is the nutrient
supply such as nitrate and phosphate not a critical condition in the coral reef ?,

How

mechanism is occurring for maintaining of higher productivity in both of calcification and
organic production? What is an important controlling factor for coral reef?

The most of

previous study had not so much consideration about the cycles of ammonium and dissolved
organic matter. In this study, the author had been much attention for measuring of ammonium,
dissolved organic carbon and dissolved organic nitrogen. It is discussed that the fate of organic
matters produced by primary production in biologically active water and released by metabolism
or break-down of living organisms is one of an important key factor for determination whether
the formation of calcium carbonate in coral reef is an invasion to the ocean or an evasion to the
atmosphere of COz.
The role of organic matter cycling and budget in increasing biological fixation of CO2 in the
whole system of coral reefs has been studied at Bora Bay of Miyako Island in Japan in Oct,
1993 and July, 1994.

The carbon and nitrogen concentrations of dissolved and particulate

forms of organic matter in coral reef water, sediment and in the various living organisms were
measured. The biological fixation of carbonate chemistry in relation to source or sink of the
atmospheric COz is also strongly connected to the nitrogen and phosphorus chemistries in sea
water. The temporal change in concentrations of inorganic nitrogen as nitrate,nitrite,ammonium
were measured in coral-reef water.
Miyako Island (25° N, 125° E) is low and relatively flat. Soil is typical red clay overlying
limestone, and no major rivers, runoff channels or estuaries were observed. Rainfall drainage is
mainly by percolation through the porous limestone base. This location is exposed to prevailing
-57-

winds and ocean swell during the summer rainy season(May to Oct.). Reef substrate is
composed of coarse sediment and consolidated CaCOs bench. Live corals covered less than
50% of the reef substrate inside the reef flat, and very macrophytes were in evidence. Fig.l
shows location of Miyako Island and sampling sites in Bora Bay. Water masses at Bora Bay
are characterized as mixing of an open ocean water circulated clockwise from left side to right
side of Fig, and also there are water over the reef which arrives from 0.5 m to 2.5m throughout
a tidal cycle. During this study, water temperature changes with ranging from 26.8 to 28 degree
C and salinity is changing from 34.70 to 35.01, generally lower at the low tide. An average
flow rate of water is calculated as 1270m^/min for the over the reef flat, 400 nr* min‘*for the
inflow or outflow from reefs and 0.12 m min " for run-off( Kraines et al., 1995).
Water sampling was done using a Niskin Sampler of 5 liters rinsed with deionized water and
0.1N hydorocloric acid solution. Water samples were collected at M-l, M-2 and M-3 stations
each three hour in the depths of surface,middle, and bottom in Oct, June. Seawater samples for
the dome experiment at the field were taken at M-3' in June, 22 to 25, 1994 every three hours
using pumping tube system.

After sampling immediately sample water was transferred into

each different bottle for the analysis of each chemical compound. Polyethylene bottle was used
for nitrate and nitrite, and a clean glass bottle with a tight alumina cap was used for ammonium
and organic nitrogen. Water samples were filtered using a clean glass syringe of 100 ml with
equipped polycarbonate folder ( diameter 25mm) , which was set up a OFF filter
preconmbusted at ‘500 degree C. Water sample for DOC and DON measurement

was

transferred into the glass ampule, and ah ampule which was sealed under Nz gas stream was
preserved at 4 degree C. For POC and PON measurement, 1 liter of sea water sample was
filtered using OFF filter precombused with a closed filtration system.
' The nutrients concentrations are determined ‘ by 'the oceanographic standard methods
(Grasshoff,-1976), with much care for avoiding contamination.

Ammonium must be colored

to be indophenol bule within 1 hour using color reagent. Dissolved oxygen is determined by
the Winkler method, and DOC and DON are measured by the high temperature catalytic
oxidation method (HTCO) (Suzuki etal., 1991,Suzuki et al.,1992, Suzuki, 1993).
DOC was oxidized to CO2, and then measured by NDIR. DON was also oxidized to the
inorganic nitrogen gas such as NO and NOz at electric furnace temperature of 680degree C and
3% platinum catalyst immpregneted alumina. After drying through electric cooler (-10 degree
C. NO2 compound was converted to the NO compound for determination by chemiluminence
detector.
The primary standard solution was prepared by Antiprine ( C^^H-^O) of 0.5647g 1"* ,
which is corresponding to 3mM. The secondary standard solution was prepared with ranging
from 6//M to 36//M for nitrogen and 25 to 200juM for carbon by a dilution of primary
standard solution. Blank value of TON in ultrapure water ( Mil R-Q-TOC ) after distilling is
0.3//M with reproducibility of within 2% and also DOC is 9//M with reproducibility of within

1.6%.
Blank values of nitrate and ammonium in ultra-pure water (Mill R-Q) were obtained 0.003 //
mol l"1 for nitrate and 0.14 //mol T* for ammonium. Therefore, blank value of DON is 0.3//
1
1
mol 1" , which is small in comparison with an average value (10 mol 1" ) of DON in sea water
and that of DOC is 9 //moll"*, which is still higher for concentration of sea water (about 50—58—

120 //mol 1_1).
Recent examination of us for evaluation of system blank showed that blank values of
DOC/DON varied with change of flow rate (Suzuki et al., 1995), suggesting that an affection
of system blank based on the contamination from materials used in this machine to blank value
measured is possibly small. But it is still unclear.
It was found that the concentrations of dissolved organic carbon and nitrogen are lower
slightly than those of open ocean. The concentration of ammonium in coral reef water is higher
with 0.28 to 1.84 //mol F^ than nitrate with 0.18 to 0.64 //mol 1~^. It accounts for 50 to
70% of total inorganic nitrogen. The concentration of dissolved organic nitrogen(DON) ranges
from 5.24 to 15.5 //mol 1"^ with an average value of 8.79 //mol 1"^, revealing that it is about
seven folds higher than total inorganic nitrogen. There is a weak inverse relationship on the
change of concentrations in surface water between ammonium and dissolved nitrogen. But the
pore water shows that both ammonium and DON concentrations are high, suggesting that these
compounds are supplied into water column from bottom floor by the decomposition of
heterotrophic organisms and water mixing. Calculation from the temporal changes of organic
nitrogen and inorganic nitrogen in the water column revealed that there is an imbalance between
production and consumption for DON, but a balance for inorganic nitrogen. This suggests that
organic nitrogen accumulates in living organisms and the benthic floor of coral reef and the
behaviors of ammonium and DON are a key element in nitrogen cycling rather than nitrate
uptake and Nz fixation in coral reef.
The simplest and oldest theory of calcification is that photosynthetic removal of carbon
dioxide displaces the carbonate equilibrium in coral reef water.

Thus, photosynthesis is

intimately associated with calcification in coral reef (Barnes and Devereux, 1984), and organic
matter may play a role in COz release by calcification. However, little is known about the fate
of organic •matter produced by or released from organisms in coral reefs.

Rates of gross

primary production (P) and respiration are obtaind by calculation based on the daily variations
of dissolved oxygen concentrations or total inorganic carbon concentrations (Grassland, et al.,
1991; Gattuso, et al., 1993).
According to Crosland et al., (1991) and Gattuso et a., (1993), net organic production in the
tropical coral reefs is close to zero, and they concluded that organic carbon metabolism plays
only a minor role in he carbon fluxes in coral reefs and the reef excess production is
approximately 0.05% of the et COz fixation rate of the global ocean (Gattuso, et al., 1993) and
an integrated air/sea COz fluxes over 24-h showed that the reef ecosystem they studied is a
source of COz to the atmosphere. However the role of organic matter fluxes in coral reefs is
underevaluated.

It is thought that organic production only promotes calcification. But the

question remains, does organic matter accumulate in coral reef ? Up to the present,

it is

accepted that most of organic matter is decomposed or transported into the ocean, and then does
not remain in coral reef water.
The temporal change in concentrations of dissolved organic carbon (DOC) and nitrogen
(DON) was measured in October , 1993 and July,1994 at Bora Bay in the Miyako Islands.
The concentrations of DOC and DON ranges from 72 //mol 1~^ to 125 //mol F^ for carbon
and 5 //mol F* to 16 //mol F* for nitrogen, which are lower and have a large variation than

—59—

those of open oceanic water (average 93/Zmol 1"^ for carbon and 10.5 flmol l”* for nitrogen)
in Oct, 1993. The concentrations of particulate organic carbon (POC) and nitrogen (PON)
including living organisms are from 11 /Zmol l-* to 17 /Zmol l""*- for carbon and 1.8 to 2 /Zmol
1_1 for nitrogen, which are as the same order of magnitude as those of the open ocean. In
general, coral reefs are areas of gross higher productivity, therefore it is expected that more
organic matter would be produced, and would be higher concentrations in coral reefs.
However, this is not the case, there is no regular diel variation in the temporal change of DOC
and DON concentrations. The highest concentrations of DOC and DON during the period of
observation are found near the noon of Oct. 1993, and this high value declined rapidly.
We can also see that high DOC and DON concentrations also does not have a strong
correlation with photosynthesis. These results suggest that most of the appearance of organic
matter in coral reef waters is not correlated directly to primary production, but rather is
correlated to the release of secondary production by the heterotrophic organisms such as coral
and benthos. Usually high concentrations of DOC and DON might be due to the active release
by disturbed coral as well as the reduced water volume by the low tide. We calculated the C/N
ratio from the concentrations DOC and DON. The C/N ratio in organic matters is not constant.
Lower C/N ratio of about appear mostly at night time. The lower C/N ratio is given for mucus
(about 4.5 to 5) or bacteria (about 4.8). The higher C/N ratio during the day time might be due
to the photosynthesis by algae, because the C/N ratio of algae is about 18( Casareto et al.,
1995).
The important thing is that DOC and DON concentrations are slightly lower than those of open
ocean and, POC and PON concentrations have no remarkably difference between reef waters
and open ocean waters. This suggests that the exported flux of dissolved organic matter to the
open ocean which was expected as a sink might be small or negligible at Bora Bay. However,
This is dependent upon the seasonality.
Where does DOM go ? Sediments? Living Organisms ?

Sediments samples were taken

around M-land M-3 using an plastic pipes with 4 cm of diameters. After dried at room
temperature, the calcium carbonate was dissolved using 10% of phosphoric acid. The solution
of organic carbon and nitrogen were measured using a high temperature catalytic oxidation
method. The content of organic carbon was 3.3 mg g~* at M-l and 1.1 mg g"^ at M-3. The
high productivity site of organic matters in coral reefs is mainly at reef flat. M-3 station is more
closer to reef flat than M-l station. However, M-l station where is an exit of water flow
accumulates organic matters.
Casareto et al., (1995) measured carbon and nitrogen content in various organisms. We
calculated carbon budgets at Bora Bay. DOC is 3240 mg m"^’ POC is 600 mg m"^, plankton is
784 mg m , bacteria is 6 mg m , epiphytic microalgae is 1040 mg m , sea weed and algae is
99

24600 mg m , benthos is 214 mg m

9

and total is 30.52 gC m

excluding coral and others.

The temporal change of DOC and DON concentrations were measured in the dome experiment
in July, 1994. We expected more higher concentrations of DOC and DON inside dome waters
than outside dome waters. But there is little difference on the DOC concentrations between
inside and outside waters. The temporal change of DOC and DON inside dome waters has two
peaks: one is noon or around noon, another is before sunrise. Although we had twice dome
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experiments, at the first experiment DOC and DON concentrations decreased and at the second
experiment they increased during the period of one day. What is controlling factor of DOM
behavior ? According to C/N ratio in dome experiment, C/N ratio also changes with ranges
from 7 to 17. If we calculate rate of production using the gradient of DOC concentrations, it is
q
about 720mg m , day, and assuming the depth of water column is 4 m, production is 0.18gC
m"^, day. The production of DOC at Bora Bay is small in comparison with gross organic
production estimated from dissolved oxygen inside dome waters (5.16 gC m"^, day).
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Coral Reef Carbon Cycle Research: Conceptual and Experimental Design
Robert W. Buddemeier
Kansas Geological Survey, University of Kansas
In spite of the likelihood that carbon fluxes due to coral reef metabolism can only be a
minor component of the global carbon cycle, there is persistent interest-determining
whether coral reefs represent sources or sinks for atmospheric carbon dioxide. This
paper examines the methods and requirements for making such a determination.
Two definitions are critical, and often ignored in the design and interpretation of
individual experiments: what is a source or sink, and what is a coral reef.
Anything responsible for the flux of C02 into or out of the atmosphere can be called a
source or sink, but a critical component of the definition is the time scale. From a
climatic standpoint, material removed from the atmosphere must be sequestered for a
minimum of many decades (more realistically, centuries to millennia) before it can be
considered a sink. The atmosphere is the reference reservoir and its carbon dioxide
dynamics are relatively well known, so the problem of source definition is less critical.
The term "coral reef is applied to many structures and communities, and the
terminology used by other disciplines is not necessarily appropriate for "reef „
classification in terms of carbon cycle behavior. The most rigorous and traditional
definition is: an autotrophic community in which the benthos is dominated by calcifying
reef organisms, living on top of a carbonate structure produced by that community or
its predecessors. Examples of this are oceanic atolls (especially those with relatively
small emergent areas) and outer shelf barrier reefs, as in the central Great Barrier Reef.
However, geologists may focus on the carbonate structure without close attention to its
presently living community, and ecologists apply the term to mixed communities in
which there may be net heterotrophy, terrigenous influences, or other communities
(e.g., seagrasses) that are not an obligate part of the "pure" coral reef community.
We can classify three basic approaches to the determination of sink behavior in terms of
the methods available for experimental assessment. Two of them involve determination
of production rates and/or the disequilibria that drive fluxes, and one directly measures
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the reaction products. All have specific limitations and disadvantages. The
approaches, which will be discussed with regard to their limiting uncertainties and
applications to date, are: (1) Site-specific community metabolism; (2) System-level
community metabolism; and (3) Characterization of sequestered materials
All of the methods require some level of regionalization of local (or "point") data,
and/or site selection for "representativeness," in order to generalize specific
measurements to the global and climatic levels. These processes — selection and
regionalization — depend critically on the conceptual design, the definition of a coral
reef or coral reef community, and the limitations of the methods employed.
Site-specific community metabolism: Studies of community metabolism typically
depend on measurements of the changes in carbon and/or oxygen chemistry in either
isolated bodies of water or along a well-defined flow trajectory. Time scales of
measurement are typically of hours to a few days, and spatial scales may be meters to a
few hundred meters.

Advantages: Relatively high precision and direct measurement of the metabolic
reactants and products are possible; determinations can be made of the function of
specific communities. Although technologically demanding, the methods can easily be
carried out in the field.

Disadvantages: Because of the inherent small spatial and temporal scales, variability is
difficult to assess, and extrapolating or regionalizing measurements to larger scales of
time and space is almost certainly the limiting uncertainty in the method. The method is
difficult to apply in high energy environments or in areas where the water volume
cannot be defined, both of which may be important to the total flux of C02.

Applications to date: Perhaps as many as 50 such studies have been carried out at a
wide variety of locations in all oceans. Results are usually expressed as relevant to a
specific community type (e.g., reef flat, reef slope, lagoon, etc.). Calcification, and
especially photosynthesis and respiration, are highly variable between sites of the same
type and at individual sites over time. Gross rates of P and R may vary by factors of 34 or even more, making calculation of net rates, extrapolations, and regionalizations
highly uncertain. An overview of results indicates a wide variation in the source or
sink behavior of individual sites, but suggest that an overall global average may be
close to zero.
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Svstem-level community metabolism: System-level studies have commonly used
nutrient (phosphorus) depletion as an indicator of net organic fixation in combination
with alkalinity and salinity changes to assess the metabolism of relatively enclosed,
long residence time systems.

Advantages: This approach integrates over most of the spatial variability of the system,
which is probably the greatest uncertainty in combining site-specific studies. It also
integrates over longer time scales than most site-specific studies, although it will not
(unless repeated) characterize major seasonal or interannual variations.

Disadvantages: The method can be applied only in cases where system geometry and
residence times produce a detectable and interpretable signal. Probably the major
disadvantage is the need to use assumptions about C:P ratios in order to calculate
productivity; because of natural variability in this ratio, there is significant uncertainty in
the absolute value of the calculated results.

Applications to date: System-level studies have been carried out at six atoll or island
lagoons, plus three other carbonate-producing but not coral reef environments. Results
generally indicate that the carbon flux is either approximately neutral or a small net
source to the atmosphere.
Characterization of sequestered materials: This method considers the chemical
composition of reef sediments as indicators of source-sink behavior. Calcification
releases 0.6 moles of carbon dioxide per mole of carbonate precipitated and
photosynthesis takes up one mole of carbon dioxide per mole of carbon fixed.
Therefore, if all of the products of the net metabolism are deposited in the sediments, a
sedimentary ratio of organic to inorganic carbon >0.6 would indicate a source, while
<0.6 would reflect sink behavior — this ratio is equivalent to 5-6 weight % organic
carbon in a sediment that is essentially all carbonate and organic matter.

Advantages: This method views the long-term process over the time scales of sediment
deposition, which are generally appropriate to climate considerations. Sampling and
analytical techniques are well established, and sediment samples can be taken in
environments not amenable to metabolic study. Because extensive, distributed
sampling is feasible, regionalization is less of a problem and can be supported with
(e.g.) bathymetric and seismic surveys. Sediment analyses can also be used to assess
terrigenous contributions or other factors.

Disadvantages: It is known that reefs export organic carbon as DOC and POC. While
most of this is probably, oxidized rapidly rather than sequestered elsewhere, it must be
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explicitly addressed in the budgetary estimates. Sediment samples integrate over time,
but the time period sampled depends on the sediment accumulation rate, so samples
from different locations will not necessarily represent the same time periods — this
dictates a long-term, steady-state assumption in combining results. Sampling of nearsurface or recent sediments is complicated by possible inclusion of benthic biomass that
should not be considered truly sedimentary. Finally, if the community has undergone a
recent change, the sediment results may not reflect current performance.

Applications to date: Although substantial data are available in the literature, there has
been no systematic application of this to carbon cycle studies. This is probably in part
due to the fact that the "source or sink" answer appears obvious on the basis of
sediment analyses — most carbonate sediments in reef environments have organic-toinorganic C ratios an order of magnitude lower than that required for a net carbon sink.
Evaluation: Site specific studies are extremely useful for examining community
function at small scales, but are generally inappropriate for extrapolating to wholeecosystem performance, and especially to global and climatic scales. A broad overview
of the results of many — and variable— site studies is consistent with the smaller
number of more uniform findings of whole-system studies; on average, reefs are
presently nearly in balance with respect to C02 flux, or are possibly a small net source
of C02. A greater and more interesting discrepancy is between system studies and
interpretation of sediment analyses, which suggest that reefs have been a somewhat
stronger C02 source over the recent past. Where sediment and whole-system
metabolism studies are in reasonable agreement, the combined results might be used to
calibrate the regionalization of site-specific studies, and to infer by difference the
behavior of communities that are not directly measurable.
The issues of carbon metabolism are important to reef conservation. Many reefs have
been damaged by overfishing, and others have been stressed or killed by sediment,
organic, or high nutrient inputs. If reefs have a higher net productivity than has been
generally determined (as would be suggested by carbon sink behavior), they could
sustain greater biomass harvesting and possibly higher nutrient or organic inputs. If
managers and policy makers respond to an incorrect suggestion of higher productivity
by relaxing environmental controls, the global loss of coral reefs could be accelerated.
Careful experimental design and interpretation are essential to this sensitive topic.
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Carbon and Corals: Where Does it Go, and How Do We Know?
Robert H. Richmond
Marine Laboratory
University of Guam
UOG Station
Mangilao, Guam 96923 USA
Prepared for RITE Workshop on “Carbon Cycling and Coral Reef Metabolism”

A controversy exists on whether coral reefs serve as sources or sinks for
C02 on a global scale. On one side, it has been argued that an excess of C02 is
produced during the calcification process (Ware, et al., 1991; Smith and
Buddemeier, 1992). This conclusion is reached when applying the calcification
equation

Ca2+ + 2HC03 =

CaC03 + H20 + C02

with the geochemical result of 0.6 moles of C02 being released per mole of
CaC03 deposited (Wollast, et al., 1980). An opposite view has been expressed by
researchers who suggest coral reefs serve as sinks for global C02 (see CopinMontegut, et al., 1993; Kayanne, in press).

A third hypothesis has been

presented that states that an equilibrium exists, with C02 produced during the night
balanced by C02 taken up during the day (Ohde, in press). With three different
hypotheses presented, and limited data to support/refute each, an experimental
approach to addressing the question of the role of coral reefs in global C02 budgets
is needed. Problems in addressing the question stems from limitations in the
methods used and the data generated. An interdisciplinary approach with input
from biologists, geologists, geochemists, physiologists, and ecologists is
appropriate.
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Emblems_with.existing._data

As a biologist who sometimes resorts to the use of physiology and
biochemistry as tools for approaching questions surrounding corals and their
ecology, I feel several important parameters are missing from the equations used to
describe the reactions that generate or fix C02. There are a number of carbon
sources and sinks that are either ignored or poorly understood. The first, and
probably most important, is the symbiotic algae or zooxanthellae.

Carbon Metabolism in Corals and Coral Reefs
Zooxanthellae.
Goreau demonstrated early on, that calcification is light enhanced.
Subsequent work by Muscatine, Falkowski, Dubinsky and others focussed on the
contribution of zooxanthellae to animal respiration (CZAR). Benson, et al.,
produced models for explaining the movement of photosynthetically fixed carbon
between the zooxanthellae and their coral host. While the discussions of coral
reefs as sources or sinks of C02 acknowledge the role of zooxanthellae, adequate
quantification is lacking. Respirometry is a tool that has been used to measure 02
production and consumption by coral possessing symbiotic algae. Such studies of
non-calcifying planula larvae of the coral Rocillopora damicornis demonstrated
that some produced an excess of oxygen over a 24 hour period, and hence,
metabolically, were fixing carbon in excess of respiration (Richmond, 1987).
Zooxanthellae are one of the sinks for C02. In addition to the zooxanthellae
contained within the gastrodermal cells of the coral host, populations of free-living
zooxanthellae exist on reefs. In recent experiments on the incorporation of
zooxanthellae into newly settled and metamorphosed colonies of spawning corals
(whose larvae do not contain zooxanthellae), we have found juveniles that do not
pick up symbiotic algae within two weeks are overgrown by crustose coralline
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algae, while those with symbionts grow quickly, adding new skeletal material and
polyps at a rapid rate.

In addition to zooxanthellae, some corals possess

endolithic algae that also take up C02.

OtherAlgae.
Many studies of carbon metabolism on coral reefs have focussed on the
corals themselves. Filamentous, fleshy and crustose algae are also important coral
reef components, and in many cases, may represent a larger biomass that the
scleractinian and milleporid corals combined. Add the prochloron. found in
didemnid tunicates, blue-green algal biomass and the symbiotic algae contained
within other reef invertebrates, and it becomes apparent that great differences in
C02 metabolism exist among reef sites.

Carhcmjwithm_coxals

There are few studies that have recognized the importance of reproduction
in understanding and quantifying carbon metabolism in corals. While lipid is
considered to be an energetically expensive substance in most organisms, for corals
with a photosynthetic power supply, lipid may be relatively cheap. The
zooxanthellae provide the energy to form the necessary carbon and hydrogen
bonds, and both of these elements are available in abundance. Over the course of
a year, colonies of Pocillopora damicornis can release nearly twice their standingstock caloric value in lipid-rich planula larvae. Likewise, spawning corals may
release an excess of carbon-rich lipid during their annual mass-spawning events.
Corals with higher levels of reproductive output often exhibit an associated
decrease in calcification rate. My concern is that any calculations of carbon
metabolism and budgets should include estimates of carbon involved in lipid
metabolism and reproduction.
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Conclusion

There are insufficient data at this time to determine whether coral reefs in
general are sources, sinks or in equilibrium with respect to global carbon budgets
and atmospheric C02. The question is important, and techniques exist which can
be used to address the issue. The task will require an interdisciplinary approach,
and a broader understanding of the parameters involved. Measurements of isolated
corals alone, or water parcels over one section of a reef during short time periods
may provide inadequate information upon which to base generalized conclusions.
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Protozoan influence on extracellular enzyme activity :
a new aspect of nutrient recycling in oligotrophic waters.
Christine Ferrier-Pages
Observatoire Oceanologique European, Centre Scientifique de Monaco
Avenue St Martin, MC-98000 Monaco
(Principality of Monaco)
Although coral reefs display high gross primaiy productivity, they are surrounded by
waters containing very low levels of nutrients (Crossland, 1983). This implies that in the
absence of external inputs, recycling processes must operate efficiently. In coral reefs,
nutrient recycling takes place at various trophic levels: at the cellular level in symbiotic
associations, but also at the food chain and ecosystem levels (Erez, 1990). At the food chain
level, protozoa and bacteria are efficient remineralizers, especially in oligotrophic conditions.
In coral reef waters, high concentrations of bacteria and protozoa have been measured by
Sorokin (1973) who first pointed out the quantitative significance of bacterial processes and
measured bacterial rates of degradation of organic matter in the water column and sediment.
Several workers have then recognized the importance of microbial activity in nutrient
recycling in coral reef sediments (Di Salvo, 1973; Ducklow, 1990), coral surface microlayer
(Paul et al., 1986) in porewater of coral heads (Risk and Muller, 1983) and in the interstitial
space of branched corals (Schiller and Hemdl, 1989). Moreover, it is well-known that
zooxanthellate corals may release a significant portion (ca. 40%) of their photosynthetically
fixed carbon as mucus (Grassland and Borowitzka, 1980). Mucus aggregates were found to
dominate the particulate matter irl reefs waters (Marshall, 1968) and to be nutritionnally very
rich (Means and Sigleo, 1986). Bacteria were supposed to remineralize the mucus in the
vicinity of corals so that nutrients could be readily available to zooxanthellae again (Hemdl
and Velimirov, 1986). In all these studies, only bacteria were taken into account and the role
of protozoa in nutrient recycling in reef waters was totally ignored. However, many authors
showed that, in oligotrophic conditions, protozoa are efficient remineralizers. We
demonstrated, with Mediterranean seawater as example of oligotrophic water, that protozoa
play a key role in the degradation of the particulate organic matter (Kamer et al., 1994) and
that they should be taken into account whenever biogeochemical cycles are studied.
It has widely been assumed that protozoa recycles nutrients through their excretory
activity (Caron and Goldman, 1990) whereas bacteria are responsible for the degradation of
organic matter through extracellular enzyme activities, such as a-glucosidase and
aminopepddase activities (Hoppe, 1983). However, recent studies suggest that protozoa
may also contribute to enzyme occurence in seawater as a by-product of their grazing
(Gonzales et al., 1993). To test this hypothesis, we have compared the occurence of free
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and particle-bound a-glucosidase and leucine- aminopeptidase in both cultures of marine
bacteria and phagotrophic flagellates fed either with live or heat-killed bacteria. Heat-killed
bacteria were heated at 70° C for 2 hours, in order to suppress all enzymatic activities. We
used the substrate analogs a-MUF (4-methyl umbelliteryl a D-glucopyranoside) and leuMCA (1-leucine 4-methyl 7-coumarinylamide) to estimate potential hydrolysis rates of
glucosidic and peptidic bonds respectively (this will be referred to as a-glucosidase and
aminopeptidase activities).
Results obtained showed clear differences in enzyme activity in the 3 cultures:
- in bacterial cultures, particle bound extracellular enzyme activity (EEA) increased
together with the bacterial growth (from 0 to 200 nM a-MUF h_1 and 0 to 2000 nM leuMCA h-1 hydrolysed). However, free EEA remained very low, increasing from 0 to 5 nM

a-MUF h-1 and 0 to 100 nM leu-MCA h-1 hydrolysed.
- in cultures of flagellates fed with live bacteria, particle bound EEA\decreased as a
function of the decreasing bacterial density (from 150 to 20 nM a-MUF and 1000 to 300
nM leu-MCA h"1 hydrolysed), whereas free aminopeptidase EEA showed a constant
increase from 15 % to 86 % of total activity at the end of the experiment (increase from 200
to 2000 nM leu-MCA h"1 hydrolysed). This result suggests that the occurence of free
aminopeptidase can be greatly enhanced by growth of phagotrophic flagellates on bacterial
prey.
- in cultures of flagellates fed with heat-killed bacteria (Fig 1 A, B, C), free
aminopeptidase EEA also covaried with flagellates growth and reached 94 % of total activity
at the end of the experiment (increase from 0 to 1000 nM leu-MCA h"1 hydrolysed). Particle
bound a glucosidase and aminopeptidase EEA also increased rapidly and both peaks
preceded that of the flagellate abundance. In this experiment, the occurence of free enzymes
in the water can not simply be attributed to undigested bacterial cell walls, since the bacterial
prey has been inactivated by heat The increase of free aminopeptidase activity was
obviously coupled to flagellate growth. These phagotrophic flagellates may thus express
cell-wall bound a-glucosidase and aminopeptidase EEA. On an average biovolume basis,
flagellate specific EEA is of similar magnitude as bacterial specific EEA for a glucosidase
and is up to 9 times higher for aminopeptidase.
These results suggest that the protozoan community might be largely responsible for
particle degradation through enzyme-catalyzed hydrolysis. Protozoa were shown to be very
abundant on organic aggregates and Hemdl and Peduzzi (1988) reported that their biomass
was up to 3 times higher than bacterial biomass on particles. Protozoa should play an
important role in nutrient recycling in coral reef waters and sediment, both particularly rich in
particulate organic matter, and should be thus taken into account in future studies of
biogeochemical cycles in reef ecosystems.
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Fig. 1 : Culture of phagotrophic nanoflagellates on heat-killed bacterial prey; A) Microbial
density; B) free and particle-bound extracellular a-glucosidase activity; C) free and particlebound extracellular aminopeptidase activity. Error bars : SD of 3 replicate experiments.
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Scientific topic:
Tropical ecosystem understanding is related to reef compartment functioning and to a
lesser extent to mangrove systems. Reef metabolic budget is considered to be approximatively
balanced with a very weak net production in spite of a large gross production (Grassland et al.,
1991 ; Gattuso et al., 1993) when carbon export of mangroves to adjacent systems appears
more and more problematic (Alongi & Christoffersen, 1992). As a consequence, stucturing
mechanisms of the vast stretch of sedimentary bottoms found in most lagoons is still
misunderstood. These biogenic accumulation of particules, up to now considered as the result
of reef exportation, and to a lesser extend to mangrove input, have focussed little attention as
far as the carbon budgets are concerned (Sorokin, 1993). Rare studies were obtained from
oxygen measurements transformed in carbon by the way of metabolic quotients previouly
calculated in temperate ecosystems or even on planctonic organisms. Such an approach is
conceivable in preliminary studies but needs an improvement to balance coral reef budget. Our
research constitute an adaptation of carbon bugdet investigations undertaken in temperate
marine sediments by Hargrave & Phillips (1981) to coral systems.

Aims of the study
Our research deals with energetic budgets of tropical lagoon taking into account the
actual metabolic quotients and the proportion of aerobic and anaerobic metabolisms in marine
sediments. These investigations use C02 flux measurements and oxygen flux measurements at
tire water sediment interface. Until now, our investigations have been undertaken on three sites
in the Pacific i.e. two high island sites : the SW lagoon in New Caledonia and the Moorea
lagoon in French Polynesia, and one atoll site : the Uvea lagoon in Loyalty islands. Two
workshops initiated by the french National Program on Coral Reef (PNRCO) cope with an
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integrated study of New Caledonia lagoons undertaken by ORSTOM (Lagoon Program). The
Polynesia site was selected to ensure a closer cooperation with the second team of our national
program on carbon and carbonate fluxes (J.P. Gattuso). Comparison of the various results
collected on these lagoons should help to a better understanding of large scale spatial variability
of the fluxes.
Our main objective is the estimation of carbon budget in sedimentary area of lagoons.
The benthic compartment is thus considered as autotroph when the amount of carbon produced
by primary producers is equal or greater than metabolic needs ; it is considered as heterotrophic
in the reverse situation (Hopkinson et al., 1991). Energetic budget can be obtained by carbon
flux calculation using oxygen uptake measurements (Boucher & Clavier, 1990 ; Garrigue et al.,
1992a) or by a direct measurements of carbon fluxes related to photosynthesis and to respiration
(Uvea lagoon). This approach needs to calculate actual community respiratory quotients (CRQ
= AC02/A02) and community photosynthetic quotients (CPQ = A02/AC02) of the whole
benthic community. CRQ has also been analysed by partitioning carbon fluxes due to aerobic
and anaerobic metabolisms at the water-sediment interface (SW lagoon of New Caledonia and
Moorea). C02 being the end product of quiet all metabolisms (oxic respiration, sulfate and
nitrate reduction, fermentations and even methanisation when CH4 diffuses in the water column
: Marty et al., 1988), this flux can can be considered as the sum of oxic and anoxic
metabolisms. Carbon flux related to anoxic metabolism is calculated by substracting oxic
metabolism from total flux. Oxic metabolism is obtained by correcting oxygen consumption
using one aerobic respiratory quotient whose value depends from the oxidised metabolic
substrate.
Technical design
Simultaneous measurement of oxygen uptake and pH/TA changes were performed in
triplicated enclosures deployed at the water-sediment interface by SCUBA diving. A pH logger,
built by AIMS Laboratory in 1991, has been tested and adapted using technics previously
deployed on corals and calcareous algae (Barnes, 1983 ; Chisholm et al., 1990 ; Gattuso et al.,
1993). A threeway oxygen logger was built by the ORSTOM center from Noumea using YSI
oxymeters. Incubations were performed in ca 50 liters enclosures isolating 0.2 m2 of
undisturbed sediment from the water column, first at light for four hours in order to measure
joint effects of primary production and respiration: Dark conditions were then simulated for 2
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hours by either covering the enclosures with a black sheet, nor by injecting an inhibitor of
photosystem II (DCMU : Garrigue et al., 1992) in order to mesure respiration.
Total C02 flux (AC02) are calculated from the difference between TC02 at the
beginning and at the end of the incubation using pH , TA, temperature and salinity measured in
enclosed water. AC02 is corrected from the variation of alkalinity (ATA) to take into account
CaC03 changes (ACaC03) and oxydoreduction processes (Anderson et al.,

1986).

Calcification/decalcification processes are prevailing in aerobic conditions when other pathways
occur for anaerobic degradation of organic matter ie sulfatoreduction, a metabolism which
prevails in most tropical sediments (Skyring & Chambers, 1976 ; Kristensen et al., 1991). A02
is calculated with and without correcting from

sediment non-biological oxygen demand

(NBOD) obtained by poisoning living organisms (formalin 4%). NBOD corresponds to
oxidation of reduced compounds accumulated into the sediment during anaerobic respiration.
Results
Soft bottom energetic budget has first been studied at mesoscale in the SW lagoon of
New Caledonia. A spatio-temporal random sampling allowed to estimate carbon flux on the
whole lagoon area (2000 km2) during one year. The lagoon is globally a carbon sink with a ratio
production/respiration (P/R) of 0.88 (P = 0.40 g C m-z and R = 0.45 g C m-2) but the
assumption has to be blent in space and time. The three types of bottom communities
previously defined in the SW lagoon (Chardy et al., 1988) display different types of
characteristics. Muddy bottoms (MB) along the seashore present the lowest metabolism and a
P/R ratio significantly far lower than one. On the other hand, grey-sand bottoms (GSB) in tire
central part of the lagoon and white-sand bottoms (WSB) back to the barrier reef have a
significantly higher metabolism but their P/R ratio (0.94 and 1.08 respectively) do not
significantly differ from 1 and both can be considered as autotrophic biotops.
The global heterotrophy of the SW lagoon is thus exclusively related to the large MB
carbon sink (35% of lagoon surface), far away from the barrier reef, which needs an external
input to operate. This deficit is covered by particulate matter sedimentation (terrigeneous
origin) which has a rate 2 time greater over this bottom (1.05 g Cm-2 d-1) than in other part of
the lagoon : 0.55 and 0.59 g C m-2 d-1 in GSB and WSB respectively (Clavier et al., 1995).
Over the year, metabolic activity follows an seasonal cycle with lower rates at the beginning of
the cold season and higher rates when temperatures are the highest. Production and respiration
vary in the the same way so P/R remains constant over time.
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These results shows that in the SW lagoon, the backreef carbonate sands are a source of
energy and thus can be independent from the reef input. In order to test this assumption, we
performed a similar study on an atoll lagoon in Uvea (Loyalty Islands) devoidcd of any
tcrrigcneous influence. Sampling has concerned the whole soft-bottom area of the lagoon (800
km-2) in June. Annual production (0.88 g Cm-2d-*) and respiration (0.84 g C m-2d-'), estimated
by using the same annual fluctuation of production than in the SW lagoon of New Caledonia,
are more than two time higher than in the previous lagoon. The P/R ratio = 1.05 confirms the
autotrophy of coral sands and their potential functional independence from the reef which
represents only a physical barrier for lagoon bottom. However, the two studied ecosystems
display fundamental differences : the SW lagoon needs 40 000 tons of carbon per year to
operate when the Uvea lagoon exports 8000 tons C y-1 from soft bottom area.
During the course of these studies, the metabolic quotients (QRC and QPC) and the
contribution of anaerobic metabolism to total metabolism were also investigated. In the SW
lagoon, QRC calculated by geometric regression of 61 dark incubations reach 1.14 for the
whole lagoon. Considering an aerobic respiratory quotient of 0.85, the proportion of
anaerobic/total metabolism equals 40%. QPC value calculated from 18 light incubations is
1.03. The excellent linearity between oxygen flux and carbon dioxide flux allows to consider
these values as a characteristic of the whole lagoon. A similar study in the lagoon of Moorea on
7 stations sampled on the Tiahura transect indicates a QRC of 1.27 and a ratio anaerobic/total
metabolism equal to 56%. These values are greater than the previous data obtained in New
Caledonia but do not significantly differ suggesting a functional analogy of benthic ecosystem
functioning. Finally, in the Uvea lagoon, a QRC of 1.17 was obtained, a value which does not
significantly differ from other sites. This is not the case for the very low value of QPC (0.41),
which indicates a fundamental difference among the benthic primary producers operating
photosynthesis in Uvea atoll. These results demonstrate the necessity to calculate metabolic
quotient for different communities whose functioning rely on different taxa assemblages.
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Abstract-Biological studies were carried out in Bora Bay,
Miyako Island, near Okinawa Japan, with the object to under
stand the structure and physiology of a coral reef ecosystem,
with especial emphasis on the carbon cycle and CO2 fixation.
Food web of the coral reef ecosystem at Bora Bay shows some
remarkable patterns with cyanobacteria, epiphytic microalgae,
sea weed and zooxanthellae as primary producers rather than
phytoplankton. Zooplankton was represented mainly by larval
stages of benthic fauna, showing a clear diel vertical migra
tion. C/N ratio and Chlorophyll a content of main primary pro
ducers (symbiotic zooxanthellae and epiphytic microalgae)
showed seasonal variation with higher values for June rather
than October.

1. INTRODUCTION
Coral reefs are among the most productive, ecologically mature, diverse and complex
ecosystems in nature. Cycling of organic matter and the fixation of atmospheric CO2by
primary producers and calcification are remarkable patterns to be studied, espe
cially to determine whether biological processes in coral reefs result in a source or
sink of CO2.
Biological observations were carried out in Bora Bay at Miyako Island near Okinawa,
Japan in October of 1993, July of 1994 and June of 1995, in order to understand the
structure, physiology and matter cycling in coral reefs. These observations constitu
te the first step of a research project carried out by RITE (Research Institute of
Innovative Technology for the Earth) with the main object to investigate the carbon
cycling and CO2 fixation in coral reef areas.
2. METHODS
The ecosystem was divided into several communities: plankton, benthos, sea algae,
sea weed and epiphytic microalgae; from which abundance, diversity, chlorophyll a and
C and N contents were measured. Moreover the size distribution and diel vertical mi
gration were investigated in the plankton community.
Biological observations were performed at several stations within the lagoon and
over the reef area (see Fig. 1). Plankton sampling was done at 6 hours intervals at
each of three different depths: surface, middle (1.25-1.4m) and bottom (2.0-2.5m) by
means of a stainless steel bottle of 10L volume. In the laboratory, plankton was
divided into the following size ranges: 1mm, 0.5mm, 0.106mm, 58urn and 22fim by means
of stainless steel meshscreens, and 8jum and 0. 8#m by membrane (Millipore) filters.
Abundance of cyanobacteria was estimated from 10ml of filtered sea water by 0.8#m
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pore size black filter and counted under fluorescence microscope. Bacterial abundance
was estimated by culture method from 100ml of filtered sea water (8/zm).

Fig. 1. Studied area and the position of sampling stations.

Benthos, sea algae, sea weeds and epiphytic microalgae were sampled by scuba di
ving. The most common hermatipic corals were also sampled in order to investigate the
abundance and chlorophyll a content of their endosymbiotic zooxanthellae. The abun
dance of chlorophyll a C and N content was determined for all communities studied.
C and N measurements were done by an N/C analyzer (Sumi-Graph NC-90A).

3. RESULTS AND DISCUSSION
Plankton showed a clear diel vertical migration. Zooplankton sized 1mm or larger
were very abundant at night showing C and N values of 103j%gC/l and 25j%gN/l, respec
tively. This group of plankton was represented mainly by larval stages of benthic
fauna, showing a clear linkage between these two communities." Nanoplankton species
(cyanobacteria and bacteria) were also important contributors to C and N pools
(99/zgC/l and 18#gN/l). Nanoplankton was detected mainly at noon, probably related
to cyanobacteria photosyntetic activity and decomposition activity by bacteria (high
concentration of detritus and fecal pellets were found at early morning). Phytoplank
ton was found to be very scarce, with almost non detectable chlorophyll a values
(Table 1).
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Table 1.

Chlorophyll-a content of Phytoplankton at several seasons
unit: #g/l
Jun. 95’
Oct. 93’
Jul.94’
range
0. 002-0. 003
average
<0.1
0. 0025
<0.1

station
number of data

Ml
4

M3
2

Rl, LI
2

Among benthic organisms, Foraminifera and Polychaeta were the most abundant mem
bers with C/N ratio values of 8.1 and 7.5 respectively. Previously the epiphytic mi
croflora were not well studied on coral reefs, although it was pointed out the impor
tant role of this group of algae in the nutrient cycle as being able to use mainly
the organic forms of N and P for growth. In the present study epiphytic microalgae
were found to be very abundant with a standing stock of more than 1000mgC/m2 and high
C and N concentrations (C/N ratio of 13. 6 to 17. 5) (see Table2 and 3), therefore they
are important primary producers that need to be carefully considered in coral reefs.
Sea algae were found to be also important primary producers among benthic organisms
with C/N ratio of 15. 5 to 18.1 (Table 3).

Table 2.

Chlorophyll-a, Carbon and Nitrogen content
of Epiphytic microalgae at several seasons
Oct. 93’

Chi. -a
unit: mg/m2

mean
±SD

4.5
1.6

carbon
unit:mg/m2

mean
±SD

nitorgen
unit:rag/m2

mean
±SD

C/N
station
number of data

Jul. 94’
’

_

Jun. 95’

—

8.5
2.9

1049
378

2850
1009

3902
1593

77
12

169
72

223
82

13. 62
- Ml
3

16. 86 .
M3
6

17. 50
Rl, LI
6

The presence and abundance of endo-symbiotic algae (zooxanthellae) were examined
in four of common coral species found in the study area; concentrations of
zooxanthellae varied between 115 and 236 cells/mm2 of polyp and chlorophyll a varied
between 11.49±2.82 to 67. 27±48. 06#g/g of coral (Table 3).
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Table 3. Chlorophyll-a, Carbon and Nitrogen content of the main primary producers
at several seasons

i

Zooxanthellae
'Oct. 93’ Jul. 94’ Jim. 95’

Chi.-a
mean | 11.49
unit:/zg/g*coral ±SD j 2.82
Chi. -a
unit:mg/ mJ

mean i
±SD ;

carbon
unit:mg/ma

mean i
±sd ;

nitorgen
unit: mg/ m3

mean i
±SD :

29.47
12.49

4.5
1.6

'

note
N:3

N:16

Cyanobacteria
Oct. 93’
Jul. 94’

67.27
48.06

C/N

;

Sea-algae
Epiphytic microalgae
Oct. 93’ Jul. 94’ Jun. 95’bet. 93’ Jul. 94’ Jun. 95’

N:7

—

8.5 i
2.9 :

24633
11159

12571
3994

1846
784

1049
378

2850
1009

3902!
1593 j

1591
640

695
222

109
47

77
12

169
72

223 1
82 |

15.48

18. 09

16. 94

13. 62

16. 86

17.50 |

N: 17

N: 16

N:3

N:6

only colony
N: 13

25

calculated from cell
N:6 abundane N:4. N:4

4. CONCLUSIONS '
The Food web of the coral reef ecosystem at Bora Bay shows some remarkable patterns
with cyanobacteria, epiphytic microalgae, sea weed and zooxanthellae as major primary
producers rather than phytoplankton itself. C/N values of Benthos and benthic algae
are higher than that of Redfield ratio (C:N:P=106:16:1; C/N= 6.7) suggesting that
benthic organisms might produce higher rate of organic matter within a poor nutrient
environment. Moreover, seasonal variation of C/N ratio and Chlorophyll a content was
observed in the most important primary producers as symbiotic zooxanthellae and epi
phytic microalgae with higher values in spring (June) and lower values in fall (Oc
tober). This pattern suggests that C/N ratio could be used as an indicator of the
physiological stage rather than a fix index (see Table 3).
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ABSTRACT
Understanding the production dynamics of whole ecosystems, such as coral reefs, requires
considerable information about the dynamics of separate components within the ecosystem in
addition to measurements of integrated whole-ecosystem metabolism. The goal of our study has
been to provide information on the relative distribution and abundance of calcareous and noncalcareous autotrophs within Bora Bay and to classify the most abundant species as potential
sources or sinks of atmospheric C02. Most calcareous autotrophs in Bora Bay are potential sources
of C02, based on metabolic activity and chemical composition. The ecosystem, however, is
dominated by non-calcareous algae that are clearly C02 sinks, at least in the short term. It is the
abundance ofthe non-calcareous species, then, that may allow the coral reef ecosystem in Bora Bay
to behave as a C02 sink in the short term.
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Distribution of Habitats and Autotrophs
Bora Bay is a small, semi-circular lagoon covering approximately 36 hectares on the
southern shore of Miyako Jima. We identified three major habitats within this ecosystem: the reef
fiat, the lagoon and the nearshore strip. The reef flat covered approximately 10 hectares (28% of
Bora Bay) across the mouth of Bora Bay. Half ofthe reef flat (50%) was composed of consolidated
dead coral and unconsolidated coral rubble completely colonized by interstitial and surface-growing
algae. Only 33% ofthe reef flat consisted of living corals. The remaining 12% ofthe reef flat
consisted of coarse carbonate sand. Macrophytic algae covered almost 50% ofthe dead coral and
unconsolidated coral rubble. Calcareous algae and symbiotic foraminifera covered only 1% ofthe
reef flat in October 1993 , but increased to 14% in March 1994. Macroalgal abundance throughout
the system was lowest in October 1993 (fall) and highest in March 1994 and June 1995 (spring to
early summer). On average, approximately 40% ofthe reef flat was occupied by calcareous
autotrophs (corals, calcareous algae and symbiotic foraminifera).
The lagoon (19 ha; 53% of Bora Bay) was a heterogenous environment consisting of
isolated patches of coral nibble and live coral heads distributed across a broad sandy plain. Living
coral covered 9% of the lagoon floor; 40% ofthe lagoon floor was covered by consolidated dead
coral and coral nibble completely colonized by interstitial and surface-growing algae. The
remaining 51% ofthe lagoon was covered by coarse carbonate sand. Percent cover by calcareous
macrophytes ranged from 6% in October 1993 to a peak value of 18% in March 1994 and
decreased again to 6% in June 1995. The temporal variation in macroalgal abundance suggests a
seasonal pattern of springtime growth followed by a die-back in the summer and fall. On average,
15 to 30% of the lagoon floor was occupied by calcareous autotrophs (corals, calcareous algae and
foraminifera).
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The remaining 6 ha (17%) of Bora Bay) consisted of anearshore region occupying a 30 mvvide band along the shore. A major feature distinguishing the nearshore region from the rest of
Bora Bay was the presence of a stream that carried eutrophic freshwater runofffrom the adjacent
agricultural fields. Most ofthe habitat within 100 m ofthe mouth ofthe stream was covered by
filamentous algae. Live corals were least abundant in the nearshore region, occupying only 4% of
the available space. Consolidated dead coral and coral rubble occupied 49% ofthe nearshore
region, and the remaining 47% ofthe nearshore region consisted of coarse carbonate sand. Virtually
100% ofthe

inorganic substrate (dead coral, coral rubble and sand) was colonized by non-

calcareous filamentous algae, non-calcareous fleshy algae and calcareous algae. Abundance of
macrophytic algae was more constant in this region than the lagoon or reef fiat. Calcareous algae
covered 8% ofthe substrate in October 1993 but was as high as 25% in June 1995. On average,
calcareous autotrophs covered 11 to 20% of tire habitat, depending on season.

From the

distributions of habitat and major taxa described above, calcareous autotrophs (corals, calcareous
algae and symbiotic foraminifera combined) occupied approximately 27% ofthe Bora Bay
ecosystem (Table 1). Temporally, this value ranged from 20 to 40% but our survey data are not
sufficiently dense in time or space to provide statistically reliable confidence intervals. The data,
however, indicate that calcareous autotrophs (corals, calcareous algae, symbiotic foraminifera)
represented only about 27% ofthe total autotrophic biomass (calcareous + non-calcareous
autotrophs) in Bora Bay, based on percent cover. In contrast, non-calcareous autotrophs
(filamentous and fleshy algae) occupied as much as 88% of the available substrate in the nearshore
strip, and 47% of the Bora Bay ecosystem overall. 3 l%of Bora Bay consisted of coarse carbonate
sand with little or no photosynthetic activity.
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Table 1. Summary of mean abundance (percent cover) of calcareous autotrophs (living coral, calcareous algae and
symbiotic foraminifera) and non-calcareous autotrophs (dead coral, filamentous and fleshy algae) by habitat within
Bora Bay, based on surveys conducted in October 1993, March 1994 and June 1995.
Area

Calcareous Autotrophs

Calcareous Autotrophs

Habitat

(% of Bora Bay)

(% of Each Habitat)

(% of Bora Bay)

Reef Flat

29

40

12

Lagoon

54

23

12

Nearshore Strip

17

15

3

Total

100

27

Non-Calcareous

Non-Calcareous

Area

Autotrophs

Autotrophs

Habitat

(% of Bora Bay)

(% of Each Habitat)

(% ofBora Bay)

Reef Flat

29

58

17

Lagoon

54

27

15

Nearshore Strip

17

88

Total

100

.

•

' 15

.

.

47

Metabolic Rates and Chemical Composition.
Rates of photosynthesis, calcium uptake, organic and inorganic C content were measured on
tire more abundant calcareous macrophytes, symbiotic foraminifera and coral rubble in order to
screen taxa for their metabolic potential contribution to air/sea C02 flux. The impact of calcareous
algae on C02 flux between the ocean and atmosphere is uncertain because calcification increases the
dissolved C02 content of seawater at the expense of HCQ3\ Calcification-induced C02 release can
be prevented if the ratio of net photosynthesis:calcification exceeds the ratio of dissolved C02
formation:CaC02 precipitation, which in seawater ranges from 0.55 to 0.70 depending on
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temperature and atmospheric pC02. Our goal was to measure net productionrcalcification (P:C)
ratios of several species oftropical and temperate calcareous algae and evaluate their potential
impact on the air/sea flux of C02. Rates of photosynthesis were measured polarographically.
Calcification was measured spectrophotometrically using the Ca+2 chelator 5,5'dinitro BARTA.
Carbonate salt content of algal tlialli was measured by changes in dry mass after treatment with
dilute HC1. All taxa, including the dead coral and coral rubble, were found to be highly productive,
with rates commonly exceeding 1 pmol C gfw'1 min"1. There was no consistent relationship across
taxa between rates of photosynthesis and Ca"1"2 uptake. The near 1:1 relationship between the
metabolic P/C ratio and the composition ratio of organicrinorganic C however, suggests that
chemical composition can provide a useful means to estimate the impact ofthese autotrophs on net
C02 flux. The strong linear relationships between carbonate salt content, P:C ratio and
organic:inorganic carbon ratio further indicate that carbonate salt content alone may be a useful
indicator of potential C02 source-sink properties for all calcareous species. Carbonate salt content
must be less than 78 to 82% (dry wt) to permit net C02 sequestration on a short-term basis. Ofthe
calcareous macrophytes found in Bora Bay, only Pcidina minor and Galaxaura sp. appear to have
significant potential as C02 sinks. Preliminary samples of hennatypic corals indicate them to be
about 85% carbonate salt (dry wt). Thus, like most of the calcareous algae, the corals are potential
C02 sources. Ultimate determination of C02 source-sink dynamics in Bora Bay will require better
estimates ofthe temporal and spatial dynamics of organic decomposition and mineral dissolution, in
addition to the metabolic rates and chemical content of living organisms examined here.

Photosynthetic Response to Increased pC02
Photosynthesis rates of terrestrial ecosystems often respond positively to increased
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atmospheric pC02. C-3 terrestrial plants can become C02 limited when water relations force
stomatal closure during the middle ofthe day, thereby limiting C02 flux to the chlorophyll-rich leaf
mesophyll. Thus, increased atmospheric pC02 can reduce the frequency of C02 limitation in
terrestrial plants, and the increased rates of photosynthesis may act as a buffer to help slow the rate
of atmospheric C02 accumulation. The extent to which photosynthesis of marine macrophytes is
potentially limited by the availability of dissolved inorganic carbon is less clearly defined.
Photosynthesis in marine macrophytes occurs primarily in the outer-most (cortical) cell layer.
Marine macrophytes possess no stomata that can limit the supply of inorganic carbon to
photosynthetic cells. The bulk of dissolved inorganic carbon in seawater, however, is present as
bicarbonate (HC03‘) that must be converted to C02 before it is available for photosynthesis. Thus,
inefficient conversion of HC03' to C02 may result in C02-limitation of photosynthesis, particularly
at high irradiances. Ofthe taxa examined to date, only the symbiotic foraminifera and seagrasses
appear to show a significant positive response to increased seawater pC02. These taxa, however,
represent less than 2% of the total autotrophic population on Bora Bay. Thus it appears unlikely that
marine photosynthesis, at least in coral reef ecosystems, will respond positively to increased
seawater pC02, as has been observed for terrestrial ecosystems.
Their dramatic response to increased seawater pC02 indicates that seagrasses may respond
dramatically to increased pC02 in vivo. Positive carbon balance in the seagrass Zostera marina
normally requires a minimum of 6 h day'1 of irradiance-saturated photosynthesis (Hsal). Under
conditions of increased pC02 (pH 6.2), however, growth of Z. marina can be sustained with daily
Hsat periods as short as 2 h. Growth rates and sucrose levels in plants receiving 4 h Hsat and a pC02
supplement (pH 6.2) were indistinguishable from those of plants growing in normal seawater (pH 8)
under 12 h Hsal, even after 45"days. Plants growing in normal seawater (pH 8) under 4 h Hsal
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declined rapidly and died within 30 d. Thus, seagrass ecosystems may be a suitable alternative for
marine sequestration of anthropogenic C02 because:
(1) C02 -enriched seawater (pH 6.2) stimulates seagrass growth and reduces light
requirements;
(2) Seagrasses are depositional ecosystems that promote the burial and trapping of large
quantities of organic matter in anoxic sediments;
(3) World-wide reductions of seagrass populations in the last century means that large tracts
of old habitat are available for revegetation if water column clarity can be improved
or if seagrass light requirements can be reduced [see (1) above].
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The Records of the Workshop

1. 17th

October, 1995

[Session 1]
[ Impressions of and questions about the field experiments]
The morning was spent reviewing general laboratory procedures for measurement of the
chemical parameters currently employed by the Bora Bay research teams supervised by
Dr. Suzuki. The afternoon was spent surveying the Bora Bay ecosystem by boat and by
snorkeling. After examining the bay visually, the research activities of the European
team led by Dr. Gattuso were introduced.
A meeting was convened at 1700 hrs to initiate discussion of the workshop goals and
initial impressions of the visiting scientists. Discussion focused on the need to define a
tractable research question. Several issues relevant to the selection of the question were
raised.
The fundamental question of interest from the perspective of RITE is whether coral
reefs are sources or sinks of atmospheric COz, relevant to the issue of global warming
and anthropogenic CO2 production. The ability to address that issue from a single case
study, such as Bora Bay was questioned by the visiting scientists. There have been at
least 50 studies of coral reef metabolism, and although there is considerable variance in
the estimates of reef P/R, the general consensus of these studies is that mean coral reef
P/R lies between 1 and 1.1, globally.
In framing the research question, several issues were identified as important
considerations. The issue of scale, both in time and space was identified as critically
important. In addition it will be necessary to match the question to relevant
technologies/methods available to the research teams. Furthermore, the interests and
expertise of the scientists involved must be compatible with the selected scales and
technologies.
The meeting adjourned for the evening with the plan to begin discussion of specific
questions in the next morning session.
2.

18th October, 1995

[ Session 2 ]
[What are the main questions for understanding the carbon cycle and coral
reef metabolism]
The focus or the coral reef program has been to try and answer the question: “Are
coral reefs sources or sinks of atmospheric COz?”. We believe this to be the wrong
question for the focus of a research project because it cannot lead to the formation of
testable scientific hypotheses. The great variation in coral reef ecosystems around the
world virtually guarantees that the answer to the above question is a resounding “YES”.
One can find reefs that are sinks and reefs that are sources of CO2 throughout the globe.
A more valid scientific question should be “What makes coral reefs COz sources or
sinks?” This led to the hypothesis that the degree of land influence, e.g. through
eutrophication could control the dynamics of COz cycling in coral reefs. Systems heavily
influenced by terrigenous inputs are likely to be eutrophic, highly productive and
populated by a high abundance of non-calcareons autotrophs, making such systems
candidates for COz sinks. Oligotrophic systems are more likely to be dominated by
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calcareous autotrophs, making these systems more likely to be COz sources. It may be
possible to develop a predictive relationship between the degree of land influence and
COz source/sink dynamics among coral reefs:

It must be emphasized that this relationship cannot be used to evaluate any particular
reef condition as being good or bad. Eutrophic reefs that are capable of sequestering
atmospheric COz may be highly degraded, low diversity systems that provide clearly
diminished value in many other respects (e.g. subsistence fisheries, storm protection,
tourism).
Discussion focused on defining the temporal and spatial scales appropriate for
determining the impact of coral reefs on the COz cycle. The annual cycle was
recommended as the fundamental experimental time unit. Resolution of seasonal
variation in rates of production, consumption and import/export are critical for
determining annual net productivity. Detailed measures of daily variability cannot be
made over sufficiently long periods to make therm useful for integrating annual fluxes.
Thus, the focus on longer-term integrated measures of reef productivity and material
cycles was recommended. Interannual variations, although important, cannot be
addressed within the context of a 3-5 year research timetable. Although understanding of
such variation is highly desirable, it will require continued commitment to coral reef
research for several decades.
• ' Possible spatial scales for research focus range from that of a single organism (1 m) to
that of the hemisphere/globe (le6 m). The spatial scale of interest for the purposes of
constructing a coral reef carbon budget was recommended to be that of the local reef
system (1 km). Critical to identification of such a system is the presence of clearly
defined boundaries that can be used to isolate the coral reef system from the open ocean
and adjacent land. Once defined, however, it was recognized that a number of measures
on scales smaller than the complete system will be necessary to handle the heterogeneous
distribution of organisms and habitats within the reef.
A conceptual model (Fig. 1) was proposed by Dr. Buddemeier to help define the
measures/data necessary for constructing the carbon budget of the coral reef system. The
model consists of 7 basic components, linked by fluxes of carbon and nutrients. COz is
supplied to the reef from both the atmosphere and the offshore ocean. Rates of organic
productivity and calcification within the reef are determined by light availability and
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Fig i

WORKING DRAFT CONCEPTUAL MODEL
OF REEF SYSTEM CARBON BUDGET
NET CARBON FLUX: NEW ORGANIC - 0.6 NEW INORGANIC
FLUXES MAY BE POSITIVE OR NEGATIVE
CRITICAL FLUX FOR SINK BEHAVIOR

ATMOSPHERIC C02

REEF SYSTEM

SURFACE OCEAN

LOCAL SEDIMENT

DEEP OCEAN WATER
DEEP OCEAN SEDIMENT

LAND

availability of nutrients. In that regard, terrigenous inputs of essential nutrients (N,P)
can stimulate organic productivity and increase the potential sequestration of CO2.
Removal of CO2 from the ocean/atmosphere for time periods relevant to anthropogenic
CO2 increase will require burial/immobilization of the fixed/precipitated carbon for
hundreds of years. Thus a mechanism for burial becomes extremely important Local
reef sediments may be an important sink, and this may be identifiable by the presence of
significant organic pool within the sediment The other major sink is represented by the
deep ocean. In the region of most coral reefs, however, this required transport of
material below the depth of the permanent mixed layer (nominally 100 m). At a bare
minimum, it will be necessary to measure the input flux to the reef system, the inventory
(or pool size) within the reef and the output flux:
Initial measurement of all three components will be necessary to ensure that the budget
can be balanced and that important but unidentified system components have not been
missed.
We proposed the next questions to discuss.
First question: What is the time and space scales of interest ?
Second
: What data and tools are useful and necessary
to address the source/sink issue at this time
scale ?
Third
: What resolution/accuracy is necessary to
address the source/sink issue ?
3. 19th October 1995

—
[Session 3]
[How do we resolve the questions?]
Discussion of the conceptual model proposed the previous day focused on
identification of critical fluxes required for coral reefs to behave as C sinks. Long-term
removal of atmospheric COz requires that C fixed by the coral reef remain out of
circulation for 100 - 1000 years. Sequestration of C within the living reef system
requires net annual increases in living biomass, which appears unlikely for most coral
ecosystems. This leaves the local sediments and the deep sea as possible candidates for
receipt of the organic biomass. Thus, the flux of organic C from the reef system to the
sediments and deep sea (below 100m) become important measurement considerations.
Because the local reef sediments remain in contact with the lagoon surface waters,
turnover rates of organic and inorganic C pools will be important measurement features
of any properly integrated study.
Integration of data across appropriate spatial and temporal scales is key to
understanding the dynamics of carbon cycling in coral reef ecosystems. On Day 2, the
workshop identified the fundamental spatial unit of integration to be the local reef system
(1 km scale). Coral reef ecosystems are very heterogeneous on smaller spatial scales
(<100 m), and many important components of the system may be omitted inadvertently
from consideration if the spatial focus becomes very fine. The minimum appropriate time
scale for temporal integration was identified to be 1 year because seasonal variations in
calcification, organic C fixation, decomposition and export must be resolved to evaluate
source/sink dynamics properly.
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Practical constraints, however, will require that this whole-system view be attained
from an accumulation of specific observations made at considerably smaller temporal
and spatial scales. There two fundamental ways to approach this integrated view. The
whole-system approach would treat the reef as a giant “black box” and measurement
would focus on measurement of C input, output and accumulation within the box. The
fate of export material must be clearly followed to determine how much actually becomes
buried in the deep sea.
The ecosystem also may be partitioned, or stratified, into discrete homogenous units.
For the coral reef ecosystem, the fore reef (reef slope), reef flat (crest), back reef and
lagoon might be considered as separate subsystems. These subsystems can be further
divided based on the degree of spatial heterogeneity within them. For example, the
lagoon is composed of clearly delineated patches of live coral, dead coral heads, coral
rubble and sand on spatial scales of 1 - 10 m. The dynamics of C flux are likely to be
very different in each of these components and their separate examination would reveal
which components are critical for determining C sink performance of the system.
Because the subsystems are small, they are more amenable to experimental manipulation
that could yield important functional relationships between environmental conditions and
system productivity that would yield great insight into the internal working of the “black
box” ecosystem. Ideally, the implementation of both whole-system and component
approaches would yield complimentary information that could serve to enhance and
check the conclusions drawn from either individual approach.
As with any study, several levels of precision must be considered. Analytical precision
for any particular measure must be sufficient to resolve the expected signal. Real
precision on estimated system performance, however, must be tempered by practical
abilities to resolve the temporal and spatial variations in system performance and the
availability of resources to focus on the problem. In the absence of a specific question,
hypothesis or experimental protocol, however, it is impossible to specify a prion an
absolute level of resolution.
4. 20th - 21st ,October 1995
[ Session 4]
[Draft the preliminary conclusions and preparation for presentation]
1. Experimental time-scale should be on the order of 1 year to cover important
seasonal variations in physical and biological parameters. The conceptual time scale for
understanding source-sink behavior in coral reef ecosystems, however, will require long
term commitment to experimental manipulations and ecosystems studies for several
years. The critical spatial scale for system-wide integration must be that of the local reef
system (1 km) to ensure that all important components of the ecosystem be included. It
is recognized, however, that many measurements of specific system function will be
performed on much smaller scales (0.1 to 10 m).
Dr. Buddemeier presented a list of preliminary conclusions/ recommendations based on
the previous three days of discussions. The recommendations were discussed and
modified by the workshop panel, and summarized below:
2. The research should focus on coral reef ecosystems to broadly include subsystems
such as mangroves, seagrasses, sand communities and fleshy (non-calcareous) algae;
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not just massive corals and calcareous algae.
3. Experimental design and interpretation must be based on assessment of the complete
carbon budgets of coral reef systems, including exchanges with neighboring systems.
Emphasis on short-term fluxes of isolated components such as P/R or P/C ratios of
corals can be counter-productive and misleading without a full understanding of their
relation to the functional dynamics of the larger system.
4. In order to have an impact on anthropogenic release of CO2 to the atmosphere, it
will be necessary to identify sinks that are capable of keeping CO2 out of the atmosphere
for decades to centuries. The two most likely sinks are the local reef sediments and the
deep ocean. Thus, fluxes to these components and their fates, particularly in the local
reef sediments, should receive greater attention in the future.
We discussed about what we should make a suggestion. Dr. Buddemeier provided
about suggestions for approach to CO2 source/sink questions. We also discussed
preliminary on the results obtained at Miyako in June and October, 1995. We
understood what RITE had done. We asked to provide us some questions by Mr.
Miyoshi. Mr. Miyoshi had proposed the next questions to answer if it is possible at
workshop. Dr. Suzuki suspected that we will have an answer for these questions in 24th,
October.
1) What makes a coral reef a source or sink for CO2 ?
2) How much CO2 can we expect coral reefs to remove ?
3) What studies and measurements are necessary to determine
what makes a coral reef a source or sink for CO2 ?
4) Is it possible to make a coral reef into a sink for CO2 ?
Dr. Buddemeier suggested that we should defined the next questions before answering
the RITE question.
0-1 What is a coral reef ecosystem ?
0-2 What is our definition of a sink or source ?
And also Dr. Buddemeier had proposed several issues to discuss as follows:
1. Time and space scales as discussed.
2. Because of the complexity of the coral reef ecosystem and the fact that carbon sink
behavior is likely to depend on organisms other than corals and coralline algae, the
terminology used and they focus of research should be “ coral reef systems”.
3 .Experimental design and interpretation needs to be based on assessment of the
complete carbon budget of the coral reef system, including exchanges with
neighboring systems.
4. Transfer of organic carbon to the sediment or the deep ocean, or dissolution of
CaCOs by atmospheric or respired CO2, is necessary to establish a carbon sink on
an appropriate time scale.
6. 22nd,

October 1995
[Remarks for discussion]
Dr. Miyachi, Marine Biotechnology Institute:
1. Surprised by talks concluding calcareous algae and corals are sources of CO2.
2. International Symposium in Netherlands also concluded corals are sources of CO2.
3. Japanese researchers concluded corals are CO2 sinks
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4.

Pleased to see orientation of this workshop changed from "Are coral reefs sources
or sinks for CO2?" to "What are the factors that make coral reefs either sources or
sinks for CO2 ?” as a more appropriate scientific question.
Mr. Miyoshi, RITE:
1. Welcomed participants and expressed gratitude for the time being devoted to this
workshop.
2. RITE was established in 1990
3. Efforts to date include
a. Studies of greenhouse effects
b. Studies on how to reduced negative effects of contaminants and pollutants
c. Studies on environmentally sound manufacturing processes
4. Expressed desire for this workshop to result in a better understanding of carbon
cycles and metabolism, a fostering of international cooperation, and
recommendations for future research directions and applications.
[session 6]
[General Background]
Dr. Suzuki, Shizuoka University:
1. This workshop was preceded by a meeting with to discuss the nature of the
problem,
and the appropriate focus, framing of questions, and suggestions for
pursuing the
research.
2. A controversy exists over coral reefs as sources or sinks of CO2.
3. RITE began a coral reef project in 1993, drawing on previous work performed by
the Japan Geologic Survey.
4. A need for bringing the different points of view together for discussion was
recognized, and a collaborative program designed to provide an opportunity for
both research and discussion.
5. Dr. Gattuso worked on data collection at Bora Bay along with a RITE group of
researchers.
6.
Preceding meeting: What makes coral reefs a source or sink for CO2?
7. Schedule of workshop reorganized to reflect this revised orientation:
a. Whole system: definition of coral reefs
b. System components: contributions of the various processes and organisms
c. Discussion, summary and conclusions
8.
RITE wishes the group to address:
a. Definitions of coral reefs, sources and sinks
b. What makes a coral reef a source or sink for CO2
c. How much CO2 can we expect coral reefs to remove
d. What studies and measurements are necessary to determine b
e. Is t possible to make coral reefs into a sink for CO2.
Dr. Buddemeier, University of Kansas, Chairperson of SCOR WG
104 ( The response of coral reefs to climate change)
1. Expressed gratitude to organizers and noted their commitment
2. Will summarize international efforts, background studies, and preceding
discussions on direction, needs and goals.
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3. Noted numerous reasons for interest of reefs: aesthetic, structural, scientific,
economic, biodiversity, global atmosphere, and international concern for coral reef
4.
5.
6.
7.
8.

9.

10.
11.
12
13.
14.
15.

health.
Due to their global distribution, coral reefs are truly of international interest.
One group is focusing on the effects of global climate change on coral reef health:
concerns include sea level rise, increases in temperatures and CO2.
Reefs have been through global climate change before, and have persisted.
SCOR committee has the objective to understand mechanisms by which corals and
coral reef organisms adapt, acclimatize and contribute to global climate change.
Identified differences in views of coral reefs as sources or sinks as a problem that
needs to be resolved, and appreciates the opportunity to openly discuss these
differences as constructive.
Why care about reef metabolism?
a. Measure of reef health, trend and conditions.
b. Functions are consistent over a range of locations, and relate fundamentals
of interactions
c. Involved in global carbon budgets
Metabolic studies have been performed over a wide geographical range.
Wide range of P and R values with a peak in the 200-300 moles C/m2/yr.
Most P/R ratios come close to 1, with some noticeable outliners: these may be of
interest to the present question. (Note, this does not include" calcification).
In system level studies, need to understand fluxes in and out of the system.
By investigating components, can get a better understanding of the system.
Can study components, and add them, can also look at processes and functions
including water flow and concentration gradients as revealed by water chemistry.

[session 7]
Topic 1 - [The Whole System]
Dr. Barnes, Australian Inst. Of Marine Science
1. Coral growth records can be used as an indicator of reef performance
2. Adding a long-term time scale can be useful for understanding events over a shorter
period
3. Can use corals as retrospective monitors: variability over time; proxy environmental
records
4. Dark/light coupled bands are the results of annual growth, and can be used for
understanding the past history of a coral and its environment
5. A massive porites ca. 10 m high represents about 700 years of growth.
6.
Potential of massive corals: continuous growth over centuries, annual density cycle,
fast growth (5-20 mm/yr), good preservation, shallow-water tropical monitor.
7. Animal tissue resides within the top 2-10 mm in porites: a significant depth.
8. There is a significant amount of growth within the tissue layer:
a. Growth by extension
b. Growth by thickening
c. Growth by deposition of dissepiments and uplift
9. Density band forms half-way down, and appear to predict months ahead (about 3
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months as measured).
10. Annual density x extension = calcification
11. There is a positive correlation between temperature and calcification over a 1 degree
temperature range measured over a 1000 km range
12. Most measurements of coral reef calcification were made during a peak in
calcification rate based on sea surface temperatures. This is important in
understanding calcification as it relates to sources andsinks over time.
13. As nutrients increase, algae on the reefs increase and skeletal density decreased.
14. Q10 for corals is about 1.6
15. Calcification is highly variable over all time scales
16. Recent calcification of corals is high (10 year peak) and recent declines may be a
return to average conditions
17. In answer to a question on Porites growth rates: density does not equal calcification
Dr.
1.
2.
3.

Gattuso, European Oceanologic Observatory
Air-sea CO2 fluxes and community metabolism at Moorea and GBR
Reviewed equations on P, R and Calcification
Ration of released CO2 precipitated CaCOs does not equal 1 in sea water, closer to
0.6 due to buffering effect of seawater.
4. Present work affected by Kinsey and Hopley 1991 paper on CO2 issue
5. Have studied at ecosystem level, and contributions of various physiographic zones
6.
Moorea is an ideal system, as there is a unidirectional water flow across the reef,
exiting through a defined channel. The reef system is ca. 500 m across. Collected
data at upstream and down stream sites as well as exit site at pass (air-sea CO2
fluxes and floating data logger with sensors for light, pH , O2 and alkalinity.
7. Also measured using same techniques at Yonge Reef on GBR. Measurement made
at fore reef, back reef and inside moat.
8.
Constructed P vs. I, productivity, and calcification curves
9. 1991 results:
a. Calcification higher at day than at night (dissolution can actually occur at
night)
b. CO2 taken up during day, releasing CO2 at night, with 24 hour budget
showing overall CO2 source
c.
At Moorea, no dissolution at night, high calcification rates of 24.3 g
CaCOs
/m2/day
d. Expressed productivity per day, as would not extrapolate to a year as annual
variation exists.
e. CO2 evasion at back reef of 0.02 g C/m2/day
10. Need to be careful of the light data that are used for models, as they can greatly
affect P/R ratios. Found P/R ratios of 1.2 at Moorea and 1 at Yonge Reef
11. Reef at both Moorea and Australia releasing CO2 to atmosphere, higher at Yonge
Reef
12. Air-sea CO2 flux/respiration vs. Calcification/Gross primary productivity positive
relationship, and higher at Yonge reef than Moorea, again found overall CO2
release at coral reefs and reef flats studied.
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13. Data from two different studies at Shiraho reef showed different conclusions with
respect to CO2 flux
14. Summary
a. Their data from their studies show reefs as CO2 studies
b. Reef sources of CO2 are small in comparison to anthropogenic sources
c. Reefs are natural components of the greenhouse effect
d. CO2 release by reefs will increase with increasing atmospheric pCCte
Questions: Kayanne responded to discrepancy of Shiraho data sets as due to differences
in light budget (7 hours vs. 9) and number of data points taken.
Dr. Frankignoulle, University of Liege
1. Chemical dynamics of organic carbon
„ ,
a. Evolution of CO2 chemistry
b. Air-sea CO2 exchange
c. Both over short-term ecological scales
2. Reviewed chemical reactions among carbon species, acid-base reaction
3. pC02 decreases with photosynthesis, increases with calcification, temperature
increase, upwelling, and river inputs (river water often more acidic)
4. Buffer factor is important when considering CO2 fluxes on coral reefs
5. Linear positive relationship between In pC02 and In TCO2
6. - Buffer factor is constant day and night
7. Ratio of released CO2 to precipitated CaCOs
a. Displays positive feedback to atmospheric pC02
b. The ratio is temperature dependent
c. Increases with decreasing temperature
8.
Flux is related to several factors. CO2 exchange coefficient affected by windspeed,
temperature, waves, and sea state; temperature, salinity, chemistry, physics,
geology and biology affect pCCfe
9. Strong daily variation in pC02 on reefs, as pC02 decreases during the day due to
photosynthesis, there is a flux of atmospheric CO2 into the surface waters; the
opposite flux occurs during nighttime respiration
10. Wind coining off a forest on land affected pCCb and flux over the ocean a distance
away
Dr. Kayanne, University of Tokyo
1. Tested relationship between reef metabolism and pC02 at Shiraho Reef through
direct measurement
2. Found diurnal variability
3. Found reefs were CO2 sinks
4. Used membrane tubes rather than spray or other traditional techniques
5. Repeated measurements of reference, sea and atmosphere hourly
6.
Moat closed off at low tide, allowing use of slack water testing
7. Observed light, pC02 of the reef moat waters and pC02 of the atmosphere over 3
days
8.
Observed spikes in seawater pC02 as tide came in due to fresh sea water input
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9. Based on mean light intensity and mean pCOz (280 uatm) indicated reefs were
sinks
10. P and R rather than calcification drove the COz budgets
11. Net Productivity estimated at 1.3 g C/m2/day and CaCCb 1.2 gC/m2/day in March;
12.
13.
14.
15.
16.
17.
18.
19.

P/R value of 1.4
Critiques: Shiraho not indicative of reefs in general, site may be anthropogenically
degrade, cannot generalize from these few data points in time and space
Response: Shiraho has coral cover of ca. 70%, high diversity, and is in good health
with limited anthropogenic disturbance
Not all organic materials are recycled within the Shiraho system, and this will be
studied
Critique: P/R ratios high; response: within published ranges
Critique: statistical rigor; response: yes, data are limited and need more
Belief that nutrients (N) needed for net production may not be valid, as N fixation
found to occur on reefs, and they may not be nitrogen limited.
Question/concem: the two sampling points "A" and "P" are quite different and not
comparable
Question: why do you believe the N source is from fixation rather than recycling

Dr. Nozaki, Electrotechnical Laboratory, AIST
1. New methods for reef studies and measurements
2. Reefs have 4 features for suppression of CO2: ecological, geochemical, geological,
and geographical/geopolitical
3. Conceptual design for alternate energy sources including wind and solar power
4. Need rapid and convenient diagnostic tools for coral reef studies
a. Remote sensing
b. Ground and sea truth observation systems
c. Chemical analysis systems
d. Automated monitoring systems
5. Present landsat has only 20 m resolution, insufficient for coral reef studies
6.
If increase resolution of satellite data, can be used for reef studies
7. Have developed a combination GPS/video system for reef studies
8.
Can also use small sonar as a tool
9. Have cultivated corals in the laboratory for carbon metabolism studies
10. Now developing automated system for measuring carbon metabolism in the
laboratory
Mr. Kraines, University of Tokyo
1. Intercomparisons among 4 approaches to measuring DO concentration profiles on
coral reefs
2. Fluxes of CO2 discussed on large system scale from land and marine sources and
sinks including photosynthesis, fossil fuel burning, deforestation, physical
absorption, respiration and calcification.
3. Models
a. Simple averaged mass balance
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b. Diurnal, pattern of biological rates
c. Advection model
d. Diffusion - advection model - one dimensional
4. Mass balance model predicts overall respiration in lagoon, hence, not really
predictive for lagoon and whole system, OK for reef flat
5. No advection model: can't simulate results at M3 site, hence, needs modification
6.
Advection model: good for site Ml, and better at M3 than previous sites, but
sensitivity is low for predicting metabolism
7. Used a flat plug model which integrates over distance. No flow at low tide,
constant
flow at high tides.
8.
Diffusion - advection model gives the best fit to the results, can also use to separate
biological component from diffusion
9. Important to compare pCQz from lagoonal waters with those from oceanic waters,
not just atmospheric.
10. The 4 models give different values for P/R
11. For Bora Bay, the high P/R ratios (ca. 1.4) may be due to anthropogenic input
from agriculture.
12. Questions: what are the assumptions and assumed values? Used average values for
each, from limited measurements from the changes in DO over the system.
13. Key parameters are distances, water flow speed, and values for DO, irradiance
Dr. Omori, University of the Ryukyus
1. Organic and Inorganic production by corals and coral reefs and their relationship to
atmospheric CO2.
2. 3 types of studies:
a. Coral colony incubations
b. Dome experiments in Bora bay ,
c. Ecosystem scales studies of CO2 budget through Bora Bay coral reef
3. Reviewed complex carbon budget of coral reefs
4. Used massive corals (Porites, Goniastrea)
5. ‘ Measured Total Alkalinity, pH, CO2, DO
6.
Showed diurnal cycle matching trends in the previous studies presented .
7. Performed transects in Bora Bay: CO2 high at reef flat and near shore sites
8.
Increased CO2 in the air: 9.4. g C/m?/yr; reefs may absorb up to 5.3
9. Need a better understanding of CO2 flux between air, sea and reef
Dr. Suzuki, Shizuoka University
1. Fate of organic carbon in Bora Bay and coral reefs were studied
2.
Need to consider both dissolved and particulate organic carbon, but will concentrate
on DOC
3. Used DOC - total dissolved nitrogen measuring system, high temperature catalytic
oxidation
4. Took 2 samples of DOC from dome: surface arid bottom, as they were not
homogeneous
5. Determining relationships with DOC harder than originally thought
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6.
7.

DOC into 3 categories: labile, sub-labile and refractory
Relationship between inorganic nitrogen and inorganic carbon studied. Not clean
relationship.
8.
Net change in DON was negative
9. Organic carbon budget in Bora Bay: concluded most of organic C might be recycled
within coral reef system
10. Need additional studies to determine cycling of organic carbon to address the
source/sink issue
Dr. Buddemeier, University of Kansas
1. Need definitions for coral reef system and sinks
a. Consider the entire system comprised of the component zones and adjacent
systems
b. Sink: must prevent remobilization on climatic time scales
2. Need to discuss scales for both time and space
a. Measure on year time frame, apply on 100 year time scale
b. Space: 1 km spatial scale
3. All of the calculated Carbon flux budgets based on largely theoretical considerations
are within 1SD of 0.
4. Should consider the reef system is the unit that gives a coherent signal based on
studies to date. Any single component (zone) can differ greatly from the value
obtained from a holistic approach.
5. Organic carbon is greater than 0.6 of the carbonate carbon in the areas close to
terrigenous river input. This is the area where an organic carbon "sink" would be
calculated.
6.
Other areas where sinks could occur are those with high levels of productivity
(seagrass beds, mangroves, etc.) with a high proportion of non-calcifying
organisms.
7. The actual sink needs to be identified and characterized
8.
An understanding of system-level performance is needed to determine if it is a
source or sink.
9. Sink is not equivalent to benthic or water column community metabolism. Sink
probably is a function of sediment community metabolism.
7.

23rd ,October

1995

[session 8]
Topic 2- [Component of system]
Dr. Richmond, University of Guam
1.
need for collection of quantitative data
2.
why coral reefs? - ability to sink COz differ greatly in behavior and function fringing vs atoll be careful of limitations of data to make general conclusions
3.
features of coral reefs: patch reefs: Palau substantial land masses: Okinawa uplifted reefs buffers for wave damage - typhoons Enewetok - reef 2 m above
surface - break wave source of aggregation for fisheries coastal resources activities
problem - studies showing that you cannot export protein from reefs
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sustainably
4.
ecotourism - one of greatest economic values museum reef - protect reef as
investment things of beauty
5.
point - CO2 sinks are only one value of some coral reefs - conversion of reefs to
CO2 sinks may sacrifice other values
6.
carbon cycling in corals: the polyp level- reproduction in corals - brooded,full
zooxanthellae from start-my interest - tracking radiocarbon through the polyp zooxanthellae- coral symbiotic system - material flowing between zoo. and host zoo. division rate controlled by host - tight recycling - lipid storage simply from
photosynthesis - P-I curve: apply to coral larvae - net prod, at about 150 uE/m2/s up to 30-40% photosynthetic carbon transferred from zoo. to coral - corals as a
biological system - where material ends up in biomass: lipids, carbohydrates,
proteins
7.
predicted larval competency - stored energy reserved + rate of utilization = ability
to travel
8.
net daily O2 flux per planula from avg daily light budget -> slight deficit
9. larvae 70% lipid by weight
10. relationship between potential competency in days as function of energy content of
larva, O2 consump., and energy equiv. respired
11. larva can travel for days (?) following oceanic currents in and out of coral areas
12. coral simultaneous hermaphrodites - sperm and eggs in skeletal structure.
13. biomass accumulation: normal processes plus episodic events such as typhoons etc.
14. where does accumulated coral lipids go? spawning - huge flux off reef
15. comparative growth rates of colonies: different locations - different ratios of lipids
into growth or spawning (same species)
16. bleaching: tissue can be lost - coral death
17. value of zoo. to enable coral growth after settling of planular larva
18. sedimentation, H bombs, eutrophication can make reefs sinks but is it worth it?
19. use of tech not only to make reefs sinks but to protect reefs in general
20. cultivation of corals - embryo development, larval settlement
21. how to build reefs? use cultivated larvae to seed reefs, but it takes time
22. best to preserve existing resources
Dr. Pages, European Oceanologic Observatory
1. Nutrient recycling in oligotrophic waters - C:N:P fluxes, nutrient recycling
2. what makes the system function? which organisms responsible for changing TIC to
TOC
3. bacteria are one of main org. for reminerializing nutrients - found all over coral
reefs
4. DOM-> Bacteria -> plankton -> higher trophic levels (?)
5. what organisms responsible for transformation of carbon?
6. measured two enzyme activities: alpha glucosidase (G) and leucine aminopeptidase
(A) in cultures of bacteria, bacteria and flagellates, and flagellates
7. bacteria only: no free enzyme activity, only particulate bound activity increased with
bacteria growth
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8.
9.
10.
11.
12.

13.
14.

flagellates and live bacteria: no G activity, big increase in free A activity to 86% of
total activity
flagellates and dead bacteria: inc. in bound G and A, and free A to 94% tot. activity
activity per vol.: same for G between bacteria and flag., A more for flag than
bacteria.
so protozoa may be responsible for POM -> DOM degradation (not bacteria, only)
Miyako - measure growth rates of bacteria and small plankton to see how much
carbon produced at bottom of food chain, also grazing rates to see how much
carbon transferred.
done by size fractions and incubation of each size fraction
questions: factions separated by filtering precisely discussion on definition of size
and particles

Dr.
1.
2.
3.
4.

Clavier, ORSTOM
sediments - carbon fluxes at the water sediment interface of tropical lagoons
usually more than 50% of lagoon area is sediments
in atolls up to 90% coverage
main purpose: understand contribution of sediments to energy budget of lagoon,
also carbon/energy budget of sediment itself
5. methods: DO and CO2 measured simultaneously in domes 0.2 m2, 601 vol.
- inserted 120 cm into sediment
- circulated 61/min by water pump controlled by potential meter
- two probes: O2 (?) and pH (radiometer)
- probes connected to Oz logger and pH logger in separate frame
- sample water for alkalinity at beginning and end of expt
- also measure salinity and temperature
6. deploy three domes at same site for replicate
7. calculate CRQ = comm, respiratory quotient = dCOz/dOz for night (CO2 flux and
O2 flux controlled by different mechanisms)
8. more complex during day: CPQ = comm, photosynthetic quotient
9. sample ran: pH and DO observed for light condition:
-open dome at end of incubation open dome to renew water
-cover dome w/ dark plastic and aluminum, redo for dark conditions
10. sample curve of CO2 release vs O2 uptake - CRQ
Dr. Boucher, National Center for Scientific Research
- results of sediment dome expts
1. results from two sites at new Caledonia: Uvea (pristine) and SW lagoon
(anthropogenic influence)
2. both of these lagoons very large: 20 x 80 km
- 35% muddy bottom
3. SW lagoon: random samples over various times of day, day of year and location 60
expts: method as explained before
- convert O2 to gC/m2/day using CRQ = ? and CPQ = 1.03
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- P and R fluctuate together through the year
4. Uvea lagoon: 15 stations limited to 20 m depth with sufficient sand cover
- identify different communities
- annual variation in P and R from SW lagoon study used to estimate annual P and
R at Uvea
5. P/R ratios in four lagoon types:
mud deposits: low P and R, P/R = 0.39
Uvea atoll: highest P and R, P/R =1.05
P/R near one on sand bottoms as well
6. inverse relation between P and particulate carbon deposition
7. Moorea Island: compare dome results with whole system results from Jean-Pierre
8. 1.5 hr incubations: PQ = 1.3 < CO2 uptake far greater than DO release
9. simulation of importance of sediments in Moorea:
- different sediment coverage - in Moorea: 14 to 21% contribution of sediment to
CO2, negligible contribution to CaCOs
10. what have we learned: importance of random sampling method to adequately
sample variability - large temporal and spatial variability
11. soft bottom sediments: 14-30% of organic C prod in coral sands CaCOs prod less
than 3%
12. questions: CPQ - indicates if something different is occurring in system
- is CPQ light dependent? (Barnes) perhaps a better number...
- negative correlation of organic deposition and light avail, due to shading of
particulates
- remember connections of sediment with large system including terrestrial inputs
- Buddemeier - community on sediment surface being measured here
- sediment pore water community - difficult or impossible to measure from the
surface
- importance of fluxes more than pools in establishing sinks/ sources
- influence of ground water influx? taking alkalinity samples should be negligible,
bioturbation, inserting the domes
'
,
- CaCOs dissolution at night? pH drops in sediment to about saturation
- a little bit of respired CO2 will dissolve CaCOs
Dr.
1.
2.
3.
4.

5.
6.
7.
8.

Casareto, Laboratory of Aquatic Science Consultant Co. LTD
main object: understand structure, physiology and matter cycling in coral reefs
support dome expts as well - not presented today
concentration on C/N budgets and rates
method: divide ecosystem into different groups
- abundance, diversity, Chi a, C, N
- size differentiation for plankton community
- sampling at three depths every 6 hrs
three expts: 1993 - Ml, 1994 dome at M3,1995 dome at R2
1993 - zoo. abundance and Chla in M. aequituberculata, etc. (coral species)
1994,1995 - some increase in spring over summer and fall
dominant plankton groups determined - species and size
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9.

Chla content of phytoplankton - very low -> phytoplankton not an important
primary producer in this system
10. distributions of phytoplankton, zooplankton, fecal pellets, bacteria,
carbon and nitrogen with time
11. variation of carbon content in several plankton sizes - increase/decrease over each
measurement period (6 hrs)
- migration of zooplankton into water column at dusk and out at dawn dramatic
(largest size)
- reproduction of diatoms (22-8 um) in early morning to noon
12. same for nitrogen - same pattern
13. undigested phytoplankton observed in fecal pellets
14. epiphytic microalgae - important primary producer at bottom, C/N c. 12
15. sea-algae - high carbon content, C/N = 13 to 17
16. abundant in near shore
17. benthos community - species, biomass, C/N content at Ml, M2, M3
- some groups show carbon variability with location ex. A. paguridea
- C/N very low in Gastropoda - due to feeding style?
18. conclusion - have to consider sea algae, microalgae and zooxanthallae as important
primary producers
19. questions: vertical migration of plankton - could this be a nighttime
export of carbon particularly at Ml?
- Barnes - plankton species captured by light traps depends on moonlight
Dr. Zimmerman, UCLA
1. Photosynthesis and Calcification in Bora Bay: Potential impact on Air/sea flux of
CO2
2. objective: calcareous marine autotrophs - sources or sinks of CO2?
3. until now we looked at Bora Bay with detail eliminating filter values obtained
depends on where measurements taken
4. I will look at data from components of system and integrate them together
5. diversity of communities in Bora Bay
6. low tide period - benthic algae covered with O2 bubbles - difficulty of using DO
meters
7. 3 distinct habitats: near shore region - 17% of bay, eutrophic
- lagoon floor - 54% of bay - sand, dead coral, coral rubble less eutrophic
as near shore zone
- reef flat - 29% of bay - live coral - 25%, similar nutrients to lagoon
floor <- live coral here only and only 25%
8. percent coverage by non-calcareous and calcareous organisms in each habitat
- within Bora bay in all habitats non-calcareous organisms are the majority
9. metabolic rates from laboratory studies - instantaneous estimates
10. Pnet (biomass specific) for different algal species in near shore and lagoon/flat
- nearshore region P/C ratio is 0.83 <- may be a sink
- lagoon: assume zero impact of sand community - P/C = 0.36
- reef flat P/C = 0.55
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- overall, on instantaneous basis, Bora Bay appears to be a slight source
11. relationship between Pm and Ca uptake for various species
12. relationship between Pnet/Ca uptake ratio to carbonate salt content in organism
good relationship for variety of calcareous organisms
13. good rel. between ratio of organic to inorganic C content to carbonate salt content
14. we may be able to use carbonate salt content as indicator of source sink
behavior of an organism - over 80% -> probably CO2 source
- corals about 85% -> CO2 source
15. conclusion: cant say whether the instantaneous measurements show Bora Bay to be
source or sink
- most calcareous autotrophs are CO2 sources
- abundance of non-calcareous autotrophs will be important in
determining the CO2 source sink status of coral reef
16. photosynthesis in the sea - can marine photosynthesis remove atm CO2 on
anthropogenic time scales
17. marine production driven efficiently by bioconversion of HCOs (abundant) to CO2
18. shift of pH by adding CO2 doesn’t increase photosynthesis in calcareous
algae - only increase is by coral rubble - diffusion limitation of algae in skeletal
structure.
19. sea grasses: P tripled by decrease of pH to 6.2 from CO2 input
20. CO2 limited - thus restricted to shallow water environments
21. can increased CO2 supply reduce light requirements of sea grass?
- 45 days grown in mesocosm systems under diff. light and CO2 conditions
- plants grown with 4 hrs of light died by end - exhausted sugar reserves in
leaves and roots
- but 4 hrs of light and pH = 6.2 -> same growth rates as 12 hr light conditions
22. only sea grass production increased by increased CO2 input
23. how do we exploit this? huge loss of sea grasses worldwide
- system wide eutrophication, sediment loading, turbidity loading
- tough to engineer upstream solutions
- use CO2 power plant emissions to promote sea grass growth (may
not be a CO2 sink though)
24. questions: how does CO2 limitation occur in sea grasses?
- probably simply inefficiency in photosynthesis enzyme activity, not
necessary due to lack of competition
- what is Ik for sea grasses? 200 uE/nf/s (?)
- what is area of sea grasses in world - as far north as is ice free
[session 9]
[ General discussions]
Questions to speakers:
to Dr. Zimmerman — elaborate on precision of source/sink behavior in Bora Bay.
answer:
nearshore region exhibits sink-like behavior, lagoon and flat
exhibit source-like behavior, unfortunately uncertainty makes
precise conclusion equivocal.
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Topics for general discussion
1. Utility of dome experiments for coral reef C cycling studies....what can
we learn and how can we use them?
2. Expertise and data needs
3. What is the fate of the fixed/precipitated C generated by the reef?
4. Definitions of coral reef ecosystem and sink.
5. Bora Bay C budgets
6. Importance of seasonal variations in community metabolism. What instrumentation
is necessary for long-term monitoring?, a special case of #2 above
7. What is the relation between nutrient flux and C flux?
8. Anthropogenic influences on coral reef systems.
Dr. Buddemeier proposes to begin the discussion process, as there are plenty of
questions/issues to fill the available time.
Dr. Gattuso asks for clarification of the schedule for the remaining 1.5 days.
Dr. Suzuki wants to focus todays discussion on specific issues relevant to the
presentations today e.g. dome experiments, air/sea flux measures, etc. and defer general
questions to tomorrow. What is the key point of each presentation?
Dr. Barnes: a) calcification increases with temperature thus coral systems may
exhibit less sink-like behavior as temperatures increase (10-100 year time scale),
b) source/sink behavior in coral reef systems may exhibit natural temporal fluctuations in
response to small shifts in environmental conditions (e.g. temperature).
Dr. Buddemeier suggests that CO2 increase may push in opposition to temperature
(100-1000 year time scale).
Dr. Gattuso: a) long-term unattended instruments for continuous measurement of
community metabolism are necessary but will require technical innovation.
Dr. Frankignoulle: a) emphasizes the need for high-quality (precise) individual
measures. The error of pCQz measures must not exceed 10 ppm for use in source/sink
studies. This is very difficult to attain without precise attention to measurement detail.
Dr. Nozaki: A relevant sink must be able to sequester C for 100 years. Deep sea is
the only place where this is possible.
Dr. Oomori: a) pCQz measurement alone does not indicate flux; need to measure
COz and organic fluxes directly.
Dr. Suzuki: a) wants more emphasis on pore-water -bottom water interactions in
organic C cycle.
b) determination of export flux.
c) need to determine gas exchange coefficients accurately.
Dr. Buddemeier: a) must understand the system budget to focus on SINKS (if that
is the point of interest).
b) don’t forget the sediment pore-water.
Dr. Richmond: a) must consider multiple values of coral reefs when evaluating
worth of CO2 sink potential of coral reefs.
b) must consider episodic events in C dynamics; not just assume continuous or steady
state rates.
Dr. Boucher: a) role of sampling strategy in study design.
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b) what is the role of sediment geochemistry in lagoon alkalinity?
D r. Clavier: a) role of DOCin C balance of reef areas.
b) land influence may shift the dynamics of sediment communities from C source to C
sink.
Dr. Pages: a) need more data on microbial processes in coral reef ecosystems.
Dr. Casareto: a) need better sampling design to understand biological and habitat
diversity.
b) seasonal variations are important and must be considered.
c) how to integrate short-term experiments into long-term ecosystem performance?
Dr. Zimmerman: a) some components of coral reef systems behave like sources,
some sinks.
b) we should identify those potential sources for future investigation
The group decided to adjourn the formal session for the day and allow for time to
discuss the various issues in a more casual setting for the evening. Tomorrow we will
re-convene to take up the issues raised today in more specific detail.
Dr. Gattuso then narrated his video of their expedition to Younge Reef on the GBR.

8. 24th October 1995
[session 10]
[Discussion for answering on the questions of RITE]
Dr. Suzuki: Presented list of fundamental definitions to be goal of workshop
discussion. Begin with issue of definition of coral reef. Is Bora Bay a ‘typical’ coral
reef? Where do we find a ‘typical’ coral reef.
Dr. Buddemeier: definition of system is critical for scientific advancement on
source/sink issue. Part of the confusion over source/sink involves this definition. Does it
include the lagoon & nearshore habitats or simply the zone dominated by massive
corals?
Dr. Suzuki: wants to shift focus to definition of sinks. Which compartment of the
simplified box model presented by Dr. Buddemeier is most important for identifying
sinks?
Dr. Richmond: it is necessary to measure or at least consider the connectivity among
components and not just focus on a single compartment.
Dr. Suzuki: What is the definition of a sink or source? I would like to focus^on
Bora Bay.
Dr. Omori: distributed a list of questions
Mr. Kraines: offers definition of the sink: must be semi-permanent, time scale of
at least 50 years; must be a net sink including c generated by reef
construction/maintenance and must be reasonably large (1% of anthropogenic CO2)
Dr. Omori: back to his questions........previous studies have emphasized P/R or P/C
ratio. We need better resolution of P/R ratio...must be better than 10%.
Dr. Zimmerman: beware of extrapolating short-term measures to large-scale
estimates. Accuracy is affected by natural system variability to a much greater extent than
instrument precision.
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Dr. Nozaki: what is the effete of Ca dissolution and flux into Bora Bay
Dr. Barnes: Back to the definition of a sink: The world coral reef may sink 1-2%
of the anthropogenic CQz (Kinsey). Assuming 100 g C/m2/yr, world coral reefs
represent 0.05% of the CO2...... they are not sinks.
Dr. Buddemeier: These are natural systems, engineered reefs may behave quite
differently.
Mr. Kraines: we should decide whether to discuss natural systems or engineered
systems.
Dr. Suzuki: please re-focus on Bora Bay observations.... Dr. Zimmerman can you
clarify your position from your data?
Dr. Zimmerman: instantaneous measures are very difficult to extrapolate to whole
system performance; my observations are equivocal - some regions exhibit sink-like
behavior some exhibit source-like behavior
Dr. Buddemeier: want to re-emphasize that instantaneous measures (e.g. metabolic
P/R) are very poor indices for determining source/sink relations on 100 year time scales.
Sediment composition may be a better index of source/sink behavior.
Mr. Kraines: What about transport to deep water? Isn’t that important?
Dr. Buddemeier: Yes, it is also a difficult issue to deal with. Sampling is not easy
and data are hard to get.
Dr. Suzuki: how do we go from instantaneous functional view to integrated view?
Dr. Gattuso: short term measures provide insight into environmental forcing,
integrated measures give understanding of the past budget. Both are important; it
dependents on the question
Dr. Zimmerman: I agree; and the issue of source/sink is so complex that both
approaches gan provide useful information.
Dr. Kraines: models can be built with sufficient reality to solve accurately the
problem. What are we trying to do here?
Dr. Barnes: Lets refocus on the definition.
Dr. Suzuki: sinks must involve burial
Dr. Buddemeier: I agree
Dr. Barnes: refocus on the 1% issue......
Dr. Buddemeier: yes, but our focus for discussion is on the local reef system.
Dr. Richmond: What does RITE care about? Can Rite help clarify the issue of
desirable sink?
Mr. Miyoshi: currently there is no consensus within RITE on the quantitative
issues...... this is something we are struggling to develop with the help of scientific
research.
Dr. Richmond: can we then agree on the 1% criterion?
Dr. Suzuki: Yes
Dr. Nozaki: weathering processes may also be important
Dr. Buddemeier: and sediment diagenesis; but lets all be sure we are talking about
processes on the same time and space scale.
Dr. Suzuki: Lets refocus on the relevant time and space scales......1 year and 1
km.....OK
Dr. Buddemeier: I agree
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Dr. Suzuki: What data and tools are necessary to address the source/sink issues on
those scales.
Dr. Zimmerman: there is a need for both short-term measures and long-term
integrated budget...... both approaches have strengths and weaknesses....this is hard to
evaluate I the absence of specific questions
Dr. Richmond: the most productive approach may be to design the team (personnel)
first. Then let those experts with different skills select the particular measurement
techniques.
Dr. Buddemeier: select the team AND the system first, then select the tools.
Dr. Suzuki: wants to focus on sediment sinks and C export from the reef.
Dr. Zimmerman: Be careful; C export from the reef does not imply ‘sink’; most C in
the surface ocean is probably respired away.
Dr. Suzuki: Is Bora Bay a good study site for the source/sink issue
Dr. Buddemeier: Bora Bay has many of the features of coral reef systems in general
but it is not a ‘typical’ reef and cannot be considered characteristic of coral reefs
worldwide.
Dr. Richmond: There may be better locations for study, and .this should be
investigated.
Dr. Suzuki: Let us now refocus on the issue ‘what makes a coral reef a source or
sink of CO2? Obviously, there must be the accumulation of organic carbon.
Dr. Buddemeier: excess organic production over calcification is a necessary but
insufficient requirement for sink-like behavior.
Mr. Kraines: Weathering processes (land origin) should be outside the realm of
consideration sink it is not really dependent.
Dr. Richmond: Potential sink behavior should be characterized by P:R > 1 and P.C
>

0.6

Dr. Gattuso: If we want to create a sink system, we need to increase primary
production.
Mr. Kraines: I don’t like the idea of ratios, prefer to say P>= 0.6 * Calcification
Dr. Barnes: I don’t see that organic production represents a sink. Dissolution may be
a sink.
Mr. Kraines: It may be possible that considerable reef organic C is exported to the
deep sea. This possibility cannot be disregarded.
Dr. Nozaki: What is our definition of the deep sea?
Dr. Suzuki: 90% of organic C produced in the surface ocean in recycled in the upper
ocean. Very little organic carbon actually sinks to the deep sea.
Mr. Kraines: Then more effort needs to emphasize the offshore oceanic processes.
Dr. Gattus o: In Moorea, 50% of the net organic production is exported from the reef
and 20 % of the net calcification is also exported.
Dr. Suzuki: How much CO2 can we expect a coral reef to remove?
Mr. Kraines: We need to have net lOOg C/m2/year and most reefs will not perform
to these specifications.
Dr. Shitashima: I agree with Dr. Kraines
Dr. Gattuso: calculated surface area is 4 e4 km2. This is big.
Dr. Suzuki: Where should the study be conducted?
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Dr. Zimmerman: Pick the team, formulate the questions and THEN select the site
appropriate to answer those questions.
Dr. Richmond: It is important that the questions be general and testable; measures
must be reliable and relevant to those issues.
Dr. Buddemeier:
Science proceeds by the iterative process of hypothesis,
experiment and observation.
Dr. Zimmerman: Pick the team, formulate the questions and THEN select the site
appropriate to answer those questions.
Dr. Barnes: For my interests, the characteristics of system flow are critical. I cannot
perform my experiments in some places, so I go where it is possible to make the
necessary measurements.
Mr. Kraines: Use the model approach to explore coral reefs.
Dr. Suzuki: Is it possible to make a oral reef a sink?
General consensus: It is dead easy, with the emphasis on ‘dead’.
Mr. Krainse: Is it possible to pump COz into the limestone bedrock to create a sink?
Dr. Nozaki: Yes it is possible but this is not relevant to coral reefs.
Mr. Kraines: What about the possibility of CaCOs dissolution in a variety of
engineering scenarios?
Dr. Richmond: I would like to refocus the issue on coral reefs. There are many
alternatives to the CO2 problem. Reefs are fragile, delicate systems that are very hard to
make. Perhaps the focus on exploiting coral reefs is inappropriate, and the emphasis on
reefs should be preservation, not exploitation.
Mr. Kraines & Dr. Nozaki: the engineering solutions are viewed as last-resort;
exploration of the natural way is preferred.
[Final Summary Session:]
Attendees: Drs. Suzuki, Zimmerman, Buddemeier, Richmond, Miyachi,
Barnes, Guttuso and Omori
Outline of the Final Report:
1. RITE goals & expectations, including research activities
take from original documents;
Basic premise to evaluate current research activities relative to source/sink issue and
to make recommendations for future research activities.
2. Definitions & questions defined by Mr. Miyoshi
pre-existing document
3. Pre-workshop summary
pre-existing document
4. Evaluation of current Bora Bay studies:
Bora Bay as a research site:
a, strengths
well-defined boundaries
convenient size for management
strong land influence
high latitude
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contains all major reef ecosystem components
convenient shore access
b, weaknesses
physical conditions are complex and highly variable in time and space; flow patterns are
not simple; extensive physical characterization will be required.
no clearly defined upstream-downstream flow pattern makes many measurements
difficult.
lack of a permanent/established research facility; logistics are hard,
strong land influence can also be a weakness
high latitude location increases temporal variability
Bora Bay Studies:
a, strengths
well-defined initial goal
strongly committed and hard working research team
impressive array of parameters measured
b, weaknesses
lack of testable hypotheses flowing from the initial goal
application of analytical (chemical) technologies not uniformly applied to the system
limited focus on short term air/sea flux, P:R ratios and P:C ratios, and very few of these
observations
lack of focus on mechanistic understanding (reserved for future use by Dr. Barnes),
specific technical limitations I certain measurements
5) Recommendations
a, team membership
form a steering committee of principal investigators to define the questions, focus the
research and select the remainder of the research team. Expertise should include:
- community metabolism
- small-scale physical oceanography
- chemical oceanography/marine chemistry with emphasis on the seawater carbonate
equilibrium
- population biologists
- sediment geochemistry
b. General recommendations of the group
Dr. Richmond - good environmental policy = good economic policy; coral reef studies
should be supported regardless of the potential for coral reefs to serve as CO2 sinks.
There are many good reason to promote and expand coral reefs even if they are not
significant CO2 sinks.
Dr. Buddemeier - pay attention to the process of complex multi-disciplinary studies.
Consider how the questions and research strategy will be developed (questions, research
strategy, plans of action). Considerable effort should focus initially on efforts to gauge
the order-of-magnitudes of the major fluxes & pools, and do initial scooping efforts
including field studies.
Dr. Zimmerman - maintain a broad perspective/definition of coral reef ecosystem;
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don’t simply focus on calcareous species
Dr. Gattuso - study should cover a minimum of 4 years: 1 year for initial assessment,
2 years for experimental efforts and 1 year for data analysis. Appoint a liaison person or
procurer to secure the logistical arrangements, all the way from equipment lists to
scheduling to travel and customs to communication among scientists.
Dr. Barnes - keep the questions simple.
Dr. Omori - put more effort into planning before experiments are performed.
Dr. Suzuki - put more emphasis on human interaction among participants before the
field work proceeds.
[The Future of Coral Reef Studies]
Dr. Suzuki - RITE’s goal is very applied to the COz issue. Environmental
science, however, is a complex issue and requires much work before good
solutions can be applied. We need a combination of scientists and
engineers. Establish the goals and focus on the problems.
Dr. Barnes - develop some mechanism for external peer review by the international
scientific community.
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