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ABSTRACT

The seawater CO; system and carbon budget were examined in coral reefs of wide variety with respect
to topographic types and oceanographic settings in the Indo-Pacific oceans. A system-level net organic-
to-inorganic carbon production ratio (Roy) is a master parameter for controlling the carbon cycle in coral
reef systems, including their sink/source behavior for atmospheric CO,. A reef system with Roy less
than approximately 0.6 has a potential for releasing CO;. The production ratio, however, is not easy to
estimate on a particular reef. Instead, observations planned to detect the offshore—lagoon difference in
partial pressure of CO, (pCO,) and a graphic approach based on a total alkalinity—dissolved inorganic
carbon diagram can reveal system-level performance of the carbon cycle in coral reefs. Surface pCO>
values in the lagoons of atolls and barrier reefs were consistently higher than those in their offshore
waters, showing differences between 6 and 46 patm, together with a depletion in total alkalinity up to
100 mol kg~ !, indicating predominant carbonate production relative to net organic carbon production.
Reef topography, especially residence time of lagoon water, has a secondary effect on the magnitude
of the offshore—lagoon pCO, difference. Terrestrial influence was recognized in costal reefs, including
the GBR lagoon and a fringing reef of the Ryukyu Islands. High carbon input appears to enhance CO,
efflux to the atmosphere because of their high dissolved C:P ratios. Coral reefs, in general, act as an
alkalinity sink and a potentially CO,-releasing site due to carbonate precipitation and land-derived
carbon.

1. Introduction

Coral reefs occur widely, and produce a large
amount of CaCOj in tropical and subtropical shallow
regions. The role of coral reef systems in the global car-
bon cycle has attracted much attention in the last few
decades (Smith, 1978; 1981; Crossland et al., 1991).
In particular, the sink/source behavior of coral reefs
with respect to the atmospheric CO, has been the sub-
ject of considerable discussion (Kayanne et al., 1995;
Gattuso et al., 1996a).

*Corresponding author.
e-mail: a.suzuki@aist.go.jp

The most important biogeochemical processes in
the coral reef system are photosynthesis and calcifi-
cation. The sink/source behavior of coral reefs is also
controlled by the balance between these two processes.
They shift the chemical equilibrium of the oceanic
CO; system in opposite directions. Photosynthesis de-
creases the partial pressure of CO, (pCO,), while cal-
cium carbonate production raises pCO, as follows:

photosynthesis: CO, + H,O — CH,0 + O, (D
calcification: Ca** + 2HCO; —> CaCO;

+H,0 4 CO,.
2
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The released CO,/precipitated carbonate ratio (V)
was estimated to be 0.6 in seawater by modeling the
CO, system (Ware et al., 1992; Frankignoulle et al.,
1994). Effects of photosynthesis on pCO, should also
be taken into account, because photosynthesis occurs
simultaneously with calcification. From this point of
view, the criteria of the CO, sink/source problem were
discussed by Suzuki (1998) using the ratio of net or-
ganic carbon production to inorganic carbon produc-
tion (Rop). When the ratio R exceeds approximately
0.6, pCO; in seawater decreases and the atmospheric
CO, is absorbed into reef water. Examinations using
the parameter Rq; are applicable to the level of indi-
vidual coral reef systems.

Kayanne et al. (1995) reported the diurnal change of
pCO; in reef water of Ishighaki Island, the Ryukyus,
together with an estimation of Ro;~ 1.1, and sug-
gested the reef acts as a CO, sink. One of the criticisms
of Kayanne et al. (1995) is that the results come from a
fringing reef with terrestrial and probably human dis-
turbances and should not be applied to other types of
coral reef (Gattuso et al., 1996a; 1999).

In contrast to Kayanne et al. (1995), stud-
ies in Moorea, the French Polynesia, and Yonge
Reef of the northern Great Barrier Reef (GBR)
showed that reef flat communities are net sources
of atmospheric CO, (Gattuso et al., 1993; 1995;
1996b; Frankignoulle et al., 1996). Although their
conclusion that most coral reefs are sources of
CO, to the atmosphere was recently challenged
by Chisholm and Barnes (1998) from the tech-
nical viewpoint for metabolism measurements, the
conclusion still appears to stand (Gattuso et al.,
1999).

While the sink/source debate mostly focused on
“coral reef flat”, interesting observations emerged
from mid-oceanic reefs, such as the Majuro Atoll and
Palau barrier reef, which showed high pCO, in reef
lagoons compared to that in the offshore area: i.e.
reef lagoons act as a source for the atmospheric CO,
(Kawahata et al., 1997; Suzuki et al., 1997). Obser-
vations in the GBR lagoon, the largest reef system in
the world, also showed the similar results (Kawahata
et al., 2000b; Suzuki et al., 2001).

In addition to the results from coral reef flats, obser-
vations from reef lagoons confirm the current under-
standing that most coral reefs work as sources of the
atmospheric CO,. On the other hand, the differences
in the mode of carbon cycle among coral reefs have be-
come evident, as the number of observations increases.
Although the variations may be related to topographic
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types and oceanographic settings of individual reefs
as well as the influence of human disturbance, factors
controlling the carbon cycle in coral reef systems have
not yet been fully examined.

Here we re-examine our results from individual
reefs in the Indo-Pacific oceans and summarize them
together with published information, in order to in-
vestigate parameters controlling the carbon budget of
coral reefs as well as sink/source performance with
respect to the atmospheric CO,. Special attention is
paid to topographic features and water circulations
in those reefs, together with terrestrial influences on
costal reefs. In addition, we propose a graphic ap-
proach based the on total alkalinity (Ar)—dissolved
inorganic carbon (DIC) diagram as a useful tool for
examining the functioning of the carbon cycle in coral
reef systems.

2. Research sites and methods

2.1. Observations on marine CO; system

The seawater CO, system parameters were ob-
served on coral reefs in the Indo-Pacific region (Fig. 1).
Reefs investigated include Shiraho Reef, a fringing
reef of the Ryukyu Islands (Suzuki et al., 1995;
Kawahata et al., 2000a), the Palau barrier reef
(Kawahataetal., 1997) and Majuro Atoll (Suzuki etal.,
1997) in the north equatorial Pacific and South Male
Atoll of the Maldives in the Indian Ocean as well as
the Great Barrier Reef (GBR, Kawahata et al., 2000b;
Suzuki et al., 2001).

On all reefs investigated, discrete water samples
were collected and temperature, salinity, pH, At and
DIC were measured. While the simple pH method
originally proposed by Culberson et al. (1970) was
employed during expeditions to Ishigaki Island in
September 1990 (Suzuki et al., 1995) and South Male
Atoll in October 1995, the potentiometric titration
method was used in later expeditions. The DIC was
measured by a modification of the gas chromato-
graphic method (Weiss and Craig, 1973). Details of
measurements and calculations of pCO, based on
chemical equilibrium of the CO, system are described
in the original papers mentioned above. Direct mea-
surements on pCO, were conducted using a shipboard
nondispersive infrared (NDIR) gas analyzer system
with a shower-type air—sea equilibrator onboard R/V
Hakurai-Maru in Palau reef, Majuro Atoll and the
GBR.
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Fig. 1. Locality map of coral reefs investigated and referred in this study.

2.2. Topographic features of coral reefs investigated

2.2.1. Palau barrier reef (Southern Lagoon). The
Ngerdiluches Barrier Reef (Maragos and Cook, 1995)
is located on the southern side of the Palau (Belau)

Archipelago, Caroline Islands (7°30'N, 134°330'E;
Fig. 2A). A wide lagoon (Southern Lagoon) with a
maximum depth of 55 m exists between the islands and
a barrier reef platform. The narrow ‘Toachel Mlengui’
channel at the northern end of the lagoon is the only
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Fig. 2. Topography of the Palau barrier reef (A), Majuro Atoll (B), South Male Atoll (C), and Ishigaki Island (E), superimposed
on the map of the central section of the Great Barrier Reef (GBR) near Townsville (D). All maps are shown at the same scale
for comparison. Three mid-oceanic atolls investigated in this study (A, B and C) have lagoons of similar size, but those are
different in the degree of closure to the surrounding sea. A contiguous north—south body of open water between the reefs and
the Australian continent is referred as the “GBR lagoon” (D). As reefs occupy only a small portion of continental shelf area,
the GBR may be considered a shallow coastal sea, bounded by a porous matrix of coral reefs.
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deep passage with a maximum depth of 65 m. There is
no other passage in the northwestern side of Southern
Lagoon along the reef platform extending for approx-
imately 86 km.

2.2.2. Majuro Atoll. Majuro  Atoll (7°06'N,
171°10’E; Fig. 2B) in the Marshall Islands, the central
Pacific, has a semi-enclosed lagoon with a maximum
depth of 67 m. The southern side is almost entirely
surrounded by an island. On the other hand, the
northern side is surrounded by very shallow (0-2 m
deep) reefs with a chain of sand cays. Calalin Channel,
situated at the northern end of the atoll, is the only
deep passage, with a maximum depth of 46 m. The
topography effectively isolates the wide interior
lagoon from the outside ocean. Recently, Kraines
et al. (1999) succeeded in estimating the residence
time of the Majuro lagoon using a three-dimensional
diagnostic residual current model. Their estimate is
a relatively short value of 15 days. Forcing due to
radiation stress on the windward reef flat was found
to be the dominant mechanism for the rapid exchange
of lagoon water.

2.2.3. South Male Atoll. South Male Atoll (4°00'N,
73°25'E; Fig. 2C) in the Maldive Islands, northern
Indian Ocean, is an oval-shaped atoll with maxi-
mum dimensions of 12 x 32 km. The lagoon water
is connected with the offshore water through many
deep channels between shallow reef flats. The chan-
nels are 30-70 m deep, i.e. much deeper than typical
Pacific atoll channels. Due to its open topography, wa-
ter exchange between the lagoon and offshore appears
to be relatively good. In contrast to scanty reef de-
velopment in typical Pacific atoll lagoons, flourish-
ing of branching corals on the island slope in the
lagoon was reported from Maldivian atolls (Kohn,
1964). This was explained in terms of the unusual
large flow of oceanic water through the broad deep
channels.

2.2.4. The Great Barrier Reef. The GBR extends
approximately 2600 km along the eastern coast of
Australia (Fig. 1), from north of Fraser Island in
the south (24°20'S) to the Torres Strait in the north
(9°20'S). It covers the wide range in latitude (15°) and
is composed of more than 2900 individual reefs. There
is a contiguous north—south body of open water, which
is referred to as the “GBR lagoon”, between the reefs
and the continent (Fig. 2). As reefs occupy <9% of to-
tal continental shelf area (224 000 km?; Hopley et al.,
1989) the GBR may be considered a shallow coastal
sea, bounded by a porous matrix of coral reefs (Furnas
and Mitchell, 1996). The major portion of total shelf

Tellus 55B (2003), 2

431

area and water volume lies between 30 and 40 m iso-
baths (Wolanski, 1994).

Despite the term “barrier”, the outer reefs are not
continuous, and the continuity of the outer reefs is
defined as the ‘linear density’ of reefs along the shelf
break (Pickard et al., 1977). There is a striking contrast
between the northern and southern GBR. The north-
ern GBR (9-16°S) is a continuous stretch, with the
linear density reaching 90%, while the southern GBR
(>16°S) exhibits apparently low values around 10%.
The Capricorn Channel is open to the south and pro-
vides a wide and deep entrance to the southern end of
the lagoon.

A total of 33 river basins with an aggregate catch-
ment area of 411 000 km? drain eastward into the GBR.
Mitchell and Furnas (1996) estimated that the average
annual terrestrial freshwater input to the GBR is close
to 42 km®. In terms of water, sediment and nutrient ex-
ports, again there is a remarkable difference between
the northern and southern GBR regions. In the north-
ern GBR region, the wet-tropical catchments between
the Daintree and Herbert Rivers supply a large propor-
tion of total runoff to the GBR throughout year (ca.
40%;, Mitchell and Furnas, 1996). On the other hand,
two large dry-catchment rivers (Fitzroy and Burdekin
Rivers) show clear seasonality in discharge volumes.
Our expedition was conducted in the dry season of
1996 (Suzuki et al., 2001). Although episodic large
floods during summer exert a significant impact on
salinity and nutrient dynamics over large areas, river-
ine input to the southern GBR shelf appears to be lim-
ited during the dry season (austral winter).

2.2.5. Shiraho fringing reef, Ishigaki Island. Ishi-
gaki Island is situated in the southern Ryukyu Islands,
Japan. It lies in the path of the warm nutrient-depleted
Kuroshio current (Fig. 1). Unlike other coral reefs de-
scribed above, Shiraho Reef, located on the east coast
of Ishigaki Island, is a well-developed fringing-type
reef without a deep lagoon. The reef flat is about 800 m
in width and composed of four topographic sub-units
including outer reef slope, reef crest, inner reef flat, and
moat. The moat is a trough-like depression (shallow
lagoon) along the coast but its depth never exceeds 3 m
(Nakamori et al., 1992). Suzuki et al. (1995) measured
community metabolism on the inner reef flat, while
Kayanne et al. (1995) reported diurnal pCO, variations
ata deeper station near the boundary between the moat
and the inner reef flat. Estimated water residence time
of the reef flat by volume transport calculation based
on our measurements is relatively short, approximately
4 h, probably due to the wave-generated through-flow
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circulation system, which effectively accelerates wa-
ter exchange on the fringing reef. Salinity of the
reef water decreases occasionally during low tide due
to fresh groundwater seepage through the reef base-
ment, which is composed of Pleistocene limestone.
Kawahata et al. (2000a) reported dissolved phosphate
and silica concentrations in terrestrial waters as well
as CO, system parameters.

2.3. Other coral reefs in the literature

Other than the results mentioned above, informa-
tion on reef metabolism at the system level and §pCO,
values are available for some coral reefs in the Indo-
Pacific regions (Table 1). Additional geomorphologi-
cal data of each coral reef are also shown in Table 1.
Coral reefs in the table can be divided into three cat-
egories with respect to reef morphology: (1) reef flats
and shallow lagoons, (2) reefs with a deep lagoon and
(3) large-scale reef systems.

3. Results and discussion

3.1. Offshore-lagoon difference in pCO,

In order to detect the net effect of reef systems on the
air—sea CO, exchange, we need to compare seawater
pCO, between the inside and the outside of the lagoon
(Gattuso et al., 1993). Here, we define the difference
in pCO, (6pCO,) between the lagoon (pCO,1) and
the offshore (pCO, o) as follows:

8pCO, = pCO,L — pCOy 0. (3)

If the mean pCO, value of lagoon water is higher than
that in the oceanic water (i.e. 5pCO, > 0), a coral reef
has the potential to work as a source of atmospheric
CO; as a whole. By contrast, if §pCO, < 0 it could
work as a sink of CO,.

The pCO, values in reef lagoon were consistently
lower than the offshore values in all coral reefs inves-
tigated except for the Shiraho reef (Fig. 3 and Table 1).
Average §pCO, values observed in the Palau barrier
reef and Majuro Atoll were around 48 and 25 patm, re-
spectively. In the case of the South Male Atoll, §pCO,
has a small value of 6 pratm, but again, the lagoon water
has a higher pCO; than the offshore water. The north-
ern and southern GBR lagoons also showed positive
§pCO;, values.

Local decreases in pCO, were observed on reef flats
or shallow banks during the daytime in the Majuro
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Atoll, South Male Atoll and Shiraho fringing reef,
where comprehensive spatial surveys were conducted.
These areas showing negative §pCO, may act as a
temporary sink for atmospheric CO,. However, these
effects seem to be limited to the small areas of the
reef flats, because the lagoons dominate these reef
systems in terms of both area and volume of water.
The observed §pCO, must represent the system-level
metabolic performance of coral reefs.

According to theoretical examination of Suzuki
(1998), the pCO, change in seawater can be predicted
by Rop values of the system (Fig. 4A). The first prob-
lem is whether observed §pCO, value in a coral reef
can be predictable using a system-level Ro; value for
the reef or not. Among four coral reefs with a deep
lagoon examined in this study, reliable carbon pro-
duction estimations are available only for a shallow
area of the Majuro Atoll (Suzuki et al., 1997). It is
predicted that the atoll shows positive §pCO, based
on the estimated Rp; value of 0.29 (Suzuki et al.,
1997), which is smaller than the critical value of 0.6.
The prediction agrees with the results from pCO,
observations.

Production ratios at system level are available in
literature for several reefs in the Indo-Pacific regions
(Table 1). Two reefs in the first category, Shiraho fring-
ing reef (Kayanne et al., 1995) and Christmas Island
lagoon (Smith et al., 1984), indicate higher Ro; val-
ues than the critical ratio, and indeed their §pCO,
values were observed to be negative (CO, sink). On
the contrary, Tiahura Barrier Reef and Yonge Reefs
(Frankignoulle et al., 1996; Gattuso et al., 1996a,b)
showed low Ro; values compared to the critical value
of 0.6. Although they reported no values on the 5pCO,,
their conclusion that these two reefs act as atmospheric
CO; source agrees with the prediction based on their
low Roy values. Two reefs in the second category, Fan-
ning Atoll (Smith and Pesret, 1974) and Canton Atoll
(Smith and Jokiel, 1978), showed considerably smaller
Roy values than the critical ratio and high pCO, in la-
goon waters were evident. In conclusion, the obser-
vations of §pCO, listed in Table 1 agree well with
the theoretical prediction based upon Roy, including
a controversial report from Shiraho Reef (Fig. 4B).
This also means that Ro; of the system is the dominant
factor for determining the CO, performance of reef
systems.

While the ratio Roy is a primary factor determining
the sink—source behavior of a particular reef system,
there seems to be another factor controlling the mag-
nitude of pCO, values. The observed §pCO, values
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(A) Palau Barrier Reef (C) South Male Atoll (D) Northern GBR
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Fig. 3. Spatial distributions of pCO> in surface waters around the Palau barrier reef (A), Majuro Atoll (B) and South Male
(C), and the northern and southern GBR lagoons (D and E). The average value of the offshore—lagoon difference in pCO,
(6pCO,) at in-situ temperature and salinity observed in each reef is shown in each panel.

varied from reef to reef (Fig. 3). In addition, the data
listed in Table 1 suggest that there are relatively weak
positive relationships between §pCO, and the resi-
dence time of reef water, including studies of reef flats
and shallow lagoons: the slower the renewal of the
water is, the higher is pCO; in the reef water. There-
fore, the most likely factor controlling the magnitude
of 5pCO, is water circulation in the lagoon.

The lagoon of South Male Atoll has an open na-
ture, being connected to the open ocean by numerous
deep channels. Shallow reef flats also contribute to
water exchange between the lagoon and the offshore
water. According to our understanding of the circu-
lation in the atoll lagoon (e.g. Kench, 1994), South
Male Atoll seems to be the most well flushed among

the three oceanic reefs examined. Therefore, the small
§pCO;, value can be attributed to the well flushed na-
ture of the lagoon. On the other hand, Majuro Atoll
shows a higher degree of closure than South Male
Atoll, having only one deep entrance channel. Ma-
juro Atoll exhibited higher §pCO, values than those
of South Male Atoll. This can be explained by its
high continuity of the reef platform and the relatively
long residence time of the lagoon water. Palau bar-
rier reef lagoon appears to be of intermediate de-
gree of closure among three oceanic reefs examined.
Palau lagoon must be less flushed than South Male
Atoll lagoon, but we have no information for a de-
tailed comparison between the Palau and Majuro Atoll
lagoons.
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Fig. 4. Metabolism and its effect on sink/source behavior with respect to the atmospheric CO;. (A) Changes in pCO;
(6pCO») caused by the various rates of photosynthesis and calcification. Negative values of carbon production rates indicate
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An interesting finding is that 5pCO, values in the
northern and southern GBR lagoons are relatively high
despite their open nature (Figs. 2D, 3D and 3E). When
pCO, values at in-situ temperature and salinity are
compared, the southern GBR lagoon shows a higher
8pCO; value than the northern lagoon (Fig. 3). How-
ever, normalized pCO, values at 25 °C and salin-
ity 35 give the opposite result: 5pCO, of the north-
ern lagoon (+29 patm) is larger than the southern
lagoon (+12 patm; Table 1). This contrast appears to
correspond to the high linear density of the outer reef
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in the northern GBR lagoon compared to the southern
lagoon.

While reliable Ro; values are reported for some reef
communities (see review by Kinsey, 1985), the number
of system-level R estimates is still low. The produc-
tion ratio is not always easy to estimate on a particular
reef. Entire reef production estimates, using the piece-
wise summation of metabolic studies at the scale of
community or smaller ecological units on the reef, are
subject to a large potential error (Atkinson and Grigg,
1984; Nakamori et al., 1992). On the other hand, the
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reef lagoon systems in enclosed atolls are suitable for
large-scale budget studies (Smith, 1988). Smith and
colleagues employed a salt/water budget calculation
for evaluating water residence time, coupled with non-
conservative deviations of C, N and P from salinity as
measures of net system biogeochemical fluxes (Smith
and Pesret, 1974; Smith and Jokiel, 1978; Smith et al.,
1984). The disadvantage of this approach is that their
net ecosystem metabolism estimate may be biased by
hydrographical constraints and that it gives little in-
formation about internal behavior and outer reef slope
communities. Despite these disadvantages, we empha-
size the merit of using chemical properties in the reef
lagoon, including pCO,, which provide information at
a much more integrated scale in space and time. Once
discrimination based on the Ro; value is demonstrated
to be areliable indicator for determining whether a cer-
tain reef system acts as a sink or source of atmospheric
CO,, evaluation of §pCQO; itself can be considered as
a new ecosystem parameter for discussing the mode
of carbon cycling in a coral reef system.

3.2. Total system analysis based
on an Ar-DIC diagram

Several biogeochemical processes, including pho-
tosynthesis, respiration, carbonate precipitation and
dissolution, and gas exchange always accompany
changes in At and DIC in a predictable manner.
Deffeyes (1965) introduced a “graphic approach” by
using a diagram of DIC versus At for solving a wide
variety of problems in CO; equilibrium system. Con-
tours of corresponding pH and pCO, values in seawa-
ter can be drawn on the A1—DIC plane using thermody-
namic relationships. We propose this graphic approach
based on Ar—DIC diagram as a novel tool for exam-
ining the performance of carbon cycle in coral reef
systems. Biogeochemical processes have vector prop-
erties in 2-space of the Ar—DIC plane (Fig. 5A).

Photosynthesis lowers DIC, while calcification
decreases At 2 mole per mol of CaCOj; precipitated
(Smith and Key, 1975). If calcification occurs without
photosynthesis, the calcification path is represented
on the diagram by a line whose slope is 2 (‘calcifi-
cation line’ in Figs. 5A and 6). On the other hand,
organic carbon production, oxidation and CO, gas
exchange do not alter Ar, and thus these processes
can be represented by horizontal displacements on the
diagram. Strictly speaking, consumption and release
of nutrients (NO3 and POi_) accompanied by photo-
synthesis and respiration also affect Ar. In the open
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Fig. 5. (A) Total alkalinity vs. DIC diagram illustrating the
effects of photosynthesis, calcification and their reverse reac-
tions. Contours of pCO; correspond to 25 °C and salinity 35.
Organic and inorganic processes have vector properties on the
At1-DIC diagram. Each vector diagram denotes the direction
of compositional changes accompanying 200 zmol kg~! of
the indicated process. On the At—DIC diagram, photosyn-
thesis and respiration can be represented by vectors slightly
tilting downward and upward, respectively, instead of hori-
zontal vectors, because organic processes accompany alka-
linity changes due to nutrient uptake. However, the correction
is not employed because the effect seems to be small in coral
reefs compared to the open ocean (see the text). (B) Schematic
diagram showing alteration paths of reef-water chemistry in
a reef system with a deep lagoon. The terms ‘water type’
and ‘water mass’ follow the terminology of the 7-S diagram
of oceanography. A water type is an end-member of a water
mass’s properties, and a water mass results from the mixing
of two or more water types.
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Fig. 6. Total alkalinity vs. DIC plots with corresponding pCO, (ratm) contours for reef systems investigated in this study: the
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fringing reef can be attributed to co-occurrence of photosynthesis and calcification, with a photosynthesis/calcification molar
ratio of approximately 6.

Tellus 55B (2003), 2



438

ocean, the alkalinity change is estimated to be rela-
tively large value of 17 mol for 106 mol of organic
carbon production (Chen et al., 1982) based on the
C:N:P ratio of primary production for phytoplankton
(106:16:1; Redfield et al., 1963). In this case, photo-
synthesis can be represented by a vector slightly tilting
downward rather than a horizontal vector on the A;—
DIC diagram. However, C:N:P ratio of benthic marine
macroalgae and seagrass in coral reefs is reported to be
about 550:30:1 (Atkinson and Smith, 1983) and differ-
ent from the Redfield ratio for phytoplankton. Since al-
kalinity changes per mol of organic carbon are 17/106
and 31/550 for phytoplankton and coral reef algae, re-
spectively, the effect of nutrient uptake on alkalinity
seems much less important in coral reefs compared to
the open ocean. Therefore, we assume that alkalinity
change due to organic carbon metabolism is negligible
in the following discussion.

Results from Majuro Atoll (Suzuki et al., 1997) pro-
vide an example of the application of the graphic ap-
proach (Fig. 6B). All measured At and DIC values
were plotted after normalization to a constant salinity
(the offshore salinity in this case) in order to correct the
effects of freshwater dilution. Offshore water samples
have the largest values among all samples, both for At
and DIC. The reef flat community on the atoll margin
is significant as the site of both organic and inorganic
carbon production. The two points representing reef
flat water and the average for the points of the offshore
water make a straight line. The slope of this line cor-
responds to the photosynthesis (p,)/calcification (g)
molar ratio of the reef flat community during the day.
The ratio (p,/g) can be obtained by solving the fol-
lowing equations simultaneously:

AAr=2g, ADIC=p,+g “)
and
Pn/8 =2ADIC/AAT — 1 (5)

where AA; and ADIC represent changes in At
and DIC between the offshore mean and reef wa-
ter sample, respectively. The slope of the line
(AA1/ADIC =~0.27) corresponds to a p,/g value
of approximately 6. We call this line the “production
line” of the active periphery of Majuro Atoll, although
the production line may have a large zone of uncer-
tainty due to the limited data set. Repetition of wa-
ter sampling would yield a more accurate estimate.
Estimation of the p,/g ratio is also available using
the concept of vector decomposition, as illustrated in
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Fig. 6F. In the initial approximation, most of the la-
goon samples of Majuro Aoll, especially samples from
the western part of the lagoon, are located around the
calcification line, suggesting predominant carbonate
production in this reef. Further investigations on the
difference between the eastern and western lagoons
are discussed in Suzuki et al. (1997).

The alteration paths of reef-water chemistry can be
summarized in a schematic diagram (Fig. 5B). The
terms used for temperature—salinity diagrams (7-S di-
agrams) in descriptive physical oceanography are also
useful to interpret the Ar—DIC diagram. When dis-
cussing the 7-§ diagram, a water body whose proper-
ties are represented by a point is called a ‘water type’,
while one represented by a line is called a ‘water mass’
(Pickard and Emery, 1990). In other words, a water
type is an end-member of water mass properties, and
a water mass results from the mixing of two or more
water types.

On the At—DIC diagram, three water types can be
identified: ‘offshore water type’, ‘reef flat water type’
and ‘lagoon water type’ (Fig. 5B). Offshore water type
is the source of incoming water to the reef system. Reef
flat water type is introduced as an end-member which
is subjected to active organic and inorganic production
on the reef flat community and whose At and DIC
were largely consumed. Furthermore, there are three
water masses on the diagram, namely ‘flood-tide water
mass’, ‘ebb-tide water mass’ and ‘reef flat-lagoon tran-
sitional water mass’. Because the offshore water enters
the reef system through the reef flat and stays in the la-
goon for a while before being drained to the offshore,
the general alteration pathway of reef water chemistry
is from flood-tide water mass to ebb-tide water mass
via reef flat-lagoon transitional water mass with partial
mixing of each water mass. In other words, variation
of the CO, property of reef water can be represented
by a three end-member system of the offshore, reef flat
and lagoon waters.

The position of a lagoon water type on the Ar—
DIC diagram is critical to the total system perfor-
mance of a coral reef. When organic matter is all
decomposed, lagoon water type is plotted on the “cal-
cification line” which intersects the position of off-
shore water type. In this case, the reef system has no
net (excess) organic production, while some amounts
of calcium carbonate remain on the reef. If lagoon
water type is plotted on the left side of the calci-
fication line, it indicates that some portions of or-
ganic matter escaped from oxidation and this sys-
tem as a whole has net organic carbon production.
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The A1—DIC plots for Majuro Atoll (western lagoon),
South Male Atoll and the southern GBR (Figs. 6B,
C and E) showed that their lagoon water types are
plotted close to the calcification line, although the po-
sition of the calcification line has some uncertainty
due to indefinite offshore water type position. This in-
dicates that a considerable part of organic production
transported to the lagoon was decomposed, and or-
ganic matter deposited in the lagoon bottom is quite
small. The higher pCO, in the lagoon water can be
attributed to the calcification process, as shown by
the pCO, contours in the Ap—DIC plot. In the case
of the Palau barrier reef (Fig. 6A), lagoon water sam-
ples are plotted on the left side of the calcification line.
Kawahata et al. (1997) interpreted this shift as the re-
sult of CO, degassing due to high pCO, in the la-
goon compared to the air, rather than the sign of net
organic production of the system. A disadvantage of
the graphic approach using an Ar—DIC plot is that it
cannot distinguish net organic production from CO,
degassing. However, air-sea CO, exchange is usu-
ally small compared to the metabolic flux of the ben-
thic community in a shorter time-scale (Frankignoulle
et al., 1996). In addition, taking the contribution of
Ar change due to photosynthetic nutrient uptake into
account, discrimination between these two processes
becomes possible.

In contrast to the the Ar—DIC plots for reefs with
a deep lagoon (Figs. 6A-E), the plot for the Shiraho
fringing reef (Fig. 6F) represents mostly diurnal vari-
ation of the reef water CO, system without any sign of
long-term net flux. Water residence time in the moat
is estimated to be around 4 h. Due to the lack of a
water body of longer residence time, only short-term
metabolic performance was captured in this diagram.
Reef water is drained to the offshore, probably with
organic matter in the form of DOC and POC. This
interpretation of the diagram is consistent with the rel-
atively high R ratio reported for this reef (Kayanne
et al., 1995). The Shiraho reef corresponds to the reef
flat of Majuro Atoll, as indicated by the similarity of
their At—DIC plots (Figs. 6B and F). As organic mat-
ter produced on the reef flat of Majuro Atoll is decom-
posed in the lagoon, exported organic matter from the
Shiraho reef is also expected to be decomposed on a
relatively short time scale. The CO, sink-like behav-
ior of a fringing type reef needs special care when
estimating net carbon flux.

Asdiscussed in the previous section, the high 5pCO,
values found in the Palau barrier reef compared to
South Male Atoll are related to the difference in de-
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gree of closure between the two reefs. As the resi-
dence time increases, more time becomes available for
calcification. The observed decrease in At in the la-
goon compared to the offshore water was greater in the
Palau lagoon than the South Male Atoll lagoon. This
evidence is consistent with the difference in §pCO,
between the two reefs.

3.3. Terrestrial influences on coral reef systems

While the Palau barrier reef, Majuro Atoll and South
Male Atoll are oceanic reefs without terrestrial influ-
ence from land, the GBR and Shiraho reef are closely
located along the coast. Alteration of the mode of
carbon cycling can be expected in these coastal reef
systems. Indeed, we found unexpected results in the
Ap-DIC diagram for the northern GBR lagoon
(Fig. 6D). The lagoon water samples were plotted on
the right side of the calcification line from the offshore
composition.

In Fig. 6D, the offshore water is located at points
concentrated at 2290 and 1922 pumol kg~! in normal-
ized At and DIC, respectively. The offshore samples
have larger At values than the lagoon samples. In con-
trast to Ar, there is no distinct difference in the range
of DIC variations between the offshore and the la-
goon samples. However, most of the lagoon samples
are plotted in the diagonal strip whose slope is ap-
proximately 2 on the Ar—DIC plane, suggesting that
calcification dominates the lagoon. The calcification
pathway of lagoon samples should intercept the cluster
of the offshore samples, if all At and DIC are from the
surface offshore water. However, overall displacement
of the calcification line from the offshore compositions
along the DIC increasing trend can be seen. This in-
dicates the presence of net external carbon inputs to
the lagoon other than surface oceanic exchange. Pos-
sible processes which increase DIC of the system are
intrusion of deep water from the outside of the lagoon,
oxidation of organic matter and DIC supply from ex-
ternal sources such as atmospheric input, rainfall and
river discharge. However, deep water intrusion cannot
explain the displacement, because deep water is rich
in At as well as DIC. Therefore, deep water intrusion
would shift the calcification line toward the increasing
Ar direction on the diagram. In the case of organic
matter oxidation, the source of such organic matter
must not come from the offshore water, because there
is no signal of net DIC fixation on the diagram. There-
fore, atmospheric CO, invasion, rainfall input and river
discharge remain possible process for supplying DIC
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from external sources. In our initial approximation,
calcification, together with DIC inputs from external
sources, serves a major role in the net carbon cycle
of the northern GBR lagoon system. There no fea-
tures can be seen indicating a DIC decrease due to
photosynthesis and/or outgassing on the At—DIC dia-
gram. Suzuki et al. (2001) recently concluded that the
possible external source of carbon entering the GBR
lagoon is river water discharge, because atmospheric
input and rainfall are small sources of DIC. River wa-
ters may carry considerable amounts of dissolved and
particulate organic carbon (DOC and POC) as well as
DIC.

A similar influence was also recognized in Shiraho
fringing reef of the Ryukyu Islands (Kawahata et al.,
2000a). Land-derived freshwaters, including river wa-
ter and groundwater, have a relatively large contri-
bution to the circulation system of the reef. These
terrestrial waters exhibit extremely high pCO, up to
6400 patm, reflecting enrichments in At and DIC due
to dissolution of carbonate rocks and decomposition
of organic matter in the soil of subtropical islands.

When we look at nutrient dynamics in the Shiraho
reef and the northern GBR lagoon, again we find these
two reef systems to be similar. According to the report
of Kawahata et al. (2000a), terrestrial waters have high
DIC/DIP ratios (molar ratios of dissolved inorganic
carbon to phosphate) ranging from 3600 to 35 000.
Suzuki et al. (2001) estimated the riverine C:N:P mo-
lar ratio in the GBR region to be 1120:30:1, based on
their carbon budget calculation and annual riverine ni-
trogen and phosphorus input estimated by Furnas et al.
(1995). These ratios are much higher than the Redfield
ratio for plankton (106:16:1; Redfield et al., 1963),
and the ratio of benthic plants in coral reefs (550:30:1;
Atkinson and Smith, 1983). Therefore, even if all dis-
charged nutrients are utilized by biological processes
of both planktonic organisms and benthic communi-
ties, surplus carbon must remain in the reef water as
oxidized DIC. Although nutrient inputs may stimulate
organic carbon production in the reef area, net oxida-
tion of organic matter rather than net organic carbon
fixation would be expected in both the northern GBR
lagoon and Shiraho fringing reef. It is worth empha-
sizing that there exists a similarity in nutrient dynam-
ics between these two reef systems despite the dif-
ference on a spatial scale (Fig. 2). As suggested by
many researchers (e.g. Hatcher, 1997), proximity of
land, together with residence time of water and degree
of system closure, appear to be important factors for
controlling the carbon cycle in coral reef systems.
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Kayanne et al. (1995) estimated negative §pCO,
value for the Shiraho reef based of the monitoring of
diurnal change of pCO, in reef water, together with an
estimation of Ro; & 1.1. The CO,-sink type behavior
of the Shiraho reef has been attributed to its high algal
biomass (Gattuso et al., 1996; 1999). Their argument is
based on the understanding that reef communities and
biotopes rich in algal components tend to have high
Roy values compared to coral-dominant communities,
as shown in Figs. 4C and D. However, Kawahata et al.
(2000a) suggested the possibility of CO, efflux to the
air along the coast of the Shiraho reef due to terrestrial
carbon input. One must reconsider the system-level
Rop estimate and net CO, budget of the Shiraho reef
as a whole.

Besides the Shiraho reef, the result from Christmas
Island lagoon goes against the current view of CO, per-
formance of coral reefs (Table 1). In addition, Kraines
et al. (1996) reported a relatively high P /R ratio for

Terrestrial nutrient input
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Fig. 7. Schematic representation of the relationship between
the offshore—lagoon difference in pCO, (8pCO;) and mor-
phological characteristics of coral reefs. The §pCO; values
are shown in parentheses following reef names. Each reef is
located along a gradient of two factors: proximity to land and
residence time of reef water. An underlined reef denotes that
observations were conducted on a “coral reef flat”, while oth-
ers are results from reef lagoons. In general, §pCO; increases
as degree of reef system closure increases. Two exceptions
are Shiraho Reef and Christmas Island (not shown), showing
negative §pCO, values probably due to high nutrient input
from land. See text for discussion.
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reveal the size of DIC pool in the lagoon as well as the relative abundance of CO; species.

the reef community in Bora Bay of the Miyako Islands,
next to Ishigaki Island. Some regional effects, which
enhance organic carbon production, have been pointed
out as a likely cause of their CO,-sink type behavior. In
the case of Christmas Island lagoon, phosphorus input
from guano deposits in the island was also expected
to stimulate active organic production in the lagoon,
while low salinity due to freshwater input may have
partly contributed to the extremely low pCO, in la-
goon water (Smith et al., 1984). On the other hand,
the influence of fertilizer used in farming land on reef
metabolism has been pointed out as the cause of the
relatively high organic production rate in the reef com-
munity of Bora Bay.

In summary, we present two schematic diagrams:
one explains the variation of §pCO, values among
reefs (Fig. 7) and the other is an illustration of the vari-
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ation of the mode of carbon cycle in accordance with
the topographic setting of the reef systems (Fig. 8).
While the system-level Rq; determines the sense (pos-
itive/negative) of 5pCO; of the reef, residence time of
reef water and, probably, proximity of land are impor-
tant factors for controlling the magnitude of §pCO,
values of the reef system (Fig. 7). The graphic ap-
proach can be used for estimating the relative abun-
dance of CO, species in the DIC pool of reef water
(Fig. 8). More quantitative examination of major fac-
tors controlling the carbon cycle in reef systems is re-
quired for a better understanding of the consequences
of global climatic change, including the increase of
sea-surface temperature and sea-level rise, on organic
and inorganic carbon production of coral reef ecosys-
tems (Gattuso and Buddemeier, 2000; Kleypas et al.,
2001).
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4. Conclusions

A system-level net organic-to-inorganic carbon pro-
duction ratio is a master parameter for controlling
sink/source behavior of coral reefs with respect to
atmospheric CO,. The production ratio, however, is
not always easy to estimate on a particular reef. In-
stead, we propose a graphic approach based on an Ap—
DIC plot, together with observations on the offshore—
lagoon difference in pCO,. We examined the data of
reef-water CO, systems reported from coral reefs of a
wide variety with respect to topography and oceano-
graphic settings in the Indo-Pacific oceans. Reefs ex-
amined include three oceanic reefs (Palau barrier reef,
Majuro Atoll, South Male Atoll) and two coastal reefs
(Shiraho reef and the GBR) as well as several coral
reefs in the literature. Surface pCO; in the lagoons of
atolls and barrier reefs were consistently higher than
those of their offshore waters. The At—DIC plots for
individual reef systems indicate that high pCQO, in the
lagoons is caused by predominant carbonate produc-
tion relative to net organic carbon production. Reef
topography, especially residence time of lagoon wa-
ter, appears to have a secondary effect on the magni-
tude of the offshore—lagoon pCO, difference. In addi-
tion to the recent demonstrations from coral reef flats

A. SUZUKI AND H. KAWAHATA

(Gattuso et al., 1993; Gattuso et al., 1995; Frankig-
noulle et al., 1996; Gattuso et al., 1996a,b), our re-
sults from reef lagoons also confirm the current un-
derstanding that most coral reefs work as sources of
atmospheric CO,. Terrestrial influence on the reef wa-
ter CO, system was recognized in coastal reefs. High
carbon input appears to enhance CO, efflux to the at-
mosphere. Coral reefs, both of oceanic and coastal
origin, act as an alkalinity sink and a potentially CO,-
releasing site due to carbonate precipitation and land-
derived carbon.
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