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A carbon mass balance was construtr.rT;;, a moderately impacted, mangrove-fringed
embayment in southem Thailand. The budget identified major sources and sinks of organic carbon to
determine if the entire bay is net heterotrophic or net autotrophic. Total input of organic carbon to Sawi
Bay from creeks and small rivers, from the Gulf of Thailand, and from carbon fixation of mangroves and
phytoplankton averaged 15.5x 10e mol C yrt. Total mangrove canopy production averaged 13.4x 10e mol
C yrtand was the largest source (-860/o of total input) of carbon in the entire bay. Phytoplankton
production in the bay was the second largest source of organic carbon (2.1 x l0' mol C yrr), followed
by phytoplankton production (4.0 x 1 07 mol C yrt) in, and tidal export (3.3 x 106 mol C yrt) from, creeks
and small rivers. Water-column respiration was the largest sink of carbon (6.0x10e mol C yrt), followed
by tree respiration (4.3x10'mol C yrt), sediment respiration (1.2x lOemol C yrt) and burial in sediments
(0.6x10e mol C yrt). There was some carbon export to the Gulf of Thailand (0.6x10emol C yrt) and
export of particulate carbon from the bay proper into the tidal creeks (7.0xl05mol C yrt).Sawi Bay
waters are net heterotrophic, but the mangrove estuaries bordering the bay are net autotrophic. On
balance, the entire Sawi Bay ecosystem is net autotrophic with an average P/R of 1.4 

-sources 
of

organic carbon exceeded losses by 2.9x lOe mol C yrt. Most ofthis excess carbon is probably accumulating
in tree biomass as most mangrove forests lining the bay are young, with most stands <15 yrs old. This
scenario is in contrast to Hinchinbrook Channel in northeastern Australia where most mangrove forests
are mature, and where most carbon in excess of respiration and burial is exported. Nevertheless, both
mangrove-dominated ecosystems are net autotrophic, producing more organic carbon than they are
consuming.

INTRODUCTION

The cycling ofcarbon in the marine biosphere
must be quantified if the impact of gleenhouse
gases is to be predicted with some accuracy.
Several mass balance models exist for carbon
cycling in the coastal zone (Wollast, 1991; Smith
and Hollibaugh, 1993). However, the magnitude
and pathways cjf carbon flux through the tropical
coastal ocean is unclear, particularly the role of
mangroves, seagrasses, and other macrophytes,
in relation to phytoplankton production; present

global mass balances do not accurately reflect the
role of the tropical coastal ocean.

In an attempt to redress this imbalance, we
have been involved in ecosystemJevel studies of
tropical coastal embayments and deltas in efforts
to construct mass balance estimates of organic
carbon flow. Our first effort (Alongi et al., 1998)
resulted in a carbon mass balance for a semi-
enclosed delta (Hinchinbrook Channel) in northern
Australia. This ecosystem was chosen because it
is a relatively undisturbed habitat (there are some
pastural lands and agriculture within the
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watershed), and aprime exampleof atropical delta
fed by a small river. Hinchinbrook Channel (total
area: 192 km'?) has spring tides of up to 3.5 m and
is dominated by expansive, mature mangrove
forests and tidal mud- and sand-flats. Our studies
(Ayukai, 1998) confirmed earlier data that this
semi-enclosed ecosystem is net autotrophic,
exporting about 70,000 metric tons of organic
carbon yr-r to adjacent coastal embayments.
Hinchinbrook Channel is therefore a net source
rather than a net sink for organic carbon.

Our seqond attempt to estimate carbon flow
in the tropical coastal zone has focused on a more
opery similar-sized (165 km2) coastal embayment
in southern Thailand. Sawi Bay is a shallow ( -3
m depth), crescent-shaped embayment fringed by
mostly replanted mangroves; range of spring tides
is 1.5 m (Fig. l). Unlike Hinchinbrook Island, the
watershed consists of intensive aquaculture, mussel
culture, fisheries and various agricultural activities

(Ratansermpong et a1.,2000). Sawi Bay is also
subjected to sewage loading and other human
perturbations.

In this paper, we present a preliminary mass

balance of organic carbon for this shallow-water
embayment. The budget is based on new
information presented here and from data published
elsewhere (see other papers in this issue; Alongi er

a1.,2000). We use the budget to identiff major
sources and sinks of organic calbon to determine
whether or not Sawi Bay is net autotrophic or net
heterotrophic, and compare this mass balance with
our carbon budget for Hinchinbrook Channel.

MASS BALANCE MODEL AND
CAITULATIONS

A simple input-output mass balance model was
used, in which sinks of organic carbon were
summed and then subtracted from the total organic

f igure 1Map of Sawi Bay in relation to the southern coast of Thailand. Darkened coastal areas denote
mangrove forests lining the bay, and dotted areas indicate intertidal sand flats.
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Table 1 Net annual exchange of DOC and POC between I Laet, Lha Takhe and Bang Katin Creeks, the
Khlong Sawi and Khlong Chumphon Rivers and Sawi Bay proper, and between Sawi Bay and the Gulf of
Thailand. Data summarized from Ayukai et al. (2000) and Wattayakom et al. (2000). Negative values
indicate import, positive values indicate export.

DOC POC
A. Creek exchanges
l. I Laet
2.LhaTakhe
3. Bang Katin
B. River exchanges
l. K. Sawi
2. K. Chumphon
C. Sawi Bay-Gulf of Thailand exchange

1.48x105 mol C
7.49x105molC
8.36x105molC

8.49x105molC
l.54xlOsmol C

4.36xl08mol C

- 3.85x10smol C
- l.85xl05mol C
-l.22xl0smol C

2.2xl05molC
3.85x10smol C

1.41x l08mol

carbon sources. The mass balance assumes
steady-state conditions, where the sum of the
annual flux oforganic carbon is zero ifthe sum of
the inputs (river+ creek* GulfofThailand impon
plus autotrophic production) equals losses
(respiration, burial, export). Carbonate carbon was
not included in the estimates, but are presumed to
be negligible as inorganic C content is < 0.2Vo in
mangrove sediments within the bay (Alongi et al.,
2000). All estimates are expressed in moles organic
carbon per year (mol C yrt).
River, creek and Gulf of Thailand inputs and
outputs

An estimate ofnet exchange of organic carbon
between Sawi Bay and the Gulf of Thailand, and
between Sawi Bay and the principal rivers (Khlong
Sawi and Khlong Chumphon) and the major tidal
creeks ( I Laet, Tha Takhe and Bang Katin Creeks),
was calculated based on wet and dry season
measurements of water-column DOC and POC

concentrations plotted against average water fluxes
between the rivers/creeks and Sawi Bay (Ayukai
et a|.,2000; Wattayakorn et a|.,2000), and
between Sawi Bay and the Gulf of Thailand
(Wattayakom et al., 2000).

Averaging seasons and extrapolating from
daily to annual rates, the watershed exchanges are

presented in Table l. Net annual exchange from I
Laet, Tha Takhe and Bang Katin Creeks was net

export to Sawi Bay for DOC and net import of
POC from the bay into the creeks (Table l). Net
annual exchange of DOC and POC from Khlong

Sawi andKhlong Chumphonrivers was export into
Sawi Bay. Net DOC and POC exchange between
Sawi Bay and the Gulf of Thailand was export
from Sawi Bay (Table 1).

Primary production and respiration
Total annual whole canopy carbon fixation in

Sawi Bay mangroves averaged 50 t C ha-ryr-r
(Alongi and Dixon, 2000; Clough et aL.,2000a).
Multiplying this figure by the total area of
mangroves in the bay (3225 ha), total mangrove
production was 13.4x10e mol C yr-t (Table 2).
Canopy respiration was estimated at 16 tC haryrr,
which extrapolates to 4.3x10e mol C yrt (Table 2).

Depth-integrated phytoplankton primary
production in the bay proper averaged 520 mg C
m-2d-' (Ayukai and Alongi, 2000). Extrapolating to
the entire bay (130 km-2), total phytoplankton
production in Sawi Bay averaged2.lxl0e mol C
yr-'(Table 2). Phytoplankton production in the
creeks and rivers averaged 330 mg C m'2d-t (Ayukai
and Alongi, 2000); multiplying by total creek and
river area (3.5 km2), primary production from these

sources totalled 4.0x107 mol C yrt (Table 2).
Pelagic respiration averaged 1490 mg C m-2d-r

in Sawi Bay and 682mgC m-2d-t inthe creeks and
rivers (Ayukai and Alongi, 2000). Extrapolating to
area, water-column respiration averaged 5.9x lOe

mol C yrt in Sawi Bay and 7.3x101 mol C yrt in
the creeks and rivers (Table 2).

Visual observations in the bay indicated that
seagrasses and other macrophytes were rare, and
so were not measured. All bare tidal flats visited
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Table 2 Mass balance of organic carbon in Sawi Bay. Units in moles organic carbon yrt. Totals are
rounded to nearest tenth.

Sources
l. Creeks (DOC)
2. a. Rivers (DOC)

b. Rivers (POC)
3. Mangrove
4. a. Phytoplankton(Creeks/Rivers)

b. Phytoplankton (Sawi Bay)
TOTALINPUTS

Sinks
l. Creeks (POC)
2. a. Sawi Bay Export (POC)

b. Sawi Bay Export (DOC)
3. a. Benthic respiration (Mangroves)

b. Benthic respiration (Subtidal)
c. Pelagicrespiration(Creeks/rivers)
d. Pelagic respiration (Sawi Bay)
e. Tree respiration

4. Sedimentburial

TOTALOUTPUTS

INPUTS-OUTPUTS

xlOemol C yrl

0.0017
0.00r
0.0006

13.4
0.04
2.1

15.5

0.0007
0.14
0.44
0.57
0.56
0.07
5.9
4.3
0.64

12.6

2.9

were composed of medium quartz sand. Benthic
microalgal production was measured only in
mangroves and was significant only at one of four
forests (Alongi et aI.,2000) indicating that benthic
primary production was minor within the bay.
Sediment respiration and carbon burial

Sediment respiration in mangroves averaged
17.43 mol C m-2yrr (Alongi et a|.,2000).
Extrapolating to total mangrove area, total
mangrove sediment respiration averaged 5.7x I 08

mol C yr'. Respiration in subtidal sediments was
not measured, but dissolved oxygen consumption
from intertidal sand sediments (similar in sediment
texture to the subtidal sediments in the bay) was
measured in October 1999 and averaged 4.3 + 1.7

mol C m-2 yrr. Extrapolatingthis figure to interidal
and subtidal sands equates to 5.6x108 mol C yrt
for the entire bay (Table 2).

Burial of organic carbon in mangrove
sediments, estimated from profiles of excess 2r0Pb

and r37Cs, averaged 19.73 mol C m-2 yrr (Alongi
et a1.,2000). Extrapolated to the entire area of

mangroves in Sawi Bay, sediment burial was
6.4x 108 mol C yrt (Table 2). Organic carbon burial
in other sediments was considered minimal as most
of the bay bottom is composed of medium to fine
sand.

DISCUSSION

The annual sources oforganic carbon in Sawi
Bay (15.5x10e mol C yrt) were greater than the
measured sinks (l2.6xl0e mol C yrt), indicating
that Sawi Bay is, on average, net autotrophic. The
mean PIR ratio for Sawi Bay is 1.4. Our budget is
a preliminary estimate. Not all possible sources and
sinks were measured, including atmospheric
inputs, mangrove wood respiration, and net
exchanges between smaller creeks and the bay.
Also, the annual average exchanges between
watersheds and the bay mask seasonal differences
in the direction of flux; Sawi Bay proper imports
organic carbon in the dry season and exports OC
in the wet season; on average, wet season activity
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dominates water and material exchange. Our excess

carbon estimate of 2.9xl0e mol C yr-t is not
absolute; we estimate a coefficient of variation of
40%o on this figure based on the precision and
accuracy of the individual measurements.

What is the fate ofthis excess organic carbon?
Our estimates of net exchanges between the
watersheds and the bay proper, and between Sawi
Bay and the Gulf of Thailand, indicate that more
organic carbon is lost from the bay ( 5.8x108mo1
C yrt) to the gulf and into the creeks than is gained
from the watersheds (3.3x106 mol C yrt). Tidal
exchanges between the watersheds and Sawi Bay
are minor compared with primary production and
iespiration of mangroves and plankton. Total
canopy production of mostly young mangrove
stands dominates bay-scale fluxes. The high rates

of mangrove production and forest ages lead us to
believe that the excess carbon is stored in mangrove
biomass.

This is in contrast to Hinchinbrook Channel
where we indicated that excess carbon is exported
to coastal embayments ofthe adjacent Great Barrier
Reef lagoon. The ratio of mangrove area to total
ecosystem area in Hinchinbrook Channel is nearly
twice that in Sawi Bay (Table 3). Mangrove forests
in Hinchinbrook Channel are less productive and
larger, being composed of more mature forests,

than in Sawi Bay. In Hinchinbrook Channel, total
above-ground biomass averaged 297 tonnes dry
weight ha:1 (Clough, 1998). Sawi Bay mangroves
averaged 164 tonnes dry weight har (Alongi and
Dixon, 2000), nearly half the weight of their
Australian counterparts. The mangrove data of
Clough (1998) and Bunt and Bunt (1999) point to
mature mangrove communities in Hinchinbrook
Channel, many of which may be in post-climax
state. In contrast, most of the mangrove stands
bordering Sawi Bay are young (<15 yr old); many
plantantions are 3-5 yrs old. Rates of primary
production and accumulation of biomass peak at
12 to 15 yrs in Rhizophora apiculata forests in
Southeast Asia (Ong, I 993 ; Clough e t al., 2000b).

On an areal basis, rates of carbon flux via
production, respiration and burial are greater in
Sawi Bay than in Hinchinbrook Channel (Table 3).
Tidal inputs and outwelling are much less
compared with Hinchinbrook Channel where river
inputs and outwelling averaged 2.4 xl}s mol C yrl
and 5.85xl0emol C yr'(Alongi et a1.,1998).This
is probably a reflection ofthe larger tidal prism in
Hinchinbrook Channel as well as greater amounts
of river runoff from the Herbert River and many
smaller rivers onthe mainland and in Hinchinbrook
Island.

Differences in carbon flux between both

Table 3 Differences in mean rates of ecosystem-level processes between Sawi Bay and Hinchinbrook
Channel, on a per unit area basis. Data for Hinchinbrook Channel from Alongi et al. (1998).

Hinchinbrook Channel SawiBay

1. Ratio Mangrove: Total Ecosystem Area
2. Mangrove Net Production (mol C haryrt)
3. Phytoplankton Production (mmol C m'2d-')
4. Pelagic Respiration(mmol C m-'d't)
5. Sediment Respiration (mmol C m-2 d-t)

Mangrove
Subtidal

6. SedimentBurial(mmol C m'2d-t)

7. Percent TOC input buried
8. Percent TOC input respired

9. Total C inputs per km2

10. Total C outputs per km2

I l. Excess C per km2

12. Ecosystem P/R

36%
2.3x106

22.1

10.0

25.3
16.2

39.7
t4%
20%

46Yo (incl. Trees)
4.7x107
1.6x107

3.0x 10?

2.0

20%
2.8x106

43.9
61.0

47.7
11.8

54.1

4%
46%

74Yo (incl. Trees)
9.4x107
7.6x107
l.8x 107

1.4
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ecosystems are reflected in areal comparisons of
total inputs and outputs (Table 3). A smaller
proportion oftotal organic carbon input is buried
in sediments of Sarvi Bay (3%) than in
Hinchinbrook Channel (14%). However,
proportionally more carbon is respired in Sawi Bay
(46-75%) than in Hinchinbrook Channel (20-
46%o), pointing to the fact that total carbon losses
(per km'z) are greater in Sawi Bay (Table 3). These
estimates agree with recent models of organic
carbon fluxes in the coastal ocean (Wollast, 199 I ;
Smith and Hollibaugh, 1993; Hedges and Keil,
1995) which suggest that a large proportion of
fixed and imported carbon is either respired or
buried (Sawi Bay: 78%; Hinchinbrook Channel:
60%).

Pelagic carbon flow is faster in Sawi Bay
waters than in Hinchinbrook Channel. Respiration
rates are -6 times greater, and phytoplankton
production is -2 times greater, in Thai waters. The
rapid respiration rates may be attributed to rapid
rates ofbacterioplanlcton growth. Ayukai and Alongi
(2000) measured bacterioplankton production rates

ranging from 34 to 397 mgc m-2d-t with a mean
turnover time of 7 days. Rapid bacterial growth in
Sawi Bay was attributed to several factors,
including inputs of organic matter from shrimp
ponds, fishing activities and sewage from local
villages bordering the bay, and in response to
resuspension events. Phytoplankton in Sawi Bay
may also be responding to enhanced levels of
nitrogen derived from bottom resuspension.
Ammonium and nitrate concentrations in creeks
and in Sawi Bay proper are greater than in
Hinchinbrook Channel (Ay*.ai et aL.,2000). Being
an open embayment, Sawi Bay waters are very
shallow (average depth, 3 m) and often turbid
during periods of strong winds and wet season

runoff (Wolanski et a1.,2000). In Hinchinbrook
Channel, which is deeper(-6 m), turbidity is more
often associated with strong tides than with wind
events (Wolanski et a1.,1990).

The greater rates of sediment respiration and
carbon burial in Sawi Bay may reflect not only
greater rates of mangrove production but patterns

of net sediment transport. Physical forces within
Sawi Bay tend to transport and focus fine sediments

into the mangroves and some adjacent creek banks
(Wolanski er al., 2000),rather than along longshore
as in Hinchinbrook Channel where strong tides
continually redistribute fine deposits (Wolanski et
a|.,2000\.

Examination oftotal carbon inputs and outputs
on an areal basis (Table 3) suggest that Sawi Bay
is a more biogeochemically active ecosystem than
Hinchinbrook Channel. This is likely a reflection
of its openness to shelf waters as compared to the
semi-enclosed natwe of Hinchinbrook Channel. The
greater excess carbon per km2 for Hinchinbrook
Channel probably reflects the fact that the channel
has proportionally more mangroves and a greater
tidal flow to facilitate exchange at the estuarine-
coastal boundary. Overall, the difference in mean
ecosystem-level P/R (1.4 vs 2.0) is unlikely to be
significant considering temporal and spatial
variations and extrapolation error.

Our findings for Sawi Bay emphasize the
dominant role mangrove forests can play in tropical
coastal ecosystems, even in embayments such as

Sawi Bay which have experienced significant clear-
felling of mangroves and inputs from human
wastes and other activities. Without mangroves,
Sawi Bay would be net heterotrophic year-round,
rather than a net producer/retainer of orgar,ric

carbon.
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