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Unité d’Océanographie Chimique, Institut de Physique (B5), Université de Liège, MARE, B-4000 Sart-Tilman, Belgium
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Abstract
Dissolved inorganic carbon (DIC) and ancillary data were obtained during the dry and rainy seasons in the waters surrounding two 10-year-
old forested mangrove sites (Tam Giang and Kiên Vàng) located in the Ca Mau Province (South-West Vietnam). During both seasons, the spatial
variations of partial pressure of CO2 (pCO2) were marked, with values ranging from 704 ppm to 11481 ppm during the dry season, and from
1209 ppm to 8136 ppm during the rainy season. During both seasons, DIC, pCO2, total alkalinity (TAlk) and oxygen saturation levels (%O2)
were correlated with salinity in the mangrove creeks suggesting that a combination of lower water volume and longer residence time (leading
to an increase in salinity due to evaporation) enhanced the enrichment in DIC, pCO2 and TAlk, and an impoverishment in O2. The low O2 and
high DIC and pCO2 values suggest that heterotrophic processes in the water column and sediments controlled these variables. The latter pro-
cesses were meaningful since the high DIC and TAlk values in the creek waters were related to some extent to the influx of pore waters, con-
sistent with previous observations. This was confirmed by the stochiometric relationship between TAlk and DIC that shows that anaerobic
processes control these variables, although this approach did not allow identifying unambiguously the dominant diagenetic carbon degradation
pathway. During the rainy season, dilution led to significant decreases of salinity, TAlk and DIC in both mangrove creeks and adjacent main
channels. In the Kiên Vàng mangrove creeks a distinct increase of pCO2 and decrease of %O2 were observed. The increase of TSM suggested
enhanced inputs of organic matter probably from land surrounding the mangrove creeks, that could have led to higher benthic and water column
heterotrophy. However, the flushing of water enriched in dissolved CO2 originating from soil respiration and impoverished in O2 could also have
explained to some extent the patterns observed during the rainy season. Seasonal variations of pCO2 were more pronounced in the Kiên Vàng
mangrove creeks than in the Tam Giang mangrove creeks. The airewater CO2 fluxes were 5 times higher during the rainy season than during the
dry season in the Kiên Vàng mangrove creeks. In the Tam Giang mangrove creeks, the airewater CO2 fluxes were similar during both seasons.
The airewater CO2 fluxes ranged from 27.1 mmol C m�2 d�1 to 141.5 mmol C m�2 d�1 during the dry season, and from 81.3 mmol m�2 d�1 to
154.7 mmol m�2 d�1 during the rainy season. These values are within the range of values previously reported in other mangrove creeks and
confirm that the emission of CO2 from waters surrounding mangrove forests are meaningful for the carbon budgets of mangrove forests.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The exchange of carbon dioxide (CO2) between coastal
waters and the atmosphere could lead to a major revision of
budgets of CO2 fluxes at regional (Frankignoulle and Borges,
2001a; Borges et al., 2006) or global scales (Tsunogai et al.,
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1999; Thomas et al., 2004; Borges, 2005; Borges et al.,
2005). Marginal seas have been estimated to act on the whole
as a sink for atmospheric CO2 ranging from �0.4 PgC yr�1 to
�1.0 PgC yr�1 (Tsunogai et al., 1999; Thomas et al., 2004;
Borges, 2005; Borges et al., 2005) that would lead to a major
revaluation of the oceanic sink for atmospheric CO2, since
open oceanic waters are a CO2 sink of about �1.6 PgC yr�1

(Takahashi et al., 2002). Near-shore coastal systems (estuaries,
saltmarsh waters, mangrove waters, coral reefs, and coastal
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upwelling systems) act as sources of CO2 and a preliminary
upward scaling suggests that the overall emission of CO2

from these systems could be as high as þ0.4 PgC yr�1, thus
balancing the CO2 sink associated to marginal seas (Borges,
2005; Borges et al., 2005). However, the airewater fluxes of
CO2 from coastal environments are highly uncertain and in
large part this reflects data coverage that is spatially biased to-
wards the temperate latitudes of the Northern Hemisphere
(Borges, 2005; Borges et al., 2005). Importantly, there is a scar-
city of airewater CO2 flux data in coastal environments at sub-
tropical and tropical latitudes that receive about 60% of the
global freshwater discharge and an equivalent fraction of riv-
erine organic carbon inputs (e.g. Ludwig et al., 1996). Coastal
environments at these latitudes are then highly dynamic in
terms of carbon cycling and are expected to be characterised
by considerable exchanges of CO2 with the atmosphere.

Mangrove forests are intertidal habitats that occupy a major
part of the tropical and sub-tropical coastlines but their surface
area has been largely reduced in the past decades due to hu-
man activities. The most recent estimates show a decrease in
surface area from 198 � 103 km2 in 1980 to 146 � 103 km2

in 2000 (FAO, 2003). High population pressure in coastal
areas has led to the conversion of many mangrove areas to
other uses, including infrastructure, aquaculture, rice growing
and salt production. In South-East Asia, mangrove clearance
has mainly been driven by the development of shrimp aquacul-
ture. Vietnam has reportedly lost more than 80% of its man-
grove forests over the last 50 years, and shrimp aquaculture
is thought to be the single largest threat to those that remain
(Thornton et al., 2003). Mangrove forests are characterised
by high above-ground primary production, efficient nutrient
recycling and a permanent exchange with terrestrial and ma-
rine ecosystems. The low ratio of sediment respiration to can-
opy primary production makes mangroves highly efficient in
the sequestration of carbon into above and below ground plant
biomass (e.g. Jennerjahn and Ittekkot, 2002). Carbon burial is
in the order of 23 TgC yr�1, which makes up about 15% of the
organic carbon accumulating in modern marine sediments
(Jennerjahn and Ittekkot, 2002; Duarte et al., 2005). The or-
ganic carbon supplied to mangrove sediments and creek wa-
ters has several sources, either local (mangrove detritus, and
microphytobenthos) or allochthonous (phytoplankton, sea-
grass-derived material, and terrestrial non-mangrove), but the
relative contribution of these sources varies considerably
from one site to another (Bouillon et al., 2004; Bouillon and
Boschker, 2006). Due to this organic carbon supply, the
aquatic compartment and the sediments of mangroves are
largely net heterotrophic (e.g. Gattuso et al., 1998), and as
a consequence, the aquatic compartment associated to man-
grove forests acts as a source of CO2 to the atmosphere
(Borges et al., 2003; Bouillon et al., 2003, 2007a,b,c), al-
though the range of the CO2 fluxes reported so far encom-
passes one order of magnitude. The sediments of human
impacted mangroves are known to be more acid than natural
ones (Middelburg et al., 1996), while the dominant diagenetic
organic carbon degradation pathway of recently reclaimed
mangroves is different than in natural (old) ones (Alongi
et al., 1998). The impact of these processes on dissolved
inorganic carbon (DIC) dynamics of the adjacent waters and
related airewater CO2 fluxes has not yet been investigated.

We reported DIC and ancillary data obtained during the dry
and rainy seasons in the waters surrounding two 10-year-old
forested mangrove sites (Tam Giang and Kiên Vàng) located
in the Nam Can and Ngoc Hien Districts (Ca Mau Province,
South-West Vietnam, Fig. 1). We aim to describe spatial and
temporal distributions and inter-site variability of DIC and
ancillary data in mangrove creeks and compare the range of
values of these forested mangroves to the non-forested systems
studied so far.

2. Materials and methods
2.1. Study area
The Ca Mau Province is characterised by a strong bimodal
rainfall pattern, with a clearly defined rainy season extending
from May to November, and very little rainfall during the rest
of the year, and an annual average rainfall of about 2400 mm
(Clough et al., 2002). Approximately 46 species of mangrove
trees have been identified in the region and the forested spe-
cies are mainly in the families of Rhizophoraceae (10 species),
Sonneratiaceae (3 species) and Verbennaceae (4 species) (Binh
et al., 1997). The tidal amplitude ranges between 0.5 m and
0.8 m, and the water in the mangrove creeks is either brackish
(salinities of 24e26 during the rainy season) or saline (salin-
ities of 30e32 during the dry season), and there is no distinct
terrestrial source of freshwater in the area (Binh et al., 1997).

Prior to the VietnameAmerican war, Ca Mau Province was
covered extensively by mangrove forests, most of which were
destroyed by defoliants during the war leading to the destruc-
tion of 80% of the of mature Rhizophora forests (Clough et al.,
2002). Following the Vietnam reunification in 1975, natural
regeneration and extensive replanting, mainly with monocul-
tures of Rhizophora apiculata, led to the partial recovery of
mangrove vegetation. Recent and rapid expansion of shrimp
aquaculture has contributed to the loss of more than half the
mangrove forest that existed in Ca Mau and Bac Lieu prov-
inces in 1982. Under the current forest management policy,
Rhizophora apiculata is planted at an initial density of
20,000 ha�1, with thinnings by 20e30% at 5, 10 and 15 years,
and the final harvest at 20 years (Clough et al., 2002).
2.2. Sampling and analytical techniques
Two sampling cruises were carried out on 10e14 April,
2004 (dry season) and 23e25 October, 2005 (rainy season)
in two mangrove forests (Tam Giang and Kiên Vàng). The
sampling strategy was aimed: (1) to describe the seasonal var-
iability of DIC and related parameters within each of the two
mangrove forests, (2) to assess the spatial variability within
each of the two mangrove forests with a more or less regular
grid, and (3) to compare the temporal and spatial variability
between the two mangrove forests. Sampling was carried in
the main (wider) channels adjacent to the mangrove forests
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Fig. 1. Location of the sampling stations in Tam Giang (solid circles) and Kiên Vàng (solid triangles) mangrove creeks and in adjacent main channels (open

diamonds).
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(hereafter ‘‘adjacent main channels’’) and a range of mangrove
creeks of different width and of variable distance from the ad-
jacent main channels. Due to logistic constrains, the various
stations were sampled (only once) at different tidal stages.

Subsurface waters (top 30 cm) were sampled with a 1.7-L
Niskin bottle, and oxygen and pH measurements were carried
out immediately after collection. Salinity and water tempera-
ture were measured in-situ using a portable thermosalinometer
(WTW Cond-340) with a precision of �0.1 and �0.1 �C, re-
spectively. The oxygen saturation level (%O2) was measured
with a polarographic electrode (WTW Oxi-340) calibrated
on saturated air, with an accuracy of �0.1%. pH was measured
with a combination electrode (Metrohm 6.0232.100) cali-
brated on the U.S. National Bureau of Standards scale as
described by Frankignoulle and Borges (2001b), with a preci-
sion and estimated accuracy of respectively �0.001 and
�0.005 pH units. A volume of about of 100 ml was filtered
through 0.2-mm pore size polysulphone filters, and was stored
at ambient temperature in polyethylene bottles for the determi-
nation of total alkalinity (TAlk), within 1 week after sampling.
TAlk was measured on 50-ml samples by automated Gran elec-
tro-titration with 0.1 M HCl as titrant, with a reproducibility of
�1 mmol kg�1. Measurements TAlk and pH were used to com-
pute the partial pressure of CO2 (pCO2) and DIC, with an esti-
mated accuracy of �4 ppm and �4 mmol kg�1, respectively
(for details refer to Frankignoulle and Borges, 2001b). Total
suspended matter (TSM) measurements were obtained by fil-
tering a known volume of water on pre-weighted glass-fibre
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filters (Whatman GF/F). Wind speed was measured at each
sampling station with a hand-held anemometer. Airewater
fluxes of CO2 were calculated according to:

F¼ a$k$DpCO2

where a is the solubility coefficient of CO2, k is the gas trans-
fer velocity of CO2 and DpCO2 is the airewater gradient of
pCO2. We computed k using the wind speed field measure-
ments, and the parameterisation as a function of wind speed
given by Carini et al. (1996), that is assumed suitable under
the considered environmental conditions (Borges et al., 2003).

The difference of the means of populations of variables (be-
tween sampling sites for one given season or between seasons
for one given sampling site) were statistically analysed with
a two-tailed unpaired Student t-test. The normality of distribu-
tion of the populations was tested with the Kolmogorove
Smirnov test, and all tested populations were found to be
normally distributed. P values are not explicitly mentioned
hereafter but ‘‘significant(ly)’’ refers to P < 0.05, ‘‘very sig-
nificant(ly)’’ refers to P < 0.01, ‘‘highly significant(ly)’’ refers
to P < 0.001, and ‘‘not significant(ly)’’ refers to P > 0.05 at
the 0.05 level. Statistical analyses were carried out with Prism
4.00 (GraphPad).

3. Results and discussion
3.1. Spatial and seasonal variations of DIC and ancillary
data
The spatial and temporal distributions of salinity, %O2,
DIC, pCO2, TAlk, and TSM in the surface waters of the man-
grove creeks of the Tam Giang and Kiên Vàng forests and of
the adjacent main channels are shown on Figs. 2e5, and aver-
age values for each site are reported in Table 1. In the Tam
Giang mangrove creeks, salinity showed highly significant sea-
sonal variations, and average values decreased from 33.1 dur-
ing the dry season to 13.3 during the rainy season (Table 1). In
the Kiên Vàng mangrove creeks and adjacent main channels
a highly significant decrease of average salinity from the dry
to rainy season was also observed. In the two mangrove creeks,
during both seasons, the salinity spatial variations were of the
same order of magnitude, of about 1 (Figs. 2e5). During the
rainy season, the average salinity was significantly higher in
the Kiên Vàng mangrove creeks than in the Tam Giang man-
grove creeks, but average salinity was not significantly differ-
ent in the two mangrove creeks during the dry season. Average
salinity in the adjacent main channels was not significantly
different than in the Tam Giang mangrove creeks during
both seasons. In the adjacent main channels, average salinity
was significantly to very significantly lower than in the Kiên
Vàng mangrove creeks, during the rainy and dry season, re-
spectively. This is due to higher effect of evaporation in the
mangrove creeks that have a smaller water volume (narrower
and shallower than the adjacent main channels) and probably
a longer water residence time, particularly during the dry
season.
Surface waters in the mangrove creeks and adjacent main
channels were supersaturated with respect to atmospheric
CO2 during both seasons (Tables 1 and 2). The adjacent
main channels were characterised by significantly to very sig-
nificantly lower average pCO2 compared to the two mangrove
creeks during the dry and rainy season, respectively. In the
Tam Giang mangrove creeks, average pCO2 was not signifi-
cantly different during both seasons, but pCO2 values showed
less spatial variability during the rainy season (Figs. 4 and 5).
In the Kiên Vàng mangroves creeks, a significant twofold in-
crease of average pCO2 was observed from the dry to the rainy
season, while spatial variability remained similar (Figs. 2 and
3). In the adjacent main channels, average pCO2 showed
a highly significant two fold increase from the dry season to
the rainy season.

During both seasons, and in the two mangrove creeks, spa-
tial variations of TAlk and DIC were apparent and similar in
amplitude (Figs. 2e5). During both seasons, average TAlk
and DIC values were significantly to highly significantly
higher in the mangrove creeks than in the adjacent main chan-
nels. A highly significant decrease of average TAlk values dur-
ing the rainy season compared to the dry season was observed
in both mangrove creeks and in the main adjacent channels.
The decrease of DIC from the dry to the rainy season was
highly significant in the main adjacent channels and significant
in both mangrove creeks. The decrease of TAlk and DIC is
related to dilution.

The mangrove creeks and the adjacent main channels were
characterised by low %O2 values during both seasons (Table 1),
with significantly to highly significantly lower average values
in the creek waters compared to the adjacent main channels.
In the mangrove creeks and the adjacent main channels, %O2

values decreased by about 10% of level of saturation during
the rainy compared to the dry season.

Average TSM values were significantly to very significantly
higher in the Kiên Vàng mangrove creeks than in the Tam
Giang mangrove creeks during the dry and rainy seasons, re-
spectively. During both seasons, average TSM was signifi-
cantly higher in the Kiên Vàng mangrove creeks than in the
adjacent main channels. During the rainy season, average
TSM was significantly lower in Tam Giang mangrove creeks
than in the adjacent main channels, but was not significantly
different during the dry season. Average TSM was very signif-
icantly higher in the Kiên Vàng mangrove creeks during the
rainy season compared to the dry season. Average TSM was
not significantly different in the Tam Giang mangrove creeks
during the rainy season compared to the dry season.

The variation of pCO2, DIC, TAlk, %O2 and TSM as a func-
tion of salinity, during the dry and rainy season are shown on
Figs. 6 and 7, respectively. During both seasons, an increase in
pCO2, DIC and TAlk and a decrease of %O2 were observed in
the mangroves creeks along the salinity gradient. TSM values
were scattered but roughly showed an increasing trend with sa-
linity. These trends were more pronounced in the Tam Giang
mangrove creeks than in Kiên Vàng mangrove creeks, during
the dry season, and similar in amplitude in both mangrove
creeks during the rainy season. During both seasons, pCO2
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and %O2 were well correlated suggesting that these variables
were controlled by biological process; values of pCO2 above
atmospheric equilibrium (365 ppm) coinciding with %O2

values below saturation imply that heterotrophic processes
were dominant.

Higher values of pCO2, DIC and TAlk in the mangrove
creeks than in the adjacent aquatic systems are consistent
with previous observations by Borges et al. (2003) in Papua
New Guinea and the Bahamas, by Bouillon et al. (2003) in
the Gautamani Godavari delta (India), by Bouillon et al.
(2007a) in the Tana estuary (Kenya), by Bouillon et al.
(2007b) in the Ras Dege mangrove creek (Tanzania), and by
Bouillon et al. (2007c) in Gazi bay (Kenya). This can be re-
lated to several mechanisms: (a) mangrove tidal creeks are
characterised by a long residence time of the water mass that
favours a local degradation of organic matter provided by
the canopy and/or allochthonous sources, and also promotes
a stronger increase of salinity in the mangrove creeks com-
pared to the adjacent water masses due to evaporation; and
(b) the influx of pore water which mixes with the creek water
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substantially affects the chemical properties of the latterdthis
will also be enhanced in the creeks by a smaller water volume
and by a longer residence time of the water mass.

Seasonal variations of remineralisation rates of mangrove
canopy derived organic matter are expected to be minor due
to the limited seasonal changes in temperature and in litter
fall rates (Holmer et al., 2001; Kristensen et al., 2000). Alongi
et al. (2001) showed that benthic respiration in mangrove eco-
systems was more dependent upon allochthonous organic mat-
ter inputs rather than aboveground primary production, in
agreement with benthic bacteria isotopic signatures (Bouillon
et al., 2004; Bouillon and Boschker, 2006). This is also in
agreement with recent findings by Bouillon et al. (2007a) in
the mangrove dominated Tana estuary in Kenya that showed
that water column particulate and dissolved organic matter
were dominated by inputs from the non-mangrove drainage
basin rather than from mangrove derived material. The in-
crease of pCO2 and decrease of %O2 in the mangrove creeks
during the rainy season suggests an increase of heterotrophic
activity in sediments and/or the water column, as also reported
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415Y.J.-M. Koné, A.V. Borges / Estuarine, Coastal and Shelf Science 77 (2008) 409e421
in the Sundarban mangroves by Biswas et al. (2004). The in-
crease of TSM also suggests an increase of soil flushing during
the rainy season, probably from the land surrounding the man-
grove forests. Such an additional input of non-mangrove or-
ganic matter is expected to fuel additional benthic and water
column heterotrophy. Another process that could explain the
higher pCO2 and lower %O2 values during the rainy season
is the increased input of mangrove porewaters, or from ground-
water water enriched in CO2 and impoverished in O2 after
flushing the soils from adjacent non-mangrove land. The influ-
ence of the input of mangrove porewaters on the CO2 and O2

dynamics in mangrove creeks has been documented (Ovalle
et al., 1990; Borges et al., 2003; Bouillon et al., 2007b) and
could be increased due to flushing by rain (Barnes et al.,
2006), in analogy with freshwater systems where the flux of
dissolved CO2 originating from soil respiration is known to
strongly contribute to the emission of CO2 to the atmosphere
(Kling et al., 1991; Jones and Mulholland, 1998; Cole and
Caraco, 2001; Jones et al., 2003; Duarte and Prairie, 2005).
The present data-set does not allow discrimination of these dif-
ferent causes of higher pCO2 values during the rainy season
that probably co-occur.

Diagenetic organic carbon degradation in mangroves has
several anaerobic pathways (denitrification, manganese re-
duction, iron reduction, sulphate reduction and methanogen-
esis) that increase pore water TAlk (except methanogenesis).
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Generally, sulphate reduction and aerobic respiration are the
main pathways of organic matter degradation in mangrove sed-
iments (Alongi et al., 2001). For instance, aerobic respiration
accounted for 63e94% of total benthic organic carbon
Table 1

Average � standard deviation of salinity, pCO2, TAlk, DIC, %O2 and TSM in the K

the dry and rainy seasons

Sites Season Salinity pCO2

(ppm)

Kiên Vàng Dry 33.5 � 0.4 1876 � 1196

Rainy 14.9 � 0.8 3651 � 1856

Tam Giang Dry 33.1 � 0.5 4822 � 4105

Rainy 13.3 � 0.3 4698 � 2187

Adjacent main channels Dry 32.7 � 0.4 718 � 144

Rainy 13.5 � 1.6 1233 � 234
decomposition in Rhizophora apiculata plantations of the
Mekong delta (Alongi et al., 2000a), while sulphate reduction
represented 74% of benthic organic carbon decomposition in
Western Australia mangroves (Alongi, 1998). According to
iên Vàng and Tam Giang mangroves creeks and adjacent main channels, during

TAlk DIC %O2 TSM

(mmol kg�1) (mmol kg�1) (%) (mg L�1)

2.421 � 0.163 2.305 � 0.246 79.5 � 10.3 79 � 46

1.907 � 0.276 1.986 � 0.336 64.8 � 10.7 210 � 134

2.565 � 0.333 2.575 � 0.519 63.0 � 21.9 31 � 22

1.850 � 0.203 1.969 � 0.278 54.3 � 14.8 34 � 9

2.217 � 0.025 1.987 � 0.051 90.1 � 3.3 29 � 15

1.556 � 0.045 1.544 � 0.046 81.3 � 6.4 330 � 622



Table 2

Average � standard deviation of wind speed, airewater pCO2 gradient, atmospheric CO2 flux and the gas transfer velocity k, in the Kiên Vàng and Tam Giang

mangrove creeks and adjacent main channels during the rainy and dry seasons

Sites Season Wind speed DpCO2 Atmospheric CO2 flux k

(m s�1) (ppm) (mmol C m�2 d�1) (cm h�1)

Kiên Vàng Dry 1.6 � 2.2 1511 � 1196 32.2 � 39.4 3 � 4

Rainy 3.0 � 2.3 3286 � 1856 154.7 � 159.1 6 � 5

Tam Giang Dry 2.4 � 1.3 4457 � 4105 141.5 � 117.8 5 � 3

Rainy 1.9 � 1.1 4333 � 2187 128.5 � 110.0 4 � 2

Adjacent main channels Dry 5.5 � 3.0 353 � 144 27.1 � 12.5 11 � 6

Rainy 5.3 � 0.9 867 � 234 81.3 � 31.8 11 � 2
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Alongi et al. (2000b), the magnitude of these processes de-
pends of the dominant species of mangrove trees; these authors
also reported that sulphate reduction rates were significantly
correlated with live root biomass, aboveground biomass and
forest net primary production. Denitrification is assumed to
be a minor pathway for diagenetic organic carbon degradation
and has only been observed in the oldest mangrove forests of
the Mekong delta (Alongi et al., 2000a). Only in the Bangrong
mangrove area (Thailand), iron reduction has been reported
as the predominant diagenetic carbon degradation process
(Kristensen et al., 2000), while in Matang mangrove forest
(Malaysia), manganese reduction and denitrificationenitrifica-
tion coupled with aerobic respiration, accounted for most
organic matter degradation (Alongi et al., 1998). Finally, based
on pore water chemistry in Gazi Bay (Kenya), Middelburg
et al. (1996) suggested that the acidification of pore waters
due to anaerobic diagenetic degradation processes led to the
dissolution of calcium carbonates (also increasing TAlk).

Whatever the process that dominated diagenetic organic
carbon degradation in Tam Giang and Kiên Vàng, the high
TAlk and DIC values in the mangrove creeks were consistent
with the enrichment of these quantities in the creek waters
due to the influx of pore waters, during both seasons. The rel-
ative variation of TAlk normalised to a constant salinity
(nTAlk) versus DIC normalised to a constant salinity (nDIC)
is an indicator of the dominant biogeochemical process
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affecting directly or indirectly these quantities. TAlk and DIC
were normalised to a constant salinity of 32 in order to mini-
mise evaporation/dilution effects on these quantities. During
the dry season, nTAlk and nDIC were well correlated in the
Tam Giang mangrove creeks (r2 ¼ 0.99 of the linear regres-
sion) and the Kiên Vàng mangrove creeks (r2 ¼ 0.93 of the lin-
ear regression) with slopes of, respectively, 0.61 and 0.62
(Fig. 8). The values of the slopes were lower if sulphate reduc-
tion was the only biogeochemical process controlling these
variables; this suggests that aerobic respiration and/or airewa-
ter exchange of CO2 also strongly contributed to the variation
of DIC in the water column. During the rainy season, nTAlk
and nDIC were also well correlated in the Tam Giang man-
grove creeks (r2 ¼ 0.99 of the linear regression) and the Kiên
Vàng mangrove creeks (r2 ¼ 0.99 of the linear regression)
with slopes of, respectively, 0.74 and 0.78 (Fig. 8). This sug-
gests that during the rainy season, the enrichment of DIC
and TAlk in the creek waters was also partly due to the influx
of pore waters. The slopes were also consistent with a strong
contribution by sulphate reduction, despite the fact that a de-
crease of this diagenetic process would have been expected
due to the lower availability by sulphate due to dilution during
the rainy season. During both seasons, no correlation was
found between nTAlk and nDIC in the main adjacent channels
and the range of variations was much smaller than in the tidal
creeks (data not shown). This suggests that pore water influx
did not affect DIC and TAlk in the main adjacent channels
Dry season

1.75

2.25

2.75

3.25

a

b
c

d f

Kiên Vàng

n
T

A
l
k
 
(
m

m
o

l
 
k
g

-
1
)

1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2
1.75

2.25

2.75

3.25

a

b
c f

Tam Giang

nDIC (mmol kg
-1

)

n
T

A
l
k
 
(
m

m
o

l
 
k
g

-
1
)

e

d e

Fig. 8. Relative variation of TAlk normalised to a constant salinity of 32 (nTA
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theoretical evolution to attain the highest nTAlk and nDIC values for the potential b

b, denitrification; c, sulphate reduction; d, CaCO3 dissolution; e, manganese reduc
since the water volume is more important, and probably the
water residence time shorter than in the mangrove creeks.
3.2. Airewater CO2 fluxes
During the dry season, airewater CO2 fluxes ranged from
27.1 mmol C m�2 d�1 to 141.5 mmol C m�2 d�1, and the av-
erage airewater CO2 flux was significantly higher in the
Tam Giang mangrove creeks than in the Kiên Vàng mangrove
creeks and than in the adjacent main channels, in accordance
with DpCO2 values (Table 2). During the dry season, average
airewater CO2 flux was not significantly different in the Kiên
Vàng mangrove creeks and in the adjacent main channels. Dur-
ing the rainy season, the airewater CO2 fluxes ranged from
81.3 mmol C m�2 d�1 to 154.7 mmol C m�2 d�1, and the
average airewater CO2 flux highly significantly increased 5
fold in the Kiên Vàng mangrove creeks, and very significantly
increased 3 fold in the adjacent main channels compared to the
dry season. This increase can be explained by the significantly
to highly significantly higher average DpCO2 values during the
rainy season, for, respectively, the Kiên Vàng mangrove creeks
and the adjacent main channels. Indeed, in the Kiên Vàng man-
grove creeks and in the adjacent main channels, wind speed
was not significantly different between the two seasons. In
the Tam Giang mangrove creeks, the average airewater CO2

flux was not significantly different during both seasons in
agreement with DpCO2.
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Table 3

Average � standard deviation of wind speed, airewater pCO2 gradient, atmospheric CO2 flux and the gas transfer velocity k reported in literature. n.d., no data;

LM86 ¼ k parameterisation from Liss and Merlivat (1986)

Sites Wind speed DpCO2 Atmospheric CO2 flux k References

(m s�1) (ppm) (mmol C m�2 d�1) (cm h�1)

Nagada Creek (Papua New Guinea) 3.0 � 2.1 799 � 357 43.6 � 33.2 8 � 6 Borges et al. (2003)

Norman’s Pond (Bahamas) 5.5 � 1.3 165 � 86 13.8 � 8.3 13 � 3 Borges et al. (2003)

Gaderu Creek (India) 1.4 � 1.9 2215 � 864 56 � 100.9 4 � 5 Borges et al. (2003)

Saptamukhi Creek (India) n.d. 2210 � 1460 56.7 � 37.4 4 Borges et al. (2003) based on Ghosh et al. (1987)

Mooringanga Creek (India) n.d. 830 � 363 23.2 � 10.1 4 Borges et al. (2003) based on Ghosh et al. (1987)

Fringe of Sundarban forest (India) n.d. 110 � 321 0.4 LM86 Biswas et al. (2004)

Itacuraçá Creek (Brazil) n.d. 3845 � 3520 113.5 � 104.4 4 Borges et al. (2003) based on Ovalle et al. (1990)

Florida Bay (USA) n.d. 170 � 200 4.6 � 5.4 4 Borges et al. (2003) based on Millero et al. (2001)

Shark River (USA) n.d. 1285 � 1485 43.8 � 52.1 4 Based on data available at

http://www.rsmas.miami.edu/groups/jmc/fla-bay/fbay.html
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Although during the dry season the average DpCO2 was sig-
nificantly 5 times lower in the adjacent main channels than in
the Kiên Vàng mangrove creeks, the average airewater CO2

flux was not significantly different, due to the very significantly
higher wind speeds and k values in the adjacent main channels.
This was due to the presence of trees and the narrowness of the
tidal creeks that reduced the airewater CO2 fluxes by limiting
wind speed. This is in agreement with a recent analysis of aire
water CO2 fluxes in Gazi bay that shows a very large contribu-
tion of open waters compared to mangrove creek waters to the
overall emission of CO2 from the whole mangrove aquatic sys-
tem (Bouillon et al., 2007c). The average k value in the Kiên
Vàng and Tam Giang mangrove creeks ranged from 3 cm h�1

to 5 cm h�1 and from 4 cm h�1 to 6 cm h�1 during, respec-
tively, the dry and rainy seasons. This confirms that the use
of a constant k value of 4 cm h�1 is adequate for sheltered
mangrove creeks (Borges et al., 2003).

Our results are within the range of airewater CO2 fluxes in
aquatics systems associated to other mangrove forests (Table 3).
The representativeness of the Millero et al. (2001) data for
Florida’s mangrove creeks is not straightforward, since they
were obtained in the open waters of Florida Bay and some
of the sampling stations were located about 30 km from the
mangrove fringe. The data from Shark River are most proba-
bly more representative of the Florida Bay mangrove creeks
than the values within the bay itself reported by Millero
et al. (2001). Indeed, Ovalle et al. (1999) concluded that man-
grove forests did not affect the chemistry of the shelf waters of
Eastern Brazil, even at stations located 2 km away from the
mangrove fringe. Similarly, Biswas et al. (2004) recently re-
ported an annually integrated airewater CO2 flux of
0.4 mmol C m�2 d�1 at the fringe of the Sundarban mangrove
forest that was much lower than the values in two creeks
(Mooringanga and Saptamukhi) within the mangrove forest.
This suggests that the export of DIC from mangroves does
not seem to affect the airewater CO2 fluxes in the adjacent
aquatic ecosystems where the DIC is rapidly ‘‘diluted’’.

The airewater CO2 fluxes computed for the Ca Mau man-
grove creeks are consistent with previous estimates in man-
grove surrounding waters (Table 3) and confirm that an
overall value of 50 mmol C m�2 d�1 given by Borges et al.
(2003) was a reasonable first order general estimate. Based
on data from Tables 2 and 3, we can re-evaluate the airewater
CO2 emission from mangroves to 72 mmol C m�2 d�1 that up-
ward scaled to the most recent surface area of mangrove forests
(146 � 103 km2 in 2000; FAO, 2003) provides a CO2 emission
of 0.046 PgC yr�1. This emission corresponds to about 7% of
the overall emission from open oceanic waters at sub-tropical
and tropical latitudes (30� Ne30� S, 0.71 PgC yr�1, based on
Takahashi et al. (2002)) and to 24% of the overall emission
of about 0.19 PgC yr�1 from coastal waters (including estuar-
ies, marginal seas, coastal upwelling systems and coral reefs)
at the same latitudes based on the compilation by Borges
et al. (2005).
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