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Abstract

The carbon (C) concentration and flux, as dissolved organic carbon (DOC), particulate organic carbon (POC) and
macrodetritus (MD), were quantified through 4 tidal cycles in a mangrove tidal creek in Southeastern Brazil. DOC was
the major fraction of the total C concentration, accounting for 68 and 61% of the total C concentration during ebb and
flood periods respectively. Concentrations of DOC (Ebb = 3,41 + 0,57 mgC.L"! and Flood = 3,55 £ 0,76 mgC.L"') and
POC (Ebb = 1,73 £ 0,99 mgC.L"! and Flood = 1,28 £ 0,45 mgC.L™") were relatively similar during the four tidal cycles.
Macrodetritus presented a wide variation with concentration peaks probably related to external forces, such as winds,
which enrich the ebb flow with leaf litter. DOC and POC fluxes depended primarily on tidal and net water fluxes,
whereas MD fluxes were not. The magnitude of the DOC and POC fluxes varied with the area flooded at high tide, but
not the MD fluxes. DOC was the major form of carbon export to Sepetiba Bay. During the four tidal cycles, the forest
exported a total of 1,2 kg of organic carbon per ha, mostly as DOC (60%), followed by POC (22%) and MD (18%).
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Flutuacoes diurnas do carbono orgéanico em um canal de maré na Baia de Sepetiba, SE Brasil

Resumo

As concentracdes e fluxos de carbono organico sob forma de carbono organico dissolvido (COD), carbono orgéanico particu-
lado (COP) e macrodetritos (MD) foram quantificadas durante 4 ciclos de maré em canal de maré na Floresta Experimental
de Itacurucd, Bafa de Sepetiba, RJ, litoral sudeste do Brasil. COD foi a fragéio mais importante para a concentragio total de
carbono orgénico, contribuindo com 68 e 61% da concentragio total de C nos periodos de maré vazante e enchente, respec-
tivamente. As concentragdes de COD (vazante = 3.41 £0.57 mgC.L"' e enchente = 3.55 + 0.76 mgC.L"") e COP (vazante =
1.73+£0.99 mgC.L" e enchente = 1.28 £ 0.45 mgC.L"") foram similares durante os 4 ciclos de maré. A fragdo macrodetritos
apresentou uma ampla variabilidade com maximos de concentragio relacionados a fatores externos como ventos, que en-
riqueceram as dguas de vazante com macrodetritos. A magnitude dos fluxos de COD e COP, mas ndo os de macrodetritos,
relacionaram-se com os fluxos de dgua e a conseqiiente area inundada pela maré. A fracdo COD foi a mais importante
forma de exportagio de carbono organico pelo manguezal. Durante os 4 ciclos monitorados, a floresta exportou um total de
1.2 kg de carbono organico, 60% sob forma de COD, seguido pelo COP (22%) e pela fracdo macrodetritos (18%).

Palavras-chave: carbono organico dissolvido, macrodetritos, carbono orgéanico particulado, manguezais.

1. Introduction

Mangrove ecosystems dominate most tropical Many studies have focused on the fate of par-

coasts. They grow along the depositional environments
in protected coastal areas, in estuaries and lagoons,
where, once established, they accelerate sediment ac-
cretion, by trapping suspended matter and decreasing
erosion. Mangroves are exposed to tidal fluctuations and
corresponding variability in salinity and water sources.
Therefore, the dynamics of water and inorganic and or-
ganic compounds depend on interactions controlled by
tides, runoff, seasonal fluctuations, and meteorological
events (Ovalle et al., 1990; Woodroffe, 1985a,b).
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ticulate organic carbon (POC) and dissolved organic
carbon (DOC) in temperate estuaries and salt marsh-
es (Taylor and Allanson, 1995). However, the fate
of organic carbon in mangrove ecosystems has been
mostly studied based on a single component analysis
with most studies dealing with macrodetritus (MD)
balances only. Few studies monitored the transport of
the 3 carbon forms simultaneously. Therefore no gen-
eralisations regarding export/import of carbon can be
made, although the productivity of mangrove ecosys-
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tems has been recognised as one of the highest among
natural ecosystems.

Particulate (POC) and dissolved organic carbon
(DOC) and macrodetritus (MD) distributions frequently
show large temporal and spatial variability. Associated
with this, some environmental parameters such as coastal
geomorphology, forest structure, climatology, hydrology,
microbiological activity and sources of the organic carbon
itself introduce large variability in exchange rates with ad-
jacent coastal waters (Boto and Bunt, 1981; Twilley, 1985;
Woodrofte, 1985b; Hemminga et al., 1994).

Biological and chemical processes of coastal ecosys-
tems act to modify materials import, export and accu-
mulation rate between the continent and ocean (Rezende
et al., 1990; Ovalle, et al., 1990). Mangroves and salt
marshes have been constantly cited in the scientific lit-
erature as major contributors of organic matter to coastal
food chains (Lee, 1995). However, the relative contribu-
tion of the different organic carbon fractions (POC, DOC
and MD) has not been adequately evaluated. Few simul-
taneous determinations of these fractions have been at-
tempted. These gaps in the literature hamper generali-
sations regarding the role of mangroves as exporters or
importers of organic carbon (Lee, 1995).

In this study, we compare the POC, DOC and
MD fluxes through a small mangrove tidal creek in
Sepetiba Bay, Rio de Janeiro, Brazil (Lat. 22° 54’ 06” S
and 23° 04” 18” S, and Long. 43° 33’ 44” W and
44° 02’ 30” W; Figure 1) in order to determine the rela-
tive importance of each carbon fraction to the total car-
bon flow to and from adjacent coastal waters.

2. Study Area

The study was conducted at the Itacurugd
Experimental Forest (IEF), located along the North shore
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Figure 1. Location and characteristics of the Itacuruga Exper-
imental Forest, Sepetiba Bay, SE Brazil, and sampling point
in the tidal creek (Adapted from Aragon et al., 1999).

of Sepetiba Bay, approximately 100 km from Rio de
Janeiro (Figure 1). Sepetiba Bay is a 450 km? coastal la-
goon, with average depth of 6.0 m and tidal range of less
than 2.0 m. Sepetiba drainage basin harbors an industrial
park, with over 400 industries, and a population of about
2.2 million. Notwithstanding, the IEF is free of potential
contamination from these anthropogenic activities.

Mangroves cover about 38 km?, mostly as fringe for-
ests along the Bay’s North and Northeastern coasts. The
IEF is a typical fringe mangrove forest with Rhizophora
mangle Linnaeus (1753), as dominant species, al-
though isolated trees of the black mangrove (Avicennia
schaueriana Stapf and Leechman ex. Moldenke 1939)
and of the white mangrove (Laguncularia racemosa
(Linnaeus) Gaertner.f. (1805)) occur throughout the for-
est. The IEF has an area of approximately 10 ha. At the
seaward edge, the forest is lined by a strip of mud flats
about 70 m wide, frequently exposed during low tide.
At the landward edge, the forest is bordered by marine
sands dominated by stunted L. racemosa trees and the fern
Achrosticum aureum Linnaeus (1753). The IEF is drained
by a tidal creek running almost perpendicular to the shore
and land. This creek is responsible for over 90% of the wa-
ter exchange at the IEF (Ovalle et al., 1990). Creek depth
depends on tides and ranges from 0.6 m to 2.6 m. Average
air temperatures range between 18 °C in winter and 23 °C
in summer. Annual rainfall is c.a. 2,300 mm, with a typi-
cal rainy season in December and a dry season in July.
The IEF forest structure has been studied by Silva et al.
(1991). In summary, average tree density is 4,510 trees.
ha!, with an average height of 6 m and an average diam-
eter of 8 cm. Basal area is 22 m”.ha' and the total biomass
is 82 t.ha', distributed between aboveground (65.4 t.ha!)
and below ground (16.3 t.ha') biomass. Freshwater to the
IEF is from groundwater and rainwater, and the inunda-
tion pattern is controlled by tidal amplitude. More details
on forest structure, hydrochemistry and carbon isotopic
composition of mangrove material has been published
elsewhere (Ovalle et al., 1990; Silva et al., 1990, 1991;
Lacerda et al, 1988).

3. Material and Methods

The changes in organic carbon concentrations in the
tidal creek waters as well as major hydrological param-
eters were monitored through four complete tidal cycles
in a fixed sampling station at the mouth of the creek
(Figure 1). POC, DOC and MD samples were collected
every 30 minutes in the central area of the creek dur-
ing the winter, characterised as the dry period with creek
water salinity varying between 24 up to 32. The effects
of seasonal variability cannot be evaluated in this study
but litterfall rates, groundwater inputs to the forest and
interstitial water turnover rate increase during the rainy
season (Silva, 1988; Ovalle et al., 1990).

Water samples for POC and DOC analysis were col-
lected using a 5 L Van Dorn bottle. All water samples
were filtered in the field and frozen. Macrodetritus were
collected using a special kind of collector, made of a
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square frame (0.25 m?); with nylon net of 1.0 mm mesh
size fixed on a pole, but allowed to rotate according to
water flow direction, adapted from Bach et al. (1986).

Macrodetritus included different plant parts (leaves,
branches and reproductive parts) and were cleaned using
local seawater and at the laboratory with distilled water.

POC in suspended matter samples, were separated us-
ing a pre-weighted GF/C filter. Total organic carbon con-
centration in POC and MD, were determined by dichro-
mate oxidation following Stricland and Parsons (1972).
For all POC determinations a blank of clean filters were
analysed simultaneously. Reproducibility of POC and MD
analysis were estimated using 4 replicates, giving coeffi-
cients of variation smaller than 5%. DOC was determined
directly in the filtered samples preserved in phosphoric
acid (10% H,PO,; 50 uL.mL"). Filtrate was stored refrig-
erated in amber bottles. DOC analyses were performed
after further sample acidification (2 N HCI) and sparing
with ultra pure air, by high temperature catalytic oxida-
tion with a Dohrman DOC-190. The reproducibility of
DOC analysis was estimated using 3 replicates, giving
coefficients of variations smaller than 2%.

Flux rates were continuously monitored using a
General Oceanics® current meter installed at the center
of the creek and 0.3 m above the bottom. Similar to the
organic carbon sampling strategy current velocity and
water level were measured every 30 minutes. A micro-
topographic mapping of the forest floor (Ovalle, 1992),

allowed the estimation of flooded forest area relative to
creek depth at each sampling interval.

4. Results and Discussion

A summary of the study results are shown in Table 1.
During flood periods, the maximum flooded mangrove
area ranged from 6.6 to 9.0 ha, with maximum creek
depth reaching 1.8 m. The maximum flooded area
(9.0 ha) included a low L. racemosa mangrove for-
est and salt pans located behind the R. mangle forest.
Highest current velocities occurred during flood periods.
Maximum water fluxes ranged from 108 to 380 dm?/s
during flood periods, whereas during ebb periods maxi-
mum fluxes were smaller, ranging from 80 to 350 dm®/s,
depending on the tide (Figure 2).

Water flux fluctuations during the four tidal cycles
showed that 82% of the total amount of water flowing
during each cycle was moved during only 42% of the
tidal cycle time. This agrees with hydrochemical results
obtained by Ovalle et al. (1990) for the same forest.
Discharge pulses occur at the end of flood periods and at
the beginning of ebb periods. The tidal flow will always
occur in a matter of minutes, when the pressure gradient
changes direction and a turbulent mixing occurs affect-
ing the nepheloid layer at the sediment-water interface.
This may eventually affect POC concentrations due to
ressuspension of bottom sediments and DOC through
migration of C-enriched porewaters (Lee, 1995). The
water dynamics during the four tidal cycles were similar

Table 1. Major variables measured at the mangrove tidal creek at the Itacuru¢d Experimental forest, SE Brazil. Mean (X),

standard deviation (SD) and ranges, relative to 4 tidal cycles.

Tidal Flooded area  Creek depth Flux (dm’s') DOC (mgC.L') POC (mgC.L") MD (mgC.L")
Period (ha) (m)
Ebb
X£SD 3.30+2.54 1.36 £0.25 72+ 117 341£0.57 1.73+£0.99 0.75+0.94
range 0to 8.67 0.81to 1.82 -1 to -346 2.30 to 4.60 1.20 to 3.29 0to3.24
Flood
X+SD 4.34+2.65 1.45+£0.27 +78 £ 125 3.55+0.76 1.28 £0.45 0.93+1.20
range 01t09.04 0.81to 1.85 +1 to +380 2.30 to 5.30 0.80 to 2.60 0to4.34
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Figure 2. Flooded area (a) and water flux (b) during the tidal cycles at the Itacuruga Experimental Forest.
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to the dynamics observed during three years of moni-
toring at this site (Rezende, 1988; Lacerda et al., 1988;
Ovalle et al., 1990; Ovalle, 1992; Silva, 1992).

The variation of carbon concentrations in the three
different fractions are presented in Figure 3. The larger
proportion of the total organic carbon concentration was
in the DOC fraction. DOC concentrations were rather
constant throughout the cycles, with average concentra-
tions of 3.4 and 3.6 mgC.L"! during ebb and flood periods
respectively. Variation of DOC concentrations showed
no relationship with tidal period. These concentrations
averaged 68 and 61% of the total carbon concentration
during ebb and flood periods respectively.

Average POC concentrations were higher during
ebb periods, ranging from 1.2 to 3.3 mgC.L"!, whereas
during flood periods, average of POC concentrations
ranged from 0.8 to 2.6 mgC.L"'. Average POC concen-
trations were 1.4-times higher and maximum concen-
trations 2.3-times higher, during ebb periods (Table 1)
and accounted for 17 and 23% of the total carbon con-
centration. Since ebb-period POC in this creek is over
80% of mangrove origin (Rezende et al., 1990), these
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Figure 3. Variations of organic carbon concentrations as dis-
solved organic carbon (a), particulate organic carbon (b) and
macrodetritus (c) during four tidal cycles at the Itacurucd Ex-
perimental Forest.

higher concentrations during ebb periods imply a net
export of mangrove POC to adjacent coastal waters. A
peak concentration of 6.1 mgC.L"!, occurred with very
low creek depth, suggesting remobilization of bottom
sediments, when water flux changes direction, as sug-
gested by Lee (1995).

The DOC/POC ratio in the mangrove creek was
relatively constant (2.2 and 2.5 for ebb and flood period
respectively), showing that DOC is an important compo-
nent in organic carbon balance studies in this ecosystem.
This ratio was found to be the around 1.4 in main rivers
discharging into Sepetiba Bay, but with a larger variation
(0.5 t0 2.0) (Rezende, 1993). Although the DOC concen-
tration in the four major rivers of Sepetiba Bay are lower
than in the mangrove areas, these rivers can affect the
DOC and POC ratios in the Bay. These rivers together
contribute 96% of fresh water and particulate matter en-
tering the Bay and can represent a significant source of
organic material derived from continental soils and ter-
restrial vegetation (Rezende, 1993). It is clear however,
that the mangrove forest can produce a localised enrich-
ment of DOC in bay waters adjacent to IEF.

Carbon concentrations as MD showed larger varia-
tion when compared with POC and DOC. Average MD
concentration for the 4 tidal cycles varied from 0.8 and
0.9 mgC.L"!, during ebb and flood periods respectively.
However, isolated peaks as high as 4.5 mgC.L"!, oc-
curred but were not related to tidal fluctuation. This re-
sulted in large variability (125%) suggesting that signifi-
cant amounts of MD can be mobilised instantaneously
and may be transported during ebb periods to adjacent
areas, where it can be degraded and later becomes a
source of POC and/or DOC to the mangrove itself. On
the other hand, MD is more likely a significant source
of carbon to coastal marine sediments. Boto and Bunt
(1981) proposed MD to be the most important carbon
fraction transported in an Australia mangrove system
and carbon isotopic studies at the IEF, also showed that
over 99% of the C buried in mangrove sediments is de-
rived from mangrove MD (Lacerda and Rezende, 1987;
Lacerda, 1998). The MD transport is limited by litter fall
production, mangrove structure, deposited leaves on the
mangrove soil surface, activity of crabs, and tidal energy
(Kjerfve, 1990; Silva, 1988; Robertson, 1986).

Variations of the DOC, POC and MD fluxes through
the tidal creek during the four tidal cycles are showed
in Figure 4. Fluxes of DOC and POC presented peaks
simultaneous with water discharge pulses. However, MD
fluxes exhibited peaks simultaneous with discharge puls-
es only during the ebb tide, except during the first cycle
when a small peak occurred during flood tide, prob-
ably as a result of washing out the mud flats. Silva et al.
(1993) showed that litter transport in this same creek is
largely influenced by the occurrence of mangrove MD
deposited on mud flats located in front of the mangrove
forest fringe, which frequently returns to the creek with
the incoming tide.
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Carbon fluxes correlate with the inundated forest area
(Figures 5a and 5b). During flood periods (Figure 5a) the
fluxes of the three different C fractions show a signifi-
cant positive exponential correlation (P < 0.01) with the
inundated area, in particular DOC and POC that are ex-
tremely dependent on water fluxes. During the ebb period
(Figure 5b) however, the dynamic of inundation pulses is
more important than the total surface area flooded. At
the early stage of the flood period when about 3 ha of
the IEF are inundated, the magnitude of C fluxes varied
very little, since this area includes mostly the creek itself
and marginal sediments. When the flooded area extends
from 3 to 8 ha and therefore including the dense man-
grove forest, the C transported through the creek showed

1500 T
1000
500

=500
—-1000
—-1500

600

400
200

DOC (mgC/s)
o

—200
—400
—600

POC (mgC/s)
=

300
200
100

-100
-200
-300

MD (mgCl/s)
=}

11:30
13:30
15:30
17:30
19:30
21:30
23:30
01:30
03:30
05:30
07:30
09:30
11:30
13:30

Sampling Time
Figure 4. Variations of organic carbon fluxes as dissolved or-
ganic carbon (a), particulate organic carbon (b) and macrode-
tritus (c) during four tidal cycles at the Itacuru¢d Experimental
Forest.

a strong increase. This threshold-like behavior has been
shown as an important nutrient transfer mechanism from
mangroves to tidal creeks (Cohen et al., 2004). When
flooded areas are larger than 8 ha, however, no increase
in C fluxes is verified, since the new flooded areas in-
clude salt pans and some of the marginal sands that due
to its low C content promoted a marked dilution in car-
bon fluxes.

The MD fluxes show a weaker correlation with the
extension of the flooded area when salt pans data are in-
cluded. However, if only creek and dense mangrove zones
are included (flooded area < 8 ha), the correlation turns
more significant, since litter fall is directly related to high
tree density and productivity of these areas (Silva et al.,
1991). Moreover, strong winds and crab activity may sig-
nificantly affect MD transfer to the creek, independent of
the flooded area (Silva et al, 1993; Silva, 1994).

The amount of organic carbon transported during the
four cycles studied and the total of the entire sampling
period are showed in the Table 2. The pattern observed
during ebb and flood periods was similar for DOC and
POC alternating net flux of export () and import (+),
depending on tidal flow direction. MD however, was ex-
ported from the forest even during one cycle with net wa-
ter import, probably in response to winds. DOC presented
the highest flux values per cycle, being 2 to 6 times and
2 to 18 times higher than the amount of POC and MD
respectively, for each cycle. However, the total amount
of carbon exported from the mangroves for the four tidal
cycles period was dominated by MD (0.99 kg), followed
by DOC (0.76 kg). There was nearly no net export of
POC from this forest during the four tidal cycles.

When the amount of carbon transported is normal-
ised for area (kg.ha'; Table 2), however, DOC clearly
dominates the carbon export, followed by POC and MD.
This is due to the relationship between DOC and POC
with flooded area. Of interesting notice is the net import
of water during the four cycles, strengthening the role
of the forest as a net exporter of organic carbon. Earlier
studies showed little agreement in considering man-
groves as net exporters or importers of organic carbon.
However, the high productivity of mangroves has often
been related to the exportation of organic material to
coastal waters (Alongi et al., 2004). The applicability of
this generalisation is hampered by the existence of only
a few studies that simultaneously analysed the transport

Table 2. Mass balance of organic carbon as dissolved organic carbon (DOC), particulate organic carbon (POC) and macro-

detritus (MD), after four tidal cycles.

Cycle DOC POC MD DOC POC MD Water

(kg) (kg) (kg) (kg.ha™) (kg.ha) (kg.ha") (m*)
1¢ +4.81 +1.93 +0.38 +0.64 +0.26 +0.04 +1,771
2nd -5.64 231 -0.61 -1.17 -0.50 -0.12 -1,553
3 +3.49 +1.81 -0.15 +0.31 +0.19 -0.04 +1,184
4t 342 -1.46 -0.61 -0.51 -0.21 -0.09 -1,083
) -0.76 -0.03 -0.99 -0.73 -0.26 -0.21 +319
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Figure 5. Trends of organic carbon fluxes and inundated area during flood a) closed circles and ebb b) open circles periods

of the Itacurucd Experimental Forest.

of all fractions of organic carbon. In this study, notwith-
standing its short duration, we have shown that different
fractions of the total organic carbon behave differently
and, most important, are controlled by different envi-

ronmental variables (e.g. flooded area extension, mostly
DOC; vs external forces, such as wind, mostly MD). On
the other hand, our results agree with salt marsh studies
(Taylor and Allanson, 1995; Williams et al., 1992; Dame
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etal., 1991) and a few mangrove studies (Twilley, 1985;
1988; Alongi et al., 2004), highlighting the importance
of DOC as the major organic carbon fraction exported
from mangroves.
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