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Abstract. We sampled a tidal creek (Ras Dege, Tanzania)inorganic carbon (DIC) levels in the upper parts of the creek
during a 24-h cycle to document the variations in a suite of(i.e. at low tide) are due to inputs from mineralizatiéhC
creek water column characteristics and to determine the reldata on DIC indicate that the organic matter source for miner-
ative influence of tidal and biological driving forces. Since alization had a signature ef22.4%.. Hence, imported POC
the creek has no upstream freshwater inputs, highest salirmnd DOC from the marine environment contributes strongly
ity was observed at low tide, due to evaporation effects ando overall mineralization within the mangrove system. Our
porewater seepage. Total suspended matter (TSM) and padata demonstrate how biogeochemical processes in the in-
ticulate organic carbon (POC) showed distinct maxima at petertidal zone appear to be prominent drivers of element con-
riods of highest water flow, indicating that erosion of surface centrations and isotope signatures in the water column, and
sediments and/or resuspension of bottom sediments were drow pathways of dissolved and particulate matter transport
important source of particulate material. Dissolved organicare fundamentally different.

carbon (DOC), in contrast, varied in phase with water height
and was highest at low tide. Stable isotope data of POC and
DOC displayed large variations in both pools, and similarly 1
followed the variations in water height. Although the vari-

at'OTSOf‘SBCDOC (—23.8 10—-13.8%0) was higher than that \eqgetated coastal ecosystems are critical components of
of §%°Cpoc (—26.2 10 —20.5%0), due to the different end- 4 oha| ocean carbon and nutrient budgets. Despite their rel-
member pool sizes, thid*C signatures of both pools differed atively small areal extent, their carbon sequestration rep-
only slightly at low tide, but up to 9%. at high tide. Thus, at yesents a large inventory of organic matter; comparable to
low tide both DOC and POC originated from mangrove pro- giohg] riverine carbon discharges (e.g. see Ludwig et al.,
duction. At high tide, however, the DOC pool had signaturesjggg: Gattuso et al., 1998). In addition to their carbon
consistent with a high contribution of seagrass-derived may, ;i capacity (Duarte et al., 2005), these ecosystems are
terial, whereas the POC pool was dominated by marine phyy|sq “hotspots” (McClain et al., 2003) in terms of mineral-
toplankton. Daily variations in Cij and partial pressure of ,4ti0n (Middelburg et al., 2005) and G@fflux to the atmo-
CO, (pCO,) were similarly governed by tidal influence and gphere (e.g., Cai et al., 1999; Borges, 2005). Understanding
were up to 7- and 10-fold higher at low tide, which stressesie functioning of these diverse ecosystems and constraining
the importance of exchange of porewater and diffusive fluxeseir carbon and nutrient budgets is therefore of prime im-
to the water column. When assuming that the high d'ss‘)'Verortance in improving the reliability of global oceanic bud-
gets. The surface area of mangrove ecosystems worldwide
Correspondenceto: S. Bouillon declines by~2% per year, implying major changes in the
(steven.bouillon@vub.ac.be) coastal carbon cycle (Duarte et al., 2005).
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312 S. Bouillon et al.: Lateral carbon exchange in a tidal mangrove creek

viously for certain mangrove systems (Ovalle et al., 1990;
Dittmar and Lara, 2001; Borges et al., 2003; Barnes et al.,
2006), but was found to be insignificant in others (Kristensen
and Suraswadi, 2002). Such exchange mechanisms have also
been proposed for salt marsh systems (Cai et al., 1999), inter-
tidal sand flats (Billerbeck et al., 2006a, b), and tidal fresh-
water marshes (Neubauer and Anderson, 2003; Gribsholt et
al., 2005). The high metabolic activity in mangrove sedi-
ments creates elevated porewater concentrations of total al-
e kalinity (TA), dissolved inorganic carbon (DIC), DOC, and
f other metabolites (e.g., Marchand et al., 2006; Bouillon et
al., 2007b). During ebb, porewaters can migrate into the
) water column and increase the concentrations of these so-
lutes (Ovalle et al., 1990; Borges et al., 2003; Barnes et
al., 2006). Porewater discharge into tidal creeks may also
lower dissolved oxygen levels. The rate of porewater migra-
tion depends on the sediment permeability and the pressure
gradient. Crab burrows have been found to dramatically en-
hance the hydraulic conductivity, and given their abundance
in mangrove systems, these could be important mediators
e seag E for subsurface flow of porewater to tidal creeks (Ridd, 1996;
Susilo and Ridd, 2005; Mazda and lkeda, 2006).
Fig. 1. Location of the study area and the sampling site, indicated by Recognizing and understanding the pathways of exchange
the circle in the lower panel. Dark areas in the lower panel indicatebetween the intertidal zone and the adjacent water column
the areal cover of mangrove vegetation. is important for improving carbon budgets — this holds true
not only for mangroves but also for other tidal systems such
as salt marshes and tidal freshwater marshes. Mineralization
Mangrove ecosystems are limited to tropical and subtroprates measured in intertidal sediments (as €fluxes), for
ical coastlines, but are known to be potentially significantexample, are likely to underestimate true mineralization rates
sources of organic matter to adjacent estuaries and coastila significant part of the C@®(or DIC) generated is mobi-
waters on a global scale (Jennerjahn and lttekkot, 2002lized into the water column through seepage. Conversely, es-
Dittmar et al., 2006). The biogeochemical functioning of timates of water-air C@exchange in tidal creeks will overes-
mangrove environments has been well described for a numtimate creek water respiration if there is significant lateral in-
ber of sites around the world, but our ability to elucidate put from porewater drainage. Lateral exchange of dissolved
carbon and nutrient budgets of these ecosystems and thegrganic matter due to subsurface drainage from sediments
impact on the coastal zone is still limited. The transport of and transfer to creeks represents a clear case of external sub-
material between the intertidal zone and the water columrsidy for tidal creek organisms.
(estuary, lagoon, or tidal creeks) is a crucial aspect in un- |n order to shed more light on the pathways of organic mat-
derstanding the functioning of these systems (Flindt et al.ter transport between the intertidal mangrove forest and the
2004, 2007). Previous work has demonstrated that particaquatic system, we investigated the tidal variations in wa-
ulate organic matter can be exported from mangrove syster column biogeochemical signatures in a mangrove creek
tems, but additionally, suspended matter from the water col-along the Tanzanian coast, with a focus on the concentrations
umn can be an important source of organic matter to the inand origin of POC, DOC, and DIC.
tertidal zone (e.g., Hemminga et al., 1994; Bouillon et al.,
2003, 2007a). Exchange of dissolved organic matter and nu-
trients between intertidal areas and the water column can o2 Materials and methods
cur through (i) diffusive fluxes across the sediment/water in-
terface during inundation, or (ii) porewater seepage into theSamples were collected on 16 and 17 September 2005 at
water column during low and ebb tide. Fluxes across thehourly intervals during a diurnal cycle in the Ras Dege man-
sediment/water interface have been frequently studied, bugrove forest, which is situated approximately 30 km south-
typically show a large variability in magnitude and direction east of Dar es Salaam, Tanzania (Fig. 1). The sampling sta-
of the fluxes for dissolved organic carbon (DOC) and inor-tion (6°5230” S, 392730’ E) is located in a tidal creek, ap-
ganic N (NHf and NG;) (e.g. Kristensen et al., 2000; Davis proximately midway between its upper reaches and its open-
et al., 2001). The potential exchange of dissolved solutesng towards the Indian Ocean (see Fig. 1). The site is lo-
through advective porewater seepage has been proposed pieated in a rural setting and has no major influences from

Ras Dege

(- 06°53' S
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anthropogenic wastewater inputs; therefore it can be consid- 38 — 4
ered a pristine site when compared to other mangrove sites z sva;'{'e':yhei -
around Dar es Salaam (e.g., see Kruitwagen et al., 2005). The

sampling period fell towards the end of the dry season, and
no precipitation occurred during the sampling period and the
preceeding days. The mangrove forest in Ras Dege covers a ‘E 36 1
area of 2.2 kri, and is dominated bgvicennia marina, Rhi- 3
zophora mucronata, Sonneratia alba andCeriopstagal. The
system comprises 2 tidal creeks which open into the Indian 35 - -1
Ocean, and which receive no freshwater inputs except during
the rainy season. The system experiences semi-diurnal tides Day Night Day |
with an amplitude ranging betweenl m during neap tides S S A 0
to ~4 m during spring tides. Tidal amplitude during the sam-

pling period in the creek was approximately 2.6 m (Fig. 2).

The water residence time is in the order of 2-3 days during;, »
the dry season (M. R. Flindt, unpublished data). The mouth,gjgnt.
of the creeks and the zone adjacent to the mouth are covered

by seagrass beds.

Surface water for field measurements of dissolvedpb!,
temperature and salinity was taken with a 1.7 L Niskin bottle
~0.5m below the surface. Oxygen saturation levels %0
were measured immediately after collection with a polaro-
graphic electrode (WTW Oxi-340) calibrated on saturated

air, with an accuracy oft1%. pH was measured usin X : - iy
y o P 9 concentration was calculated with the solubility coefficient

a Ross type combination electrode (ORION) calibrated on .
the NBSy(pUS National Bureau of St(andards)) scale, as de9f Yamamoto et al. (1976). Reproducibility was generally

scribed by Frankignoulle and Borges (2001), with a repro-be'[ter than 5%.

ducibility of 0.005 pH units. Samples for determination of ~ Samples for TSM were filtered immediately on pre-
TA were obtained by pre-filtering 100 mL of water through Weighed and pre-combusted (overnight at 45047 mm
precombusted Whatman GF/F filters followed by filtration Whatman GF/F filters, rinsed with mineral water to avoid
through 0.2um cellulose acetate syringe filters (Sartorius), salt contributions, and subsequently dried. Samples for POC,
and were stored in HDPE bottles until analysis by automatedP@rticulate nitrogen (PN), antt*Cpoc were filtered on pre-
electro-titration on 50 mL samples with 0.1 M HCI as titrant cOmbusted 25mm Whatman GF/F filters and dried. These
(reproducibility better tham-4 umolkg~1). The pCQ and filters were later decarbonated with HCI fumes under partial
DIC concentrations were computed from pH and TA mea-Vvacuum for 4 h, re-dried and packed in Ag cups. POC and PN
surements using the thermodynamic constants described iyere determined on a ThermoFinnigan Flash EA1112 using

Frankignoulle and Borges (2001), with an accuracy of com-acetanilide as a standard, and the resulting @@s mea-
puted DIC and pC@values estimated at5umolkg—t and ~ Sured onaThermoFinnigan delta+XL interfaced via a Conflo

better thant2%, respectively. Il to the EA. Reproducibility o813Cpoc measurements was
Water samples for the analysis 6f3Cpic were taken better thant0.2%. Samples for DOC antt*Cpoc were ob-
from the same Niskin bottle by gently overfilling 12 mL tained by pre-filtering surface water on pre-combusted What-
glass headspace vials, and poisoned witpR®f a satu- ~ Man GF/F filters, followed by filtration on 0;2m cellulose
rated HgC} solution. For the analysis of!3Cpic, a He acetate syringe filters (Sartorius), and preserved by addition
headspace was created, an@00uL of HsPO, was addedto ~ Of 50uL of H3POs. DOC concentrations and'3C sig-
convert all inorganic carbon species to £@fter overnight ~ hatures were measured with a modified Thermo HiperTOC
equilibration, part of the headspace was injected into thel OC-analyzer, interfaced with a Thermo delta +XL IRMS as
He stream of an EA-IRMS (Elemental Analyzer — Isotope described by Bouillon et al. (2006).
Ratio Mass Spectrometer; ThermoFinnigan Flash1112 and Triplicate sediment cores (5cmi.d.) were taken within the
ThermoFinnigan Delta+XL) fos13C measurements. The mangrove forest at different sites along the creek for analysis
obtaineds13C data were corrected for the isotopic equili- of pore water DIC and DOC. The cores were sectioned into
bration between gaseous and dissolved @€ing the algo- 0-1, 1-2, 2-3, 3-4, 4-6, 6-8, 10-12, and 14-16 cm inter-
rithm presented in Miyajima et al. (1995). Water samples forvals. Pore water was extracted by transferring the sediment
the determination of ClHconcentrations were taken directly slices to 50 mL tubes followed by centrifugation at 5000 rpm
from the Niskin bottle in 40 mL headspace vials, poisonedfor 10 min. The supernatant pore water was analyzed for
with HgCl,, and capped with a butyl rubber plug and alu- DIC by the flow injection/diffusion cell technique (Hall and

37 A Fr3

N
Water height (m)

Tidal variations of salinity in surface waters and water

minium cap. CH concentrations were determined by gas
chromatography with flame ionization detection, after creat-
ing a headspace withA\Nas described in Abril and Iversen
(2002). Certified CH:N2 mixtures at 10 and 500 ppmv GH
were used as standards (Air Liquide, France). Dissolvegl CH
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Fig. 3. Tidal variations of water height ar(d) TSM, (b) POC,(c) POC/PN ratios (atom) of suspended matter, @)dhe % contribution of
POC to the TSM pool. Arrows indicate distinct maxima coinciding with highest tidal currents.

Aller, 1992) and DOC by total organic carbon analysis (Shi- that correlated strongly with salinity and mirrored those of
madzu TOC-5000; Kristensen and Alongi, 2006). Salin-the water column height, i.e. with lowest values at high tide
ity was calculated from Cl concentrations (measured by and highest values at low tide (Fig. 4a). The stable isotope
ion chromatography) according to the empirical relationship:composition of both POC and DOC showed strong tidal vari-
salinity=0.0641*[CI']+0.0545 where [Cl] is expressed in  ations, both having more deplet&tC signatures at low tide
mM. and enriched3C values at high tide (Fig. 4b). However,
variations ins13Cpoc ands13Cpoc exhibited two important
differences: (i) the fluctuations i63Cpoc were delayed
3 Results slightly relative to those of'3Cpog, i.e. when the water level
dropped,s13C signatures of the DOC pool responded later

Salinity values ranged from a high of almost 38 at low tide than those of the POC pool, and (ii) the amplitude of vari-
to less than 35 when oceanic water dominated at high tidétion observed iB'*Cpoc was more pronounced, ranging

(Fig. 2). Thus, the upper parts of the creek typically showedPetween—23.8 and—13.8%., compared to a range between
a higher salinity than the outer part connected to the Indianm—26.2 and—20.5%. for POC (Fig. 4b). These patterns, in
Ocean, due to the absence of freshwater inputs and evapor§ombination with the different DOC and POC pool sizes at
tion. low and high tide, resulted in strong tidal differences#iC

TSM levels ranged between 60 and 95 nTglland showed between both poolsA(), showing minimum values of 0.3—
two distinct tidal maxima (i.e. maxima occurred on three oc- 2-5% at low tide and maximum values of 6.5-9.0%. shortly
casions, twice during ebb and once during flood), coincid-after the peak of high tide (Fig. 4c).
ing with periods of strong water currents (Fig. 3a). POC \Variations in pCQ and CH, concentrations were similar,
ranged between 0.31 and 4.06 mgCHand displayed peak being lowest at high tide and increasing drastically at low
values at the same time as observed in TSM (Fig. 3b). Theséde, reaching values 6- to 10-fold and 4- to 7-fold higher,
peaks also coincided with maxima in the POC/PN ratios andrespectively, than at high tide (Fig. 5a). The inorganic carbon
with maxima in the contribution of POC to the TSM pool pool showed similar dynamics as those in the DOC pool, i.e.
(Figs. 3c, d). In contrast to POC, DOC showed variationshighest TA and DIC at low tide (Fig. 5b)$13C signatures

Biogeosciences, 4, 311-322, 2007 www.hiogeosciences.net/4/311/2007/
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in the DIC pool were close to typical oceanic value®%o.) 35 4
at high tide, and became strongly negative during low tide, O (a)
reaching~—9%o (Fig. 5¢). 301 ’

Oxygen saturation levels followed the tidal cycle and 5 | 3
ranged from 59% at low tide to 111% at high tide (Fig. 5d). = £
The level at high tide was dependent on light and exhibited 3 2° | o,
higher values during daytime (100-110%) than during night % 1.5 =
(80—90%), likely due to oxygen production by primary pro- 8 g
ducers during daytime. 104 L

05 1
4 Discussion 00 +r—"—"——"+——++——rr——r—++0
-12 13 13,
4.1 Salinity variations and importance of porewater seep- | * ° c-Poc ::V?,atiﬁggm (b)
age g -16 1 I3
The Ras Dege mangrove forest had characteristics of an “in-goo 18 | g
verse estuary”, i.e. a tidal system without freshwater inputs § 20 | , ?,’
where the salinity values are elevated at low tide in the upper ‘“8 =
reaches of the creek. This is a regular feature in mangrove o -2 S

creeks, and is typically observed during prolonged dry pe- © 24 | L1
riods with high evaporation rates (Wolanski, 1986; Kitheka,
1996). Salinity variations therefore presented a mirror im-
age of the water column height (Fig. 2), with typical oceanic fg
values at high tide~+35), but increasing to nearly 38 at —e— A5 —e— Water height (c)
low tide. Porewater salinities at the forest floor (0—12 cm)
measured during the same field campaign along the sam-
pled creek showed high salinity levels, with an average of
39.5£2.2 (2=16) near the mouth of the creek and 4747
(n=18) near the head of the creek. The tidal variations in
salinity suggest that porewater seepage is the main source o
the elevated salinity at low tide (see also Ovalle et al., 1990;

-26 -

Ny

13, 13,
8 CDOC -5 Cpoc
N
Water height (m)

AS =

Dittmar and Lara, 2001). Under this assumption, and us- 2
ing the porewater and high tide salinity values as end mem-
bers, our data indicate that the porewater contribution to the o————————————————+0
i ion i i 9 i 888888888888 8
creek at our sampling station is approximately 30% during R EEEEEEEEER
the low tide slack, when water levels drops well below the - - T
Time

creek bank level (Fig. 2, Table 1). The exchange of so-

lutes in mangrove environments is likely enhanced by burrOWFig. 4. Tidal variations of water height an@) dissolved organic

Strgctures constructed by the rgs@ent fauna. Crab burrOW%:arbon concentrationgh) carbon stable isotope signatures in par-
which are often very densely distributed, have been demongcjate and dissolved organic carbon, goxthe difference i 13C
strated to increase the hydraulic conductivity of mangrovepetween DOC and POC.

sediments (Ridd, 1996; Susilo and Ridd, 2005; Susilo et al.,

2005) and create a larger effective surface area where diffu-

sive exchange of solutes between the sediment and watercan . ) ] )
take place. Their role in enhancing direct solute exchangé® significant source of organic matter to the adjacent marine

can thus be considered as an ecosystem engineering impa&vironment (e.g. Lee, 1995; Jennerjahn and Ittekkot, 2002).
which adds to their documented importance for litter reten-OUr tidal data indicated distinct peaks in the particulate mat-

tion, foodweb interactions and habitat modification (e.g. sed®" Pool and its composition when water current velocities

Lee, 1997, 1998). are highest during each period of ebb and flood (Figs. 3a,
' ’ b). Similar observations have been made in a degraded man-
4.2 Origin and exchange of organic matter grove creek by Kitheka et al. (2002), who demonstrated that

TSM and POC maxima occurred at periods of highest cur-
Export of particulate organic matter is considered an impor-rent velocities in the front waters of the creek, and by Boto
tant feature of mangrove systems and has been suggestedaad Bunt (1981) in a northern Australian mangrove creek.
represent both a major fate of the ecosystem production an@he rapid increase in POC we observed coincided with an

www.biogeosciences.net/4/311/2007/ Biogeosciences, 4, 311-322, 2007
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Fig. 5. Tidal variations of water height an@) CH4 concentrations and pCGQ(b) total alkalinity and dissolved inorganic carbon con-
centrations{c) §13C signatures of dissolved inorganic carbon, &didissolved oxygen saturation levels (30O Error bars on the Cii
concentrations are 1s.d., based on triplicate measurements.

Table 1. Estimated porewater contributions to the creek water column at low tide, based on salinity, DOC, ada#0On porewaters at
different points along the creek and in creek waters during high tide and low tide, and (lower part) calculated porewaiér &id DIC
based on an average estimated porewater contribution of 31%. Porewaters were assumed to be anoxieQ)epét@vater salinity data
and DOC concentrations: E. Kristensen, unpublished data.

Porewater Ebb Flood % porewater during ebb
Salinity 43.5 (average) 375 34.8 31%
49.1 (high values) 37.5 34.8 19%
37.9 (low values) 37.5 34.8 87%
DOC (mgCL™Y)  7.40 (avg) 2.57 0.79 27%
9.99 (high values)  2.57 0.79 19%
4.81 (low values) 2.57 0.79 44%
% Oy 0 59 91 34%
Estimated porewater concentrations using a fixed average porewater contribution of 31%:
Ebb Flood % porewater Estimated porewater concentration
CHyg (nM) 112 19 31% 319
TA (mmolkg™l)  3.36 1.97 31% 6.46
DIC (mmolkg 1) 3.34 2.29 31% 5.66

Biogeosciences, 4, 311-322, 2007 www.hiogeosciences.net/4/311/2007/



S. Bouillon et al.: Lateral carbon exchange in a tidal mangrove creek 317

increase in POC/PN ratios (Fig. 3c), from values~df1— 12

12 at high and low tide te-16 during tidal stage changes, . ® POC
indicating that there was a sudden change in the origin of 141 S High tide ° poc
the particulate organic matter pool. The high POC/PN ra- -16 1

tios and depleted!3C signatures (see Fig. 4b) both indi- o§ 8

cate that mangrove detritus (with typical signatures between2_

—26 and—29%o, e.g. Bouillon et al. (2007a)) was the main 5 -20 -

source of organic carbon during these events. Other po- O§ 2 |

tential sources such as marine phytoplankton and seagrassz_

derived organic matter are much moréC-enriched, with -24 1

expected signatures in the range-a22 to —20%. and—19 26 1

to —11%., respectively (see further). Moreover, the peaks in

the %POC/TSM during the current maxima (Fig. 3d) sup- -28 ‘

port the idea that the high levels of TSM and associated 0 1 2 3 4 S
POC were caused by rapid resuspension or mobilization of DOC or POC (mg C L")

organic-rich surface sediments from the mangrove floor. In-
deed, the upper 10 cm of intertidal sediments collected neaFig. 6. Concentrations ansf!3C signatures of particulate and dis-
to the sampling station had TOC levels between 6.8 andsolved organic carbon (dark and open symbols, respectively) during
8.4%, TOC/TN ratios between 17.2 and 20.0, aMRLC val- a diurnal cycle. Lines represent a fitted inverse first order polyno-
ues between-26.0 and—25.6%o. mial, of the formy=yg+a/x, with yg=—26.6+-0.3 for DOC and
DOC concentrations closely followed the tidal changes in —26-70-3 (1S.E.) for POC (see text for details).
salinity, being highest at low tide (Fig. 4a), and were sim-
ilar to the tidal variations observed by in a Brazilian man-
grove system (Dittmar and Lara, 2001)’ a Thai mangrovepOO'S, and their co-variation is consistent with mixing be-
(Kristensen and Suraswadi, 2002), and a basin mangrovéveen two pools of organic carbon, i.e. marine and man-
forest in Florida (Twilley, 1985). These similarities suggest grove end-members (Fig. 6). These relationships can thus
that this is a fairly universal pattern and that DOC variationsbe used to estimate ti#&C signature of the DOC and POC
are governed by similar mechanisms in different tidal man-"added” within the mangrove system, either directly from
grove creeks. A simple mass balance calculation indicatehe inverse first order polynomial fit (i.e.=yo+a/x, see
that pore-water derived DOC contributes about 30% to theFig- 6), or alternatively as the intercept of the linear regres-
DOC pool during the low tide slack (Table 1). Similarly, Sion between 1/DOC an#t3Cpoc or 1/POC ands*3Cpoc,
oxygen in creek waters during low tide is strongly under- respectively. The resulting mangrove end-men#3é€ sig-
saturated because of a significant input of oxygen depletedatures are very similar:-26.6+0.3 and—26.7+0.3%o for
pore-water. Assuming that no oxygenation from the atmo_DOC and POC, respectively. These values are within the ex-
sphere occurred during the time interval between pore-watePected range for mangrove-derived organic carbon (Bouillon
drainage and sampling, we derive a pore-water contributioret al., 2007a), confirming that mangrove primary production
of 34% during the low tide slack, consistent with the esti- is the main source of organic matter derived from within the
mates based on DOC and salinity (Table 1). The variationssystem boundaries. Moreover, this similarity indicates that
in DOC during the tidal cycle are consistent with these esti-despite potential differences in the biochemical composition
mated porewater contributions, when using the average DO®f both pools$*3C signatures of both POC and DOC derived
concentration of 742.6 mg C -1 (n=4) measured in sedi- from mangrove litter are similar. The latter is an important
ment porewaters during the same field Campaign_ MangrovegrereqUiSite to use these tracers in dlStIthlShlng the contri-
and salt marshes have been considered as systems wherdtion of different sources to the POC and DOC pools and
significant part of the ecosystem production is exported tot0 unambiguously interpret small but significant differences
the adjacent coastal zone (the “outwelling” hypothesis), andn thes*3C composition of both pools as a difference in their
it has been suggested that most of the organic carbon is exdource contributions (e.g. see Bouillon et al., 2007b).
ported in the dissolved form (e.g., Lee, 1995; Dittmar et al., However, marine end-membét3C signatures for DOC
2006). Consistent with this observation, we indeed foundand POC differed substantially, and demonstrate a distinct
DOC to be the dominant organic C pool in the water column, difference in their origin. Whereas the POC pool had signa-
comprising~70% of the total water column organic carbon tures typical for marine phytoplanktor-20 to —22%., e.g.
pool during low tide. Fontugne and Duplessy, 1981), the DOC pool $1&€ val-
813C signatures of both DOC and POC varied substan-ues around-16 to—14%o, which is much more enriched than
tially in phase with the tidal cycle, and showed an overall can be expected for marine phytoplankton. However, sea-
range of 10.0 and 5.7%., respectively (Fig. 4b). Concentra-grasses which in our study site are found at the creek mouth
tions ands13C values were clearly linked for each of these and which cover large areas on the slope outside the system,
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4 First, the observed range in p@Qs extremely high
High tide (Fig. 5a), with low tide levels up to 10-fold those at high tide
2 1 _ and corresponding to an amplitude-o#500 ppm, similar to
ol ® the one of~3500 ppm reported by Borges et al. (2003) dur-
ing a diurnal cycle in an Indian mangrove creek. The emis-
g 2 4 sion of CQ to the atmosphere computed with the Raymond
A ) and Cole (2001) gas transfer velocity parameterisation (using
o 4 Low tide wind speed data measured with a handheld anemometer) was
. on average 33mmolnfd-! (range 1-80 mmolm?d-1).
Such high CQ@ emission rates are consistent with litera-
-8 ture estimates which range betweeh and~200 mmol nT?2
o . d~1 and show an average 660 mmol nT2 d~1 for different

sites (Borges et al., 2003).
Secondly, the inorganic carbon data presented here are
DIC (mmol kg™") again consistent with a strong influence of porewaters, which
typically have high TA, high DIC and pCe.g. Bouillon et
Fig. 7. Correlation between dissolved inorganic carbon concentra-al., 2007b; simultaneously measured porewater DIC along
tions and its stable isotope composition for samples collected duringhe Ras Dege creek ranged up to 6 mM). As has been previ-
a diurnal cycle. Full Iine_represents a fitted first order polynomial, ously stressed for salt marshes and tidal freshwater marshes
of the formy=yop+a/x, with yo=—22.4+0.4. (Cai et al., 1999; Neubauer and Anderson, 2003), highpCO
values in the water column do not necessarily imply a net
o heterotrophic water column, but can to some extent also be
are expected to haw#®C values within this range: although cysed by mineralization in the intertidal areas and subse-
813C signatures for seagrasses were not determined in thiauent transport to the creek. Such an exchange mechanism
particular system, other data from other sites along the eashs acts as a CO'pump’, transporting C@ generated in
African coast range betweenl8.6 and—10.7%. (Bouillon jytertidal sediments towards the water column where €0
etal., 2004; Macia, 2004). flux towards the atmosphere takes place. The only evidence
The observed difference in marine end-meméC sig-  of significant net photosynthetic production in the water col-
natures and in the timing of local maxima during the tidal umn at Ras Dege was the occurrence of distinctly higher oxy-
cycle results in an offset iBt3C signatures between the dis- gen saturation at high tide during the day than during the
solved and particulate pools. Thusj (defined a$**Cpoc—  night (Fig. 5d).
813Cpoc) is minimal (0-2%.) at low tide (when mangrove-  Thirdly, the §33Cpic (overall range between-9.4 and
derived C is the main source in both pools), whereas large+0.5%o) closely followed the tidal height (Fig. 5c), and was
differences of up to 9%. are observed during or shortly af-inversely related to DIC concentrations (Fig. 7). The re-
ter high tide (Fig. 4c). Differences in the origin of particu- sulting inverse first order polynomial relationship between
late and dissolved organic carbon have previously been dochese variables is consistent with simple conservative mix-
umented (Bouillon et al., 2006), but rarely as pronounceding between two carbon sources. Assuming that the build-up
as shown here. More importantly, our study provides clearof DIC is essentially due to mineralization, and neglecting
mechanisms explaining these strong variations (summarizeghe effect of CQ outgassing ons13C signatures of the DIC

2.0 25 3.0 3.5

in Sect. 4.4). pool (which is acceptable as shown by the conservative fit in
Fig. 7), thes13C signature of the “added” DIC can be esti-
4.3 Inorganic carbon and GHiynamics mated to—22.4+0.4%. from the relationship between DIC

ands3Cpic. C&*t data (not shown) do not indicate notice-
TA, DIC, and pCQ showed tidal variations similar to those able calcium carbonate dissolution, which further indicates
of DOC, i.e. their concentrations were inversely related to thethat this approach is valid in our system. The estimaté@
tidal height (Figs. 5a, b), consistent with results from previ- signal for the DIC produced is moféC-enriched than ex-
ous studies (e.g. Borges et al., 2003). As will be discussegbected if mangrove biomass 27%o.) or bulk sediment or-
below, the set of data related to the inorganic carbon poolanic matter{—25%.) were the only organic matter sources
demonstrate that (i) pCOsupersaturation and the resulting for mineralization, but is close to the average signatures of
fluxes of CQ to the atmosphere are strongly variable, but the total (DOC and POC) water column organic carbon pool
significant and consistent with previous data from mangroveduring one full tidal cycle (-21.9:3.2%.). Thus, our data
creeks, (i) the tidal variations are consistent with the hypoth-suggest that both marine organic matter (phytoplankton and
esis that exchange through porewater seepage is importargeagrass-derived) and mangrove detritus contribute to miner-
and (iii) that material of non-mangrove origin contributes alization within the mangrove forest boundary. This had been
significantly to overall mineralization at the ecosystem level. demonstrated previously based on isotope data of bacterial
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(B, D) Particulate inputs
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Fig. 8. Conceptual scheme of exchange processes for dissolved and particulate matter during a tidal cycle in the tidal creeks. Letters A, B, C,
and D refer to high tide, ebb, low tide, and flood, respectively. Fluxes (E. Kristensen, unpublished) are presented infrnd positive
fluxes are towards the water column, negative fluxes indicate net uptake by sediments.

markers (e.g. Bouillon et al., 2004), yet such data only re-al. (2006) (2—13%molm~2d~1) but lower than the fluxes
ferred to the upper layers of the sediments, where input©bserved by Barnes et al. (2006) (432—g400l m—2d~1).
of non-mangrove sources are likely to be most importantThe computed diffusive CiHfluxes under-estimate the over-
(i.e. microphytobenthic production and deposition of sus-all CHs emission due to a large but highly variable contribu-
pended matter from the water column). Since mineraliza-tion of ebullition in the form of free gas (Barnes et al., 2006).
tion in deeper sediment layers — where the organic matter ifNevertheless, Cldemission from mangrove systems are typ-
often to a larger extent mangrove-derived, e.g. Marchand eically low when compared to freshwater wetland systems
al. (2003) — can also reach high levels (Alongi et al., 2004),(Bartlett and Harriss, 1983), except in anthropogenically dis-
previous evidence from bacterial markers did not necessarturbed mangrove systems (Purvaja and Ramesh, 2001; So-
ily demonstrate the importance of allochtonous (i.e. non-tomayor et al., 1994; Giani et al., 1996; Alongi et al., 2005).
mangrove) sources at the entire ecosystem level, whereas ttMethanogenesis in mangrove sediments typically represents
approach used here does confirm that marine-derived organiess than 2% of the overall C degradation, which is gen-
matter contributes substantially to the integrated mineraliza-erally dominated by sulphate reduction and/or Fe reduc-
tion within the mangrove system boundaries. tion (Alongi, 1998). Moreover, the presence of sulphates
can favour anaerobic oxidation of GHGiani et al., 1996;

The daily variations of Chl in Ras Dege creek waters Biswas et al., 2006), and the dominance of clay minerals and
are similar to those recently reported for a mangrove creekhe frequent mobilization of surface sediments by tidal cur-
on South Andaman Island (Barnes et al., 2006), exceptentsin mangroves systems can enhance aerobic methane ox-
that the concentration range is lower in Ras Dege (13-idation both at the sediment surface and in the water column
142 nmol 1) than observed by Barnes et al. (2006; range (Weaver and Dugan, 1972; Abril et al., 2007).
282-704nmol ). The tidal variations of CH closely
follow the patterns observed in DIC and peQFigs. 5a, 4.4 Summary
b). Since CH is produced under anoxic conditions, these
co-variations provide further confirmation for the hypothe- The observed daily variations in water column chemistry and
sis that seepage of porewaters can be an important driveisotopic signatures can be explained by different exchange
of solute exchange between the intertidal mangrove for-processes for dissolved and particulate matter pools, as con-
est and tidal creeks. The average emission of4, @bl  ceptualized in Fig. 8. There are two main sources of dis-
the atmosphere during the tidal cycle (computed with thesolved constituents, i.e. porewater seepage and marine in-
Raymond and Cole (2001) gas transfer velocity parame-{uts, and two main sources of particulate material, i.e. sed-
terisation) was 2g&molm~2d-1, ranging between 0 and iment detritus and marine particulate organic matter. The
185umolm—2d-1, similar to values reported by Biswas et origin of both particulate and dissolved organic matter from
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sive solute (DOC_, DIQ) fluxes across the sediment-water in—Eolited by: A. Boetius
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