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Abstract. We sampled a tidal creek (Ras Dege, Tanzania)
during a 24-h cycle to document the variations in a suite of
creek water column characteristics and to determine the rel-
ative influence of tidal and biological driving forces. Since
the creek has no upstream freshwater inputs, highest salin-
ity was observed at low tide, due to evaporation effects and
porewater seepage. Total suspended matter (TSM) and par-
ticulate organic carbon (POC) showed distinct maxima at pe-
riods of highest water flow, indicating that erosion of surface
sediments and/or resuspension of bottom sediments were an
important source of particulate material. Dissolved organic
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
followed the variations in water height. Although the vari-
ation of 513Cpoc (—23.8 to —13.8%0) was higher than that
of S13Cpoc (—26.2 to —20.5%0), due to the different end-
member pool sizes, the S13C signatures of both pools differed
only slightly at low tide, but up to 9%o at high tide. Thus, at
low tide both DOC and POC originated from mangrove pro-
duction. At high tide, however, the DOC pool had signatures
consistent with a high contribution of seagrass-derived ma-
terial, whereas the POC pool was dominated by marine phy-
toplankton. Daily variations in CHa4, and partial pressure of
CO2 (pC02) were similarly governed by tidal influence and
were up to 7- and 10-fold higher at low tide, which stresses
the importance of exchange of porewater and diffusive fluxes
to the water column. When assuming that the high dissolved
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inorganic carbon (DIC) levels in the upper parts of the creek
(i.e. at low tide) are due to inputs from mineralization, S13C
data on DIC indicate that the organic matter source for miner-
alization had a signature of —22.4%o0. Hence, imported POC
and DOC from the marine environment contributes strongly
to overall mineralization within the mangrove system. Our
data demonstrate how biogeochemical processes in the in-
tertidal zone appear to be prominent drivers of element con-
centrations and isotope signatures in the water column, and
how pathways of dissolved and particulate matter transport
are fundamentally different.

1 Introduction

Vegetated coastal ecosystems are critical components of
global ocean carbon and nutrient budgets. Despite their rel-
atively small areal extent, their carbon sequestration rep-
resents a large inventory of organic matter: comparable to
global riverine carbon discharges (e.g. see Ludwig et al.,
1996: Gattuso et al., 1998). In addition to their carbon
burial capacity (Duarte et al., 2005), these ecosystems are
also “hotspots” (McClain et al., 2003) in terms of mineral-
ization (Middelburg et al., 2005) and C 02 efflux to the atmo-
sphere (e.g., Cai et al., 1999: Borges, 2005). Understanding
the functioning of these diverse ecosystems and constraining
their carbon and nutrient budgets is therefore of prime im-
portance in improving the reliability of global oceanic bud-
gets. The surface area of mangrove ecosystems worldwide
declines by ~2% per year, implying major changes in the
coastal carbon cycle (Duarte et al., 2005).
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Dar es Salaam”-

Fig. 1. Location ofthe study area and the sampling site, indicated by
the circle in the lower panel. Dark areas in the lower panel indicate
the areal cover of mangrove vegetation.

Mangrove ecosystems are limited to tropical and subtrop-
ical coastlines, but are known to be potentially significant
sources of organic matter to adjacent estuaries and coastal
waters on a global scale (Jennerjahn and Ittekkot, 2002;
Dittmar et al., 2006). The biogeochemical functioning of
mangrove environments has been well described for a num-
ber of sites around the world, but our ability to elucidate
carbon and nutrient budgets of these ecosystems and their
impact on the coastal zone is still limited. The transport of
material between the intertidal zone and the water column
(estuary, lagoon, or tidal creeks) is a crucial aspect in un-
derstanding the functioning of these systems (Flindt et al.,
2004, 2007). Previous work has demonstrated that partic-
ulate organic matter can be exported from mangrove sys-
tems, but additionally, suspended matter from the water col-
umn can be an important source of organic matter to the in-
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 oc-
cur through (i) diffusive fluxes across the sediment/water in-
terface during inundation, or (ii) porewater seepage into the
water column during low and ebb tide. Fluxes across the
sediment/water interface have been frequently studied, but
typically show a large variability in magnitude and direction
of the fluxes for dissolved organic carbon (DOC) and inor-
ganic N (NH)j“ and NOj(") (e.g. Kristensen et al., 2000; Davis
et al., 2001). The potential exchange of dissolved solutes
through advective porewater seepage has been proposed pre-
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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-
kalinity (TA), dissolved inorganic carbon (DIC), DOC, and
other metabolites (e.g., Marchand et al., 2006; Bouillon et
al., 2007b).
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

During ebb, porewaters can migrate into the

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
for subsurface flow of porewater to tidal creeks (Ridd, 1996;
Susilo and Ridd, 2005; Mazda and Ikeda, 2006).

Recognizing and understanding the pathways of exchange
between the intertidal zone and the adjacent water column
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
rates measured in intertidal sediments (as CO: effluxes), for
example, are likely to underestimate true mineralization rates
if a significant part of the CO: (or DIC) generated is mobi-
lized into the water column through seepage. Conversely, es-
timates of water-air CO2 exchange in tidal creeks will overes-
timate creek water respiration if there is significant lateral in-
put from porewater drainage. Lateral exchange of dissolved
organic matter due to subsurface drainage from sediments
and transfer to creeks represents a clear case of external sub-
sidy for tidal creek organisms.

In order to shed more light on the pathways of organic mat-
ter transport between the intertidal mangrove forest and the
aquatic system, we investigated the tidal variations in wa-
ter column biogeochemical signatures in a mangrove creek
along the Tanzanian coast, with a focus on the concentrations
and origin of POC, DOC, and DIC.

2 Materials and methods

Samples were collected on 16 and 17 September 2005 at
hourly intervals during a diurnal cycle in the Ras Dege man-
grove forest, which is situated approximately 30 km south-
east of Dar es Salaam, Tanzania (Fig. 1). The sampling sta-
tion (6°52/30//S, 39°27/30//E) is located in a tidal creek, ap-
proximately midway between its upper reaches and its open-
ing towards the Indian Ocean (see Fig. 1). The site is lo-
cated in a rural setting and has no major influences from
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anthropogenic wastewater inputs: therefore it can be consid-
ered a pristine site when compared to other mangrove sites
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 an
area of 2.2 km2, and is dominated by Avicennia marina, Rhi-
zophora mucronata, Sonneratia alba and Ceriops tagal. The
system comprises 2 tidal creeks which open into the Indian
Ocean, and which receive no freshwater inputs except during
the rainy season. The system experiences semi-diurnal tides,
with an amplitude ranging between -1 m during neap tides
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
of the creeks and the zone adjacent to the mouth are covered
by seagrass beds.

Surface water for field measurements of dissolved O:, pH,
temperature and salinity was taken with a 1.7 L Niskin bottle
~0.5 m below the surface. Oxygen saturation levels (%02)
were measured immediately after collection with a polaro-
graphic electrode (WTW Oxi-340) calibrated on saturated
air, with an accuracy of £1%. pH was measured using
a Ross type combination electrode (ORION) calibrated on
the NBS (US National Bureau of Standards) scale, as de-
scribed by Frankignoulle and Borges (2001), with a repro-
ducibility of £0.005 pH units. Samples for determination of
TA were obtained by pre-filtering 100 mL of water through
precombusted Whatman GF/F filters followed by filtration
through 0.2;im cellulose acetate syringe filters (Sartorius),
and were stored in HDPE bottles until analysis by automated
electro-titration on 50 mL samples with 0.1 MHC1 as titrant
(reproducibility better than +4 //mol kg-1). The pCo2 and
DIC concentrations were computed from pH and TA mea-
surements using the thermodynamic constants described in
Frankignoulle and Borges (2001), with an accuracy of com-
puted DIC and pCU: values estimated at £5 //mol kg-1 and
better than + 2 %, respectively.

Water samples for the analysis of 5:3Cdic were taken
from the same Niskin bottle by gently overfilling 12 mL
glass headspace vials, and poisoned with 20//L of a satu-
rated HgCL solution. For the analysis of 513Cpic, a He
headspace was created, and ~300 //L of H;PO4 was added to
convert all inorganic carbon species to CO2. After overnight
equilibration, part of the headspace was injected into the
He stream of an EA-IRMS (Elemental Analyzer - Isotope
Ratio Mass Spectrometer: ThermoFinnigan Flash 1112 and
ThermoFinnigan Delta+XL) for S13C measurements. The
obtained S13C data were corrected for the isotopic equili-
bration between gaseous and dissolved CO: using the algo-
rithm presented in Miyajima et al. (1995). Water samples for
the determination of CH4 concentrations were taken directly
from the Niskin bottle in 40 mL headspace vials, poisoned
with HgCL, and capped with a butyl rubber plug and alu-
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Fig. 2. Tidal variations of salinity in surface waters and water
height.

minium cap. CHa concentrations were determined by gas
chromatography with flame ionization detection, after creat-
ing a headspace with N2, as described in Abril and Iversen
(2002). Certified CH4 :N2 mixtures at 10 and 500ppmv CHa4
were used as standards (Air Liquide, France). Dissolved CH4
concentration was calculated with the solubility coefficient
of Yamamoto et al. (1976). Reproducibility was generally
better than 5%.

Samples for TSM were filtered immediately on pre-
weighed and pre-combusted (overnight at 450°C) 47 mm
Whatman GEF/F filters, rinsed with mineral water to avoid
salt contributions, and subsequently dried. Samples for POC,
particulate nitrogen (PN), and S13Cpoc were filtered on pre-
combusted 25 mm Whatman GF/F filters and dried. These
filters were later decarbonated with HC1 fumes under partial
vacuum for 4 h, re-dried and packed in Ag cups. POC and PN
were determined on a ThermoFinnigan Flash EA1112 using
acetanilide as a standard, and the resulting CO:. was mea-
sured on a ThermoFinnigan delta+XL interfaced via a Confio
III to the EA. Reproducibility of SI3Cpoc measurements was
better than +0.2%o0. Samples for DOC and 5 13Cpoc were ob-
tained by pre-filtering surface water on pre-combusted What-
man GF/F filters, followed by filtration on 0.2//m cellulose
acetate syringe filters (Sartorius), and preserved by addition
of 50//L of HiPOs+. DOC concentrations and S13C sig-
natures were measured with a modified Thermo HiperTOC
TOC-analyzer, interfaced with a Thermo delta +XL IRMS as
described by Bouillon et al. (2006).

Triplicate sediment cores (5 cm i.d.) were taken within the
mangrove forest at different sites along the creek for analysis
of pore water DIC and DOC. The cores were sectioned into
0-1, 1-2, 2-3, 3-4, 4-6, -5, 10-12, and 14-16 cm inter-
vals. Pore water was extracted by transferring the sediment
slices to 50 mL tubes followed by centrifugation at 5000 rpm
for 10 min. The supernatant pore water was analyzed for
DIC by the flow injection/diffusion cell technique (Haii and
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Fig. 3. Tidal variations of water height and (a) TSM, (b) POC, (c) POC/PN ratios (atom) of suspended matter, and (d) the % 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-
madzu TOC-5000; Kristensen and Alongi, 2006). Salin-
ity was calculated from CI~ concentrations (measured by
ion chromatography) according to the empirical relationship:
salinity=0.0641*[C1~]+0.0545 where [C17] is expressed in
mM.

3 Results

Salinity values ranged from a high of almost 38 at low tide
to less than 35 when oceanic water dominated at high tide
(Fig. 2). Thus, the upper parts of the creek typically showed
a higher salinity than the outer part connected to the Indian
Ocean, due to the absence of freshwater inputs and evapora-
tion.

TSM levels ranged between 60 and 95 mg L1 and showed
two distinct tidal maxima (i.e. maxima occurred on three oc-
casions, twice during ebb and once during flood), coincid-
ing with periods of strong water currents (Fig. 3a). POC
ranged between 0.31 and 4.06 mgC L~! and displayed peak
values at the same time as observed in TSM (Fig. 3b). These
peaks also coincided with maxima in the POC/PN ratios and
with maxima in the contribution of POC to the TSM pool
(Figs. 3c, d). In contrast to POC, DOC showed variations
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that correlated strongly with salinity and mirrored those of
the water column height, i.e. with lowest values at high tide
and highest values at low tide (Fig. 4a). The stable isotope
composition of both POC and DOC showed strong tidal vari-
ations, both having more depleted 813C signatures at low tide
and enriched 813C values at high tide (Fig. 4b). However,
variations in 813Cpoe and 813Cpoc exhibited two important
differences: (i) the fluctuations in 8'*Cpgc were delayed
slightly relative to those of 813Cpoc, i.e. when the water level
dropped, 813C signatures of the DOC pool responded later
than those of the POC pool, and (ii) the amplitude of vari-
ation observed in 8'3Cpoc was more pronounced, ranging
between —23.8 and —13.8%o, compared to a range between
—26.2 and —20.5%o for POC (Fig. 4b). These patterns, in
combination with the different DOC and POC pool sizes at
low and high tide, resulted in strong tidal difference in §13C
between both pools (A8), showing minimum values of 0.3~
2.5%o at low tide and maximum values of 6.5-9.0%o shortly
after the peak of high tide (Fig. 4c).

Variations in pCO2 and CHy concentrations were similar,
being lowest at high tide and increasing drastically at low
tide, reaching values 6- to 10-fold and 4- to 7-fold higher,
respectively, than at high tide (Fig. 5a). The inorganic carbon
pool showed similar dynamics as those in the DOC pool, i.e.
highest TA and DIC at low tide (Fig. 5b). 8!3C signatures
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in the DIC pool were close to typical oceanic values (~0%o)
at high tide, and became strongly negative during low tide,
9%o0 (Fig. 5c).

Oxygen saturation levels followed the tidal cycle and
ranged from 59% at low tide to 111% at high tide (Fig. 5d).
The level at high tide was dependent on light and exhibited

reaching

higher values during daytime (100-110%) than during night
(80-90%), likely due to oxygen production by primary pro-
ducers during daytime.

4 Discussion

4.1 Salinity variations and importance of porewater seep-
age

The Ras Dege mangrove forest had characteristics of an “in-
verse estuary”, i.e. a tidal system without freshwater inputs
where the salinity values are elevated at low tide in the upper
reaches of the creek. This is a regular feature in mangrove
creeks, and is typically observed during prolonged dry pe-
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
values at high tide (~35), but increasing to nearly 38 at
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 («=16) near the mouth of the creek and 47.4+4.7
(n=18) near the head of the creek. The tidal variations in
salinity suggest that porewater seepage is the main source of
the elevated salinity at low tide (see also Ovalle et al., 1990;
Dittmar and Lara, 2001). Under this assumption, and us-
ing the porewater and high tide salinity values as end mem-
bers, our data indicate that the porewater contribution to the
creek at our sampling station is approximately 30% during
the low tide slack, when water levels drops well below the
creek bank level (Fig. 2, Table 1). The exchange of so-
lutes in mangrove environments is likely enhanced by burrow
structures constructed by the resident fauna. Crab burrows,
which are often very densely distributed, have been demon-
strated to increase the hydraulic conductivity of mangrove
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 water can
take place. Their role in enhancing direct solute exchange
can thus be considered as an ecosystem engineering impact,
which adds to their documented importance for litter reten-
tion, foodweb interactions and habitat modification (e.g. see
Lee, 1997, 1998).

4.2 Origin and exchange of organic matter

Export of particulate organic matter is considered an impor-
tant feature of mangrove systems and has been suggested to
represent both a major fate of the ecosystem production and
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a significant source of organic matter to the adjacent marine
environment (e.g. Lee, 1995; Jennerjahn and Ittekkot, 2002).
Our tidal data indicated distinct peaks in the particulate mat-
ter pool and its composition when water current velocities
are highest during each period of ebb and flood (Figs. 3a,
b). Similar observations have been made in a degraded man-
grove creek by Kitheka et al. (2002), who demonstrated that
TSM and POC maxima occurred at periods of highest cur-
rent velocities in the front waters of the creek, and by Boto
and Bunt (1981) in a northern Australian mangrove creek.
The rapid increase in POC we observed coincided with an
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Table 1. Estimated porewater contributions to the creek water column at low tide, based on salinity. DOC. and %0, data on porewaters at
different points along the creek and in creek waters during high tide and low tide, and (lower part) calculated porewater CH4, TA and DIC
based on an average estimated porewater contribution of 31%. Porewaters were assumed to be anoxic (i.e. %O2=0), porewater salinity data
and DOC concentrations: E. Kristensen. unpublished data.

Porewater Ebb Flood % porewater during ebb
Salinity 43.5 (average) 37.5 34.8 31%

49.1 (high values) 37.5 34.8 19%

37.9 (low values) 37.5 34.8 87%
DOC (mgCL“1)  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%
% 02 0 59 91 34%

Estimated porewater concentrations using a fixed average porewater contribution of 31%:

Ebb Flood % porewater  Estimated porewater concentration
CH4 (nM) 112 19 31% 319
TA (mmolkg-1) 3.36 1.97 31% 6.46
DIC (mmolkg-1) 3.34 2.29 31% 5.66
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increase in POC/PN ratios (Fig. 3c¢), from values of ~11-
12 at high and low tide to >16 during tidal stage changes,
indicating that there was a sudden change in the origin of
the particulate organic matter pool. The high POC/PN ra-
tios and depleted 8'3C signatures (see Fig. 4b) both indi-
cate that mangrove detritus (with typical signatures between
—26 and —29%o, e.g. Bouillon et al. (2007a)) was the main
source of organic carbon during these events. Other po-
tential sources such as marine phytoplankton and seagrass-
derived organic matter are much more 13C enriched, with
expected signatures in the range of —22 to —20%o and —19
to —11%o, respectively (see further). Moreover, the peaks in
the %POC/TSM during the current maxima (Fig. 3d) sup-
port the idea that the high levels of TSM and associated
POC were caused by rapid resuspension or mobilization of
organic-rich surface sediments from the mangrove floor. In-
deed, the upper 10 cm of intertidal sediments collected near
to the sampling station had TOC levels between 6.8 and
8.4%, TOC/TN ratios between 17.2 and 20.0, and 813C val-
ues between —26.0 and —25.6%.

DOC concentrations closely followed the tidal changes in
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 mangrove
(Kristensen and Suraswadi, 2002), and a basin mangrove
forest in Florida (Twilley, 1985). These similarities suggest
that this is a fairly universal pattern and that DOC variations
are governed by similar mechanisms in different tidal man-
grove creeks. A simple mass balance calculation indicates
that pore-water derived DOC contributes about 30% to the
DOC pool during the low tide slack (Table 1). Similarly,
oxygen in creek waters during low tide is strongly under-
saturated because of a significant input of oxygen depleted
pore-water. Assuming that no oxygenation from the atmo-
sphere occurred during the time interval between pore-water
drainage and sampling, we derive a pore-water contribution
of 34% during the low tide slack, consistent with the esti-
mates based on DOC and salinity (Table 1). The variations
in DOC during the tidal cycle are consistent with these esti-
mated porewater contributions, when using the average DOC
concentration of 7.442.6 mg C L™! (n=4) measured in sedi-
ment porewaters during the same field campaign. Mangroves
and salt marshes have been considered as systems where a
significant part of the ecosystem production is exported to
the adjacent coastal zone (the “outwelling” hypothesis), and
it has been suggested that most of the organic carbon is ex-
ported in the dissolved form (e.g., Lee, 1995; Dittmar et al.,
2006). Consistent with this observation, we indeed found
DOC to be the dominant organic C pool in the water column,
comprising ~70% of the total water column organic carbon
pool during low tide.

813C signatures of both DOC and POC varied substan-
tially in phase with the tidal cycle, and showed an overall
range of 10.0 and 5.7%o, respectively (Fig. 4b). Concentra-
tions and 8'13C values were clearly linked for each of these
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pools, and their co-variation is consistent with mixing be-
tween two pools of organic carbon, i.e. marine and man-
grove end-members (Fig. 6). These relationships can thus
be used to estimate the 813C signature of the DOC and POC
“added” within the mangrove system, either directly from
the inverse first order polynomial fit (i.e. y=yp+a/x, see
Fig. 6), or alternatively as the intercept of the linear regres-
sion between 1/DOC and 813Cpgc or 1/POC and $13Cpoc,
respectively. The resulting mangrove end-member 813C sig-
natures are very similar: —26.6£0.3 and —26.740.3%o for
DOC and POC, respectively. These values are within the ex-
pected range for mangrove-derived organic carbon (Bouillon
et al., 2007a), confirming that mangrove primary production
is the main source of organic matter derived from within the
system boundaries. Moreover, this similarity indicates that
despite potential differences in the biochemical composition
of both pools, 13C signatures of both POC and DOC derived
from mangrove litter are similar. The latter is an important
prerequisite to use these tracers in distinguishing the contri-
bution of different sources to the POC and DOC pools and
to unambiguously interpret small but significant differences
in the 813C composition of both pools as a difference in their
source contributions (e.g. see Bouillon et al., 2007b).

However, marine end member 813C signatures for DOC
and POC differed substantially, and demonstrate a distinct
difference in their origin. Whereas the POC pool had signa-
tures typical for marine phytoplankton (—20 to —22%o, e.g.
Fontugne and Duplessy, 1981), the DOC pool has 81°C val-
ues around —16 to —14%o, which is much more enriched than
can be expected for marine phytoplankton. However, sea-
grasses which in our study site are found at the creek mouth
and which cover large areas on the slope outside the system,
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High tide

3'’c-DIC

2.0 25 3.0 35

DIC (mmol kg™ !

Fig. 7. Correlation between dissolved inorganic carbon concentra-
tions and its stable isotope composition for samples collected during
a diurnal cycle. Full line represents a fitted first order polynomial,
of the form y=yg+a/x, with yg=—22.4+0.4.

are expected to have 813C values within this range: although
813C signatures for seagrasses were not determined in this
particular system, other data from other sites along the east
African coast range between —18.6 and —10.7%0 (Bouillon
et al., 2004; Macia, 2004).

The observed difference in marine end-member §'°C sig-
natures and in the timing of local maxima during the tidal
cycle results in an offset in 81°C signatures between the dis-
solved and particulate pools. Thus, AS (defined as §BCpoc—
81Cpoc) is minimal (0-2%o) at low tide (when mangrove-
derived C is the main source in both pools), whereas large
differences of up to 9%o are observed during or shortly af-
ter high tide (Fig. 4¢c). Differences in the origin of particu-
late and dissolved organic carbon have previously been doc-
umented (Bouillon et al., 2006), but rarely as pronounced
as shown here. More importantly, our study provides clear
mechanisms explaining these strong variations (summarized
in Sect. 4.4).

4.3 Inorganic carbon and CHy dynamics

TA, DIC, and pCO; showed tidal variations similar to those
of DOC, i.e. their concentrations were inversely related to the
tidal height (Figs. 5a, b), consistent with results from previ-
ous studies (e.g. Borges et al., 2003). As will be discussed
below, the set of data related to the inorganic carbon pool
demonstrate that (i) pCO; supersaturation and the resulting
fluxes of CO3 to the atmosphere are strongly variable, but
significant and consistent with previous data from mangrove
creeks, (ii) the tidal variations are consistent with the hypoth-
esis that exchange through porewater seepage is important,
and (iii) that material of non-mangrove origin contributes
significantly to overall mineralization at the ecosystem level.

Biogeosciences, 4, 311-322, 2007

First, the observed range in pCOz is extremely high
(Fig. 5a), with low tide levels up to 10-fold those at high tide
and corresponding to an amplitude of ~4500 ppm, similar to
the one of ~3500 ppm reported by Borges et al. (2003) dur-
ing a diurnal cycle in an Indian mangrove creek. The emis-
sion of CO3 to the atmosphere computed with the Raymond
and Cole (2001) gas transfer velocity parameterisation (using
wind speed data measured with a handheld anemometer) was
on average 33mmolm—2d~! (range 1-80 mmol m~2d~1).
Such high CO2 emission rates are consistent with litera-
ture estimates which range between ~1 and ~200 mmol m~?
d~! and show an average of ~50 mmol m~2 d~! for different
sites (Borges et al., 2003).

Secondly, the inorganic carbon data presented here are
again consistent with a strong influence of porewaters, which
typically have high TA, high DIC and pCO3 (e.g. Bouillon et
al., 2007b; simultaneously measured porewater DIC along
the Ras Dege creek ranged up to 6 mM). As has been previ-
ously stressed for salt marshes and tidal freshwater marshes
(Cai et al., 1999; Neubauer and Anderson, 2003), high pCO3
values in the water column do not necessarily imply a net
heterotrophic water column, but can to some extent also be
caused by mineralization in the intertidal areas and subse-
quent transport to the creek. Such an exchange mechanism
thus acts as a CO2 “pump”, transporting COy generated in
intertidal sediments towards the water column where CO; ef-
flux towards the atmosphere takes place. The only evidence
of significant net photosynthetic production in the water col-
umn at Ras Dege was the occurrence of distinctly higher oxy-
gen saturation at high tide during the day than during the
night (Fig. 5d).

Thirdly, the 813Cpic (overall range between —9.4 and
+0.5%0) closely followed the tidal height (Fig. 5¢), and was
inversely related to DIC concentrations (Fig. 7). The re-
sulting inverse first order polynomial relationship between
these variables is consistent with simple conservative mix-
ing between two carbon sources. Assuming that the build-up
of DIC is essentially due to mineralization, and neglecting
the effect of CO, outgassing on 8'3C signatures of the DIC
pool (which is acceptable as shown by the conservative fit in
Fig. 7), the 813C signature of the “added” DIC can be esti-
mated to —22.4£0.4%o from the relationship between DIC
and 813Cpic. Ca?t data (not shown) do not indicate notice-
able calcium carbonate dissolution, which further indicates
that this approach is valid in our system. The estimated 81°C
signal for the DIC produced is more *C-enriched than ex-
pected if mangrove biomass (~—27%o) or bulk sediment or-
ganic matter (~—25%o) were the only organic matter sources
for mineralization, but is close to the average signatures of
the total (DOC and POC) water column organic carbon pool
during one full tidal cycle (-21.9 +3.2%o). Thus, our data
suggest that both marine organic matter (phytoplankton and
seagrass-derived) and mangrove detritus contribute to miner-
alization within the mangrove forest boundary. This had been
demonstrated previously based on isotope data of bacterial
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(B, D) Particulate inputs

-high POC

-high POC/PN, %POC/TSM

-low 013C
(B, C) Porewater inputs:
-high DOC
-low 013CDOc

-high pC02and CH4
-high TA and DIC

-low 013CpiC

(D) Marine inputs:

-low DOC, POC

-low POC/PN, %POC/TSM
-high 613CPOC, 013C poc
-low pC02and CH4

-low TA and DIC

-high 813CDC

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 in mmol m-2 d-1, 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-
ferred to the upper layers of the sediments, where inputs
of non-mangrove sources are likely to be most important
(i.e. microphytobenthic production and deposition of sus-
pended matter from the water column). Since mineraliza-
tion in deeper sediment layers - where the organic matter is
often to a larger extent mangrove-derived, e.g. Marchand et
al. (2003) - can also reach high levels (Alongi et al., 2004),
previous evidence from bacterial markers did not necessar-
ily demonstrate the importance of allochtonous (i.e. non-
mangrove) sources at the entire ecosystem level, whereas the
approach used here does confirm that marine-derived organic
matter contributes substantially to the integrated mineraliza-
tion within the mangrove system boundaries.

The daily variations of CH4 in Ras Dege creek waters
are similar to those recently reported for a mangrove creek
on South Andaman Island (Barnes et al., 2006), except
that the concentration range is lower in Ras Dege (13-
142 nmol L_1) than observed by Barnes et al. (2006; range
282-704nmolL-1). The tidal variations of CH4 closely
follow the patterns observed in DIC and pCC-: (Figs. Sa,
b). Since CH4 is produced under anoxic conditions, these
co-variations provide further confirmation for the hypothe-
sis that seepage of porewaters can be an important driver
of solute exchange between the intertidal mangrove for-
est and tidal creeks. The average emission of CHs to
the atmosphere during the tidal cycle (computed with the
Raymond and Cole (2001) gas transfer velocity parame-
terisation) was 29/xmolm-2 d-1, ranging between 0 and
185 /xmolm-2 d-1, similar to values reported by Biswas et
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al. (2006) (2-135 /xmolm-2 d-1) but lower than the fluxes
observed by Barnes et al. (2006) (432-840/xmolm-2 d-1).
The computed diffusive CH4 fluxes under-estimate the over-
all CH4 emission due to a large but highly variable contribu-
tion of ebullition in the form of free gas (Barnes et al., 2006).
Nevertheless, CH4 emission from mangrove systems are typ-
ically low when compared to freshwater wetland systems
(Bartlett and Harriss, 1983), except in anthropogenically dis-
turbed mangrove systems (Purvaja and Ramesh, 2001; So-
tomayor et al., 1994; Giani et al., 1996; Alongi et al., 2005).
Methanogenesis in mangrove sediments typically represents
less than 2% of the overall C degradation, which is gen-
erally dominated by sulphate reduction and/or Fe reduc-
tion (Alongi, 1998). Moreover, the presence of sulphates
can favour anaerobic oxidation of CH4 (Giani et al., 1996;
Biswas et al., 2006), and the dominance of clay minerals and
the frequent mobilization of surface sediments by tidal cur-
rents in mangroves systems can enhance aerobic methane ox-
idation both at the sediment surface and in the water column
(Weaver and Dugan, 1972; Abril et al., 2007).

4.4  Summary

The observed daily variations in water column chemistry and
isotopic signatures can be explained by different exchange
processes for dissolved and particulate matter pools, as con-
ceptualized in Fig. s. There are two main sources of dis-
solved constituents, i.e. porewater seepage and marine in-
puts, and two main sources of particulate material, i.e. sed-
iment detritus and marine particulate organic matter. The

origin of both particulate and dissolved organic matter from
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within the system appears to be predominantly mangrove-
derived based on the 813C signatures (Fig. 6). In contrast,
while the marine source of DOC appears to be to a large
extent derived from 13C-enriched seagrass material, marine
POC seems predominantly of phytoplankton origin (Fig. 6).
The carbon transport during high tide is dominated by diffu-
sive solute (DOC, DIC) fluxes across the sediment-water in-
terface (period a in Fig. 8), and settling of POC from the wa-
ter column which to some extent is of marine phytoplankton
origin (not shown in Fig. 8). During ebb (period b in Fig. 8),
there is porewater solute seepage resulting in increasing con-
centrations of gradually more *C-depleted DOC and DIC in
the creek water, as well as higher CHy and pCOgvalues and
lower Oy saturation levels. During tidal transitions, there
is mobilization of particulate material likely through resus-
pension and sediment erosion, which causes a rapid increase
in mangrove-derived TSM and POC as indicated by a de-
crease in 813Cpgc and an increase in POC/PN ratios and
%POC/TSM in the creek water. As the water current de-
creases towards low tide slack (period ¢ in Fig. 8), the par-
ticulate material (I'SM and POC) settles down again, but
813Cpoc signatures remain low reflecting the dominance of
mangrove-derived material. When the flood starts (period
d in Fig. 8), the concentration of particulate material domi-
nated by oceanic water signatures transiently increases with
maximal tidal currents and then decreases until high tide
slack.

In our study, biogeochemical processes in the intertidal
zone, erosion of surface sediments, and exchange of pore-
water combined with the physical conditions related to the
tidal cycle were thus important drivers of the concentrations
and isotopic signatures of dissolved and particulate carbon
in mangrove creek waters. Other processes responsible for
enhanced exchange of particulate matter between intertidal
zones and creek waters such as precipitation runoff (Twil-
ley, 1985; Barnes et al., 2006) were not captured in the
present dataset, given the fact that we only considered a sin-
gle tidal cycle. Furthermore, it should be stressed that a num-
ber of other factors can be important in determining the net
transport of particulate material in mangrove creeks, such as
flocculation and trapping in maximum turbidity zones when
present (see Wolanski, 1995), and that transport of macrolit-
ter, which was not included in our analysis, could also be
significant.
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