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ABSTRACT: Carbon fluxes from a mangrove creek with adjacent seagrass meadows and coral reefs (at 
4 km from the creek) were investigated in Gazi Bay (Kenya). Analysis of the stable isotope signature of 
sediment carbon in the seagrass zone and data on the sediment carbon content indicate that outwelling 
of particulate organic matter (POM) from the mangrove forest occurs, but that deposition of this POM 
rapidly decreases away from the forest. No evidence for any input of mangrove POM in the seagrass 
zone was found at a distance of 3 km from the mangrove creek, near the reefs. The gradient in sedi- 
ment 6I3C values in the seagrass zone was paralleled by a similar gradient of 6I3C values in Thalasso- 
dendron ciliatum, the dominant subtidal seagrass. This gradient probably reflects the availability of 
respiratory CO2 denved from mangrove POM as a carbon source for the seagrass. Analysis of C:N 
ratios of particulate material (< 1 mm) collected with sediment traps in the seagrass zone yielded values 
ranging from 8.5 to 11.2. This range is remarkably low compared to C:N ratios of plant matenal pro- 
duced in the mangrove forest, and suggests that some of the mangrove-derived organic particles 
deposited in the seagrass zone have gone through a phase of intensive processing. During flood tides 
conspicuous decreases were found in 6I3C values of seston flowing over the seagrass zone, coinciding 
with significant increases in the carbon content of the seston. These findings point to a reversed flux of 
organic particles from the seagrass zone to the mangrove forest. Our data indicate that, as far as POM 
fluxes are concerned, the mangrove forest and adjacent seagrass meadows are tightly coupled, but that 
the nearby coral reefs may exist in relative isolation. 
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INTRODUCTION 

Mangrove forests are open systems, coupled to 
coastal waters by tidal currents. Several studies indi- 
cate that export of particulate organic matter (POM) 
from mangrove forests may be a general feature of 
these systems (Boto & Bunt 1981, Twilley 1985, Robert- 
son 1986, Flores-Verdugo et al. 1987). The factors that 
determine the magnitude of this transport and the 
spreading of the material in the adjacent coastal zone 
are poorly known, but they include geomorphological 

and hydrodynamic factors (Twilley 1985, Woodroffe 
1992, Wolanski et  al. 1992). Mangroves occur in a 
number of different environmental settings. An intri- 
guing situation is the co-occurrence of mangroves, 
seagrass meadows and coral reefs as adjacent systems 
in tropical coastal zones. It is known that the level of 
nutrient availability in both seagrass and reef systems 
may have profound effects on their structure and func- 
tion (e.g. Harlin & Thorne-Miller 1981, Smith et  al. 
1981, Brock & Snlith 1983, Short 1983, 1987, Birkeland 
1987, Hallock 1988, Fourqurean et al. 1992). Thus, if 
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particulate organic carbon and associated nutrients 
such as nitrogen and phosphorus are exported from 
the mangrove forest and enter the adjacent seagrass 
and reef systems, an influence on the structure and 
functioning of these systems is not unlikely. Although 
the potential chemical links between mangroves, sea- 
grass beds and coral reefs have been suggested 
repeatedly, we are not aware of studies focusing on the 
actual existence of material fluxes among these 3 
ecosystems. In the present study, we report on the 
fluxes of particulate carbon from a mangrove forest 
with adjacent seagrass beds and coral reefs in Gazi 
Bay (Kenya). 

METHODS 

Study area. Gazi Bay is situated 50 km south of 
Mombasa on the Kenyan coast (4" 25' S, 39' 30' E). On 
the landward side a 6.61 km2 mangrove forest covers 
much of the bay (Fig. 1). There are 2 major tidal creeks 
penetrating the forest. The western creek is the mouth 
of the river Kidogoweni, a seasonal river. The eastern 
creek (Kinondo creek) is tidal; the present investiga- 
tion focused on the outflow of this creek. 

A total of 8 mangrove species are found in Gazl Bay. 
In the drainage area of Kinondo creek, the vegetation 
is dominated by Rhizophora mucronata, locally inter- 
mingled with Bruguiera gymnorrhiza and Ceriops 
tagal. Stands of Sonneratia alba and Avicennia marina 
are found along the creek fringes. Directly adjacent to 
the mangroves on the seaward side are intertidal flats 
intersected by channels, and shallow, subtidal areas. 
Both the intertidal and subtidal areas are to a large 
extent covered by various species of seagrass and, to a 
lesser extent, by macroalgae. Particularly relevant to 
this study was the subtidally growing seagrass Thalas- 
sodendron ciliatum. T ciliatum forms dense beds in 
Kinondo creek and in the channels between the tidal 
flats. In subtidal areas of the bay, this seagrass is pre- 
sent in monospecific meadows which spread to the reef 
zone. ?: ciliatum is a stem-forming species, giving the 
plant a total height of up to 80 cm. 

The reef zone in front of the bay is part of the fringing 
reef that forms a nearly uninterrupted belt along the 
Kenyan coast. The distance between the mouth of 
Kinondo creek and the reef zone is approximately 4 km. 

Tidal flow pattern. As part of the study of carbon 
fluxes, the tidal flow pattern of Kinondo creek and the 
adjacent seagrass zone was measured from 22 August 
to 25 September 1992. Tidal heights were recorded by 
a pressure sensor, and were related to a stable refer- 
ence point to yield relative values of tidal height. The 
circulation pattern for flood and ebb tides in this area 
was measured from a work platform near the mouth of 

the creek and a mobile dinghy. For each successive 
tidal cycle that was monitored, the dinghy was moved 
within the bay to positions chosen to represent the var- 
ious morphoIogica1 units of the study area. To measure 
the vertical velocity profile of the water column, strings 
of 5 propeller current meters (Ott) were used at the 
permanent station. At the dinghy, 3 current meters 
were used. Current directions were estimated from the 
bearings of the current meters. Current velocities were 
measured every 10 min. Assuming that at the bottom 
the current velocity was zero, and that the velocity at 
the water surface was the same as that at the highest 
measured point in the vertical, the depth-averaged 
current velocity was calculated from the vertical veloc- 
ity distribution as: 

where 6 = mean current velocity over the water col- 
umn depth (cm s-'); U, = current velocity at z cm above 
the bottom (cm S- ' ) ;  h = water depth (cm). 

In order to construct the flow pattern in the bay on 
the basis of current velocities measured during differ- 
ent tidal cycles, it was necessary to transform the cur- 
rent velocities of each tide to the mean tidal situation. 
The average of all tidal ranges of the 848 h tidal data 
set was used for this transformation. Each tidal range 
was divided by the average value of this time series. By 
multiplying the resulting reduction coefficient with the 
mean current velocity, standardized current velocities 
were obtained. 

Sampling. Sampling was carried out from 19 June to 
7 July 1992. Various types of samples (see below) were 
taken on 4 subtidal transects, positioned in the channel 
forming the continuation of finondo creek and in the 
shallow bay waters closer to the reefs (Fig. 1). Thalas- 
sodendron ciliatum was the only, or the dominant, sea- 
grass species on these transects. On each transect, 4 
sediment cores were taken by scuba divers, using a 
sediment corer with an internal diameter of 7 cm. The 
distance between sampling sites on a given transect 
was approximately 20 m. The upper 7 cm of each core 
was immediateley transferred to a sample container. 
At each sampling site, the above-ground biomass of T 
ciliatum was clipped from 3 plots of 25 X 25 cm. Sedi- 
ment and seagrass samples were stored in cooling 
boxes until they were returned to the field laboratory 
where they were frozen (-20°C) and lyophilized. The 
lyophilized sediments were sieved over a 2 mm mesh 
sieve to remove coarse material (mainly seagrass roots 
and mollusc shells). The 3 seagrass samples collected 
at each sampling site were pooled, yielding a total of 4 
samples per transect. To decrease the variability which 
might arise from analyzing seagrass leaves of different 
developmental stage, only the third-youngest leaves of 
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each T ciliaturn shoot in a sample were collected and 
used for further chemical analyses. These third- 
youngest leaves are nearly full-grown, but they lack 
the crust of epiphytes complicating the analysis of 
older leaves. Analyses were carried out after drying 
the leaf material at 70°C. 

Sediment traps were used to obtain particulate mat- 
ter depositing in the seagrass zone. Four traps were 
positioned on each transect, in the plots which had 
been cleared of Thalassodendron ciliatum. The traps 
consisted of a PVC tube with an internal diameter of 
7.6 cm and a length of 33 cm, closed on one side by a 
PVC disc. A steel pin connected to the disc was used to 
anchor the tube in an upright position in the sediment. 
The opening of the traps was positioned at  the level of 
the 7: ciliaturn canopy. After 10 to 17 d of deployment, 
the sediment traps were closed underwater with rub- 
ber stoppers and returned to the field laboratory. The 

Fig. 1. Gazi Bay. Kenya. The mangrove area is indicated in 
dark grey. The seagrass zone is south of the mangrove forest; 
the intertidal part of it is indicated with light shading. Sam- 
pling transects in the seagrass zone are indicated with 2-letter 
codes. 1: Ceriops tagal sampling site; 2: Rhizophora mucro- 

nata sampling site; 3: location of work platform 

contents were filtered through a 1 mm sieve, and the 
coarse matter retained on the filter was discarded. 
Subsequently, 200 to 400 m1 of the filtrate was filtered 
over Whatman GF/C filters. The particulate material 
retained on the filters was lyophilized prior to further 
chemical analyses. 

To investigate changes in seston characteristics in 
the tidal water when it passed through the seagrass 
zone, seston samples were collected during 1 ebb tide 
(24 June) and 2 flood tides (30 June and 1 July). Ebb 
water flowing seaward from the mangrove forest was 
collected at the MM and CS transects. Incoming flood 
water was collected at the CC and MM transects. 
Water samples were collected over the full duration of 
each tide (approximately 1 sample h-' at each tran- 
sect). Water samples (25 1 each) were collected with a 
hand diaphragm pump, 1 m above the subtidal sedi- 
ment surface. The samples were immediately trans- 
ported to the work platform near Kinondo creek. 
where 2.5 to 8 1 aliquots were filtered over Whatman 
GF/C filters. The filters were stored in a cooling box for 
transport to the field laboratory and were dried by 
lyophilization. 

Additional sediment samples (upper 7 cm) were col- 
lected from the intertidal flats adjacent to the subtidal 
MS and CS transects, from stands of Rhizophora 
mucronata and Ceriops tagal, and from Chale lagoon, 
directly east of Gazi Bay (Fig. 1). This lagoon is sepa- 
rated from Gazi Bay by a broad sill of fossil coral that 
extends between Chale Peninsula and Chale Island, 
restricting direct water exchange between Gazi Bay 
and the lagoon. Thalassodendron ciliaturn is abundant 
in the lagoon, and samples of this seagrass were also 
collected here. Processing of the sediment and sea- 
grass samples was carried out as described above. 
Finally, green, fully grown leaves of all mangrove spe- 
cies present in Gazi Bay were collected and dried 
(70°C) for chemical analyses. 

Analyses. Carbon and nitrogen contents of sediment 
samples, sediment trap samples, seston and plant sam- 
ples were determined with a Carlo Erba NA1500 CN 
analyzer. Except for the plant samples, all samples 
were pretreated with a solution of 25 % HC1 to remove 
carbonates (for details see Nieuwenhuize et al. in 
press). To determine the carbonate content of sediment 
samples, aliquots of the dried and ground sediment 
were mixed with a solution of 25% HC1. The mixture 
was shaken mechanically. Evolved carbon dioxide was 
determined by volumetry. 

Carbon isotope analyses were carried out on sedi- 
ment samples, sediment trap samples, seston samples 
and on leaf samples of Thalassodendron ciliatum and 
the mangrove species. The samples were first intro- 
duced, if necessary after pretreatment with 25 % HCl, 
into the CN analyzer (Carlo Erba NA1500). To purify 
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the carbon dioxide generated by combustion of the 
samples in the element analyzer, the effluent gases 
were transferred to a system of condensahon traps 
cooled with a mixture of solid carbon dioxide and 
ethanol, and with Liquid nitrogen, to trap water and 
carbon dioxide respectively. The final collection tube 
with carbon dioxide from the sample was subsequently 
connected to a Finnigan MAT 251 mass spectrometer. 
Results are expressed as deviations in %O from the PDB 
standard, where 

coal standard (-24.68%0). Six measurements of this 
standard resulted in a mean value of -24.62 * 0.11%0. 
The absolute difference between repeated determina- 
tions on the same homogenized field sample was usu- 
ally less than 0.20%0. 

Analysis of variance followed by post hoc contrasts 
was used for determining statistical differences in the 
various sets of results. 

RESULTS 

Description of the tidal flow pattern 

The reproducibility of the isotope analysis was deter- Gazi Bay has a semi-diurnal tidal regime. The tidal 
mlned with cane sugar (SD k0.14, with n = 14, during amplitude measured during the 848 h monitoring 
the penod of the measurements). Accuracy of the period vaned between 290 cm at spring tide and 70 cm 
absolute values was determined using a certified char- at neap tide The flood period is usually shorter than 

the ebb period. At spring tide the flood 
tide lasts about 4 to 5 h and the subse- 
quent ebb tide 7 to 8 h. This inequality 
disappears towards neap tide. At neap 
tide flood and ebb are of equal dura- 
tion. Fig. 2 shows the flow vectors at 
each of the measuring locations in the 
bay, mathematically transformed to 
represent the situation during an aver- 
age tidal cycle. The tidal flow pattern 
in the bay can be derived from these 
data. In general, the current velocities 
at the entrance of Kinondo creek are 
much higher than in the bay. With ris- 
ing tide, the incoming water first fol- 
lows the channel leading to Kinondo 
creek. With increasing tidal height, 
the tidal flats are inundated and the 
water flows straight towards the man- 
grove forest. The mangrove forest is 
drained by the creek during the subse- 
quent ebb tide. Water in the creek 
channel follows the channel until it 
enters the deeper parts of the bay. 
Water from the tidal flats crosses the 
flats into the bay until the final phase 
of the ebb tide. In this phase, water 
flows from the tidal flats towards the 
channel, which subsequently carries 
the water towards the deeper parts of 
the bay. 

Fig 2. Circulation pattern for nsing and falling tide in the study area near Fig. 3 shows that for the mean tidal 
knondo creek Arrows ~n&cate flow direction Arrow length corresponds to the range (i.e. data reduced to average 
transformed current velocity. Different arrow styles Indicate average flow char- current velocities at  the perms- 
actensbcs measured dunng the 1st hour, 2nd and 3rd hour, and 4th and 5th hour 
of flood tlde, and dunng the ebb tlde, I.e. dunng the 6th and 7th hour, 8th and nent station near the mouth of 

9th hour, 10th and 1 lth hour, and 12th hour after the beginning of the flood tlde lnondo creek are greater during ebb 
Polnts ~ndlcate current velocities below the detecbon l~rnits of the flow meters than during flood. The ebb current 
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Lunar hours after low water 

Fig. 3. Current velocities in the Kinondo creek channel near 
the work platform at spring tide (-), neap tide (- - - -), and 
under average tidal conditions (......) . The change in the 
water level over a tidal cycle is drawn for average tidal 

conditions (-) 

velocity is especially high at  spring tide, up to 40 cm 
S-'. In agreement with these findings, discharge mea- 
surements (not shown) indicate that at ebb tide the vol- 
ume of water efflux via Kinondo creek is 2 to 3 times 
higher than the incoming water volume at flood tide. 
As no river influx is found in this part of the mangrove 
forest, this difference must be caused by a circulation 
of the water, once in the mangroves, towards the 
creek. Thus, Kinondo creek appears to function pri- 
marily as a tidal water export system. 

Outwelling of mangrove carbon 

Leaves form the major category of organic material 
produced by the mangrove trees in Gazi Bay (F. J. Slim 
unpubl, data). Table 1 shows the 6I3C values of leaves 
of the various mangrove species occurring in Gazi Bay, 
ranging from -28.25Ym for Rhizophora mucronata to 
-24.12%0 for Ceriops tagal. 613C values of organic mat- 
ter in the sediments of R. mucronata and C. tagal 

Table 1. Carbon isotope signature (613C) of mangrove leaves 
occurring in Gazi Bay. Means of 2 samples of pooled (10 to 

20) leaves 

I species 613C (%) I 
Rhizophora mucrona ta 
Ceriops tagal 
Sonneratia alba 
Avicennia marina 
Bruguiera gymnorrhjza 
Xylocarpus granaturn 
Lumnitzera racemosa 
Heritiera l~ttoralis 

stands (-25.31 and -22.69%0 respectively; see Table 2) 
were less depleted than those of the leaves. The 6I3C of 
sediment from Kinondo creek (MM transect) fell in the 
range of the mangrove sediments. However, as Table 2 
shows, there was a conspicuous enrichment in I3C in 
the seagrass zone away from the mangroves. At the 
CC transect the 6I3C of the sediment (-15.14%0) was 
not significantly different from that of the sediment in 
Chale lagoon (-14.75%), the sample location outside 
Gazi Bay. The data for the 2 intertidal locations show a 
similar trend. 

The organic carbon content of sediment at  the MM 
transect was relatively high. However, coinciding 
with the seaward enrichment in I3C, the organic 
carbon content of the subtidal sedirnents decreased 
significantly. These data suggest outwelling of man- 
grove-derived POM, but also suggest that this POM 
is trapped in the seagrass zone, close to the man- 
groves. 

Enrichment in I3C with increasing distance from the 
mangroves was also very clearly found in the Thalas- 
sodendron ciliatum growing at these sites (Table 3).  
Seagrass at any of the 4 subtidal transects, however, 
was always more enriched in I3C than sediment at the 
same site. 

Table 2. Carbon isotope signature (613C), and carbon and carbonate content (% weight), of sediment samples in Gazi Bay and 
Chale lagoon. Means * SD shown. Data in a column sharing a common superscript letter are not significantly different (a  = 0.05) 

I ~ocat ion 6I3C (%) % Carbon % Carbonate No.ofobr. I 
Mangrove Rhizophora mucronata -25.31 i 0.33a 15.37 * 5.02 1.20 * 0.66 3 
Mangrove Ceriops tagal -22.69 i 0.57b 1.71 * 0.24 0.60 0.2 3 

Subtidal, MM 
Subtidal, MS 
Subtidal, CS 
Subtidal, CC 

Chale lagoon 

Intertidal, MS 
Intertidal. CS 
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time after HW (min) 

-c MM transect * CS transect 

Table 3. Carbon isotope signature (SL3C) of Thalassodendron 
150 ciliaturn (third youngest leaves) growing at increasing dis- 

E tances from the mouth of Kinondo creek, Gazi Bay, and in 
S Chale lagoon. Means * SD of 4 (pooled leaf) samples are 

shown. Data sharing a common superscript letter are not 100 ,p 
Q) significantly different (a = 0.05) 
c 

75 - m 
50 

$ .- 
25 5 - 

g! 
0 

400 

Location SI3C (%) 

Subtidal, MM -19.65 * 0.39' 
Subtidal, MS 1 8 . 3 0  * 0.45b 
Subtidal, CS -15.77 t 0.47' 
Subtidal, CC -10.70 * 0.23d 

Chale lagoon 1 0 . 7 2  * 0.36d 

I .-c MM transect +- CC transect 

Fig. 4 .  Changes in 6I3C values of seston in the tidal water of 
the seagrass zone, simultaneously collected at 2 transects 
over the duration of ebb or flood tide. - : results of tidal height 
measurements. (A) Ebb tide of 24 June 1992; (B) flood tide of 

1 July 1992 

6 Table 4 .  Seston and POC levels In tidal water crossing the 

Organic matter fluxes from the seagrass zone 

-24 - 

-23 - 

-22 
0 

8 -21 . - 
0 
$2 -20 - 
G o  

-19 - 

-18 - 

-17 7 

6I3C values of seston were determined to investi- 
gate whether shifts in organic composition of the ses- 
ton occurred during the flow of the tidal water mass 
over the seagrass zone. Fig. 4A shows results for ebb 
tide. At a distance of 2 km from the mangroves (at 
the CS transect), the seston was less depleted in I3C 
than at the MM transect. The difference is statisti- 
cally significant (p < 0.01). No difference was found 
in salinity of the water between these locations. 
These results allow us to exclude the possibility that 
mixing of water ebbing from the eastern part of the 
mangroves with water from the river Kidogoweni 
caused the shift in carbon isotope signature. The 
increase in 6I3C of the seston is cons~stent with the 
above-mentioned process of sedimentation of man- 
grove POM in the seagrass zone. However, uptake 
of particulate material from the seagrass zone could 

300 - seagrass zone. Means * SD of samples taken at approximately 
E hourly intervals over the duration of the t ~ d e  are shown. Dif- 

250 3 ferences between transect seston and POC data were statisti- 
E cally analyzed for each tide separately. Data sharing a com- 

- 200 .g mon superscript letter are not significantly different (a = 0.05) 
c 

- 150 3 
0 

l00 ; 
> 

5 O Z  
F 

r 0 

Tide Date Transect Seston POC No. of 
(mg I-') (mg I-') O ~ S .  

Ebb 24 Jun MM 1.99 * 1.63" 0.32 & O.OCia 5 
CS 3.30 i 1.53a 0.46 * O.lfja 5 

Flood 30 Jun CC 3.45 * 1.71a 0.28 * 0.13d 5 
MM 6.23 i 2.56" 1.12 & 0.3gb 5 

Flood l Jul CC 2.78 i 0.9Y 0.35 * 0.0P 6 
MM 8.65 i 6.61" 1.76 * 1 . 2 7 ~  5 

0 50 100 150 200 250 300 350 400 

time after LW (min) 

have contributed to the shift in 6'" values: there was 
a moderate increase in average seston and seston 
POC content going from the MM to the CS transect 
(Table 4), but the differences are not significant. 
Clearly, more data are needed before any conclusion 
can be made regarding this point. 

Fig. 4B shows seston 613C data for the flood tide mea- 
surements of l July. The seston of ocean water enter- 
ing the bay, sampled at the CC transect, had 613C 
values between -17.27 and -19.04%o (mean -18.10%0). 
However, when the water had crossed the seagrass 
zone and was about to enter the mangroves, the 6I3C 
was consistently shifted to more negative values, rang- 
ing from -22.04 to -23.70°A (mean -22.88%0). For the 
flood tide of 30 June (not shown) identical results were 
obtained (mean 613c value at CC transect -18.22%0; at 
MM transect -23.43%0; means of 5 observations). 
These highly significant shifts (p  < 0.001) were most 
probably due to resuspension and uptake of organic 
material in the seagrass zone, not to sedimentation 
processes: the ocean water that enters the bay has a 
relatively low POC content (CC transect, Table 4 ) ,  but 
on reaching the MM transect the POC content has 
increased significantly. Thus it appears that, besides 
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Table 5. Carbon isotope signature (6I3C) of particulate 
organic material collected with sediment traps in the seagrass 
zone of Gazi Bay. Means + SD shown. Data sharing a common 

superscript letter are not significantly different (a = 0 OS) 

Location 6I3C ('Xa) No. of obs. 

Subtidal, MM -23.30 i 0.40' 4 
Subt~dal, h4S -22.47 * 0.21' 3 
Subtidal. CS -19.15 * 0.85b 3 
Subtidal. CC -13.96 * 0.63' 4 

outwelling of mangrove carbon, there is also a 
reversed transport of POC from the seagrass zone to 
the mangroves, driven by the incoming flood tides. 

Nature of material depositing in the seagrass zone 

Most of the sediment traps deployed in the seagrass 
zone contained some detached leaves or large leaf 
fragments of Thalassodendron ciliatum. This coarse 
material was not included in the chemical analyses of 
the trap contents, as the contents of the traps were fil- 
tered over a l mm sieve prior to analysis. The remain- 
ing material consisted of very fine, dark brown to black 
coloured, unrecognizable particles. 6I3C values of this 
material increased from a strongly negative value of 
-23.30%0 at the MM transect to -13.96%0 at the CC 
transect (Table 5). C : N ratios of the material collected 

in the sediment traps (Table 6), varied between 8.5 and 
11.2. C:N ratios of seston filtered from the water were 
on average between 6.5 and 10, and thus were of the 
same order of magnitude. There is a remarkable con- 
trast between these values and the C : N  ratios of man- 
grove leaves, particularly senescent leaves, which can 
have C:N ratios of more than 200. 

DISCUSSION 

The carbon isotope signatures of leaves and sedi- 
ments collected in the mangrove forest show that the 
organic matter in the forest is characterized by strongly 
negative 6I3C values. Only the 613C value of the sedi- 
ment in the seagrass zone close to the mangroves (MM 
transect) fell within the range of the mangrove sedi- 
ment values. Further away, the mangrove signal faded 
out rapidly, and our data indicate that at a distance of 
only 2 km from the mouth of Kinondo creek the input 
of mangrove carbon was already of marginal influence 
in determining the 613C value of the sediment. Thus it 
appears that during ebb flow, carbon depleted in I3C is 
exported from the mangrove forest, but that all or part 
of this outwelling carbon is trapped in the seagrass 
zone before it reaches the coral reefs. 

In principle, carbon outwelling from the mangroves 
may be tied up in both inorganic and organic mole- 
cules. Inorganic carbon-containing molecules (carbon 
dioxide, carbonate and bicarbonate), which are 

Table 6. C:N ratios of sediment trap contents and of seston collected at subtidal transects during 1 ebb and 2 flood tides (data o~ 
the 2 flood tides were pooled). Statistical analyses of sedlrnent trap and seston data were carried out separately. Data sharing a 
common superscript letter are not significantly different (a = 0.05). For comparison, C:N ratios of the donunant seagrass and man- 
grove species in the study area are also given. The data on Thalassodendron ciliatum are from the 3 samples of pooled third- 
youngest leaves collected at the MM transect. Data on mangrove leaves are based on 2 samples of pooled leaves (10 to 20 leaves 

each). Means * SD shown. Number of observations given in parentheses 

Sediment traps and seston 
Location Sediment traps Seston, ebb water Seston, flood water 

Subtidal, MM 
Subtidal. MS 
Subtidal. CS 
Subtidal, CC 

Seagrass and mangrove leaves 
Fresh leaves Senescent leaves 

Thalassodendron ciliaturn 19.3 * 0.4 (3) 

Rhizophora mucronata 
Ceriops tagal 
Brugulera gymnorrhiza 
Sonneratia alba 
Avicennia marina 

'Data from Rao et al. (in press) 
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depleted in I3C, do occur in waters near mangroves. 
This can be inferred from the fact that marine molluscs, 
which depend on uptake of inorganic carbon from the 
seawater for the formation of shell carbonates, have 
shells with relatively low SI3C values in such environ- 
ments (Lin et al. 1991). These authors assumed that 
inorganic carbon depleted in I3C is generated by rnin- 
eralization of mangrove detritus, deposited outside the 
mangrove area in nearshore waters. Although this cer- 
tainly may be the case, we assume that I3C-depleted 
carbon dioxide may also enter the water during inun- 
dation of the mangrove forest. This inorganic carbon 
will be exported with the ebb flow, and, after assimila- 
tion, may contribute to the low 13C values of the sea- 
grasses in the proximity of the mangroves (see below). 

Outwelling of 13C-depleted inorganic carbon from 
the mangrove forest is an interesting possibility that 
can be neither proven nor excluded on the basis of our 
data, and deserves further study. However, there is 
clearly evidence in our data that at least part of the I3C- 
depleted carbon exported from the mangroves of Gazi 
Bay leaves the system as POM which is subsequently 
trapped in the seagrass zone. The arguments for these 
processes are: (1) the decreasing organic content of the 
sediments in the seagrass zone with increasing dis- 
tance from the mangroves, and (2) the conspicuously 
more I3C-depleted character of POC in the transect 
sediments compared to that of seagrass growing on the 
same sediments. This discrepancy would be unlikely if 
the sediment carbon isotope signature depended only 
on the input of seagrass material. 

Remarkably, the carbon isotope signature of Thalas- 
sodendron ciliatum shows a trend similar to that of the 
sediment values with increasing distance from the 
mangroves. It is known that the isotope signature of 
seagrasses is highly variable (McMillan et al. 1980). 
Abel & Drew (1989), in their review of carbon isotope 
discrimination in seagrasses, argued that the observed 
variability is consistent with the idea that the diffusion 
boundary layer around the leaves is a key factor in 
determining seagrass 6I3C values. According to these 
authors, factors which increase the photosynthetic rate 
or the thickness of the boundary layer tend to increase 
the observed 6I3C value. It is certainly conceivable 
that, in our study, differences in e.g. irradiance or cur- 
rent velocity contributed to the variability in 'T: ciljatum 
613C values. However, it is difficult to imagine that this 
environmental variability would result in a gradient 
which exactly parallels the input of mangrove carbon 
in the transect sediments. Low 6I3C values of sea- 
grasses growing in the proximity of mangrove forests 
have been reported before (Zieman et al. 1984, Flem- 
ing et al. 1990, Lin et al. 1991). More likely, the gradi- 
ent in seagrass 613C values in Gazi Bay reflects the 
amount of mangrove carbon that is available for assim- 

ilation by the seagrasses. CO2 resulting from the min- 
eralization of mangrove POM trapped in the seagrass 
zone supplies 7: ciliaturn with inorganic carbon rela- 
tively depleted in I3C; and, as indicated above, the pos- 
sibility cannot be excluded that &ssolved respiratory 
CO2, directly exported from the mangrove forest, is a 
source of carbon for the seagrass. 

There appears to be not only a simple unidirectional 
efflux of carbon from the mangroves, but also a 
reversed flux from the seagrass zone back to the man- 
groves. During both flood tides which were studied. 
highly significant decreases in the 6I3C values of the 
seston from the CC to the MM transects were found 
(ca 5OA; Fig. 4B), coinciding with significant increases 
in the POC content of the seston. The 613C values of the 
flood seston at the MM transect (ca -23OA) are clearly 
more negative than that of the seagrass vegetation at 
this transect (-19.65%0). These strongly negative val- 
ues suggest that at least part of the carbon taken up in 
the seagrass zone by the flood tides originally comes 
from the mangrove forest. Presumably, both autoch- 
thonous seagrass particles and allochthonous particles 
from the mangroves, deposited in the seagrass zone at 
earlier ebb tides, are taken up by the incoming water 
and transported into the forest. Moreover, circumstan- 
tial evidence for this process is found in the carbon 
isotope signature of the mangrove sediment. The sedi- 
ment 613C value of the Rhizophora mucronata sam- 
pling location, a low-lying site that is inundated each 
flood tide, is conspicuously less negative (by 2.9%) 
than the 613C values of the R. mucronata leaves. Such a 
decrease would not be expected if litter from the trees 
was the only source of organic matter in the sediment, 
especially since the carbon isotope signature of R. 
mucronata leaves in Gazi bay shows more pronounced 
I3C depletion in senescent leaves prior to leaf fall (Rao 
et al. in press). Sedimentation of particulate material 
from the seagrass zone in the R. mucronata zone would 
result in less depleted sediment 613C values. Using the 
613C values of the flood seston and those of the R. 
mucronata leaves as end members, a simple calcula- 
tion indicates that to arrive at the sediment 6I3C value, 
R, mucronata carbon and flood seston carbon would 
have to be mixed in a proportion of 1:1.33. At the Cen-  
ops tagal site the difference between the carbon iso- 
tope signatures of sediment and leaf material was 
small (1.4% lower in the sediment). This site is only 
inundated at spring tides, and the external input of 
tidally borne particulate matter probably is more 
restricted. 

The material captured by the sediment traps in the 
seagrass zone was presumably a mixture of locally 
derived resuspended particles and allochthonous mate- 
rial. The shift in 6I3C values moving seaward probably 
reflects the decreasing input of mangrove-derived par- 
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ticles further away from the mangroves, and the con- 
tribution of local seagrass carbon. What is remarkable 
is the fact that the C:N ratio of the seston collected in 
the sediment traps was low, varying between 8.5 and 
11.2. Neither these values nor the C:N ratios of the ses- 
ton obtained by filtering the tidal water over the sea- 
grass zone (ratios of 6.5 to 10) are close to the C:N 
ratios of either mangroves or seagrasses (Table 6). Boto 
& Bunt (1981) studied POM transport from a mangrove 
creek in Missionary Bay (Australia), and found C:N 
ratios between 8 and 200, depending on the tidal 
phase. There are at  least 2 lines of explanation for the 
low C:N ratios found in our study. First, the direct con- 
tribution of mangrove (and seagrass) detritus to the 
seston POM pool could be very low compared to that of 
other constituents with low C:N ratios, such as phyto- 
plankton, zooplankton and bacteria. However, if this is 
the case the gradient in sediment organic carbon con- 
tent and in sediment 6I3C values, moving from the 
mangroves toward the sea, and the strongly negative 
613c values of seston at the MM transect are difficult to 
explain. A more plausible explanation is that the ses- 
ton contains an important fraction of organic particles 
derived from the mangroves and seagrass vegetation 
that has already gone through a phase of intensive 
processing, resulting in shifts in the chemical charac- 
teristics of these particles. We have suggested above 
that the organic particles from the mangroves 
(together with seagrass particles) may go through 
repeated efflux-reflux cycles. These transport cycles 
enhance the proportion of older, more processed 
organic material in the seston and may therefore be a 
crucial element in explaining the low C:N ratios of ses- 
ton and seston trap material. 

A progressive change in C:N ratios may be caused 
by several processes. Increases in nitrogen levels dur- 
ing decomposition have been observed in many types 
of vascular plant detritus (Swift et al. 1979). Robertson 
(1988) also observed this phenomenon during decom- 
position in mangrove leaves. The C: N ratio in decom- 
posing leaves of Rhizophora stylosa, Avicennia marina 
and Ceriops tagal was approximately halved after 
160 d of decomposition. This decrease in C:N ratios in 
decomposing plant litter may be due to the condensa- 
tion of reactive phenolics and other compounds, 
released during decomposition, with microbial exu- 
dates (Rice 1982, Melillo et al. 1984, Rice & Hanson 
1984, Wilson et  al. 1986a, b). Secondly, nitrogen fixa- 
tion may enrich the litter. Nitrogen fixation activity is 
widespread in mangrove forests (Alongi et al. 1992), 
and is also found in association with decaying leaf lit- 
ter (Goto & Taylor 1976, van der Valk & Attiwill 1984). 
The process has also been observed in tropical sea- 
grass meadows, and may occur on plant detritus (Hem- 
minga et al. 1991 and references therein). In agree- 

ment with these findings, nitrogen fixation has been 
found in both the mangroves and the Thalassodendron 
ciliaturn meadows in Gazi Bay (A. F. Woitchik pers. 
comm.). Thirdly, several studies have shown that 
planktonic bacteria have a low carbon conversion effi- 
ciency on detrital substrates (Newel1 et  al. 1981, Linley 
& Newel1 1984, Bauerfeind 1985, Bjerrnsen 1986). We 
may speculate that a decrease in C : N  ratios of detritus- 
bacteria aggregates is furthered by the low conversion 
efficiency of the heterotrophic bacteria associated with 
the particles. 

The key features of POM fluxes in Gazi Bay which 
emerge from this study may be summarized as follows: 
(1) spatially restricted outwelling of mangrove carbon; 
(2) reversed fluxes of POM from the seagrass zone to 
the mangroves; (3) transported POM characterized by 
low C:N ratios. These features may well be typical for 
mangrove forests with adjacent seagrass and fringing 
coral reef systems. The presence of the reef creates a 
low-energy environment on the landward side, 
restricting the hydrodynamic transport of particles. In 
addition, the seagrass vegetation will reduce dispersal 
of outwelling mangrove-derived particles: the pres- 
ence of seagrasses enhances the sedimentation of par- 
ticulate material from the overlying water column, as 
the resistance of the canopy causes a reduction in the 
current velocity of the water (Fonseca et  al. 1982, Har- 
lin et al. 1982, Ward et al. 1984). Furthermore, as coral 
reefs can only exist above salinities of 27%0, with opti- 
mal growth at salinities between 34 and 36%0 (Fager- 
strom 1987 and references therein), the abundant 
occurrence of coral reefs in the proximity of mangroves 
is limited to tide-dominated (non-riverine) environ- 
ments. According to Woodroffe (1992), tide-dominated 
mangrove habitats are characterized by bidirectional 
fluxes of suspended material, whereas river-domi- 
nated habitats are characterized by strong outwelling 
from the mangrove forest. Our data on the reversed 
flux of organic particles, from the seagrass zone to the 
tide-dominated mangrove system of Gazi Bay, fit into 
this scheme. 

In Gazi Bay, and probably in other comparable coastal 
zones, the seagrass zone appears to function as a buffer 
between the mangroves and the coral reefs, trapping 
outwelhng POM at close distance from the mangroves. 
This process reduces the input of mangrove-derived 
particles in the reef zone. Our data, however, provide no 
information on the transport of dissolved compounds 
and of floating macromaterial, such as leaves and twigs, 
from the mangrove forest to the coral reefs, nor can we 
exclude the possibility that a part of the mangrove- 
derived POM may not undergo sedimentation at all and 
thus escapes to the coastal ocean. 

The spatially restricted outwelling of mangrove 
POM implies that effects of the exported mangrove 
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POM must be sought primarily in the adjacent sea- 
grass zone. In addition, the flux of resuspended mater- 
ial from the seagrass zone to the mangroves may have 
an  impact on the mangrove system. Limited data are 
available on the significance of outwelled mangrove 
detritus. Deposition of mangrove detritus may enhance 
oxygen consumption in offshore sediments (Alongi 
1990), but decreases macro-infaunal densities and 
nematode species diversity (Alongi & Christoffersen 
1992). Supplements of mangrove litter in laboratory 
experiments did not affect bacterial densities or pro- 
duction in the sediment, or the growth of ciliate and 
flagellate populations (Alongi et al. 1989, Alongi 1990). 
Rodelli et  al. (1984) determined the carbon isotope sig- 
nature of a large number of organisms in a coastal area 
with mangroves. They found evidence that some ani- 
mals from the mangroves and nearby mudflats and 
inlets derived a part of their nutrition from mangrove 
detritus, but that this was not the case for animals col- 
lected further offshore (>2 km). In these studies, the 
probably refractory character and poor nutritional 
quality of the outwelled material are frequently men- 
tioned. The high C:N ratio of mangrove detritus is con- 
sidered relevant to these characteristics. Alongi & 
Christoffersen (1992), for instance, established C:N 
ratios (w/w) ranging from 27 to 49 in mangrove detri- 
tus deposited at various offshore stations. The fine par- 
ticulate material collected in the sediment traps in Gazi 
Bay, however, has a conspicuously lower C:N ratio. 
The implications this may have for the functioning of 
the seagrass system remain to be investigated. 
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