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PREFACE

This final report on the STD-3 project "Interlinkages between Eastern-African coastal ecosystems"
marks the end of a joint enterprise involving

researchers from four European and three African countries. Some two and a half years ago, teams
of researchers of these countries together set outdo elucidate the functional interdependence of
mangroves, seagrass beds and coral reefs, with the ultimate goal to contribute to the scientific basis .
that is necessary for the formulation of sound management and exploitation policies concerning the
coastal fringe ecosystems in Eastern-Africa.

The reader will find this final report has been arranged according tofour concrete scientific
objectives which have been formulated at the onset of the project:

(1) To assess the nutrient sink or source function of mangroves.

(2) To make a comparison of the functioning of seagrass meadows in twocontrastingsituations,
i.e., in the proximity of mangroves, and outside the influence of these intertidal forests.

(3) To elucidate the hydrodynamics and fluctuations in nutrient contents in the tidal waters flushing
mangroves and seagrass meadows

(4) To study the biological diversity of the coastal zone and the population dynamics of (economical-
ly) relevant species.

The total data output generated in the course of the project has been considerable. In several parts
of the research area covered by the project a clear integration of the collected data already has
been achieved, allowing very interesting and relevant conclusions to be drawn. A number of these
have already found their way to the international scientific literature. Other topics, particularly those
studied in the later phases of the project, need further consideration. However, undoubtedly a series
of other scientific publications is still to follow.

A second aim of the project was to support further development and strengthening of
marine institutes involved in strategic marine research in East-Africa by the cooperation with
European universities and research institutes. This cooperation in general has been perceived as
being very positive by most participants, European and African scientists alike.

It is revealing in this respect that all participating institutes, without exception, have expressed the
wish to continue the existing cooperation, and already have taken concrete steps to achieve this
cooperation in the years to come.

Hopefully, this final report gives the reader clear insight in the scientific progress that has
been made as a result of the joint efforts
of African and European scientists, all of whom hold the view that increasing the insight in the
functioning of tropical coastal ecosystems is an aim definitely worthwile persuing!

Dr. M.AA. Hemminga
(general coordinator)



Part 1: The nutrient sink or source function of mangroves



NITROGEN TRANSFORMATIONAL PROCESSES IN SEDIMENTS OF A TROPICAL MANGROVE
ECOSYSTEM (GAZI BAY, KENYA)

’Kazungu, U.M., 2Woitchik, A.F., "Munyao, T., Z3oeyens, L. & 2Dehairs, F.
1Kenya Marine & Fisheries Research Institute, Mombasa, Kenya

2 Laboratory of Analytical Chemistry, Free University 6f Brussels, Belgium

INTRODUCTION

Mangrove swamps are common coastal ecosystems in many tropical and subtropical countries. They
are highly productive marine ecosystems and are believed to enhance near-shore primary and
secondary production (Wattayakorn et al., 1990). Tropical ecosystems such as mangroves, seagrass
meadows and coral reefs sustain intense biological production despite low ambient concentration of
nutrients (O’Neil & Capone, 1989). Mangroves produce considerable quantities of organic matter,
primarily as leaves but the fate of this organic detritus is still not very clear. Do mangroves export their
organic detritus and therefore nutrients to adjacent seagrass meadows and coral reefs or do they act
as a sink for imported material with detritus being buried or degraded and recycled in the sediments?

In order to understand the role of mangroves in the overall nutrient budget of these tropical
coastal ecosystems, we investigated as part of the KMFRIA/UB contribution to the EC STD-3 Project
"Interlinkages between Eastern-African coastal Ecosystems" (1) the sediment characteristics and pore-
water chemistry of mangrove sediments; (2) the major factors affecting water column nutrients
concentration, focusing on the epibenthic fluxes or sediment/water nutrient fluxes ; (3) the main nitrogen
tranformational processes in the sediments: organic nitrogen remineralization, ammonification,
nitrification, nitrogen fixation and denitrification,.

METHODS

Study area

Rhizophora mucronata and Ceriops tagal species are the two most common species in Gazi
mangrove forest, covering almost 70% of the total area of the mangrove vegetation. Areas covered
by these two species were therefore selected for the nitrogen-transformational process studies. A
Ceriops tagal and a Rhizophora mucronata plot (referred to as nrs. 1 and 2 respectively). The
Rhizophora stands are inundated twice a day because of their low elevation compared to the one
of the Ceriops stands which are inundated only during the spring high tides. These two different
flooding rates are bound to reflect different physico-chemical patterns in the two sediment types. A
sub plot covering an area of 20 by 20m was established at each of the two study plots and all
sediment samples for the various analysis were picked from those sub plots. Exact description of
the whole study area is given elsewhere in this report (Kitheka et al.).

Geological parameters
Peat comprises larger amounts of organic matter relative to humus (Ranjan and Rao, 1991).
Humus, quartz sands and carbonate have densities of 1.3 -1.5 g cm"3, 2.5 - 2.8 g cm-3and 2.7 -
4.30 g cm-3respectively (Deer et al. 1974; Hakanson and Jansson, 1983). Based on this , about 100
to 150g of sediment sample was placed in 1 litre measuring cylinder, to which distilled water was
added until the sample was covered. The mixture was thoroughly shaken, after which it was stirred
for about 4 hrs at intervals of 1 hr for mud to form on top of the sand. The samples were left
overnight for all material to settle down. After this, the column heights of sand and mud were
determined, from which percentage of each by volume was determined. The mud was then
removed carefully by decanting, afterwhich the sand was dried and stored for further analysis.

A sieve shaker and a set of sieves of mesh sizes ranging from 0.063 to 1 mm were used to
determine mean grain size from the sand obtained above. Levels of various grain sizes were



determined as percentages by weight. Sorting, skewness and kurtosis were then calculated as
described by Babu and Sinha, 1987. Grain shapes and lithology of the sand fraction were also
investigated using an ordinary microscope at a magnification of 12.

Nutrient stocks and physico-chemical parameters

The sediment samples for the analysis of the nutrient stocks, processes and other physico-chemical
parameters were collected by hand using clear acrylic cores (i.d. 3.6 cm, length 25 cm) and
immediately transported to the laboratory. The sediments were then sectioned to cover seven depth
intervals; 0-1, 1-2, 2-4, 4-6, 6-8, 8-10 and 10-12 cm. Interstitial water sample from each segment
was then obtained by KCI extraction ( 10 g wet sediment: 40 ml of IN KCI) and centrifugation at
2000 Xg for 10min (Henriksen et al. 1981). The KCl-porewater extracts were then filtered (0.42 pm
GF/F millipore fibre filter) into vials and frozen immediately for subsequent analysis of NH/, and
NO3 + NO2 Nitrate determination was done using a Technicon Autoanalyzer using the standard
methods of Armstrong et al. (1967) and Chan & Riley (1970) while ammonium determination were
performed manually using the phenol hypochlorite method (Solorzano, 1969). Pore-water for salinity
determination was obtained from the sectioned segments by pressure suction using N2gas. Since
porewater volumes were very small, salinity was determined mainly by using a refractometer. Pore
water content (porosity) was determined from the weight loss of known volume of sediment dried to
constant weight at 105 °C. Organic content was determined as the Ignition loss (LOI) of dried
sediment after 24 hr at 450°C. Carbon and Nitrogen contents were determined (at Free University,
Brussels) from the dried (105°C) sediments by the use of an NA 1500 Carbon-Njtrogen Analyzer
(Carlo Erba Instrumentazione) while the 513 isotope signature was determined using the NA 1500
C/N Analyzer in line with a Finnigan Delta E Isotope Ratio Mass Spectrometer interfaced with a
Finnigan Mat CT CN-NT trapping box. Results are expressed relative to the PDB limestone
reference.

Nitrogen transformational processes

Ammonification rates in sediments were measured using a technique similar to that described by
Aller and Yingst, 1980. In principle, this technique involved incubating (under anaerobic condition)
approx. 10g of sediment (replicate samples) from each section with 30ml of distilled water in a 100
ml serum vials on a shaker table. The increase of ammonium concentration with time was
calculated as the ammonification rate.

Potential nitrification rates in the sediments were assessed using the technique described
by Henriksen et al., 1981 and Caffrey and Kemp, 1990. Duplicate samples (about 2 g) from different
depths were incubated in 50 ml of filtered sea water (from the water overlying the sediment station)
for 24hr under aerobic conditions at ca. 25°C on a shaker table. The seawater used was enriched
with NH4CI (0.5 mmol I') and KH2P 04 (0.1 mmoir’ J.After the incubation period of 24 hrs (and
sometime 72 hrs), sediment from replicate flasks were centrifuged and the water filtered and
analyzed for NO3 + NO2 Potential nitrification rates of sediment at different depth were then
calculated from the accumulation of
no3+no2

Actual nitrification rates were measured on undisturbed sediment cores using ATU inhibition
method as described by Haii, 1984. In each case about 10 cores (sediment adjusted to about 6 cm)
were used. Five cores were injected with the ATU at 1 cm interval diagonally while the other five
were used as controls. Incubation time was 24 hrs in the dark.

Ammonium regeneration and assimilation rates were investigated using the 1N isotope
dilution technique (Blackburn, 1979; lizumi et al. 1982; Blackburn and Henriksen, 1983; Bowden,
1984; Selmer, 1988). In this technique the rate of ammonium regeneration and uptake is
determined by labelling the product, i.e ammonium. The N labelled is initially added to the
sediment sample and the dilution of the atom % 19N with regenerated ammonium of only the natural
background ,5N abundance (0.366%) is monitored with time. By determining the initial and final
ammonium concentration and atom % N of the ammonium pool, the rate of dilution of ammonium
pool (equal to the rate of ammonium regeneration) and uptake rate of ammonium were calculated
according to Blackburn (1979).

In each case 10 g wet sediment from 0-1 and 1-6 cm depth were used for regeneration
studies. These sub-samples were spiked (in duplicate) with 0.1 ml of ,SNHACI spike (750 pM) and



ammonium extracted with KCI as discussed earlier. Ammonium pool was determined using the
phenol-hypochlorite method while samples for 1N % atom determination were analyzed using the
JASCO NIA-1 5N analyzer after trapping the ammonium using a micro diffusion technique
described by Kazungu and Goeyens, 1989.

Nitrogen fixation was investigated using the acetylene reduction incubation technique
(Hardy et al. 1973) which is an indirect method. Perplex tubes fitted with silicone filled holes along
the tube, were used to perform the acetylene reduction technique on undisturbed cores of
sediments. During each sampling, ten cores were collected in each plot. Rhizophora and Ceriops
plots were investigated at low and high tide respectively. The cores were brought back to the
laboratory and injected with acetylene-saturated water, calculated to give 10% saturation, through
the silicone filled holes. Three cores were injected from 0 to 1 cm depth, three others from 0 to 3
cm and the last three, from 0 to 5 cm. Each core was also injected with 5 ml C2H2 gas in the
headspace. One core didn't receive any acetylene to check for natural production of ethylene.
Reduction of acetylene into ethylene was followed by hourly analyses of 100 pi gas phase samples
during 6 to 8 hours, with a Varian model 3300 gas chromatograph, set up at KMFRI during the last
STD-2 programme.

The method used for measuring denitrification is the recently described nitrogen isotope-
pairing technique (Nielsen, 1992). This method allows to determine both denitrification and coupled
nitrification-dénitrification processes in sediments. It consists in spiking of the water overlaying the
sediment with enriched N 03'and the mass spectrometric analysis of the isotopic distribution of MN
and “ N in N2formed by denitrification.

Eight intact sediment cores were collected at high tide in the Ceriops and Rhizophora plot. The
cores were kept in the fridge for one night. Next morning, the overlaying water of each core was
replaced, by 80 ml of filtered seawater left 3 days in the lab to exhaust the nitrates. After 30
minutes of stabilization, the cores were incubated in the dark, with addition of 3.2 ml of a stock
solution 1000 jiM of 99.8% 1NO03 to reach a final concentration of 40 pM. In each core, the
overlaying water was stirred by small magnetic stirring bars rotating via a 12 V micromotor during
incubation. Incubation time was 30’, 2 h, 4h and 6h. At the end of the incubation period, a few
drops of ZnCl2solution (1g ml'l) were added to the core to stop the denitrification. The whole core
was then thoroughly mixed and the sediment allowed to settle for 10 minutes. The overlying water
was sampled with a syringe and stored in 10 ml serum vials to which 50 pi of ZnCl2solution (1g ml'
1) was added to stop the denitrification process. Analysis of MN and “ N was done by mass
spectrometry at the University of Aarhus, Denmark (Dr. L. P. Nielsen). The production of MN and
MN in each core, expressed in pmol N h'1m'2 was calculated knowing the distribution coefficient of
N2in water and gas, the total volume of water in the cores and the slope value of the linear
regression between incubation time and production of MN and “ N.

Sediment - water nutrient fluxes

For the investigation of sediment - water fluxes of NH/ and NO3 intact core incubations (4 to 6h)
were performed using a technique similar to that described by Henriksen et al. (1981). About 12 cm
of sediment depth was sampled with Perspex tubes of 3.6 cm 1.D. and 30 cm length and with the
overlying water replaced with 80 ml of filtered seawater collected from the sampling location. This
overlying water was also gently bubbled with clean air (passed through H2504 acid) to maintain
oxygen gradients. For every experiment, about five sediment cores were incubated. Two more
empty cores were filled with the filtered water from the same sampling satation and used as
controls. The increase (or decrease) of the NH/ and NO3 over the incubation time was used to
calculate the flux rates.

For repeated incubations, intact sediment cores (diameter =4 cm, height = 35 cm) were collected in
the field. In the laboratory, the overlaying water was replaced by filtered water collected from the
sampling site. The cores were incubated in the dark during 2 to 4 hours while the overlaying water
was continuously stirred by small magnetic stirring bars rotating via a 12 V micromotor. The
overlaying water was sampled for ammonium analysis and replaced by a new aliquot of filtered
water from the field. All cores were incubated again for 4 to 8 h. Then the overlaying water was
sampled again, replaced by new filtered water and the cores were incubated for another period of 9
to 13 hours. The slope value of the linear regression between incubation time and ammonium

accumulation was used to calculate the flux of ammonium from the sediments to the overlaying
water column.



RESULTS

Geological parameters

Determination of the mud and sand levels for the surface (0-10 cm) and bottom (10-20 cm)
sediment for the two study biotopes indicated slight differences. Ceriops tagal had a percentage
mud level of 48% (by volume) for the surface which increased to 78% (by volume) at 20 cm depth
while for Rhizophora the surface mud portions was 70% which increased to 98% at 20 cm depth
(Fig. 2). Lithological analysis of the sediment revealed that carbonate forms only about 1% while
the rest of the mangrove sediment is composed of quatz (Table 1). Generally, the mangrove sand
were found to be medium to fine grained with grains mean diameter ranging from 2.04 - 2.17 and
1.68 - 2.11 on the phi scale in surface and bottom sediments respecively (table 1 and 2). The
sediments are also poorly sorted with sorting ranging from 1.78 to 1.88 and 1.60 - 1.84 on the phi
scale for the surface and bottom sediments, respectively. The largest portion of the sediment’s sand
(both for Ceriops and Rhizophora) were found to have grain size of 2.39 on phi scale which
corresponds with grain size width of 0.18 mm (Fig. 3 and table 2). Table 1 also shows sorting,
skewness and kurtosis values as calculated from cummulative curves using mathematical formulars
given by Babu and Sinha (1987).

Physico-chemical parameters

Fresh riverine water is introduced into the bay by river Kidogoweni and river Mkurumuji whose
maximum discharge in rainy season is 5 m3'1and 12 m V respectively, (Kitheka et al., this issue).
This discharged volume is rather low compared to the volume of sea water which fills the bay and
creeks during high tide. Due to this low discharged volume of riverine water into the bay during
rainy season, salinity fluctuations in the bay do not change very much (especially at high tide) with
seasons. The main salinity changes are noticed on water column within the creek leading to the
Kidogoweni river.

The lowest salinity recorded at the water column above the Rhizophora study plot during rainy
season was about 32 ppt while the highest recorded in dry season was about 36% (Table 3). This
low salinity fluctuation range (ca 4 ppt ) within the water overlying the Rhizophora study plot was
found not to have a significant effect on the pore water salinity of Rhizophora sediment (Table 3).
During the dry season (February/March) pore water salinity at the 0-1 cm depth was 38.0 £ 2 ppt
and did not change much with depth while in wet season it was 34.0 + 4.0 ppt at the surface and
increased slightly with depth. The relatively high standard deviation noticed for the 0-1 and 1-2 cm
depth during rainy season reflects the variability of the salinity with sampling time. Heavy down pour
on exposed (low tide) sediment had an effect of slightly lowering the surface pore water.

For the sediment of the Ceriops plot, the surface salinities were found to be 46 + 5 ppt and
increased to 58 + 3 ppt at 12 cm depth (Fig. 5) during dry period. During rainy season, the surface
salinities were found to be slightly lower (42 + 6 ppt) but also increased slightly to 57 + 2 ppt at 12
cm depth. These samples were taken during spring high tide when the water column height was
about 30 cm. However during neap tides, the surface (0-1 cm) salinities were found to increase
upto 58 + 3 ppt. In this case, flooding during spring tide reduces the sediment’s salinity mainly by
dilution while évapotranspiration of surface porewater during neap tide raises the salinity of the
sediment’s porewater.

Rhizophora mucronata sediments (RMS) were found to have a higher water content than
that of Ceriops tagal. The 0-1 cm sections of the RMS has a water content of 68% ( fig. 6a) which
decrease gradually to 50% at 12 cm depth. For Ceriops tagal sediment (CTS), the surface
sediment (0-1 cm) had a water content (fig. 6b) of 24% which increased gradually to 48% at 12 cm
depth. Due to these differences in water content, porosity values for the two sediments were
different. The surface porosity for the RMS was 0.92 + 0.04 (v/v) which decreased to 0.74 £ 0.02
(viv) at 12 cm depth while for CTS, it was 0.46 + 0.05 for the surface and increased gradually to
0.65 £ 0.02 at 12 cm depth (Tables 4a & b ).

Density for RMS increased slightly from 1.35 + 0.05 g cm * at the surface to 1.48 £ 0.05 g
cm-3at 12 cm depth while for CTS it was slightly higher, being 1.91 £ 0.14 g cm'3at the surface
decreasing to 1.48 + 0.07 g cnr3at 12 cm depth (Tables 4a and 4b ).

Organic Matter
Organic matter in sediments plays a very key role in fuelling most of the oxidation processes in
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Table 1 : Statistical parameters of grain sise analysis, shape and lithology of sediments

inhabited by Rhizophora mucronataand Ceriops tagalmangrove species.

St. Section Grain size So ok K Shape Lithology
(cm) (0 £ S.D.

R. M. 0-10 2.04 £ 0.80 1.88 0.23 0.61 angularto 99 % quartz,
subangular 1%cor’
10-20 1.68 +0.63 160 -0.04 1.14 - ©
subangulr ‘e
C.T. 0-10 2.17 *0.43 1.78 0.45 1.16 larger grains
and angular

smaller grains

10-20 211 *0.79 1.84 0.13 1.01 angular to

subangular

R.M.:- Rhizophora Mucronata; C.T.  Ceriops tagal; SO;:-Sorting; 6*-skewness; K:- Kurtosis .

Scale of measurements is Phi (0).

Table 2: The millimeter equivalents of phi scale and the wentworth descriptions of

sediment grains diameters. Adapted from Selley (1981).

phi (0) values ram equivalents Wentworth descriptions

- 1.00 2.00 coarse
-0.49 1.40

0.00 1.00

0.49 0.71

1.00 0.50

1.49 0355 medium

239 0.180 fine

2.90 0.125

3.47 0.090 very fine

4.00 0.063



Table 3: Salinity readings obtained from the water column and the sediment within the
Rhizophora study plot during dry (February/March) and rainy season (May/June)
of 1992/1993/1994. The water column salinities were taken when the water above

the sediment was about 30 cm. Means £ S.D. shown.

Section Dry season Rainy season

(cm) S £ S.D. (ppt) S £ S.D. (ppt)
(n = 13) (n = 17)
water column 35,0+ 1.0 340+ 2.0
0-1 38.0% 2.0 34.0 £ 4.0
1-2 39.0 £ 1.0 36.0 £ 3.0
2-4 40.0 = 1.0 38.0 £3.0
4-6 40.0 = 2.0 40.0 £ 1.0
6-8 40.0 £ 1.0 39.0 £ 1.0
8-10 41.0 £ 1.0 40.0 £ 1.0
10-12 40.0 £ 1.0 40.0 £ 1.0

m  Dry season

E Rainy season
0-1 1-2 2-4 4-6 6-8 8-10  10-12
Depth (cm)

Fig. 5: Average (* S.D.) salinity values for the 0 - 12 cm depth of Ceriops tagal
sediments during dry and rainy seasons of 1992/3/4. n = 12.
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sediments. As organic carbon is oxidised, nitrogen is re-mineralised hence becoming available for
uptake by plants or release into the water column by diffusion. Source determination of carbon in
Gazi Rhizophora sediments using carbon -13 isotope abundance (Rao et al. 1993) revealed that
the mangrove vegetation was the major contributor of organic carbon in the sediments. In order to
investigate whether there is a seasonal variation of organic matter in mangrove sediments, samples
were analysed for organic matter contents during both - the dry (February and March) and rainy
(May/June) seasons of 1992/1993/1994.

For Rhizophora sediment, the highest organic matter (LOI) content (21 + 1% D.Wsdnats)
were found at the surface and decreased gradually to~13 + 2% DWsadna&rls at the 12 cm depth.
Organic matter contents for Ceriops sediment were much lower, being 2.40 + 0.5% D.Wsdnal at the
surface and increasing to 10.46 £ 1.20% D .W ~*, at 12 cm depth (Tables 4a & 4b). One striking
observation in both sediments is the lack of significant variation (p < 0.05 for all corresponding
sections) of organic matter content with seasons. Tables 4a & b shows the other parameters : total
organic carbon (TOC); total organic nitrogen (TON), and C:N atom ratio which were measured and
determined on some of the sediment samples analysed for organic matter content. Ceriops
sediment is seen to be poorer in organic nitrogen than the Rhizophora sediment. The C:N ratio for
the Rhizophora sediment increased from 23.1 + 1 % at the surface to about 30 + 1% at 12 cm
depth while for Ceriops, it increased from 19 + 2% at the surface to about 39 * 2% at 12 cm depth.
A slight increase (becoming less negative) was noticed for 8 3C biotope signature from bottom (12
cm) to the surface. In both cases, the 8,3C signature obtained for sediment were close to those
obtained for the mangrove leaves at the specific study plots (Rao et al., 1994). Since no significant
seasonal differences were noticed for rainy and dry season (ANOVA statistical testing gives P <
0.05 in all corresponding sections per season), all the results have been pooled together resulting in
Table 4.

Nutrients stock (NH/, NO," + NO,") and their spatial distribution within the Rhizophora and
Ceriops study plots

In order to investigate on the nutrient (NH/, NO," + NO,') stock in our study plots, five 1m x 1m
subplots were established within the two study plots. Six core samples (plexiglass cores 1.D. 3.6 cm,
height 25 cm) were taken randomly from each subplot. Immediately after sampling, one core from
each plot was used for Redox potential determination using platinum electrode with calomel
reference. This was done within two hours of sample collection. The remaining twenty five cores
from the five subplots were rushed to the laboratory (two hours drive) where they were sectioned
into 0-1, 1-2, 2-4, 4-6, 6-8, 8-10 and 10-12 cm sections. Corresponding sections of one core from
each subplot were pooled together and mixed thoroughly. This mixed sediment was used for
porosity and density determination. All the other segments were extracted individually with
corresponding volumes of potassium chloride (40 ml 1N KCI:10g sediment) under nitrogen gas as
explained earlier. The ammonium pool obtained represents total ammonium (free plus ionically-
bound) concentrations.

Ammonium stock and its spatial distribution within the Rhizophora plots

Total ammonium concentrations in the sediment for the upper 12 cm section were found to vary
between 100 and 200 pm. Cores from subplots A and D in the plot were taken from an area with a
dence network of fine roots as compared to cores from suplots B, C and E. Based on this and the
nitrate profiles, results from these cores were averaged together to form two groups; namely A and
D group and the B, C, E group. Fig. 13 shows the average NH/ profiles from subplot A and D and
those obtained from the average of subplot B, C and E (excluding standard deviation). These two
profiles were not only similar but almost coinciding. The average NH/ concentration profile
(including standard deviation) of all the cores sampled (20 cores) was found to fit well between the
first two profiles. One clear observation noticed from these profiles is that the NH/ concentrations in
the upper 12 cm depth of Rhizophora sediment varies between 100 and 200 pM with the the
maximum always observed between 1 and 2 cm depth followed by a gradual decrease with depth.
One other characteristic noticed with the NH/ profile is the high standard deviation which lies
between 10 to 30% of the observed concentration. This stresses on the fact that even within a one
by one meter subplot standard deviation on sampled cores could be as high as 30% of the
concentration measured. On the average, the results obtained indicates that cores taken from any



Tabic 4a A table showing various physico-chemical parameters at Rhizophora sediment as
observed during the dry and rainy season of 1992/3/4. TOC , TON and C/N atom
ratio are for the samples of 1992. n- number of observations.
Section Density Porosity Organic Matter TOC TON C:N d fc
(cm) (g cmb) cm 5cmb5 LOI (%) (%) (%)
(n=24) (n=24) (n=24) (n=4) (n=4) (n=4) (n=4)
0-1 1.35%£0.05 0.92 ¢ 0.04 21.08 + 0.93 9.27 % 0.93 0.47 + 0.05 23.01 + 0.84 -25.52 t
1-2 1:33£0.07 0.85 * 0OOS 19.16 + 1.58 9.59 + 1.16 0.44 + 0.05 25.43 * 0.42 -25.97 %
2-4 1.360.05 0.82 + 0.03 17.48 % 1.05 9.32 + 2.25 0.41 * 0.11 26.52 *+ 1.67 -26.36
4-6 1.42+0.03 0.78 % 0.02 17.36 = 1.72 8.22 + 0.75 0.35 t 0.05 27.40 + 1.24 -26.45 %
6-8 1.49+0.03 0.78 + 0.01 15.55 + 1.69 8.06 * 0.59 0.32 + 0.03 29.39 % 0.85 -26.36 +
8-10 1,48£0.01 0.78 * 0.02 14.16 * 1.50 7.84 + 0.91 0.29 % 0.03 31.54 t 0.60 -26.46 +
10-12 1.48+0.03 0.74 + 0.02 13.21 + 1.63 6.78 * 0.60 0.26 * 0.04 30.42 % 0.76 -26.46
Table 4b A table showing various physico-chemical parameters at Ceriop sediment as observed
during the dry and rainy seasons of 1992/3/4. TOC , TON and C/N atom ratio are for the
samples of 1992. n - number of observations.
Section Density Porosity Organic Matter TOC TON C:N d-C13
(cm) (g cm5) cm 5cm5 LOI (%) (%) (%)
(n=24) (ns24) (n=24) (n=4) ( n=4) (n=4 ) (n=4)
0-1 1.91 t 0.14 0.46 * 0.05 2.40 + 0.50 0.81 * 0.22 0.05 1 0.01 18.90 * 0.91 . 2294 +
1-2 1.80 t 0.12 0.50 t 0.04 3.07 = 0.50 1.06 t 0.31 0.05 1 0.01 24.73 t 2.81 - 2349
2-4 1.74 + 0.16 0.55 t 0.05 5.46 * 1.31 1.77 £ 0.31 0.08 * 0.02 25.81 2.50 - 23.59 +
4-6 1.63 * 0.16 0.57 * 0.07 7.34 t 1.85 2.87 + 0.27 0.11 % 0.01 30.44 * 1.70 . 2413 *
6-8 1.62 * 0.05 0.66 * 0.04 9.23 + 1.61 3.51 t 0.35 0.13 % 0.01 31.50 = 2.01 - 24.49 1
8-10 1.57 + 0.05 0.66 * 0.02 10.64 t 1.21 412 + 0.44 0.13 * 0.01 36.97 + 1.90 - 24.37
10-12 1.48 t 0.07 0.65 1 0.02 10.46 £ 1.20 4.66 + 0.24 0.14 % 0.01 38.83 * 1.78 - 2451 ¢

0.42

0.25

0.10

0.13

0.06

0.04

0.37

0.40

0.21



part of the plot would give representative NH4+ profile of the general area. Experiments on
adsorption capacities of Rhizophora sediments (results not included) indicates that upto about 55 %
of this total ammonium concentration (free and ionically bound NH/ ) is adsorbed and only about
45 % is free within the interstial water.

Nitrate stock and its spatial distribution within the Rhizophora plots

Unlike the ammonium profiles, nitrate profiles exhibited two distinct patterns. All cores taken from
subplots A and D displayed a maximum at between 2 and 5 cm depth. Cores taken from subplots
B, C and E were found to have a different type of profiles with high concentrations found at the top
section and decreased sharply with depth. As explained ealier, samples from sub-areas A and D
were characterized by the presence of a dence root network as compared to sub areas B, C and E.
Nitrate profiles from subplot D indicated that even within a one by one square meter plot, nitrate
concentration might be very different despite having the same profile pattern. Core D3 indicated a
maximum peak value of ca. 7.50 pM while core D1 has a maximum concentration of ca. 2.0 pM at
similar depth. This stresses on the fact that even on an area with roots, the biomass of the live
roots or proximity of the sampling spot to the roots may result in having different concentrations
within a closeby vicinity. Figure 19 gives profiles for mean nitrate values for subplots B, C and E
and A and D where apart from the surface section whose concentrations are statistically not
different (p=0.051 ; n=20), the other concentrations below are different. The lack of statistical
difference in the nitrate concentrations at the surface implies that while the nitrate concentrations
below the surface may depend on the presence or absence of roots to transport 0 2to the
anaerobic sediment, the surface nitrate mostly depends on molecular diffusion of oxygen from the
water column into the sediment. The figure also displays the average nitrate profile (including
standard deviation) obtained from all the twenty cores. The difference in profile patterns obtained
between the cores from subplots A and D and those from B, C and E and the high standard
deviation (almost 100% between 3 and 5 cm depth) observed when pooling all the results together
confirm that unlike the ammonium stock, a few cores taken randomly from a mangrove sediment
biotope can not be used to give a general nitrate profile of the area. Since the two different profiles
obtained for nitrate did not affect the general profile of ammonium pool (Fig.13), this suggests that
nitrification due to oxygen supply by roots is also of less magnitude and does not affect the
ammonium profile significantly. Any effect on the ammonium pool could easily be masked by the
high standard deviation noticed on ammonium concentations.

Redox potential profiles

The redox potential profiles (Eh) obtained in subplots A, B, C, D and E within the Rhizophora plot
in all five cases showed that redox potential within the water column (1 cm above sediment surface)
was between + 250 and + 300 mV indicating relatively higher oxygen concentrations. However at O-
1 cm depth, the redox potential dropped to about + 150. In all the profiles we notice a steady
decrease of redox potential up to 6.5 cm depth (for profiles B, C and E) and 7.5 depth (for A and D
Profiles) where it then remains at -50 mV down to 12 cm depth. Note that core C displayed higher
redox potential between the 1 and 4 cm depth than all the other cores despite being in the subplots
considered to be roots-free as the others. McKee et al. (1988), investigating on physico-chemical
parameters of sediment colonised by mangrove vegetation observed a positive correlation between
soil redox potentials and the presence of the aerial roots of mangrove trees. Soil redox potentials
near the aerial roots were always found to be higher than in the adjacent sediment. The increase
of redox potential between the 1 and 4 depth in core C is also most likely due to fine roots since
nitrate profiles from subplot C were aalso slightly higher than those from subplots B and E (figs. 16
& 17). From figure 20, we find that below 1cm depth redox potential values for cores A and D starts
being more positive than those of cores B and E (disregard core C profile). This increasee of redox
potential is most probably due to the supply of oxygen by the roots hence the higher nitrate
concentrations at 2-5 cm depth noticed for nitrate profiles from subplots A and D. Note that while
the widest difference in redox potential was found between 5 and 7 cm depth, the nitrate maxima in
subplots A and D were found at a slightly upper depth (2-5 cm depth). Potential nitrification
experiments in Rhizophora sediment (discussed latter) indicates significant reduction of nitrifiers
dacterial biomass below 4 cm depth.
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Fig. 13: Ammonium profiles as observed for subplots A & D and B, C and E in

Rhizophora sediments. A profile giving average values (including S.D.)
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Ammonium stock and its spatial distribution within the Ceriops tagal study plots.

Ammonium variations in the five individual subplots within the Ceriops biotope were more-or - less
the same as those displayed for the Rhizophora sediment. The mean vertical NH/ profile (Fig. 21)
was similar to that of Rhizophora sediment except that ammonium concentrations were higher
(varying mostly between 100 and 300 pM) with an average maximum of about 260 + 55 pM at
about 2 cm depth. Adsorption capacity of Ceriops sediments (results not shown) indicated that
unlike the Rhizophora sediments about 80 % of this total ammonium pool is free within the interstital
pool while only ca. 20 % is adsorbed.

Nitrate stock and its spatial distribution within the Ceriops study plot

The nitrate profiles from the Ceriops plot displayed slightly higher concentrations with sub-surface
peaks (Fig. 23). Values as high as 30 pM nitrate concentrations were observed for Ceriops
sediments.

Redox potential profiles

In all the twenty cores analyzed, none had maximum concentration at the surface (0-1 cm) as
displayed for some cores in Rhizophora sediment. This implies that the oxygen made available by
the Ceriops tagal root system plays a major part in maintaining the high sub-surface nitrate
concentrations in Ceriops tagal sediment. Fig. 23 gives nitrate profile (including S.D) for all the
twenty cores sampled. Maximum concentrations are found to lie between 1to 4 cm depth. The high
standard deviations noticed are also most probably due to differences in a core’s proximity to a root
system.

Redox potential (Eh) for the five sub plots were also found to be higher than those found in
Rhizophora sediment indicating that the Ceriops sediments are more oxidizing than the Rhizophora
sediment. In fact none of the cores indicated a redox potential of < 0 mV for the upper 12 cm depth.
Fig. 24 displays the average redox potential values for the two sediment biotopes where the
Ceriops sediments are clearly seen to be more oxidizing. Though slight differences have been
observed for the two sediment biotopes (Rhizophora and Ceriops) these dissolved Inorganic nutrient
(DIN) concentrations are generally low as it is in other tropical marine sediments (Alongi et al.
1992). The concentrations are typically within the pM range and composed mostly of ammonia with
lesser amounts of nitrate and nitrite. DIN in other types of sediments e.g the salt marshes in
temperate regions are usually higher and sometimes by even more than one order of magnitude
(Klump and Martens, 1981; Kemp et al. 1990).

N-Transformational processes in Rhizophora and Ceriops sediment

Ammonification, a process of transforming organic nitrogen to ammonium is the first very important
process of introducing inorganic nitrogen into our sediment system. However, part of this produced
NH/ can be assimilated back by the bacteria responsible for the ammonification process.
Regeneration rate minus assimilation rate therefore gives the net ammonification rate. 1NH/
isotope dilution technique has been used by several scientists (Blackburn,1979; Bowden, 1984;
Caffrey & Kemp, 1990) for studies of regeneration and assimilation processes in sediments. In this
study, we used two different methods for studying ammonification process in Rhizophora and
Ceriops sediment. The first method which involved incubating 10 g of wet sediment in 30 ml of
distilled water on a shaker table gave us potential net ammonification value. Ammonification values
obtained from this technique were always found to be higher than rates determined by other
methods. Values obtained from this technique were therefore used for comparison of the
ammonification process in the two mangrove sediment types and also monitor seasonal variations if
any. The second technique used for establishing regenaration and assimilation rates involved the
use of labeled N-15 compound ("8NHACI), as discussed by Blackburn, 1979. This technique gave
regeneration rate, assimilation rate and the net ammonium production. These values were than
used for calculation of the nitrogen - budget in the mangrove sediments.

Since most mangrove sediments have different porosities, we decided to present ammonification
rates in units per gram dry weight instead of units per liter for comparisons. We have therefore
expressed our rates in nmoles N g'1(D.W) d'1 These units can easily be converted into mmoles N
m'2d'1using the average density and porosity values (tables 4a and 4b).

For Rhizophora sediments the average potential ammonification rates (PAR) for dry season
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Fig. 21: Average (+ S.D.) ammonium profile for all the 20 cores sampled at
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Ceriops tagal plot.
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were found not be significantly (at all corresponding depths, p < 0.05) different from those observed
in rainy season. In the dry season, PAR at the surface was 585 + 71 and decreased gradually to
211 +28 nmoles N g'(D.W) d'1at 12 cm depth while in rainy season it decreased from 627 + 55 at
the surface to 207 £ 11 nmoles Ng1(D.W) d'1at 12cm depth.

Despite having relatively lower organic nitrogen content, potential ammonification (PAR)
rates for Ceriops sediment were found to be similar to those of Rhizophora sediment. The average
PAR during dry season at Ceriops sediment was found to be 578 + 58 nmoles N g’ (D.W) d'1at the
surface and decreased to 221 + 31 nmoles N g‘{(D.W) g'1at 12 cm depth while for the rainy season
it was 612 + 57 nmol N g‘{(D.W) d'1at the surface decreasing to 234 + 31 nmol N g'{(D.W) g 1at
12cm depth. Ammonification rate measured in anaerobic mangrove sediment of Hinchinbrook Island
(Izumi, 1986) displayed rates ranging from 30 to 130 nmol N g”(D.W) d‘1while Rosenfield (1979),
reported net ammonium release of 76 nmol N g’(D.W) g'1for Florida mangrove sediments. Average
values of 600 nmol N g'(D.W) g'1are therefore quite high and are only comparable to those found
in Malaysian mangrove sediments (Shaiful et al., 1986) which ranged between 450 and 750 nmol N
g (D.W) d'1. As noticed earlier organic matter content also did not display seasonal change. Table 7
shows the mean potential ammonification rates of Rhizophora and Ceriops sediment (pooled data of
dry and rainy seasons) of 1992 to 1994. The rates are also expressed in mmol N m'2i‘1for
comparison with other rates.

Ammonification rates as measured by N H/ isotope dilution technique

Regeneration and assimilation rates are mostly reported in units of mmol Nm'2cT1. We have
therefore transformed our rates into these units for easy comparison with other reported work.
Regeneration (r) and assimilation rates (u) for the two study biotopes again indicated no significant
variation with seasons. All observed rates for each biotope were therefore pooled together in Tables
8 and 9 for Rhizophora and Ceriops sediment. The 0-1 cm sections were incubated aerobically
while for the 1-6 cm section the sediments were incubated under anaerobic conditions (N2 gas).

Potential nitrification in Rhizophora sediment

The results are presented in Table 10 and 11. To check possible seasonal variation on potential
nitrification (PN) in the Rhizophora sediment, PNR determination was done once a month between
February, 1993 and July 1994. At each time 10 cores were taken randomly at the study plot,
sectioned into 0-1, 1-2 and 2-6 cm sections and all corresponding sections pooled together and
mixed thoroughly. Subsamples were then taken from these mixed slurries and used for PNR
determination as outlined earlier. No significant difference is noticed on the Potential Nitrification
rate. Henriksen et al. (1981) investigatinig on actual and potential nitrification rates in Danish
sediments observed no seasonal variations while Alongi (1989) pointed out that bacterial
distributions in mangroves and adjacent sandflats in dry tropics, exhibit little or no seasonality over
weekly or monthly intervals.

Potential nitrification rates in Ceriops tagal sediments

Ceriops tagal sediment displayed very different potential nitrification rate (PNR) levels (Table 12) as
compared to Rhizophora mucronata sediments. Surface PNR rates did not exceed 20 nmol Ng'1
(D.W) d" for any of the subplots randomly selected though a gradual decrease of PNR with depth
was also noticed. Redox potential profiles for the four subplots indicated slightly higher values than
those found in Rhizophora sediment. This would imply more oxidizing environment. The low PNR in
Ceriops tagal sediment imply low numbers of nitrifying bacteria as compared to the numbers that
would be found in Rhizophora sediments.

Actual nitrification (ANR)

A direct method of mesurement was also used to assess acual nitrification rates within Gazi
mangrove sediments:

One of the main steps for the nitrification to occur is bacterial conversion of NH/to N0Z2;

NH/ + 1.502-——— > NO2 + HD + 2H+



Table 7 : Average potential ammonification rates of Rhizophora and Ceriops sediments.

The rates are given in both nmol N g'(D.W.)

Depth Rhizophora Mucronata
(cm) sediment
nmol N g1d"1 mmol N m'2d’1

0-1 606.0 2.61

1-2 504.5 2.42

24 395.0 4.27

4-6 313.0 4.01

6-8 244.0 3.46

8-10 221.0 3.09
10-12 209.0 2.93

d'1and mmol N m 2d 1

Ceriops taga

nmol N g'1d™

595.0

574.0

421.5

379.5

349.0

280.5

227.5

I sediments

mmol N m’2d"1

8.63

7.46

10.03

8.05

6.70

5.11

3.78

Table 8: Regeneration (r) and assimilation (u) rales (mmol N m’2d ‘) of Rhizophora mucrouaia

sediment as observed between 1992 and 1994. n= number of observations .

Depth r

(cm) (n = 14)
01 3.99 + 112
145 11.60 +3.56
0-6 15.59 + 3.73

(integrated)

Table 9: Regeneration (r) and Assimilation (u) rate (mmol N m'2 d"1) of Ceriops tagal sediments as

u
(n =14)

242 £ 0.94
6.96 £3.00

9.38 £ 3.14

r-u

(n = 14)

151 £0.39
4.64 £ 1.58

6.21 * 1.62

observed between 1992 and 1994. n = number of observations.

Depth r

(cm) (n=12)
0-1 9.61 +2.16
1-6 25.42 + 5.83
0-6 35.03 £ 6.63

(integrated)

u

(n =12)

3.72 1.95
10.83 + 5.97

14.55 £ 6.28

r-u

(n = 12)

5.89 + 1.48
14.59 * 3.04

20.48 £338

ulr

(%)

60.65
60.00

60.17

ulr

(%)

38.71
42.60

41.54



Table 10

Average rates (without S.D.) of potential nitrification (PN) of subplots A,

B, C and D in Rhizophora sediments in January 1993. The rates are also

expressed in mmol N m ' d"1for easy comparison with actual nitrification

rates.

Section

(cm)

0-1

2-4

4-6

Table 11;

PN

( nmol N g1 (D.W.) d 1

249.39

224.67

165.28

42.87

4.77

0.77

0.26

PN

( mmol N m'Jd'1)

1.07

1.08

i.79

0.59

0.07

0.00

0.00

Potential nitrification rates (nmol N g'1(D.W.) d’1) in the upper 6 cm of the

Rhizophora sediment for dry and rainy season of 1993 and 1994.

Means % S.D. (n = number of observations).

Section Dry Season Rainy Season
(cm) (n = 4) (n = 5)
0-1 264.40 £ 35.0 253.14 +25.05
1-2 227.50 * 24.50 203.63 *30.19
2-6 128.83 * 33.60 116.24 +35.49

Table 12 : Potential nitrification rates (nmol N g ’(D.W.) d’1) for Ceriops sediment in
January 1993. Subplots A, B, C and D were randomly selected within the

Ceriops plot. Mean * S.D. (of dublicate samples).

Sectioni Subplot A Subplot B Subplot C Subplot D
(cm) (PNR) (PNR) (PNR) (PNR)
0-1 17.22 + 2.14 16.85 = 1.66 18.32 £2.07 12.21 + 1.47
1-2 11.70 *2.11 13.13 £ 136 22.14 £1.99 12.71 +0.84
2-4 10.43 £ 135 6.46 + 1.14 14.14 £1.56 12.22 +1.18
4-6 6.50 + 0.72 7.58 £ 0.69 8.31 + 1.42 8.31 £ 1.23
6-8 6.50 + 0.43 4.60 = 0.32 8.56 £0.73 5.71 £0.26
8-10 1.90 £0.44 2.85+ 0.33 1.58 * 0.29 0.79 £0.32



It is possible to block this process by adding nitrification inhibitors which are capable of blocking the
reaction (Henriksen et al. 1993). Differences in accumulation of ammonium between inhibited and
uninhibited samples allow estimates of nitrifying activity (actual nitrification rate) to be determined
(Haii, 1984). Two of the most commonly used nitrification inhibitors are Nitrapyrin and Allythiourea
(ATU). In this study, we used ATU and followed the method described by Haii, 1984. One of the
most important requirement for the nitrification blocking method is to have sediments with relatively
low variation in ammonium pool concentrations (Henriksen et al., 1993). As discussed earlier, one
of the main characteristics of the mangrove sediment in Gazi bay is the high (10-30%) standard
deviations noticed for NH/ profiles even for cores taken within an area of 1x1 metre square. Due to
this, differences in NH/ concentrations between inhibited and uninhibited cores were always found
to lie within the standard deviation of the subsamples (implying no significant difference for the
means). The actual nitrification results presented here are therefore only for those experiments
whose difference in NH/ concentration between inhibited and uninhibited samples (especially for
the 0-1 cm section) was larger than the sample's standard deviation. These rates should therefore
only be considered as maximum possible rates. Table 14 gives a summary of all the results
obtained from the five experiments conducted between September and October 1994. The table
shows

that nitrification rate is only observable at the surface (0-1 cm). Below this, the rate is undetectable.
The average surface (0-1 cm) nitrification rate from the five observations is therefore 0.43 +0.12
mmol N m'2d'1 This should however be considered as the maximum possible rate since all
experiments in which the difference in NH/ concentration between inhibited and uninhibited
samples was not bigger than the sample's standard deviation were ignored and the results not
recorded. Ideally these experiments should be considered to have given undetectable nitrification
rates. Relatively lower values of actual nitrification rates (averagely 0.16 + 0.10 mmol N m'2d")
were detected for Ceriops tagal sediments implying that the relatively high nitrate levels noticed
earlier for Ceriops sediment may be as a result of accumulation. The 0 2supplied by the roots in
Ceriops sediments (as observed from the relatively high redox potential values) comparatively
makes the system less prone to denitrification hence the possibility of nitrate accumulation.

Nitrogen fixation

The results calculated using the theoretical factor of three acetylene molecules equivalent to one
nitrogen molecule (Turner and Gibson, 1980), are expressed in pmol N m'1h'1 (Fig. 28). At any tide
and any season, nitrogen fixation activity was higher in Ceriops sediments and lower in Rhizophora
one. Values of nitrogen fixation rates in seagrass meadow sediments lay in between the values of
Ceriops and Rhizophora. In both sediments of Ceriops and Rhizophora, the nitrogen fixation activity
was higher at low tide compared to high tide, during the long rains (June-August 1994) and the
short rains (November 1994). During the dry season (March 1994), measurements were done with
one core only, at high tide. If we assume to have lower activity at high tide during the dry season,
as it was observed during the rainy seasons, nitrogen fixation activity of mangrove and seagrass
sediments should be higher during the dry season compared to the rainy one.

Table 15 shows the input of allochtonous nitrogen to the mangrove lagoon, as calculated from: (1)
litterfall data (Slim & Gwada, 1993); (2) initial nitrogen content of leaves; (3) nitrogen fixation
associated with decaying mangrove leaves (Woitchik et al. 1995) and (4) nitrogen fixation
associated with sediments.

Denitrification

Rates of denitrification of 18N03 (D19 and NO03 (D#¥ were calculated from the productions of MN
and “ N (Nielsen, 1992).

D1S= MN + (2 * “ N) = denitrification from labelled nitrates

D#is calculated from D,5:

D#={"N/ (2 *"N)} * DB = coupled dénitrification-nitrification

Total denitrification (Didd) = D#+ DS

The results of June - July 1994 are summarized in Table 16. Denitrification rates of Rhizophora
sediment are higher than those of Ceriops sediment. Denitrification rates are lower than nitrogen
fixation rates in Ceriops sediment while in Rhizophora sediment, rates of denitrification are found to
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Fig. 28 : Nitrogen fixation in sediments of Gazi bay, LT = low tide; HT = high tide
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Table 14 : Maximum possible actual nitrification rates (mmol N m "d‘l) in Rhizophora

sediment
Average
Depth 07.09.94 23.09.94 12.10.94 24.10.94 28.10.94 * S.D.
(cm)
0-1 0.64 0.45 0.36 0.32 0.40 A 0.43 +0.12
1-2 0.03 0.00 0.00 0.00 0.00 0.06 +0.13
2-3 0.00 0.00 0.00 0.00 0.00 0.00
34 0.00 0.00 0.00 0.00 0.00 0.00
Table 15 : Nitrogen input to the mangrove sediments of Gazi bay.
experimental Litterfall * N input through N input through N input through
plot and (gnr2d-1) leaf shedding N 2 fixation No fixation
season (mmol N nr2d™) (leaf) (sediment)

(mmolN nr2d'1) (mmol N nr2d")

Ceriops 0.43 0.062 0.049 0.332
dry season
Ceriops 1.34 0.249 0.020 0.188

rainy season

Rhizophora 3.22 0.552 0.087 0.092
dry season
Rhizophora 4.66 0.999 0.296 0.066

rainy season

(1) data from Slim & Gwada, 1993
(2) data from Woitchik et al. 1995



be similar to nitrogen fixation .

Epibenthic fluxes (sediment/water fluxes)

Once produced from decaying organic matter, part of the ammonium is incorporated back by the
bacteria while at the oxic layer part of it can be nitrified. The produced nitrate and the balance of
the produced ammonium can either be taken up by trees or diffuse by molecular difussion out into
the water column. In principle, the ammonium and nitrate concentration found in sediments are
usually orders of magnitude higher than those found in the water column so the fluxes are always
expected to be upward. However, research conducted in different marine sediments indicate that
this may not always be the case. Blackburn and Henriksen (1983), looking into nitrogen cycling in
different types of Danish marine sediments observed no significant correlation between ammonium
flux and ammonium pore water gradient. These authors concluded that the ion exchange capacity
may be more important in controlling ammonium flux from sediment to the overlaying water.
Henriksen et al. (1S83) also observed no correlation between concentration gradient of NO3 across
the sediment/water interface and the measured NO3 flux. They suggested that the NO3 flux is more
correlated to the nitrification rate than to the concentration gradient.

Intact core incubations

In order to calculate the outflux from the sediments, a number of incubations were done as
described earlier, applying increasing times of incubations. The concentration of the DIN at the end
of the incubation was measured and ploted versus incubation time. The flux rate was calculated
from the linear regression obtained. Table 17 gives the overall results for epibenthic fluxes obtained
by this method for the period October - November 1994.

One-time incubation experiments were carried out on routine basis in 1992, 1993 and part
of 1994 and all the results obtained from each core were used in plotting frequency distribution
charts (figs. 30a & b and 31a & b). Figure 30a gives the frequency distribution chart of NH/ flux in
Rhizophora sediment .While the sediment/water column NH/ flux rate is shown to vary between -
1.0 to +1.4 mmol N m'2d"'1, the highest frequency is seen to fall at around 0.4 mmol N m'2d"1. For
nitrate (fig. 30b) the values are much lower. The nitrate flux rate is seen to vary between -0.06 to
+0.75 mmol N m'2d‘1 However the highest frequency is at about +0.02 to +0.06 mmol N nr2d"1
The flux of dissolved inorganic nitrogen (NH/ + NO3 + N02) from the Rhizophora mangrove
sediments into the water column is therefore about 0.46 mmol N m2d‘1if we only consider rates
with the highest frequency occurance. These obtained values should also be considered as highest
possible values since our experimental observation was that however careful one was in adding the
filtered sea water into the cores, there was always an element of disturbing the thin sediment
surface layer. The highest recorded fluxes of ammonium and nitrate (1.4 and 0.75 mmol N m'2'1
respectively) could therefore have been as a result of this disturbance. Fig. 31 a and b gives the
frequency chart for NH/ and NO3 + NOZ fluxes respectively, across the Ceriops sediment-water
interface. The highest occurence for NH/ flux is found to lie between 0.5 and 0.7 mmol N m'2d'1
while that of NO3 + NOZ2 lies between 0.02 and 0.05 mmol N m2d \ The flux of dissolved inorganic
nitrogen (NH/+ NO3 + NO02) from the Ceriops sediment into the water column is therefore 0.75
mmol N m'2d'1 Ceriops tagal sediment is therefore found to contribute slightly more DIN into the
overlying water than the contribution made by Rhizophora sediments. In either case, more than
98% of this contribution is in the form of ammonium while NO3 + NO2 contribution is very minimal.

calculated fluxes
An attempt was also made to calculate the ammonium flux using Fick’s first law equation as
expressed by Lerman, 1978;

J=§% Ds dC/dx

In this equation :
J = diffusive flux across the sediment water interface

O = sediment porosity
Ds = corrected diffusion coefficient = Do O2



Table 16 : Dénitrification rates (mmol N d'1m"2) in sediments of Gazi bay

sampling site 29N 30N Di4 Dis Diota!
production production

Ceriops 0.0072 0.0197 0.0086 0.0466 0.0552

Rhizophora 0.0103 0.0439 0.0115 0.0982 0.1010

Table 17 : benthic ammonium fluxes (mmol d'im'2) measured by the incubation core

system in Gazi bay (n = number of cores).

sediments NH4+ flux

o
Ceriops 19/10/94 (n=3) 0.288 *0.17
Ceriops 21/11/94 (n=4) 0.432 + 0.22
Rhizophora 19/10/94 (n—+5) 1.128 £0.43
Rhizophora 25/10/94 (n=4) 0.264 *0.10
Rhizophora 11/11/94 (n=5) 0.336 +0.14

Table 18 : calculated benthic ammonium fluxes in Gazi bay

sampling site + Ds NfL»+ (0-1 cm) J
(cm2h 1) (jonol cm'3) (mmolm'2d 1)
Ceriops 0.46 0.0151 0.190 0.31
Rhizophora 0.92 0.0603 0.060 0.79-

Table 19: Calculated organic nitrogen stocks, regeneration and turnover rates for the upper

6 cm of Rhizophora and Ceriops sediments.

Item Rhizophora Ceriops
Depth (cm) 6.0 6.0
TON stock (mmol N m'2) 9337.14 3996.4

r (reminer. - mmoIN m'2d"1) 15.59 35.03
T umover rate (yrs) 1.6 0.31

Average C/N ratio (approx.) 26.0 26.0
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30a: Histogram of ammonium sediment-water interface flux rate (mmol N m'2
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. 30b: Histogram of nitrate sediment-water interface flux rate (mmol N m'2d"9)
as observed on Rhizophora mucronata plot between 1992 and 1994.
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31a: Histogram of ammonium sediment-water interface flux rate (mmol N m': d"1)
as observed on ceriops tagal plot between 1992 and 1994.
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Do = 19.8 x 10'6cm'2s 1(Li & Gregory, 1974)
dC/dx = concentration gradient at the sediment water interface

We took : dx = 1cm

C (water column) = 0.0003 pmol N cm-3

Table 18 below gives the results of the calculations. The obtained values fall within the flux range
observed from the frequency graphs of one (fixed) time incubations.

DISCUSSION

Early diagenetic reactions particulary those directly or indirectly involving the decomposition of
organic matter are most intense and rapid in the upper 1m and especially in the upper 10 cm of
marine sediment (Aller, 1980). It is this zone where most benthic organisms live and interact with
sediments and where exchange rates of dissolved and particulate material between sediment and
overlying water are largely determined. Knowledge of the processess taking place in this zone are
therefore essential for understanding the chemistry of the sediments and the water overlying the
sediments. Sediment mineralization and bacterial synthesis occur in zones dominated by different
electron acceptors. As carbon is oxidized in these different zones, organic nitrogen is also
mineralised to ammonium ion. However, once produced, part of this ammonium can again be
incorporated (assimilated) back into bacterial cells by the bacteria responsible for mineralization
process. Net production of ammonium hence depends very much on the quality and quantity of the
organic substrate (Aller,1980; Middelburg et al.1993).

The quantity can be determined by the stock of organic matter while the quality can be
assessed from the C:N ratio of the organic matter. Blackburn (1986), demonstrated that organic
matter with a C:N ratio of < 20 favours net mineralization while those of C:N ratio > 20 would favour
immobilization.

The C:N values obtained for the Rhizophora mucronata (23 + 1to 30 + 1) and Ceriops
tagal (19 £ 1to 39 * 2) sediments suggest that the sediments should favour immobilization with no
significant net mineralization observed. However, ammonifiction rates observed for the two sediment
biotopes indicates very active mineralization process which favours net production of ammonium.
Though the two sediment types displayed different organic matter content (21 + 1% and 2.1 for
surface Rhizophora and Ceriops sediments respectively) they both gave more or less same
potential ammonification rates per unit gram dry weight ( 600 nmol N g '(D.W.) d'1).This implies that
ammonification rates in the two sediment types is independent of the organic matter content within
the two plots. It was also noticed that this ammonification process is not affected by seasonal
climatic changes. Results obtained from regeneration and assimilation experiment indicates that the
regeneration rate of NH / in Rhizophora sediment is about 15.59 + 3.73 mmol N m'2d'1for the
upper 6 cm depth. However, about 60% of this is assimilated back giving a net production of 6.21
1.63 mmol N m'2d'1available for nitrification or plant uptake. For Ceriops sediment, the
regeneration rate was 35.03 = 6.63 while the uptake rate was 14.55 + 6.23 mmol N m'2d'1giving
anet production of 20.48 + 3.38 mmol N m'2d" available for plant uptake or other nitrogen
processes. These results seem to be similar to the rates reported in other mangrove sediments.
Nedwell et al. 1994 estimated 10 mmol N m'2d'1to be the net ammonium produced for plant uptake
in a Jamaican mangrove forest. It is important to note that while comparing rates in mmol N m'2d'1
we should take note of the depth and porosities of the sediments since these could create a
difference even if the rates are the same as calculated per gram dry weight. Before looking into
other processes, its important to compare these rates with the standing stocks in order to get an
idea about the turnover rates. From the total organic nitrogen (TON) contents and porosity values
given in Tables 4a and 4b it is possible to calculate the organic nitrogen stock for the 0-6 cm depth.
Table 19 below, gives the stocks, regeneration and turnover rates for the upper 6 cm depth for both
Ceriops and Rhizophora sediment.

Remineralization rate of 15.59 and 35.03 mmol N m'2d'1would imply a carbon
mineralization rate of 405.3 and 910.78 mmol C m'2d'1for the Rhizophora and and Ceriops
sediment plots respectively at an average observed C/N ratio of 26. However, direct measurements
of carbon dioxide flux from the Rhizophora sediment gave a carbon remineralization rate of 60.5
mmol C m'2d'1(Middleburg, et al., submitted) implying that the organic matter responsible for this
production does not have a C/N of 26 but of about 3.8. If this is so, then the actual carbon dioxide
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flux rate at our Ceriops tagal sediment should be 240 mmol C m'2d'1which also falls within the
range found by Middelburg, et al (submitted), for the Ceriops sediment ( 30 to 450 mmol C m'2d ")
of Gazi Bay. Since C/N ratios of marine bacteria range from 3 to 7 (Nagata, 1986; Lee and
Fuhrman, 1987), the calculated C/N ratio of 3.8 as being responsible for the C02flux (sediment /
water interface) and organic nitrogen remineralization rate in Rhizophora and Ceriops tagal
sediments of Gazi Bay would imply active involvement of benthic bacterial biomass. Recent sudies
in mangrove sediments of tropical Australia (Alongi, 1989) have demonstrated very high bacterial
densities and productivities in these sediments with bacterial productions sometimes being 10 times
higher than those reported for other marine sediments.

813C isotope signature for the mangrove sediments in Gazi bay are found to be very close to those
of the mangrove leaves (Rao et al. 1994; Hemminga et al. 1994). This has led to the conclusion
that organic carbon from the mangroves forms the major part of the organic carbon in sediments.
However, the observed sediment’s C/N atom ratio of 26 (for the upper 6 cm) is too low compared to
that of senescent leaves of the mangroves (Rhizophora:193 + 45; Ceriops: 218 £ 26; Rao et al.
1994). A number of explanations have been given for this nitrogen enrichment in sediments which
has resulted in reduction of the C/N ratio to about 26. These explanations include nitrogen fixation
(Woitchik et al. 1994) and import and degradation of seagrass (Hemminga et al. 1994). While
nitrogen fixation could be an important source, Capone (1983), concluded that N2fixation in
mangrove forests are generally low. As observed in Rhizophora and Ceriops tagal sediments, the
highest input of N through N2fixation was only about 0.1 and 0.33 mmol N m‘2d'1respectively
(Table 15). 51 isotope signature for seagrass in Gazi Bay were found to lie between - IO0* (near
the open sea) and - 20°/@ (next to the mangrove zone) while the C/N ratio of the same were found
to be about 20 uniformly across the trancect (Hemminga et al. 1994). If we assume that this
seagrass with a C/N ratio of about 20 is responsible for the enrichment of nitrogen and hence
decrease of C/N from the expected ( 200) to 26, then a very big quantity would have been needed.
This would then have shifted the S;3C isotope of the mangrove sediment quite significantly to less
negative values. As it is, the difference between the sediment 813 and the mangrove leaves for
Rhizophora and Ceriops biotopes is only 2.9 % and 1.4 % respectively (Hemminga et al. 1994).
While we appreciate that this drop could have been brought up by import of seagrass into the
mangrove zone, the fact that the main organic matter that undergoes reminerilization in the
mangrove sediments is found to have a C/N ratio of about 4 could also imply the presence of
another (perhaps more important) different source of organic material within the mangrove
sediment.

Though the C/N atom ratio of senescent mangroves leaves were found to be very high,
dissolved organic material e.g (amino acids) leached, could have very low C/N value. Valiela et al.
(1985) found that dissolved organic material released as leachate from several particulate organic
material is potentially nutritious as it is high in soluble proteins, carbohydrates and lipids which have
low C/N values. Marinucci, 1982 also found that leached dissolved organic material could have a
lower C/N value than the initial POM. The DOM leached is also biologically labile and rapidly taken
up by microbes (Benner et al. 1986; Biddanda, 1985). The microbes taking up this DOM tend to
have similar 813C isotope signature as the initial POM. Boto et al. 1989 demonstrated that in
mangrove sediments, about 35% of this produced dissolved organic matter is used to support
benthic bacterial productivity . Despite having a higher concentration gradient of DOC between
porewaters and overlying tidal water, no significant efflux of DOC was observed in Australian
mangrove forest (Boto et al. 1989). If about half of the produced DOM is used to support benthic
bacterial productivity and no significant net efflux into the water column is noticed, then what is the
fate of the other half? One of the fates of dissolved organic material (DOM) released by
decomposing macrophytes is aggregation into amorphous particles called organic aggregates
(Albert and Valiela, 1994a). Though this process has only been demonstrated in seawater within
the water column (Albert and Valiela, 1994a) we are not aware of any reason as to why it can not
happen in sediment’s interstitial water. This process of aggregation is largely driven by bacteria and
the aggregate composition does not vary with species neither does it reflect the composition of
either the macrophyte or the DOM from which it is derived (Albert and Valiela,1994b). Instead,
these aggregates are similar in quality to bacteria. Due to the high bacterial biomass and
productivity in mangrove sediment, formation of these aggregates of amorphus organic material
whose quality is similar to bacteria is possible and could be the reason why we have a high stock of
organic matter in Gazi mangrove sediments. Organic matter remineralization in the mangrove



sediments could then imply turnover rates of these formed aggregates (hence the low turnover rates
observed in Rhizophora and Ceriops sediments) whose C/N ratio is likely to be similar to that of
bacteria. The increase of C/N atom ratio with depth as seen for the Rhizophora and ceriops
sediment could also imply decrease of the aggregates quantity with depth. This is highly likely
since aggregation is bacterial driven and bacterial biomass is found to be very high at the upper 1
cm of the mangrove sediments (Boto et al. 1989) and decreases with depth (Alongi, 1989 ). A
similar increase of C/N atom ratio with depth has been observed for most mangrove sediments, e.g.
the south-east Asian mangrove swamp (Kristensen et al. 1988). Though there is a possible
decrease of the quantity of these aggregates with depth which may result in the observed increase
of the C/N ratio (table 4a & 4b), 81 isotope signature is not expected to change significantly with
depth since the formed aggregates and bacteria are expected to display 813 signature similar to
the main source of the supply. The less negative 81 values found at the surface (table 4a & 4b)
could therefore also reflect an external addition from either the marine open waters or seagrass
(Hemminga et. al., 1994). Both these sources have POM whose 81 is less than that of mangrove
vegetation (-10 to -20 °/@ for seagrass and ca. -20 °/@ for marine POC; Hemminga et al.,1994;
Rezende, et al. 1992).

From the regeneration and assimilation experiments for the Rhizophora and Ceriops
sediment, about 6 mmol Nm'2d'1and 20 mmol Nm2d‘1respectively are made available for either
tree uptake or nitrification process.

Potential nitrification rates are found to be relatively higher in Rhizophora than in Ceriops
sediment. The low PNR in ceriops tagal sediment imply low biomass (or activity) of nitrifying
bacteria as compared to the biomass (activity) that would be found in Rhizophora sediments. It is
not very clear as to why we have very big difference in the nitrifiers biomass (assuming PN rate is
proportional to biomass of nitrifying bacteria; Henriksen et al. 1981) in the two biotopes. However,
Chen et al. (1976) studying salinity effect on nitrification, concluded that nitrification rate was
inversely proportional to salinity. This would imply that the higher the salinity the lower the
nitrification rate. Billen (1975) also made similar observations while studying nitrification process in
Scheldt estuary. Salinity at the Ceriops sediment were found to be relatively higher (ca. 42 - 58 ppt
for the upper 12 cm depth) than in Rhizophora sediment (34-40 ppt ). During neap tide, the salinity
in the upper cm of Ceriops tagal sediment could rise upto ca. 58 + 3 ppt (personal observations)
due to infrequent flooding and évapotranspiration of the surface pore water. The maximum
difference in salinity betwen the two sediments could therefore be about 20 ppt. This difference is
likely to affect the biomass of the nitrifying bacteria in ceriops tagal sediment. Another possible
reason for the big difference in biomass of nitrifying bacteria could be excessive heat. Mangrove
trees of Rhizophora mucronata species are usually quite big with big leaves which always covers
the sediment from direct sun light while Ceriops tagal species have short trees with small leaves
which are not densely packed (Slim and Gwada, 1993). Since the Ceriops sediments are only
inundated during spring tides, the prolonged absence of water during neep tide coupled by direct
sun light would raise the sediment’s (especially the upper few centimeters) temperature. Carlucci
and strictland (1968) found that the optimum temperature for several nitrifiers from the northern
Pacific ocean was about 28 °C while Waterson and Waterburg (1971), noted that the nitrate
oxidisers, nitrospina and nitrococcus both grew optimally at 25 - 30 °C. The higher temperatures
(35 - 39°C ; personal observations) sometimes found in the ceriops upper ( 1 cm) sediments (during
neap tide) could therefore also contribute to the relatively low biomass of nitrifying bacteria in
Ceriops tagal sediments.

While ammonification rate for the 0-1 cm Rhizophora sediment depth indicates net
production rate of ca. 1.57 mmol N m'2d'1 (table 8) potential nitrification value for the same depth
(table 10b) indicates that almost 70% of the produced ammonium can be oxidized into nitrate.
However actual nitrification rates determined from the same sediments indicates low nitrification
process (table 14). Only about 25 % (ca. 0.43 mmol N m'2d"1) of the produced ammonium is
nitrified at the upper 1 cm section while below
1 cm depth hardly any actual nitrification is noticed. For Ceriops tagal sediments, actual
nitrification rates for the surface (0-1 cm) were averagely about 0.16 + 0.10 mmol N nr2d'1(results
not shown). Henriksen et al. (1993) observed that most marine sediments had nitrification rates
ranging between 0.7 and 1.8 mmol N m'2d'1. Though our maximum possible nitrification rate in
Rhizophora is found to be (ca. 0.55 mmol N m'2d") the same order of magnitude as the values
mentioned by Henriksen et al. (1993), our values are much lower since our range is essentially O -
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0.55 mmol N m'2d'1when we also consider the experiments which had undetectable nitrification
rates. Since ammonium stocks at the surface are relatively high and determination of potential
nitrification has indicated possible active nitrification process above 4 cm depth, the low actual
nitrification rate observed in Rhizophora sediment is most likely due to low oxygen availability.

Organic matter content found in the Rhizophora sediment is very high compared to that
found in most mangrove sediments. The LOI organic matter content at the sediment surface was
found to be about 20 % (dry wt.), while POC and PON were found to be about 9 % and 0.4 %
respectively (table 4a). In comparison, LOI organic matter content found in a south-east Asian
mangrove swamp was only about 8 % while the POC'and PON were 2 % and 0.09 % respectively
(Kristensen et al. 1988). In a mangrove swamp of Indus delta, pakistan, Kristensen et al., 1992
found LOI organic matter content of 5 % (dry wet). Kristensen et al. (1988) demonstrated that up to
73 % of the available oxygen could be used to support decay of algal cells in a mangrove swamp.
The low actual nitrification process in Rhizophora sediment could thus be due to high use of oxygen
to support decomposition of the observed high organic matter stock hence lowering the
concentration of diffused oxygen available for nitrification. For Ceriops tagal sediments, the low
actual nitrification process could be due to low biomass of nitrifiers as a result of high salinities and
temperatures of the Ceriops sediments.

Despite having higher nitrification rate, the Rhizophora sediments are found to have lower
subsurface nitrate stock compared to the Ceriops sediments. Ceriops sediments being more
oxidized than the Rhizophora sediments may be having a lower denitrification rate hence a possible
accumulation of nitrate. Indeed, higher denitrification rates in the Rhizophora than in the Ceriops
sediments were observed in this study. However, despite having relatively higher NO3 stocks, the
Ceriops sediment displays more-or-less same flux rates ( 0.02 to 0.06 mmol Nm'2d ’) as those
observed in Rhizophora sediments. The sediment / water interface NH/ flux rates appear to be
slightly higher with highest frequency for Ceriops sediment occuring between 0.5 and 0.7 mmol Nm'
2d'1while for Rhizophora it ranges between 0.3 and 0.4 mmol Nm'2-d'1. The maximum possible flux
rate of dissolved inorganic nitrogen from the Rhizophora and Ceriops sediments is therefore 0.46
and 0.76 mmol Nm'2d'1respectively. Though flux rates from sediments may be calculated from
porewater concentration gradients and diffusion coefficients using diagenetic models, bioturbation in
mangrove sediments may require more complex modelling to compute the fluxes mathematically
(Alongi et al., 1992). However, as a first approximation, our calculated flux values seem to fit within
our ban of high occuring frequency in our ‘one time' incubation results as well as with the results
from the repeated incubations.

To assess the contribution of dissolved inorganic nitrogen by mangrove sediments to the
overlaying water system, a number of assumptions have been made :

At Gazi Bay the area covered by mangrove vegetation is about 6.61 km2(Hemminga et al. 1994).
During spring high tide, water level at the Rhizophora plot is about 2 meters while at Ceriops plot it
is about 1 m decreasing progressively up into the basin shrub type Avicennia vegetation. If for the
sake of argument, the level of water covering the entire vegetation at high spring tide is assumed to
be about 1 metre throughout the entire area covered by the mangrove vegetation, then we have a
total water volume of about 6.61 x 109litres above the Gazi mangrove sediments. The average
maximum DIN flux from the Ceriops and Rhizophora sediment is observed to be 0.61 mmol Nm'2d'
\ For an area of 6.61 km2 this would give an output of about 4032 mol N d'1into a water volume of
about 6.61 x 109litres. This would increase the water column concentration by 0.61 umol N ['1d"1.
This would imply an addition of about 0.025 umol N I’ h'1. However, in spring high tide, the
Rhizophora is covered by water ony for about 4 hrs while Ceriops is covered only for about 2.5 hrs.
To work on maximum possible input into the water column we can assume that during high tide the
sediment is covered by water for about 4 hours hence a total increase of 0.1 pmol N I'1during the
high tide duration. The rate of primary production within the Gazi mangrove creek during dry season
was found to be 377.67 £ 159.7 m g C m '3d'1(Kitheka et al., this issue). Using Redfield ratio of 6
for Carbon to Nitrogen, this production would require 0.20 pmol N '1h'1. This nitrogen demand is
eight times higher than the supply through sediment - water fluxes. In order to sustain this demand,
there must be another more important source of nitrogen within the water column.

Two possibilities exist for this additional nitrogen requirements - either through seepage or
leaching of nutrients from surface sediments during outgoing ebbtide water flow (Boto, 1982). Time
series studies conducted at the entrance of Kidogoweni creek (Kitheka et al, this issue) indicates no
significant difference in nutrients concentrations between incoming and outgoing water during dry
season. This implies that any additional dissolved inorganic nitrogen which may be added to the
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mangrove creeks by either seepage or nutrient leaching of top sediment soil is immediately taken
up resulting in the slightly higher observed primary production in the creeks as compared to the
closeby open waters (Kitheka et al., this final report).

CONCLUSION

Despite having organic matter whose C:N atomic ratio is > 20, the Gazi mangrove sediments are
found to favour net ammonium production instead of immobilization as expected (Blackburn, 1988).
Figures 32 and 33 below gives a schematic presentation of the rates for some of the nitrogen
transformational processes and fluxes in the Rhizophora and Ceriops sediments, respectively of
Gazi Bay. The total organic nitrogen content integrated over the upper 6 cm of Rhizophora
sediment is found to be 9337 mmol N m'2 While 15.77 mmol Nm'2is found to be regenerated per
day, about 60% of this is assimilated back giving a balance of about 6.13 mmol N m'2d ‘1 of
ammonium. Out of this balance, only about 0.40 mmol N m-2 d'1diffuses out into the water column
while another 0.43 mmol N m'2d” is nitrified. About 5.38 mmol N m'2d'1 of NH/ is therefore
available for tree uptake in Rhizophora plot. Since about 0.06 mmol N m'2d'1of nitrate is fluxed out
into the water column everyday and another 0.11 mmol N m'2d'10of the produced nitrate is
denitrified a balance of 0.26 mmol N m'2d'1becomes available for tree upake. Nitrogen fixation and
denitrification rates were seen to be balanced in Rhizophora sediment.

For Ceriops sediments (Fig. 33) about 19.60 and 0.07 mmol N m'2d'1of NH4 and NO3
becomes available for tree uptake everyday. Rates of nitrogen fixation were found to be twice those
of denitrification in these sediments. Incubation for determination of actual nitrification in the
sediments, eliminates the constant supply of 0 2by roots. Due to this the actual produced NOain
these sediments is underestimated- especially for Ceriops sediments which are more oxidixing. The
higher NO.,"l concentrations at sub-surface levels of Ceriops sediments are therefore due to
constant oxidation of NH/ by the roots supplied 02

Rhizophora sediments are found to have a higher biomass of nitrifying bacteria as
compared to Ceriops sediment. The low biomass of nitrifying bacteria in Ceriops sediment is
attributed to both higher salinities and temperatures observed in the sediments..

From the overall results obtained, very little dissolved inorganic nitrogen is supplied into the
overlying water through the sediment water boundary. Rhizophora sediment is seen to supply ca.
0.46 mmol N m‘2d'1while the Ceriops sediment supplies 0.76 mmol N m'2cf\ If we assume that the
overall volume of water above the mangrove vegetation is 6.61xi O9litres we estimate an increase
of 0.025 pmol N ['1h'1. However primary productivity within the mangrove creeks is found to be
averagely 377 mg C m3d'1(Kitheka, et al., this issue). This would require 0.21 pmol N m'2d'1. It is
therefore seen that epibenthic fluxes of dissolved Inorganic nitrogen across the sediment - water
interface is not enough to meet the high nitrogen demand within the mangrove creeks. Boto, 1982
suggested that nutrient from the mangrove soil could be leached out during ebb flow. This together
with seepage could be the other sources of the extra nitrogen to support the relatively high primary
production in Gazi mangrove swamp.
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INTRODUCTION

Mangroves are open systems, coupled to coastal waters by tidal currents. To what extent the orga-
nic matter produced is exported to adjacent ecosystems is determined by physical and biological
factors (Woodroffe, 1992). Several studies show that large proportions of the leaf litter reaching the
forest floor are consumed or buried by crabs (e.g., Robertson, 1986; Micheli et al., 1991). This
consumption and retention of litter within the mangrove forest by the benthos will have profound
effects on the pathways of energy and matter flow within forests and their exchange with nearby
systems. Robertson and Daniel (1989), for instance, showed that Sesarmid crabs removed between
20 and 80 % of the litter fall in different forest types in northeastern Australia. Beside studies on the
mangrove litter processing activity of crabs, some studies have focussed on litter processing snails
(Soemodihardjo & Kastoro, 1977; Nishihira, 1983).

In the present study quantitative measurements of the rates of leaf litter fall removal by the
benthos in monospecies stands of Rhizophora mucronata and Ceriops tagal in Gazi Bay (Kenya)
were carried out. The Rhizophora stand is flooded every high tide and Sesarmid crabs are the main
feature of the macrobenthos. In the Ceriops stand, which is situated higher in the intertidal zone, the
mollusc Terebralia palustris and fiddler crabs are dominating the macrobenthos. The litter removal
rates determined were combined with data on litter fall and inundation frequencies to calculate the
tide-mediated efflux of leaf litter from both types of mangrove stands.

STUDY AREA

The present research was carried out in the mangrove forest of Gazi bay (Kenya). The mangrove
vegetation in the bay covers a total area of 6.61 km2 A total of 8 mangrove species are found in
the mangrove forest. Field experiments on litter fall removal by the benthos were conducted in study
plots of 20 X20 meter in monospecies stands of R. mucronata and C. tagal. The R. mucronata plot
was the nearest to the low water line and was inundated at each high water, whereas the C. fagal
plot was situated at a higher elevation and was only inundated around spring tides. The biomass
and litter fall in these plots have been determined earlier (Slim et al., submitted). The site character-
istics relevant to the present study are shown in Table 1.

MATERIALS AND METHODS

Leaf removal experiments

Field experiments were carried out to assess the influence of time of day and lunar cycle (i.e.
inundation frequency) on the rate of leaf removal by the benthos. To this aim, tagged senescent
leaves of Ceriops and Rhizophora were laid out on the forest floor of the respective stands during
ebb tide, and leaf removal was measured. The leaves that were used in these experiments were
yellow, senescent leaves, picked from the trees less than 24 hours before the start of the experi-
ment. The outline of each leaf was traced on a transparency, allowing the use of a video camera
and digital image analysing software to estimate its surface area. Each leaf was sewed at the
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Table 1: Characteristics of the C. tagal and AR mucronata study sites (data from Slim et al.,
submitted).

unit Ceriops Rhizophora

stem density n/100 m2 164 + 64 198 + 67
biomass DW kg m'2 4.01 + 0.34 24.9 * 4.01
litter fall DW g m'2 day'l 1.05 * 0.49 2.51 + 1.15
litter fall n leaves m'2 day'l 2.92 + 1.37 1.97 * 0.98
litter stock n leaves m'2 5.3+ 1.9 2.7 £ 1.1
flooding

-time min. day'l 116 575

-time « 8.1 39.9

-frequency % of HW occurrence 35 100

petiole to a thin (0.3 mm) nylon line of approximate 1.5 metre. This line had a tag for identification
of the leaf. At the beginning of low water the lines with the leaves were attached to the trunk or stelt
root of a tree. Four sites, of approximate 15 m2and at 10 metre from each other, were used in each
vegetation, to account for spatial variance. At each site 10 tagged leaves were set out. The number
of leaves set out in the experiment accounted only for a small fraction of the natural leaf litter
density. So we assumed that our experiment did not change the normal density of litter and that the
observed fate of the leaves set out in the experiment is the same as for natural litter. At the end of
the low water period the leaves were recovered and their outline was traced over the initial drawing
on the transparency, to quantify the leaf area removed. Repeated experiments were carried out at
spring, neap and intermediate tides at low water periods during day and night time. The experi-
ments were set up in such a way that each experiment was either completely in the dark period (i.e.
"night"; between 18:30 - 05:00) or in the light period (i.e. "day"; between 05:00 - 18:30).

Observations on Terebralia palustris.

The snail T. palustris was a conspicuous feature of the benthos in the C. tagal stand and was
studied in more detail. Density of the snail was assessed by counting all the snails present in 2.5 x
2.5 m plots (n=13). Twice the water content of T. palustris was assessed. Once under "wet" condi-
tions, when the plot had been flooded by 8 successive high tides and once, under "dry" conditions,
after 4 successive high tides which did not reach the stand. Fresh weights (FW) of the snails were
measured after rinsing the snails and removing the adherent water with a tissue. Dry weights (DW)
were measured after drying until constant weight at 70 °C. In both measurements the shell was
included. Size distribution was assessed by measuring the shell length of all snails present in 3
squares of 2.5 x 2.5 m. To confirm the observation that the snails gathered near the trunks of the
trees when the plot was not flooded during successive high tides, the number of snails in concentric
circles around 5 different trees at neap and spring tide were counted.

RESULTS

Litter removal in the C. tagal stand.

Overall analysis of covariance showed that the association between "day" and "night" was strikingly
different for the "dry" and "wet" condition. Therefore it was decided to analyze the litter removal
under these conditions separately. If the plot was not flooded by the high water prior to the experi-
ment (i.e. condition "dry" in Table 2), the median litter removal was in all cases less then 2 % and
no significant differences were found between "day" and "night" (Table 2, Fig. 1). However, if the
plot was flooded by the high water prior to the experiment (i.e. condition "wet"), the litter removal
much more leaf material was removed. Furthermore, in the "wet" condition litter removal differed
significantly between "day" and "night" (P < 0.002; ANCOVA) and nearly for high tide level (P =
0.056; ANCOVA,; Fig. 1). After a high water level prior to the experiment of 330 cm above datum
(i.e. 50 cm above plot level in C. tagal stand), the estimated median percentage litter removal is
about 1.5 times higher at night than by day: 41.6 % (95% CI: 35.3 - 48.1%) and 25.2 (95% CI: 19.8
- 31.1%) respectively. These results suggests that the snails eat more during night time.
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Fig. 1. Percentage of litter fall removed by Terebralia palustris at different high water levels, prior to
the observations (d=day, n=night) in the C. fagal stand. Encircled data were excluded from sta-
tistical analysis (see text).

During one experiment, where the plot was not flooded previous to the test, a high percentage of
litter removal was observed, most likely as result from wet conditions due to rainfall. In an other
experiment, a low percentage was observed, presumable caused by the fact that the wet conditions
were minimal due to a relative short flooding time and a previous long dry period of over 20 hours;
moreover this the experiment took place during the warmest period of the day. The results of these
two experiments were therefor excluded from the statistical analysis (Fig. 1).

Table 2: Median and 95% confidence intervals of percentage leaf litter fall removed in the C. tagal
stand. (P value on test for difference between day and night; ANCOVA).

condition period median CI P n
dry day 0.81 0.37-1.42 3
night 0.71 0.30-1.28 0.777 3
wet day 25.22 19.78-31.08 8
night 41.60 35.26-48.08 < 0.01 6
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Table 3: Counts of T. palustris in concentric circles (with radii: of 20, 40 and 60 cm) around trees of

C. tagal under "dry" and "wet" conditions, (mean + S.D. (n=5); calculated densities (n m'2) between
brackets).

CIRCLE DRY WET

0-20 47.8 + 35.9 17.8 + 15.2
(380) (28)

20 - 40 15.4 + 17.1 16.2 + 16 .1
(41) (26) -

40 - 60 6.4 £ 5.0 28.0 + 9.4
(10) (45)

0 - 60 69.6 *+ 48.9 62.0 + 37.3
(61) (55)

Observations on Terebralia palustris

The density of T. palustris was 33.0 £ 10.2 (n = 13) individuals m'2 Average size of the snails was
449 + 155 mm (n = 828). Snails smaller than 20 mm or bigger than 85 mm were hardly found. The
food niche of litter in the C. tagal stand was only exploited by bigger (> 5cm shell length) individuals
of the mollusc. This snail was observed eating not only from our tethered leaves, but also
propagules and green leaves, which were present on the forest floor, were consumed. It was ob-
served that during neap tides the snails were inactive and clustered on the floor around trunks and
knee roots of the trees (Table 3). These places were more moist and shaded from direct sunlight
Small individuals were often found dugged in the soil. At spring tides the snails were actively
moving, leaving clear tracks on the wet floor and eating the litter. The water content of the snails
(including the shell) around neap tide was 15.5 + 4.7 %(n = 52) which was significant lower than
the water content at spring tide 18.1 £ 2.4 %(n = 40)(T-test; P < 0.01).

Litter removal in the R mucronata stand
The decapod crab Sesarma guttatum was observed eating and digging in the leaves. Looking from
the perspective of the amount of litter removed, dug in leaves were considered 100 % removed, i.e.
not available for tidal transport. Therefore our litter removal percentages do not refer to food intake
of the crabs.

The estimated median percentage litter removed in the R. mucronata stand during the day-
time was significantly higher than during the night-time: 40.3% (95% CI: 33.1 - 47%) and 21 .7%
(95% CI: 15.6 - 28.6%), respectively (Table 4). In contrast with the pattern of litter removal in the C.

tagal stand, no significant differences were found between the flooding level and the percentage
litter removed. f-

Table 4: Median and 95% confidence intervals of percentage
leaf litter fall removed in the R. mucronata stand. (P value on test for difference between day and
night; ANCOVA).

period median Cl P n

day 40.30 33.06-47.75 12
night 21.73 15.59-28.57 < 0.0111



DISCUSSION

It is evident that the availability of water in the C. tagal stand is a determining factor in the amount
of litter being removed by the benthos. Flooding by high waters, prolonged flooding around spring
tide, rains and night conditions (lower temperature, reduced evaporation) coincide with higher litter
removal percentages. The snail T. palustris was observed to be the exclusive consumer of the litter
in this mangrove stand. The relation between moisture and litter removal is a direct consequence of
the behaviour of this snail to reduce desiccation. The inactivity of the snéils, when high waters do
not reach the stand, will conserve the use of water, as the mucous traH, produced by active snails
(Barnes, 1974), leads to water losses. The snails also avoid exposure of the soft body tissue to
direct sun irradiance. The observed clustering of snails around trees and knee roots, i.e. shaded
areas, and the hiding of small snails in the soil are examples of cool and moist refugia available for
species living in the intertidal environment and suffering from the danger of desiccation and thermal
stress (McMahon and Britton, 1983 and references therein).

- . Leaves falling when the stand is inundated, i.e. 8% of the time (Tabie 1), are considered to
be exported from the stand by the tidal waters. This implicates that up to 92% of the litter fall in the
C. tagalstand is available, for some time, for the snails to feed on. Favourable "wet" conditions for
litter removal are only caused by 35 % of the high waters occurring, which are equally distributed
over the time of day. Combining the data on litter removal at different conditions, we can arrive at
an approximation of the average fraction of the total litter fall removed by the snails from the C
tagal vegetation; i.e. (fraction of leaf litter fall available] * ((fraction removed under dry condition) +
(fraction removed under wet condition at day time) + (fraction removed under wet condition at night
time)]. In values: (100 * 0.92] * ((0.65 * 0.008) + (0.35 * 0.5 * 0.252) + (0.35 * 0.5 * 0.416)]= 0.112.
Thus 11.2 % of the total leaf litter fall is consumed by the T. palustris community in our C. tagal
stand, which is low compared other studies. Robertson (1986) found that up to 28 % of the produ-
ced litter was removed by Sesarmid crabs in mid-intertidal forests. In high-intertidal forests, such as
our C. tagal stand, over 70% of the litter fall can be removed by crabs (Robertson and Daniel, 1989;
Michelii et al., 1991; Emmerson and McGwynne, 1992). The difference in litter removal between our
study and the mentioned literature can be explained from the inactive period of the snail during
neap tides to avoid the danger of dehydration. Crabs can forage at neap and spring tide thanks to
their capability of digging holes by which they can reach the underground water table of the in-
tertidal area and avoid problems of dehydration (MacNae, 1968).

The low percentages of leaf litter removed at neap tide, due to the inactive period of the
snails, will allow a gradual build-up of litter on the forest floor. With the first high water reaching the
plot the build up litter stock will be flushed away. The overall result is a pulsating efflux of litter from
the Ceriops stand with highest litter transports at the beginning of spring tide. The high litter removal
activity we observed during a rainy day suggests that the seasonal rains will also cause a seasonal
activity pattern of the snail T. palustris. With the supply of water by the rains, their activity will
increase. Combined with the reduced litter fall for the same season (Slim et al, submitted), the litter
removed by tidal export from the C. tagal stand will fluctuate over the year, with lowest values
during spring tide in the rainy seasons.

In the ft mucronata stand several leaf eating Sesarma species were present Sesarma
guttatum is the most common one in this low lying mangrove forest (J. Schrijvers, pers. comm.) and
was observed eating from the litter present on the forest floor. Other species present were Sesarma
smithiiand Sesarma leptosoma (J. Schrijvers, pers. comm.). Sesarma leptosoma is known to feed
on fresh leaves, it obtains these by climbing into the trees (Vannini and Ruwa, 1994). According to
these authors Sesarma leptosoma cannot be responsible for the litter removal as this species does
not venture onto the free mud surface at low tide. Sesarma smithiiis a nocturnal species, known
from northeastern Australia to feed on fallen litter. The litter removal data show higher activity at day
time than at night time in our ft mucronata stand, suggesting that Sesarma guttatum is more impor-
tant for the process of leaf litter removal than Sesarma smithii.

Following the same line of calculations as for the C. tagal stand, the estimated litter
removal averaged over time, as a fraction of total litter fall, in the ft mucronata stand is; [(100 *
0.60)] * [(0.5 * 40.3) + (0.5 * 21.7)] = 0.186. Compared with other authors (Robertson and Daniel,
1989; Michelii et al., 1991; Emmerson and McGwynne, 1992) the figure of 18.6%0 of the litter
removed is rather low. Robertson (1986) presents 22%o as the lowest seasonal value for a mixed
Rhizophora forest in Australia. But in absolute figures our level of litter removal is larger than the
one determined by Robertson, i.e. 1770 g DW M 13',d154 g DW m_2/'1respectively.
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Although the C. tagal stand is less frequently flushed by the tidal waters, the loss of litter
due to tidal flushing is of similar order as from the twice a day flooded ft mucronata stand. From
the C. tagal stand 89 % (i.e. 0.93 g DW m'A"Y) of the litter fall is subject to tidal transport and for
the ft mucronata stand this value is 81 % (i.e. 2.04 g DW m'2day). Due to the higher amount of
litter fall in the Rhizophora stand the absolute losses are bigger from this mangrove forest.
Retention of litter by local decomposition will be of minor importance in both stands. In the Rhi-
zophora stand the residence time of litter is restricted to a single low water period, i.e. maximum 6
hours. In the Ceriops stand the residence time can be longer especially around neap tides when the
stand is not inundated by high water. But these dry conditions are not favourable for the decompos-
ition process (Robertson, 1988; Hemminga and Nieuwenhuize, 1991).

The litter processing in the C.tagal stand by snails differs from the general description of
litter processing in literature where Sesarmid crabs play an important role. Consumption and burial
of the litter by crabs will cause retention within the forest of the litter (Robertson, 1986; Robertson
and Daniel, 1989; Michelii et al., 1991; Emmerson and McGwynne, 1992). In the C. tagal stand only
consumption, but no burial of litter occurred. The consumed litter will only return to the system after
digestion by the snail as faeces. As T. palustris is a mud dweller its faeces will be deposited on the
top of the soil and become available for detritus feeders, i.e. young individuals of T. palustris, fiddler
crabs (Uca lactea and Uca Inversa are abundantly present) and other small benthos. Due to tidal
flushing inevitable loss of the faeces and its nutrient contents will occur, as the snails are only
active when high waters reach the stand. Our results clearly show that processing of the litter in an
intertidal mangrove forest is not a unique feature of a benthic community dominated by crabs, but
that the activities of the snail T. palustris should be included in the models of energy flow in
mangrove forests.
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INTRODUCTION

Mangroves are open systems, coupled to the coastal waters by tidal currents. Several studies
indicate that export of particulate organic matter from mangrove forests may be a general feature of
these systems (Boto & Bunt 1981; Twilley, 1985; Robertson, 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 will include geomorphological and hydrodynamic
factors (Twilley, 1985; Woodroffe, 1992; Wolanski et al., 1992). Mangroves occur in a number of
different environmental settings. An intriguing situation is the co-occurrence of mangroves, seagrass
meadows and coral reefs. These can be found 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 function (e.g. Harlin & Thorne-Miller, 1981; Smith et al., 1981; Brock &
Smith, 1983; Birkeland, 1987; Short, 1983, 1987; Hallock, 1988; Fourqurean et al., 1992). Thus, if
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.

During the project, we investigated the fluxes of particulate carbon between the mangrove in Gazi
Bay (Kenya) and the adjacent seagrass meadows and reef zones, as part of the first objective of
the project to assess the nutrient sink or source function of mangroves.

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 mangrove of 6.61 km2covers much of the Bay (Fig. 1). There are two major tidal
creeks penetrating the mangrove forest. The western creek is the mouth of the river Kidogoweni, a
seasonal river. The eastern creek, called Kinondo creek, is a tidal creek. The present investigation
focussed on the outflow of this creek. A total of 8 mangrove species are found in Gazi Bay. Directly
adjacent to the mangroves on the seaward side are intertidal flats intersected by some channels,
and shallow, subtidal areas. Both the intertidal and subtidal areas are to a large extent covered by
various species of seagrasses and, to a lesser extent, by macro-algae. Particularly relevant to this
study was the subtidally growing seagrass Thalassodendron ciliatum. Thalassodendron forms dense
beds in Kinondo creek and in the channels between the tidal flats. In subtidal area of the bay, the
species is present in monospecific meadows which spread to the reef zone. Thalassodendron 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.

MATERIALS AND METHODSA

Various types of samples (see below) were taken on 4 subtidal transects, positioned in the channel



forming the continuation of Kinondo creek and in the shallow bay waters more closely to the reefs.
Thalassodendron ciliatum was the only, or the dominant, seagrass species on these transects. On
each transect, 4 sediment cores were taken using a sediment corer with an internal diameter of 7
cm. The distance between sampling sites on a transect was approximately 20 m. The upper 7 cm of

RIVER KIOOGOWENI

KINONOO

Fig.1. Map of Gazi Bay. The mangrove area is indicated in dark grey. The seagrass zone is south
of the mangrove; the intertidal part of it is indicated in light grey. Sampling transects in the seagrass
zone are indicated with a two-letter code. 1: Ceriops tagal sampling site; 2: Rhizophora mucronata
sampling site; 3: location of work platform.

each core was immediately transferred to a sample container. At each sampling site, the above-
ground biomass of Thalassodendron was clipped from 3 plots of 25 X 25 cm. Sediment and
seagrass samples were lyophilized. The lyophilized sediments were sieved over a 2-mm mesh
sieve to remove coarse material (mainly seagrass roots and mollusc shells). The three 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 each Thalassodendron shoot in a sample were collected
and used for further chemical analyses (stable carbon isotope signature, nutrient contents). 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 of the leaf material at 70°C.



Sediment traps were used to obtain particulate matter depositing in the seagrass zone. 4 Traps
were were positioned on each transect, in the plots which had been cleared of Thalassodendron.
They were made of PVC tube with a 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 canopy
of the Thalassodendron vegetation. After 10-17 days of deployment, the sediment traps were closed
underwater with rubber stoppers and returned to the field laboratory. The contents were filtered
through a 1-mm sieve, and the coarse matter retained on the filter was discarded. Subsequently,
200-400 ml of the filtrate was filtered over Whatmann 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 the seagrass
zone, seston samples were collected during one ebb tide (June 24) and two flood tides (June 30
and July 1). Ebb water flowing from the mangrove forest in seaward direction was collected on the
MM and the CS transect. Incoming flood water was collected on the CC and MM transect. Water
samples were collected over the full duration of each tide (approximately 1 sample per hour on
each transect). Water samples (25-1 each) were collected with a hand diaphragm pump, 1 m above
the subtidal sediment surface. The samples were filtered over Whatmann GF/C filters. The filters
were dried by lyophilization.

Additional sediment samples (upper 7 cm) were collected 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 separated from Gazi Bay by
Chale Peninsula and Chale Island by a broad sill of fossil coral inbetween both formations,
restricting direct water exchange between Gazi Bay and the lagoon. Thalassodendron is abundant
in the lagoon, and samples of this seagrass were also collected here. Processing of the sediment
and seagrass samples was carried out as described above. Finally, green, fully-grown leaves of all
mangrove species present in Gazi Bay were collected and dried (70°C) for chemical analyses.

RESULTS

Leaves form the major category of organic material produced by the mangrove trees in Gazi Bay
(F.J. Slim, unpublished data). Table 1 shows the 81C values the leaves of the various mangrove
species occurring in Gazi Bay, ranging from -28.25°/@ in Rhizophora mucronata to -24.12°/Q@ in
Ceriops tagal.

Table 1. Carbon isotope signature (S1) of mangrove leaves occurring in Gazi Bay. Means of two
samples of pooled (10-20) leaves.

Species 81x (°/~)
Rhizophora mucronata -28.25
Ceriops tagal -24.12
Sonneratia alba -27.15
Avicennia marina -26.84
Bruguiera gymnorrhiza -27.30
Xylocarpus granatum -24.86
Lumnitzera racemosa -26.99
Heritiera 1littoralis -27.73

81 values of organic matter in the sediments of Rhizophora and Ceriops stands (-25.31 and
22.69°/(), respectively, see Table 2), are less depleted than those of the leaves. The 81 value of
the sediment of the Kinondo creek (MM ftransect) falls in the range of the mangrove sediments.
However, as Table 2 shows, there is a conspicuous enrichment in 1C in the seagrass zone away
from the mangrove. At the CC transect the 8 1C value of the sediment (-15.14°/Q0) is not significantly
different from that of the Chale lagoon sediment (-14.75°/00), the sample location outside Gazi Bay.



The data of the two intertidal locations show a similar trend.

Table 2. Carbon isotope signature (81X), and carbon and carbonate content (% weight) of sediment
samples in Gazi Bay and Chale lagoon. Means and S.D. Data in a column sharing a common
superscript letter are not significantly different (a=0.05).

Location St (°/,) $ carbon $carbonate Nr. of
Mangrove (Rhizophora) -25.31%0.33* 15.37+5.02 1.2010.66
Mangrove (Ceriops) -22 .6910.57b 1.7110.24 0.6010.26
subtidal MM -22 .94+0.26b 3.78+0.95" 38.7714.86* 4
subtidal MS -20 .61*1 .46° 2 .2210.88b 43.3016.11~* 4
subtidal cs -18.48+0.31d 0.6810.16c 27 .6517.85b 4
subtidal CcC -15.14+40.77" 0.6710.45e 80.3012.01e 4
Chale lagoon -14.75%0.52' 0.6310.19e 88.0310.83e 3
intertidal MS -20.99%1 .02c 5.1312.86 55.4215.87
intertidal CsS -17.13%0.76£ 0.6710.53 59.70133.30

The organic carbon content of sediment at the MM transect is relatively high. However, coinciding
with the enrichment in 1 in seaward direction, the organic carbon content of the subtidal
sediments decreases significantly. These data suggest outwelling of mangrove-derived POM, but
also suggest that this POM is trapped in the seagrass zone, close to the mangrove.

Enrichment in 13C with increasing distance from the mangrove, is also very clearly found in
the Thalassodendron growing on these sites (Table 3). Seagrass at any of the four subtidal trans-
ects, however, is always more enriched in 1C than sediment of the same site.

8’ values of seston were determined to investigate if shifts in organic composition of the
seston occurred during the flow of the tidal water mass over the seagrass zone. During ebb tide,
the seston was less depleted in 1C than at the CS transect (at a distance of 2.5 km from the
mangroves) than at the MM transect. The difference is statistically significant (p< 0.01). No
difference was found in salinity of the water between these locations. These results 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

Table 3. Carbon isotope signature (81) of Thalassodendron ciliatum growing at increasing
distance from the mouth of Kinondo creek, Gazi Bay, and in Chale lagoon. Means and S.D. of 4
(pooled leaf) samples.

Data sharing a common superscript letter are not significantly different (a=0.05).

Location St (°/~)

subtidal MM -19.65%0.39*
subtidal MS -18.30+0.45b
subtidal CS -15.77%0.47°
subtidal CC -10 .70%£0.23d

Chale Lagoon -10.72%0.36d



Table 4. Seston and POC levels in tidal water crossing the seagrass zone.

Means and S.D. of samples taken at approximately hourly intervals over the duration of the tide.
Differences between transect seston and POC data were statistically analysed for each tide
separately. Data sharing a common superscript letter are not significantly different (a=0.05).

Tide Date Transect Seston (mg/H POC (mg/1) Nr. of obs.
ebb 24/6 MM 1.99+1.63%* 0.32 * 0.06* 5

CSs 3.30.% 1.53%* 0.46 + 0.16* 5
flood 30/6 CcC 3.45 £ 1.71%* 0.28 + 0.13* 5

MM 6.23+2.56%* 1.12 + 0.39b 5
flood 1/7 CcC 2.78+0.95%* 0.35+0.07%* 6

MM 8.65 + 6.61* 1.76 + 1.27b 5

in the 81C value of the seston is consistent with the above-mentioned process of sedimentation of
mangrove-POM in the seagrass zone. However, uptake of particulate material from the seagrass
zone could contribute to the shift in 8,3C 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 were
not significant. Clearly, more data are needed before any conclusion can be made regarding this
point.

The seston of the ocean water that enters the bay during flood tide (1 July), sampled at the CC
transect, has 51 values ranging between -17.27 and -19.04°/@ (mean value -1S.100«,). However,
when the water has crossed the seagrass zone and is about to enter the mangroves, the 81C
values are consistently shifted to more negative values, ranging from -22.04 to -23.70°/@ (mean
value: -22.88°/). For the flood tide of June 30th (not shown) identical results were obtained (mean
8'3C value at CC transect -18.22°/00 at MM transect -23.43°/00 means of 5 observations). These
highly significant shifts (p<0.001) most probably are 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 outwelling of mangrove carbon,
there is also a reversed transport of POC from the seagrass zone to the mangroves, achieved by
the incoming flood tides.

Most of the sediment traps deployed in the seagrass zone contained some detached leaves or large
leaf fragments of Thalassodendron. This coarse material was not included in the chemical analyses
of the trap contents, as the contents of the traps were filtered over a 1-mm sieve prior to analysis.
The remaining material consisted of very fine, dark brown to black coloured, unrecognizable
particles. 81C values of this material increased from a strongly negative value of -23.30°/@ at the
MM transect to a value of -13.96°/@ at the CC transect (Table 5). The C:N ratios of the material
collected in the sediment traps (Table 6), show values between 8.5 and 11.2. The C:N ratio of the
seston filtered from the water were on average between 6.5 and 10, and are thus of the same order
of magnitude. There is a remarkable contrast between these values and the C:N ratios of mangrove
leaves, particularly senescent leaves, which can have C:N ratios of more than 200.
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Table 5. Carbon isotope signature (5°3C) of particulate organic material collected with sediment
traps in the seagrass zone of Gazi Bay. Means and S.D. Data sharing a common superscript letter
a not significantly different (a=0.05).

Location 81X (%-) No. of obs
subtidal MM -23.30%0.40%* 4
subtidal MS -22.47%0.21* 3
subtidal CS -19.15+0.85b » 3
subtidal CC -13.96+0.63c 4

Table 6. C:N ratios of seston collected at subtidal transects during 1 ebb and 2 flood tides (data of
the 2 flood tides were pooled), and of sediment trap contents. Seston data were statistically
analysed per row. Data sharing a common superscript letter are not significantly different (a=0.05).
For comparison, C:N ratios of the dominant seagrass and mangrove species in the study area are
also given. The data of Thalassodendron are from the 3 samples of pooled third-youngest leaves
collected at the MM transect. Data of mangrove leaves are based on two samples of pooled leaves
(10-20 leaves).

Means and S.D. Number of observations given in brackets.

Location sedim. traps seston ebb water seston flood water
subtidal MM 10.0+1.0*b(4) 7.0%1.7b (5) 10.0+1.6*  (10)
subtidal MS 11.2+0.5b (3)

subtidal CS 9.1%1.5a (3) 6.8%11.2b (6)

subtidal CC 8.5+0.7* (4) 6.5%0.9b (11)

seagrass and mangrove leaves

fresh leaves senescent leaves
Thalassodendron ciliatum 19.,310.4 (3)
Rhizophora mucronata 43 .0 (2) 193 «x)
Ceriops tagal 59..2 (2) 218 <x)
Bruguiera gymnorrhiza 44 5 (2) 187 (¥)
Sonneratia alba 25..1 (2) 72 (%)
Avicennia marina 31..8 (2) 88 (%)

(*) data from Rao et al., (1993)

DISCUSSION

The carbon isotope signatures of leaves and sediments collected in the mangrove forest show that
the organic matter in the mangrove is characterized by strongly negative 81C values. Only the S1C
value of the sediment of the seagrass zone in direct proximity of the mangrove (MM transect) falls
in the range of the mangrove sediment values. Further away, the mangrove signal fades out rapidly,
and our data indicate that already at a distance of 2 km from the mouth of Kinondo creek the input
of mangrove carbon is of marginal influence in determining the 813C value of the sediment. Thus it
appears that during ebb flow, carbon depleted in 1 is exported from the mangrove, but that all or
part of this outwelling carbon is trapped in the seagrass zone before it reaches the coral reefs.
Remarkably, the carbon isotope signature of Thalassodendron shows a trend similar to that of



the sediment values with increasing distance from the mangrove. It is known that the isotope
signature of seagrasses is highly variable (McMillan et al., 1980). Probably, these values are a
reflection of the amount of mangrove carbon that is available for assimilation by the seagrasses.
CO02resulting from the mineralization of mangrove-POM trapped in the seagrass zone will supply T.
ciliatum with inorganic carbon relatively depleted in 13C; moreover, it cannot be excluded that
dissolved respiratory C02 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 mangroves. -During both flood tides which
were studied, highly significant decreases in the 81 values of the seston from the CC to the MM
transects were found (+ 5 °faa ), coinciding with significant increases in the POC content of the
seston. The 01 values of the flood seston at the MM transect (circa -23°/@) are clearly more
negative than the 8,3C value of the seagrass vegetation at this transect (-19.650@). These strongly
negative values 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 autochtonous seagrass particles
and allochtonous particles from the mangroves, deposited in the seagrass zone at earlier ebb tides,
will be taken up by the incoming water and transported into the forest. Circumstantial evidence for
this process, moreover, is found in the carbon isotope signature of the mangrove sediment. The
81 sediment value of the Rhizophora mucronata sample site, a low-lying site that is inundated
each flood tide, is conspicuously less negative (2.9°/Q0) than the 81 values of the R. mucronata le-
aves. Such a decrease would not be expected if litter from the tree was the only source of the
organic matter in the sediment, the more so as the carbon isotope signature of leaves of FT
mucronata in Gazi bay shows more pronounced 1 depletion in senescent leaves prior to leaf fall
(Rao et al., in press). Sedimentation of particulate material from the seagrass zone in the FT
mucronata zone would result in less depleted sediment 81 values. Using the 8’3C values of the
flood seston and of those the R. mucronata leaves as end members, a simple calculation indicates
that to arrive at the 81C sediment value, R. mucronata carbon and flood seston carbon would have
to be mixed in a proportion of 1: 1.33. At the Ceriops tagal site the difference between carbon
isotope signature of sediment and leaf material is small (1.4°/* lower in the sediment). This site is
only inundated at spring tides, and the external input of tidally born particulate matter probably is
more restricted.

The material captured by the sediment traps in the seagrass zone will be a mixture of locally
derived resuspended particles and allochtonous material. It is remarkable that the C:N ratio of the
seston collected in the sediment traps is low, varying between 8.5 and 11.2. Neither these values,
nor the C:N ratios of the seston obtained by filtering the tidal water above the seagrass zone (C:N
ratios 6.5 to 10), are close to the C:N ratios of either mangroves or seagrasses (Table 4). Possibly,
the seston contains an important fraction of organic particles derived from the mangroves and
seagrass vegetation that has already gone through a phase of intensive processing; this has resul-
ted in shifts in the chemical characteristics 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
seston and seston trap material.

A progressive change in C:N ratios may be caused by several processes. Increases in nitrogen
levels during decomposition have been observed in many types of vascular plant detritus (Swift et
al,, 1979). Robertson (1988) observed this phenomenon also during decomposition in mangrove
leaves. The C:N ratio in decomposing leaves of Rhizophora stylosa. Avicennia marina and Ceriops
tagal was approximately halved after 160 days of decomposition. Secondly, nitrogen fixation may
enrich the litter. Nitrogen fixation activity is widespread in the mangrove forest (Alongi et al, 1992),
and is also found in association with decaying leaf litter (Goto and Taylor, 1976; van der Valk and
Attiwill, 1984). Nitrogen fixation has been found both in the mangroves and in Thalassodendron
meadows in Gazi bay (A.F. Woitchik, this cruise report). Thirdly, several studies have shown that
planktonic bacteria have a low carbon conversion efficiency on detrital substrates (Newell et al.,
1981; Linley and Newell, 1984; Bauerfeind, 1985; Bjornsen, 1986). We may speculate that a
decrease in C:N ratio of detritus-bacteria aggregates is furthered by such a low conversion
efficiency of the heterotrophic bacteria associated with the particles. In summary, the key
features of POM fluxes in Gazi Bay which emerge from this study as follows: (1) spatially restricted
outwelling of mangrove carbon; (2) reversed fluxes of POM from the seagrass zone to the
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mangroves; (3) transported POM characterized by low C:N ratios.

In Gazi Bay, the seagrass zone appears to function as a buffer in between the mangroves and
the coral reefs, trapping outwelling POM at close distance from the mangroves. This spatially
restricted outwelling of mangrove-POM implies that effects of the exported mangrove-POM primarily
must be sought in the adjacent seagrass zone.
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INTRODUCTION

One of the central questions in the present STD-3 resarch project is whether the mangrove
ecosystem can be considered as a source or a sink. In this part of the project, the quality and
quantity of the transported coarse Particulate Organic Matter (cPOM: mangrove and seagrass
leaves, and seaweed) was determined. From catches of cPOM at a number of tides at different
sites in the intertidal and subtidal parts of Gazi Bay (Kenya), the nature of the transported material
(leaves of which species, nutrient content) and quantity (does export exceed import?) was derived.
Research on the transport of macro material has been carried out in a number of mangrove
ecosystems. As far as we know, however, there has not been a study on this subject that included
the suspended macrolitter, using large nets that sampled the entire water column. In this study the
portion of litter that is of mangrove origin will be divided into a floating fraction and a "sinking"
fraction, since the whole water column is sampled.

Since the nets used to collect the cPOM were positioned on the edges of the intertidal flat it
was possible to gain information about the exchange of material between the mangrove forest and
the intertidal flat, and between the intertidal flat and the subtidal flat and coral reefs. These three
compartments (mangrove forest, intertidal flat, subtidal flat and coral reefs) will be considered as
units, from which litter is exported or imported.

METHODS

Study area

The research was carried out in Gazi Bay (Kenya). The mangrove forest on the seaward side is
dominated largely by Rhizophora mucronata (>75%). Also, stands of Bruguiera gymnorrhiza,
Ceriops tagal, Sonneratia alba and Avicennia marina are found. The mangrove forest in Gazi Bay
can be classified as a Rhizophora dominated littoral fringe inundated by daily tides. The average
difference between low and high tide is about 3 meters. Between the mangrove forests and the
coral reef, in the intertidal and subtidal zone, dense populations of seagrass species can be found.

Litter transport

In order to trap tidally transported macrolitter, large wooden frames were built that consisted of two
tripods made from mangrove poles. In these frames, nets were attached to the poles with hooks
and rings. A set of lines (thin nylon ropes) that were put through the rings enabled the nettings to
be dosed and opened before actually being taken out. One net was positioned in the mouth of the
Kinondo creek (Fig.1). Two other nets were placed on the intertidal flat close to the mangroves.
These three nets were 2.5 meters high, 6 meters long and 1.5 meters wide. Towards the ocean, at
the edge of the intertidal flat, a fourth and fifth net were placed. These two nets had a height of 6
meters. With these nets it was possible to catch macrolitter present over the entire height of the
water column. All nets had a mesh size of 2 mm.

The nets were opened at high water (ebb catch) or at low water (flood catch) and dosed at
the moment the tide changed. After the required period, the nets were taken out and the catch was
weighed. The catch was sorted according to the categories indicated in Table 1. The mangrove
leaves were separated into a floating and a sinking fraction by making use of a sea water tank. The
mangrove catch was dispersed in the water. After three to five minutes the mangrove leaves that



were clearly floating were taken from the surface, sorted and weighed and categorized as "floating".
The mangrove leaves that were found on the bottom of the water tank or were suspended in the
water column were collected, sorted and weighed and categorized as the "sinking" fraction. The
seagrass leaves and seaweeds were not categorized into a floating and sinking fraction.

From each catch category dry weight samples were taken (total floating mangrove leaves, total
sinking mangrove leaves, total seagrass and total seaweed). Of these dry weight samples the
carbon and nitrogen contents (with a Carlo Erba NA15Q0 CN analyzer) and phosphorous contents
(with a spectrofotometer Milton Roy type 301) were determined.

river Kidogoweni
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sA vXv'

river Mkurumuji

>. Indian Ocean

Fig.1; Map of the study area Gazi Bay. Dotted area is mangrove forest. Numbers indicate the
positions of the nets.



Table 1; categories according to which the catch was sorted. Categories with "*"
were sorted, categories with were not sorted.

Category floating sinking total

Sonneratia alba -

Rhizophora mucronata -

. . * *
Brugiera gymnorrhiza -
. * *
Ceriops tagal .
. . . * *
Avicennia marina -
* *

rest mangrove leaves -
Seagrass - -

Seaweed - -

Statistical methods. All data were submitted to a variance test in order to investigate the
differences at neap and spring tide, at ebb and flood and between different nettings (sites). The test
used was the Tukey-Kramer method for multiple comparisons among pairs of means. Calculations
were carried out by a computer model SYSTAT version 5.0 (SYSTAT inc.). Values discussed will be
"comparison probabilities”, which indicate whether a comparison is statistically significant or not.
Probabilities smaller than 0.05 will be considered to indicate a statistically significant difference
between the two compared variables. To obtain normally distributed results, fractions were

transformed into arcsinus values while other data were transformed into logarithmic values before
submitting the data to the Tukey-Kramer test.

RESULTS

Chemical composition

The results on the chemical analyses of samples of the litter catch are summarized in Table 2.
There were no sufficient data to determine whether differences between neap and spring tides
existed. Statistical analyses showed that there are no differences in sites or tides (ebb/floods) with
respect to the nitrogen, carbon and phosphorous contents of mangrove leaves or seagrasses or
seaweed. There is a striking difference, however, between the nitrogen and carbon contents of
seaweed and mangrove leaves. The seaweed biomatter appears to have a clearly different carbon

and nitrogen content. The analyses of data on phosphorous contents showed no significant
differences at all.

Mass fluxes. Not all measurements planned could be carried out. Sometimes the frame of the
nettings broke down due to strong spring tide currents. On some occasions strong wind blowing in
the direction opposite to the actual tidal current blew the nettings empty. On the whole, however, a
considerable amount of data was obtained. A number of times the catch was too much to sort all of
it within the short available time span. In those cases a sample was taken after which its biological
composition was extrapolated onto the total catch.

It appeared that mangrove leaves in the category "sinking" may constitute 11-83% of the
total dry weight catch of mangrove leaves, indicating that the fraction of exported mangrove leaves
that is suspended in the water column represents a significant part of the total. Rhizophora
mucronata was by far the most abundant species in the catch of mangrove leaves in all nets. A
good second was Sonneratia alba. Mangrove leaves were also trapped in the nets set out at flood
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tides, suggesting that some of the mangrove leaves were captured by the seagrass meadows in the
bay. Fig. 2 shows that the largest portion of the dry weight of the samples consists of seagrass
material (on average 57.1%) The mangrove leaves that were classified as "floating" constituted

only some 3-48% (average 18.8%) of the dry weight of the total catch.

Table 2. Average chemical composition of litter catch.

Biomass %C %N %C/%N %P C:N:P (atomic ratio)

M.floating 418 03 128.2 0.02 5406:39:1
M.sinking 46.2 0.4 125 0.02 5973:43:1
Seagrass 27.3 1.2 23.3 0.09 784:30:1
Seaweed 23.5 1.6 14.9 0.10 606:37:1

Table 3. Average catches ( standard deviations, sd) of tidally transported macrolitter in Gazi Bay
(g, D.W.) at neap tides (N), spring tides (S) and tides in between neap and spring (NS).

Averages and standard deviations at ebb

Seagrass+seaweed Mangrove total Mangrove floating Mangrove sinking
tide avg t sd avg + sd avg + sd avg * sd
N 348 283 41 57 37 51 4 7
NS 341 355 128 157 62 68 62 104
S 128 100 218 117 144 116 74 72
Averages and standard deviations at flood
N 84 151 14 23 10 16 4 7
NS 321 333 73 77 68 78 5 5
S 437 488 238 437 73 144 165 296

Fig.3 shows the results when the average flood catch is subtracted from the average ebb catch.
Thus, values above zero imply a net export from the mangrove forest while values above zero
mean a net import. For the mangrove leaves (both floating and sinking) it is clear that they are
exported to the intertidal flat. The nets four and five, positioned at the edge of the intertidal flat,
show a net import of mangrove leaves. Apparently these sites trap leaves that are transported back
from the subtidal part of the bay with the flood currents. The results depicted in Fig. 3 also show
that there is a clear import of seagrass and macroalgae into the mangrove forest on the sites 1 and
2. Landward transport also dominates transport of these categories of macrolitter on site 5, but not
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Fig. 2. Tidally transported macrolitter in Gazi Bay, specified as percentage of total catch.
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Fig.3 Macrolitter fluxes in Gazi Bay, calculated by subtracting average flood catches from average
ebb catches. The numbers on the horizontal axis indicate the net position (see Fig. 1). Values
above zero imply a net export in seaward direction.



on the nearby site 4. The data show that the mass flow of seagrass and macroalgae may be sub-
stantial and must be taken into account when describing direct fluxes between mangrove forests
and seagrass beds. However, calculating of accurate budgets will be difficult due to the site
variation which emerges from the present results. For the interpretation of the results it is important
to determine which factors produce the variability between the individual catches. The major factor
obviously is difference between ebb and flood. A second possibly important factor may be the
difference between the catches at neap tide and those at spring tide. Analysis of the data (summa-
rized in Table 2) do not show a consistent relation between the quantity of the catch and the phase
of the tidal cycle, i.e. whether it was neap tide, spring tide, or a tide in between the two, when we
consider all categories of macromaterial. The data, however, show that the quantity of the
mangrove litter transported clearly increases with increasing maximum water height. This is the
case both with ebb and with flood tides. The average dry weight catch of seagrass plus macroalg-
ae, in contrast, showed an inverse trend at ebb that is difficult to explain. These differences
nonetheless imply that it is recommendable to do experiments both at neap tide and at spring tide if
one is interested in correct quantities of transported macro litter.

DISCUSSION

In this study the flux of macro litter was investigated between the mangrove forest and the intertidal
mud flat, and between the intertidal mud flat and the subtidal flat and coral reefs. To investigate the
interlinkages between coastal ecosystems in Gazi Bay, the mangrove forest (1), the intertidal flat
(2), and the subtidal flat and coral reefs (3) were distinguished as individual systems or compart-
ments. The direct flux approach as a quantification method is difficult for a number of reasons
(Hopkinson, 1988). Reliable data on water current velocities are difficult to obtain, since they vary
with tides and within the water column’s cross section. Furthermore, the diurnal inequality of tidal
cycles leads to large differences in the net fluxes over a cycle. However, in the present study the
total tidal flux over a specific phase of the tidal cycle (ebb or flood) at several sites was measured
by standing nets. By this procedure, some of the disadvantages associated with taking samples at
time intervals are avoided. By positioning nets in this study it was attempted to gain insight in the
transport of macrolitter in Gazi Bay, and, hence, in the interlinkages between the mangrove forest
and the adjacent seagrass systems.

Based on the results from the nets, as was expected, export of mangrove leaves takes
place from the forest, while there appears to be a net import of seagrass and macroalgae into the
mangrove forest. In the existing literature concerning macrolitter transport in a mangrove area,
known to the authors of this report, no mentioning of the catch of seagrass or seaweed is made.
This is remarkable, for the phenomena of packages of floating seagrass leaves is well known. If
only floating mangrove leaves had been considered in this study, the catch would have been
restricted to 3-48% of the catch that is actually transported over the full height of the water column.
This means that studies which address only the floating flux of coarse mangrove litter underestimate
reality with 52-97% (seagrass+seaweed+suspended mangrove leaves).

The effect of the outwelling of mangrove litter in Gazi Bay may be restricted to the intertidal
area, since there was a net import of mangrove leaves into the intertidal seagrass zone. This is
consistent with the findings of Hemminga et al. (1994), who concluded that outwelling of mangrove
litter in Gazi Bay was restricted to the seagrass zone and would not reach the coral reefs. Their
transects did not pass the intertidal zone. So, considering our results we may speculate that
outwelling of mangrove litter in Gazi Bay very likely is mainly restricted to the intertidal seagrass
zone and will not reach the coral reefs. Moreover, the net carbon outwelling from the mangrove
forest may nullified by the import of seagrass and macroalgal biomass into the mangrove forest. It is
certainly not unthinkable that the mangrove forest actually is a net sink of particulate organic matter
due to the extent of the latter process. As seagrass and macroalgal material has a higher nutrient
(nitrogen and phosphorus) content than mangrove leaf material, trapping of the former material
could coincide with a considerable nutrient input into the mangrove system.
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The importance of import of seagrass material is suggested also by direct observations of seagrass
litter in the mangrove. Seagrass leaves are always present on the mangrove floor in Gazi Bay in
large quantities. The available quantity of seagrass leaves on the mangrove floor may constitute
some 7-60% of the total dry weight of coarse organic material lying on the sediment (Slim,
unpublished data). Our observations suggest that the dry weight quantity of transported seagrass
may exceed the dry weight quantity of transported mangrove leaves. Consequently, dependence of
seagrasses on the mangrove forest for nutrient input seems unlikely'since the intertidal seagrass
area may export more than it imports. This conclusion is in line with a study on primary production
and nutrient levels in Thalassodendron ciliatum (described elsewhere in this final report) which
showed that seagrass functioning seemed not to be influenced by the mangrove outwelling
(Hemminga et al., 1995).

The present study was carried out in a restricted period of two months, and the results in
terms or general conclusions therefore have a preliminary character. Some of the observations may
have been connected tot the specific conditions of the year. Seasonal factors which may be
relevant for the outcome of flux studies are (among others) input of fresh water (rainfall, river water),
direction of winds, and the number of storms. In what way the import of seagrass and the export of

mangrove litter may balance each other on an annual basis should be elucidated by further
research in this area.
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INTRODUCTION

The incidence of maximum production of mangrove litter has been attributed to a number of factors
including precipitation, temperature, wind and decreased salinity (Lugo and Snedaker 1974; Pool et
al. 1985; Sesakumar and Loi 1983; Steinke and Ward 1990), and on several occasions more litter fall
has been observed during the dry season or summer months. Some studies, however, e.g. Woodroffe
and Moss (1984) have found no pronounced seasonality. This makes it difficult for any generalisation
regarding when to expect maximal litter fall in mangroves. Quantitative information on litter fall in East
African mangroves is lacking such that there is reason for studies on this aspect in order to understand
the role of detritus in the nutrient dynamics of these intertidal forests. Studie carried out on rates of litter
degradation show that the decomposition of plant litter depends on mechanical fragmentation through
weathering, leaching of water soluble substances, breakdown by macro-invertebrates, microbial
colonisation and utilization of particulate or dissolved organic matter (Camilleri and Ribi 1986). Fast
initial weight losses have been shown for leaves of terrestrial plants when incubated in water, followed
by more gradual decreases (Douce and Crossley 1982; Killingbeck et al. 1982). Similar observations
have been recorded for some swamp forests (Boomruang 1978 and Boto 1982).

It has been suggested that decomposition dynamics in mangrove environments are primarily
controlled by temperature, humidity, soil pH, aeration, microbial populations, soil fauna and the chemical
nature of the plant material (Lugo and Snedaker 1974). Consistently low decomposition rates for
example of Rhizophora leaves have been attributed to among other things their relatively higher tannin
content (Boomruang 1978, Cundel et al. 19795). The presence of tannin in mangrove leaves probably
delays their colonisation by fungi and bacteria (Benoit and Starkey 1968) thereby retarding
decomposition. Decomposition of marine macrophytes and mangroves is characterised by an initial
leaching of soluble organic and inorganic compounds, with subsequent colonisation by bacteria, fungi
and protozoans which utilize labile substances and initiate the breakdown resulting in physical and
biological fragmentation (Tam et al. 1990). The ease with which mangrove leaf litter decomposes and
the amount of nutrient released to the surrounding environment are primarily functions of the chemical
composition of the source material and thus are species specific. Plant materials high in crosslinked
celluloses and ligins resist decay while those high in soluble ash, organic nitrogen and other
hydrolysable components are easily degraded (Twilley et al. 1986). Rice and Tenore (1981) showed
that macroalgae, with a high proportion of soluble cell components degrade more readily than
seagrasses which are composed of relatively more structural tissues.

One of the important aspects concerning the breakdown of detritus is the nutrient flux and the
fate of the nutrients in the ecosytem. An accumulation of nitrogen in leaf detritus during decomposition
has frequently been observed (Steinke et al. 1983, Tam et al. 1990) and is believed to enhance the
recycling of nitrogen on the forest floor, as well as providing a mechanism to conserve nutrients within
the mangrove ecosystem. Various physico-chemical changes take place during the process of
decomposition. Such essential studies are lacking in the East African region despite the presence of
considerable areas of mangrove forests and their significance to the fishery sector.

METHODS

Litter production

This was studied in five species at the Chwaka Bay swamp, viz: Sonneratia alba, Avicennia marina.
Ceriops tagal, Bruguiera gymnorrhiza and Rhizophora mucronata. The latter is infrequent at
Maruhubi, consequently only the first four species were studied there. Litter was collected from



randomly selected mature trees of each species using 0.5 x 0.5 m nylon mesh traps. Each trap was
made of a square wooden frame with the bottom covered with a flexible nylon netting screen
(mesh size 2.5 cm) which was tied in such a way that when the trap was held horizontally, it formed
a shallow bag which ensured that any litter trapped was retained. This method is as recommended
in Snedaker and Snedaker (1984). Twenty five traps were set at each of the sites. Each was
suspended under the mangrove tree by nylon ropes tied to branches in such a way that it was off
the ground well above the waterline at high tide, and was unable to tip over and spill the litter
which fell off from the tree directly into the trap. The litter collected in the traps was recovered at
monthly intervals. The contents of each trap were put in a cloth bag, and labeled with the date of
recovery, location of the trap and the identity of the mangrove species. The material was then taken
to the laboratory where the contents of each bag were sorted into the different components, viz:
leaves, flowers or flower parts, and propagules or fruits. These were then oven dried at 70 C to
constant weight.

Leaf decomposition studies

The method recommended by Snedaker and Snedaker (1984) was applied in this study. Senescent,
yellow and just ready to fall leaves of S. alba, R. mucronata, B. gymnorrhiza, C. tagal and A.
marina, from Maruhubi mangrove swamp were used. In the laboratory, the leaves were wiped with
a soft cloth to remove surface water and adhering debris. The leaves of each species were then
divided into lots of 5-10 leaves and weighed. Each weighed lot was placed in a separate 20x30 cm
nylon mesh decomposition bag having a mesh size of 2.5 cm. Each bag had previously been
divided into longitudinal compartments by nylon threads. Two to three leaves were placed in each
compartment, which was then sealed at the mouth by nylon thread stiching. Seventy bags were
prepared in this way for each of the five species. The bags were then tied to a long nylon rope, at a
short space from each, making sure that they also did not overlap. The whole preparation was then
lowered to the bottom of a tide pool in the mangrove forest. Stone anchors were tied to the rope so
that the rope and the bags remained at the bottom of the pond during the entire period of the
experiment. Ten bags were recovered from the line at seven day intervals until all were removed.
Each time, the contents of each bag was removed and gently cleaned of adhering debris, and oven
dried to constant weight at 70 °C. In another set of experiments, the leaves of B. gymnorrhiza, S.
alba, and R. mucronata were treated in the same manner except that they were buried in the
substrate within the mangrove forest. The same procedure was followed in determining the oven
dry weights.

Prior determination of the relationship between fresh and dry weight had been carried out
on ca. 100 samples of leaf weights for each species, by oven drying leaf lots of known fresh weight.
This provided an average conversion factor of 0.38 for A. marina, 0.34 for C. tagal, 0.31 for R.
mucronata, 0.27 for B. gymnorrhiza, and 0.15 for S. alba. These were then used to calculate the
original dry weights of the leaf samples prior to setting them for decomposition. The experiments
ran for a maximum of 100 days.

RESULTS

Litter production

The studies on litter fall showed a trend indicating more litter production during the dry season,
although the variations were not always statistically significantly different. The results are shown
(Fig la-r) for each site (means and 95% confidence intervals).

A. marina (Fig. 1a-d ) showed distinct trends in which leaf litter production was greater between
June and July in 1991, and August-October in 1992 at Maruhubi. At Chwaka, however, production
was not so clearly marked.

B. gymnorrhiza (1e-h) showed little seasonal change in litter production at both study sites. At
Maruhubi, however, an average of less than 2 g/m/day (dry weight) were produced, while at
Chwaka an average of 2.5 g/m/day were shed. C. tagal (Fig 1i-l) also showed no obvious significant
seasonal variation in leaf litter production at both sites. Again an average of less than 2 g/m/day
was produced at Maruhubi compared to more than 2g/m/day at Chwaka. At this site, slightly more
litter was produce between November and April and between August and October. Like C. fagal, S.
alba, showed no significant seasonal variations in litter production (Fig 1 m-p), at both sites. While
an average of less than 4 g/m/day was shed at Maruhubi, slightly more was produced at Chwaka.
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In R mucronata (Fig 1q-r) leaf litter production showed some seasonal trends; lowest production
was in April through August of 1992 but this was not so marked in 1991.

Fig.2 Shows the yearly production of leaf litter in tonnes/hectare/year for the various species. It
depicts variations between sites and among species.

EJ Maruhubi

U.
Chwuki

16

12

10

Sa Am Cft Rm

Fig. 2. Total litter production (ton/ha/yr) in Chwaka Bay and Maruhubi mangrove swamps. Sa = S.
alba, Bg = B. gymnorrhiza, Am = A. marina, Ct = C. tagal and Rm = R. mucronata.

Leaf decomposition studies

The results of this study are shown in Figs. 3a - e. The graphs show the decomposition of leaves
while submerged in a tide pool as well as buried in the sediment. The species belonging to the
family Rhizophoraceae were generally the most refractory. S. alba and A. marina, were the fastest
to decompose. Initial loss in weight for A. marina was high. Within the first two weeks the leaves
lost about 40% of the initial weights and more than 80% in 40 days (Fig. 3a). Decomposition of C.
tagal leaves (Fig 3b) occurred gradually throughout the experimental period, while in the case of B
gymnorrhiza (buried leaves), weight loss was rapid throughout the experiment (Fig 3c).

R. mucronata leaves (Fig 3d) decomposed at an almost constant rate over the entire experimental
period. There was no significant difference in the rate of decomposition between buried and non
buried leaves. In the case of S. alba (Fig 3e), buried leaf samples decomposed faster than surface
samples. Whereas non buried samples lost 50% of initial weight during the first seven days, buried
samples lost more than 70%.

DISCUSSION

In the present study, a trend towards peak leaf fall was observed during the dry or summer period

as well as during the rainy period. In A. marina at both study sites, most of the leaf litter falls during
the hot season between June and September, with another minor and irregular peak at the start of
the long rains. Flowever, there was no significant difference in litter fall between the seasons, only
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a trend was observed. A more statistically accurate result would have been obtained with a larger
sample size, however in the present study this was seriously affected by the traps being frequently
stolen. It was therefore difficult to control the sample size and in some instances this lead to severe
departures from normality in the data distribution, reflected in the large error bars in some graphs.
Nevertheless the trend observed seems to support findings such as those by Franscisco et al.
(1987), who noted peak litter fall just before the onset of the rainy season in a Mexican mangrove
swamp. Conversely the current observations also lend support to the findings of Robert et al.(1986),
who noted peak litter fall during the dry season in a mangrove forest in southwest Florida. It has
been argued that increased soil salinity leads to increased leaf senescence and consequently to
increased litter fall (Pool et al. 1975, Anderson and Christensen 1978). This may explain the trend
towards increased litter fall during the dry season in the current study. It can be argued that litter
production increases in response to increased soil salinity, in dry weather conditions, as well as in
response to fresh water input during the rainy period. The trend observed here appears, within the
limitations of the data, to support the slight peak of litter fall observed during the onset of the rains.
This is in agreement with the findings of Twilley et al. (1986) who observed an inverse relationship
between annual litter fall and average soil salinity. Thus, reduced salinity at the onset of the rainy
season may lead to high litter fall.

Litter fall may also be influenced by mechanical factors such as wind, in addition to stress
and senescence (Kozlowski 1973). In the present study, the incidence of rainfall accompanied by
strong winds was noted to cause more litter fall, and in all species leaf litter accounted for between
50-80% of total litter, similar to reports by Franscisco et al. (1987), Steinke and Ward (1990).

This study also revealed that species show variations in the amount of leaf litter produced
even within one site. At the Maruhubi site for example, S. alba produced the greatest amount of leaf
litter (8.68 tonne/halyear), followed by A. marina (6.50), B. gymnorrhiza (5.29 tonne/halyear), C
tagal (4.50 tone/hal/year). At the Chwaka Bay site the various species produced litter in the
following sequence: S. alba (11.20), R mucronata (9.44), B. gymnorrhiza (8.35), and C. fagal
(6.77). These values are within the range of previously reported rates of litter production of
between 3 - 17 tonnes/halyr, (Duke et aL 1981, Christensen 1978, Gong 1984)

In the current study, leaf decomposition has been found to occur at different rates in the different
species. S. alba leaves were shown be the fastest to decompose, followed by those of A. marina,
C.tagal, B. gymnorrhiza and R. mucronata. S. alba leaves lost more than 50% of original weight within
the first seven days, ( Figs. 2a - e), whereas A. marina leaves lost less than 40% in the same time.
Other species lost much less. S. alba and A. marina lost 85% and 69% of original weight within five
weeks, B. gymnorrhiza lost 11.6 % in three weeks while C. tagallost 9.46 % in the same period of time
and only 23.31 % in five weeks. This indicates some major differences in the biodegradability of the
species studied. These observations compare well with those of Steinke and Ward (1987), who
observed a loss in weight of 57% in A. marina leaf litter in three weeks. In the current study, leaves of
the same species lost 41% of original weight in three weeks. Steinke and Ward (1987) also observed
a faster rate of degradation in A. marina compared to B. gymnorrhiza under permanent submergency.
Mathias (1974) made similar observations on the same species and in the current study, A. marina
has also been found to degrade faster than B. gymnorrhiza under permanent submergence.

The ecological significance of the observed differences in decomposition rates is that the most
refractory leaves can be moved by ocean currents to distant places before decomposition fully sets in,
thus they may be partly responsible for supplying nutrients to ecosystems away from the litter source.
Easily degradable leaves may also be important to ecosystems in the vicinity of the mangrove forests.

Several causes have been suggested for the species differences in decomposition rates
including anatomical differences. Steinke atal.(1983) showed that B. gymnorrhiza leaves have surfaces
covered by a thick cuticle which impedes the entry of water and degradative organisms. A. marina
leaves have thick cuticles only on the adaxial surface, the abaxial surface being covered by numerous
fine non-glandular hairs and a very thin cuticle, which may even be absent in places (Fahn and
Shimony 1977). The lower leaf surface in this species probably provides easy access for degradative
organisms. The levels of tannin in the tissues of the different mangrove species may also contribute
to the observed differences in the degradation rates. Tannin levels are high in the family
Rhizophoraceae, comprising about 40% of the bark weight in B. gymnorrhiza and R. mucronata. C.
tagal has about 27% (Giriffith 1949). Kuthubutheen (1981) and Robertson (1988) have reported 14.6%
and 3.5% tannin in the leaves of B. gymnorrhiza and A. marina respectively. Ravi and Kathresan
(1990) also found higher levels of tannin compounds in the Rhizophoraceae R. apiculata, R. lamarckii,
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R. mucronata and Ceriops decandra compared to A. marina of the Aviceniaceae. Benner et al. (1990),
found cuticular compounds (aliphatic biopolymers) in R. mangle to be very resistant to decomposition
and that these substances increased in relative concentration as decomposition progressed. They also
noted tannins to have intermediate resistence to decomposition and that these substances remained
in fairly constant propotions during decomposition. Species belonging to the family Rhizophoraceae thus
contain higher concentrations of tannin and cuticular compounds compared to those in the family
Avicenniaceae and Sonneratiaceae. Thus the low rates of decomposition noted in this study in the
leaves of the Rhizophoraceae may be partly accounted for by the presence of high levels of these
substances.

Investigations on the rate of loss of weight during decomposition of buried leaves of B
gymnorrhiza and S. alba also showed a faster rate in the latter species compared to the former. S.
alba leaves lost about 75% of their original weight in seven days, while those of B. gymnorrhiza lost
about 33% in the same period (Fig.2c & e). It therefore appears that the least refractory leaves have
a higher rate of degradation compared to the most refractory ones, irrespective of whether they are
buried or lying on the bottom of a tide pool. However, comparison of the rate of degradation between
buried and non-buried leaves of R mucronata alone showed a higher rate for the buried leaves (Fig.
2d). It has been suggested (Lugo and Snedaker 1974) that decomposition dynamics in mangrove
environments are primarily controlled by the nature of the plant material, temperature, humidity, soil pH,
aeration, and microbial populations and soil fauna. The fairly rapid rate of decomposition of the buried
R mucronata leaves can be explained by variations in the above factors. The burying of the leaves
may have exposed them to a larger number of various organisms present in the substrate which
together might have brought about a faster rate of decomposition. The physical disturbance of the
substrate caused by the action of burying the leaves may have also led to improved aeration conditions

in the substrate, which could have led to higher aerobic decomposition which is much faster than
anerobic decomposition (Boto 1982).
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Part 2: The functioning of seagrass meadows at varying
distance from mangrove forests



MANGROVE OUTWELLING AND THE FUNCTIONING OF ADJACENT SEAGRASS MEADOWS
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INTRODUCTION

Mangroves, seagrass meadows and coral reefs may occur as adjacent ecosystems in tropical
coastal zones. There has been considerable speculation concerning tide-mediated chemical fluxes
between these systems and the effects of these fluxes, but data substantiating these speculations
are virtually lacking. Several studies have shown that mangroves export particulate organic matter
(Boto & Brunt, 1981; Twilley, 1985; Robertson, 1986; Flores-Verdugo et al., 1987), although specific
geomorphological and hydrodynamic conditions in some mangroves may reduce or preclude
outwelling (Woodroffe, 1992). Export of mangrove carbon can be traced with the use of stable
carbon isotopes, as mangroves are characterized by carbon isotope signatures which show a
relatively strong depletion in the heavy isotope 1 (Torgeson & Chivas, 1985; Rezende et al.,
1990). In a previous section of this final report we presented described evidence indicating that
meadows of the seagrass Thalassodendron ciliatum (Forsk.) den Hartog positioned between
mangroves and coral reefs in Gazi Bay, Kenya, may act as a filter between these systems: the
carbon isotope ratio of sediments and seagrass plants outside the mangrove indicated trapping of
mangrove-carbon. Moreover, the isotope ratios showed that the mangrove signal completely faded
out in the seagrass zone, getting weaker with increasing distance from the mangrove. Thus, the
seagrass zone seems to absorb the carbon flux from the mangrove.

Obviously, the mangrove input in the seagrass zone is not necessarily restricted to carbon only:
nutrients such as nitrogen and phosphorus will be associated with organic particles exported from
the mangrove. Inputs of these nutrients may influence functional and chemical aspects of the
seagrass vegetation. Primary production in macrophyte-dominated marine ecosystems is often
limited by nutrient availability (Smith, 1984; Howarth, 1988). Enhanced growth after experimental
enrichment of seagrass sediments with nitrogen and phosphorus has repeatedly been found, e.g.,
more recently by Powell et al. (1989), Perez et al. (1991) and Murray et al. (1992). Furthermore, the
nitrogen and phosphorus content of seagrasses is dependent on the availability of these nutrients;
in situations where the supply is limited, additions of nutrients result in increased tissue contents
(Duarte, 1990, and references therein).

In this part of the research we addressed the question whether the trapping of mangrove
carbon in the seagrass zone coincides with shifts in primary production and nutrient content of
Thalassodendron ciliatum, the dominant subtidal seagrass. Primary production and nutrient contents
were determined at different distances from the mangrove, i.e., at locations exposed to a variable
level of mangrove-carbon input.

METHODS

Study area
The research was carried out in Gazi Bay (Kenya). As described before, directly adjacent to the
mangroves in the bay are intertidal flats and shallow, subtidal areas. To a large extent this zone is
covered by seagrasses. T. ciliatum is the dominant seagrass of the subtidal areas. It occurs in
Kinondo creek and in the channels between the tidal flats, and forms monospecific meadows in the
southern part of the bay, which stretch down to the reef zone.

Sampling and measurements were carried out by SCUBA divers, primarily on four subtidal sites



positioneel in the channel forming the continuation of Kinondo creek and the shallow bay waters
more closely to the reefs. These sites were given a two-letter code (MM, MS, CS, CC), which
indicates their relative position between mangrove and coral reef. On each of these sites, T. ciliatum
was the only or the dominant seagrass species.

Additionally, samples were collected in Chale lagoon, directly East of Gazi Bay. This lagoon is
separated 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.

Sampling of water and sediment
Water samples for nutrient analyses were collected during two ebb tides and two flood tides. Water
samples were collected at the various sites over the full duration of the tide (5-6 samples per tide at
a given transect). The samples (25 | each) were collected with a hand diaphragm pump, 1 m above
the subtidal sediment surface. Aliquots were filtered (within 1 h after sampling) over Whatman GF/C
filters and stored frozen until chemical analyses. Ammonium was measured spectrophotometrically
with sodium nitroprusside as colouring reagent. Nitrate was measured after reduction to nitrite in a
copper-cadmium reductor column followed by reaction with sulfanilamide and N-naphylethylenedia-
mide; the resulting complex was read colourimetrically. Phosphate was measured colourimetrically
after mixing of the sample with ammonium molybdate, ascorbic acid and antimony to yield a
phosphomolybdenum blue complex.

Sediment samples at the various sites were obtained with sediment corers with an internal
diameter of 7 cm. For analysis of particulate nitrogen content the upper 7 cm of the sediment
samples was used. Nitrogen content was measured with a Carlo Erba NA1500 CN analyzer.

Determination of primary production and seagrass nutrient contents

Leaf production of T. ciliatum was measured with the plastochrone interval method (Jacobs, 1979).
This method has been applied previously by Brouns (1985) for production measurements on Tj,
ciliatum. Observations were carried out on the MM, MS and CS site, on 4 plots. The distance
between the sampling plots was approximately 20 m. On each plot, the youngest leaf (length > 10
mm above the leaf sheath) of a number of shoots was marked by punching a small hole through
the leaf. These shoots were harvested 14-17 days later. The number of new leaves on the shoots
were counted to determine the plastochrone interval of the leaves (PIL), i.e., the time interval
between the formation of two successive leaves:

Number of new leaves since marking
PIL=

Number of days between marking and harvesting

In addition, 15 shoots of each plot were randomly selected for measurements of length and dry
weight (DW) of successive leaves.

Around each of the plots where primary production was measured, 3 samples of above-ground
biomass of T. ciliatum were collected. Each sample was clipped from an area of 25 X 25 cm. The
samples were stored in cooling boxes until return to the field laboratory at the end of the various
sampling days. The 3 above-ground seagrass biomass samples collected at each sampling plot
were pooled, after the number of shoots in each sample had been counted. The third-youngest
leaves of the T. ciliatum shoots in each of these pooled samples were collected. Only these were
used for chemical analyses, to decrease the variability which might arise from analyzing seagrass
leaves of different developmental stage. The third-youngest leaves, as an added advantage, lack
the crust of epiphytes complicating the analysis of older leaves. Analyses were carried out after
drying the leaf material at 70°C. Additional T. ciliatum samples (4) were collected in Chale lagoon.
Again, only the third-youngest leaves from these samples were used for chemical analyses.

Carbon and nitrogen contents of the leaf samples were determined with a Carlo Erba NA1500
CN analyzer. Phosphorus content of seagrass leaves was determined spectrophotometrically using
ammonium heptamolybdate as colouring reagent.

Results were analysed statistically by one-way analysis of variance, followed by Post-Hoc
contrasts to test differences between individual groups. Results were considered significant at the
a=0.05 level.

Estimation of the production per m2 on the various sites involved combination of the data on
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production per shoot with the data on shoot density, each parameter having a certain error. A
bootstrap procedure was used to calculate averages and confidence intervals for the combined

results (Brey, 1990), implying resampling (n=100) of the different combinations of shoot production
and shoot density.

RESULTS

Environmental parameters

The stable carbon isotope data shown in Table 1 were obtained in the study on carbon outwelling,
described earlier in this report. The data show that the MM, MS, CS and CC sites are in decreasing
order under the influence of carbon outwelling from the mangrove. The sediment of the MM site has
a 81 value close to the level of the mangrove sediment (Rhizophora mucronata (Lamarc) site), but
there is a conspicuous enrichment in 1C going from the mangrove in seaward direction, indicating
decreased input of {13 depleted) mangrove carbon. No evidence was found for trapping of
outwelling mangrove carbon at the CC site and in Chale lagoon. The trend in transect 8'3C sedi-
ment values is closely paralleled by the 1C enrichment of T. ciliatum. Presumabily, this is caused by
the uptake of 13C depleted inorganic carbon generated by the mineralization of organic matter from
the mangrove.

Table 1 also shows that the nitrogen contents in the sediments are highest close to the
mangrove, at the MM and MS sites. The relatively high nitrogen values at these sites coincide with
sediment organic carbon levels which are also considerably higher than at the CS and CC sites
(Hemminga et al., 1994).

Nitrate, ammonium and phosphate levels in the water are very low, irrespective of the site or
the phase of the tidal cycle (ebb or flood). Concentrations of these nutrients are consistently below
1 pM. The data indicate that in ebb water the prevailing nitrogen nutrient is ammonium; in flood
water, however, ammonium concentrations are even lower than nitrate concentrations.

Table 1. Environmental parameters of study sites. Carbon isotope signature (8'3C notation), of
sediments and seagrass (T. ciliatum) in Gazi Bay and Chale lagoon derived from Hemminga et ai.
(1994). Data on sediment nitrogen content (N, in % dry weight) are means and S.D. based on 4-7
observations. Data on nutrient contents in water samples are means and S.D of 10-12 observations.
Further details: see text.

Site Seagrass

813C 813C N No3 NH4 P04 No3 NHA4 P04

(%D W) (pM) (PM) (PM) (pM) (PM) (pM)

Mangrove -25.31 - -
MM -22.94 -19.65 0.26+0.09 0.310.1 0.710.2 0.410.1 0.610.6 ©0.110.1 0.310.1
MS -20.61 -18.30 0.1410.08 0.210.1 0.810.2 0.410.1 - -
cs -18.48 -15.77 0.03+0.04 o0.1i0.1 0.810.3 - - 0.310.1
cc -15.14 -10.70 0.0910.05 - - 0.410.1 0.310.2 0.210.2
Chale -14.75 -10.72 0.0910.02 - -

Leaf growth and production
T. ciliatum is a stem-forming species. Each living stem carries a cluster of leaves at its apical end.
Short secondary stems may develop on the lower part of the stems, which carry leaf clusters with
small leaves. These leaf clusters were not included in the study, only the full-grown clusters of the
main leaf canopy layer were considered.

The increase in DW of the leaves during growth is shown in Fig. 1. The leaves are numbered
according to their position, and hence age, in the leaf cluster. Number 1 represents the youngest
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leaf, i.e., the youngest leaf with a minimum leaf length outside the leaf-sheath of 10 mm. Intact sixth
leaves were rarely encountered on the MM and CS sites; the same was true for seventh leaves on
the MS site. The data show that leaf weights of shoots from the MM site are conspicuously lower
than leaves of comparable age sampled from the MS and CS sites. On all three sites, the increases
of leaf weight from the fourth to the fifth leaf were small. Leaf lengths of fourth and fifth leaves were
similar (data not shown). Thus, full growth of the leaves is attained when they have reached the
fourth or the fifth position in the leaf cluster. For calculations of leaf production (see below), we used
the data on mean dry weights of the fourth leaves.

Measurement of the PIL reflects the rate of leaf renewal. The-values for the plastochrone
interval were based on observations of 13-62 marked shoots per plot, with an average of 32 shoots.
On the MM site the average leaf rate renewal appeared to be significantly slower (PIL = 10.98
days) than on MS and CS sites (PIL = 8.46 and 8.17 days, respectively; Table 2). To calculate leaf
production per shoot per day, we multiplied the PIL of each plot with the mean dry weight of fourth
leaves at that plot. The results (Table 2) show that there is a highly significant difference between
the groups (p<0.001). Post-Hoc contrasts indicate that significant differences exist between the MM
site, which has the lowest production per shoot (3.08 mg DW shoot'1day'1) and the MS and the CS
sites, which have higher production rates (7.69 and 9.51 mg DW shoot'1day"1, respectively). The
difference between the MS and CS site is only just significant (p=0.04). Leaf production per m2was
calculated by taking the shoot density on the various sampling plots into account. Mean shoot
density was 1556 per m2 on the MM site, and 1137 and 809 per m2 on the MS and CS site,
respectively. Production per m2 is lowest on the MM site. There is, again, a clear difference
between the MM site on the one hand and the considerably higher production rates on the MS and
CS sites on the other hand. Production per m2was highest on the MS site.

Table 2. Production characteristics of T. ciliatum meadows on the MM, MS and CS sites in Gazi
Bay. Means and S.D. of observations on 4 plots per site. PIL: plastochrone interval of the leaves.
Data in columns sharing a common superscript letter are not significantly different.

Data on production/area obtained using bootstrap procedure (means and 95% confidence limits).

Site PIL Shoot production Area production
days (mg DW shoot'l day'M (g DW day'l m~2)

MM 10.98*1 .24% 3.08+0.64* 4.92%+0.08

MS 8.46+0.59 7.69%1.02b 9.47+0.13

Cs 8.1710.39% 9.51+1 .35¢c 7.4810.07

Table 3. Relationship between the carbon, nitrogen and phosphorus contents (C:N:P atomic ratios)
of third-youngest leaves of T. ciliatum, collected at the four sites in Gazi Bay and in Chale lagoon.

Site C:N:P atomic ratio
MM 605 26 1
MS 545 24 1
(of] 524 28 1
cc 583 25 1

Chale 454 : 17 : 1
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Fig.1. Dry weights (DW) of intact leaves of T. ciliatum, collected at the MM, MS and CS sites. Leaf
1 is the youngest leaf. Means and SD of 4 samples. Each sample (4 per site) consisted of 15
pooled leaves.
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Fig 2. Phosphorus and nitrogen contents (in percentage dry weight, DW) of third-youngest leaves of
T. ciliatum, collected at the 4 sites in Gazi Bay and at Chale lagoon. Means and SD of 4 samples.
Data sharing a common letter are not significantly different.
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Nutrient contents
The phosphorus and nitrogen contents of the third leaves of T. ciliatum on the different sites are
shown in Figure 2. The phosphorus contents are very similar, ranging from 0.17% DW (at the MM
site) to 0.23% DW (at Chale). Analysis of variance shows that the differences between groups are
not significant. The nitrogen contents on the various sites vary between 1.76% DW (at Chale) to
2.46% DW (at the CS site). Analysis of variance followed by Post-Hoc contrasts shows that the
nitrogen contents at the CS site and at Chale are significantly different from the other values
determined at the MM, MS and CC sites. The nitrogen contents at these three sites are nearly
identical.

The carbon content of the various leaf samples showed little variation, ranging between 37 and .
42% (results not shown). The C:N:P (atomic) ratios calculated from the data are presented in Table
3.

DISCUSSION

The rate of leaf renewal in T. ciliatum, as measured by the plastochrone interval method, varied
between 10.98 days (MM site) and 8.17 days (CS site). These data are close to the value
determined by Brouns (1985) with the same method in T. ciliatum meadows in Eastern-Indonesian
waters. This author reported a PIL of 7.20 days. Our data on the production per shoot range
between 3.08 and 9.51 mg DW shoot'1day'1 on the MM and CS site, respectively. Brouns (1985)
reported a value of 4.22 mg AFDW shoot'1 day'l, whereas Johnstone (1984), who studied T.
ciliatum in the Red Sea, on Thursday Island and the coast of Papua New Guinea, reported values
of 418 and 3.56 mg AFDW shoot'1day'l. The ash content of mature T. ciliatum leaves is around
20% (Brouns, 1985). Thus, it can be concluded that the data on production per shoot given by
these authors are of the same order of magnitude as the results obtained in the present study.

The very low nitrate, ammonium and phosphate levels both in the incoming flood water from the
ocean, and in the water flowing from the mangrove with ebb tide (Table 1), indicate that dissolved
inorganic nutrients are efficiently retained within the mangrove. The data also make it likely that if
there is a substantial nutrient input from the mangrove into the seagrass zone, this input must be
connected with the trapping of particulate matter. In the present study we found that the rate of leaf
renewal and leaf production were significantly lower at the MM site than at the MS and CS sites.
The data on the stable carbon isotope analyses indicate that especially the MM site is exposed to
carbon outwelling from the mangrove. Moreover, the data also show that the differences between
the MS and CS sites as far as PIL or leaf production are concerned, are small or absent, although
there is a conspicuous difference between these sites with respect to the input of mangrove-carbon
(Table 1). The combined data thus do not point to a consistent relation between the trapping of
carbon from the mangrove on the one hand, and the rate of leaf renewal and leaf production on the
other hand.

The phosphorus and nitrogen contents of third-youngest leaves of T. ciliatum ranged between
0.17-0.23% DW and 1.76-2.46% DW, respectively. These values are typical for the nutrient content
of seagrass leaves in general: a literature comparison, which covered 26 species, showed that the
average phosphorus and nitrogen contents is 0.23% DW for phosphorus, and 1.92% DW for
nitrogen (Duarte, 1990). Our data show that there is no significant difference between the leaf
phosphorus contents at the various locations. The leaf nitrogen contents at the four sites in Gazi
Bay are similar except for the leaves from the CS site, which have a relatively high content. Clearly,
there exist no similarity in the pattern of mangrove-carbon trapping by T. ciliatum vegetations and
the nutrient contents of the plants.

What can be the reason that neither leaf production nor leaf nutrient contents are increased in
T. ciliatum meadows that are evident recipients of outwelling mangrove carbon? A first possibility
would be that nutrients are not limiting to the T. ciliatum meadows in Gazi Bay. In that case,
trapping of nitrogen and phosphorus associated with outwelling mangrove-POM would not be
expected to enhance growth or leaf nutrient contents. The data on nutrient content of the leaves
allow an evaluation of this possibility. As mentioned earlier, the third-youngest leaves of T. ciliatum
had phosphorus and nitrogen contents very similar to the average values established in a dataset
comprising 26 seagrass species. The values determined in the present study (approximately 0.2%
DW phosphorus and 2.3% DW nitrogen), however, are much lower than the maximum phosphorus
(> 0.7%) and nitrogen (> 5%) values reported by Duarte (1990). This author also made a compari-
son of nutrient enrichment studies which led him to the conclusion that seagrasses with phosphorus



contents below 0.2% DW and nitrogen levels below 1.8% DW were probably nutrient limited. In
fertilization experiments, these seagrasses responded with significant increases in their tissue
nutrient contents. In view of these literature data it is unlikely that in Gazi Bay phosphorus and
nitrogen were available at saturation levels for T. ciliatum. We thus reject the possibility that nutrient
sufficiency caused the lack of effect of mangrove outwelling on seagrass growth and nutrient
content.

Having concluded this, two obvious possibilities remain to explain the present results: (1)
the effect of any nutrient input on the seagrasses is masked by other factors; (2) the trapping of
mangrove carbon in the seagrass zone does not coincide with nutrient enrichment.

The first possibility may be particularly relevant for the MM site. At this site the nitrogen content
of the sediment is on average higher than at any other site (0.26%; Table 1); this high nitrogen
content coincides with a relatively high sediment carbon content (3.78%; Hemminga et al., 1994).
The comparatively high nitrogen levels, however, do not result in elevated nitrogen levels in the
leaves or in increased primary production. The T. ciliatum at this site ( the mouth of the mangrove
creek) grows in shallow water (less than 1 m at ebb tide), at high current velocities. The functioning
of the plants at the MM site therefore may be primarily determined by stressfully high irradiance
levels (leading to photoinhibition) and flow velocities, offsetting any effects of increased nutrient
supply. Comparable stressful conditions, however, cannot be indicated at the other investigated
sites.

The second possibility that must be considered is that trapping of mangrove carbon in the
seagrass zone does not coincide with nutrient enrichment. This could be the case if the outwelling
mangrove carbon consisted of dissolved inorganic carbon compounds which lack nitrogen and
phosphorus constituents, i.e. C02 bicarbonate and carbonate molecules. The 51 of oceanic
dissolved inorganic carbon normally is circa 0 (Boutton, 1991). Mangrove leaves, the major
category of organic litter produced by the mangrove trees in Gazi Bay, have 813 values ranging
from circa -25 to -28°/ (Hemminga et al., 1994). Uptake of 13C-depleted C02 (resulting from leaf
decomposition) in the tidal water inundating the mangrove thus would reduce the 813 value of its
inorganic carbon pool. This 13C-depleted inorganic carbon subsequently would become available to
T. ciliatum when the ebb water crossed the seagrass zone, resulting in 13C-depleted T. ciliatum
plants. Recent observations (Slim & Hemminga, unpublished observations) show that the inorganic
carbon flowing from Kinondo creek with ebb tide indeed shows some depletion in 13C (8'3C ca. -
5009. This is unsufficiently low for a full explanation of the deeply negative 81 values of the
seagrasses in the proximity of the mangroves, but it indicates that at least part of the carbon export
from the mangrove is not directly coupled to nutrient fluxes.

Trapping of mangrove carbon without a coinciding (net) nutrient enrichment of seagrass zone
could also occur if the nutrient gain associated with the input of mangrove-derived POM in the
seagrass meadows was offset by losses of nutrients due to export of seagrass detritus. As the C:N
ratio of senescent mangrove leaves generally is much higher than that of senescent or dead
seagrass leaves (Harrison, 1989; Rao et al., 1994), the exchange balance in the seagrass meadow
could even be positive for carbon (net carbon input) without a net gain in nutrients. Substantial
export of seagrass detritus from the meadows in Gazi Bay does occur, as can be gathered from the
observation that approximately 60% of the macrodetritus in the water between mangrove and
seagrass meadows is of seagrass origin (on dry weight basis; F.J. Slim, pers. comm.).

In conclusion, we assume that there are several reasons explanining the fact that trapping of
mangrove carbon by the adjacent seagrass meadows does not coincide with increases in leaf
production or in leaf nutrient content. Most likely, outwelling of mangrove carbon includes dissolved
inorganic compounds without N and P constituents. The nutrient input associated with trapping of
mangrove-POM in the seagrass meadows probably is limited, to the degree that its impact, if any, is
masked by opposite influences of environmental conditions or nutrient losses caused by export of
seagrass detritus. Thus, although in Gazi Bay seagrass beds are directly adjacent to a mangrove
forest and connected with the forest via the tidal water flow, the influence of abiotic fluxes from the
mangrove forest on the functioning of the seagrasses appears to be inconspicuous.
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PRODUCTIVITY OF SEAGRASSES WITH RESPECT TO INTERSYSTEM FLUXES IN GAZI BAY
(KENYA)

C. Ochieng

Kenya Marine and Fisheries Research Institute, Mombasa, Kenya

INTRODUCTION

Seagrasses ecosystems have been recognized as one of the richest and most productive ecosystems
(McRcy 1974, Ziemar, 1975). The high primary production is but one of the ways in which seagrasses
function in maintaining the productivity and stability of nearshore marine and estuarine ecosystems and
is therefore the most essential function of these ecosystems. Their role has been summarized by Wood
et al (1969). Productivity studies have been confined to Zostera marina and Thalassia testudinum,
although seagrass meadows are widespread in the oceans and make a more measurable contribution
to coastal productivity that might otherwise be imagined.

In the tropics, the rate of productivity of seagrasses need long-term studies to look at the
quantitative changes throughout the year. However the number of in-situ productivity studies of
seagrasses over an extended period, even in kenya, is small. Productivity and biomass of seagrasses
may be influenced by hydrographic parameters and is also a function of many interrelating factors. The
interrelations between mangrove, seagrass and Coral reef biotopes are biotic and abiotic whereby the
abiotic level, intersystem fluxes of nutrients driven by ‘trapped’ tidal watermass within the coastal zone
is likely to structure the biotic characteristics. The abundance and morphology of these seagrasses are
more likely to be limited by the availability of nutrients. The productivity and growth data may provide
information to quantify the functional characteristics inherent in these fluxes. An analysis of the total
plant biomass is essential in the evaluation of growth dynamics.

The current study was carried out to determine the rate of accumulation of organic matter in
the living tissues of seagrasses and whether the seagrass beds function in relation to intersystem fluxes
in Gazi Bay.

METHODS

Study area

The study was carried out in Gazi Bay (Kenya). Sampling sites were selected on the basis of
accessibility during the low waters and were along a transect that ran from a mangrove to coral reef
constellation and was confined to areas in which the monospecific beds of Thalassodendron ciliatum
supported continuous sampling. These were:

(1) Mangrove Creek (MM). This site represents the sublittoral part of the seagrass zone represented
by the creek system connecting mangroves, the sea and the coral reef. Its 0-10 cm layer of sediment
is characterized by a mixture of quartz and organic material of biogenic origin. Massive calcareous
algae cover the near-exposed fossil coral. The site has the highest tidal current velocity of
approximately 0.62 m/s. T. ciliatum forms dense beds in this creek.

(2) Intertidal area (SS). This site represents the shallow intertidal mud flats. lts 0-10 cm layer of
sediment consists mainly of quartz and coarse sand in the deeper 10-20 cm. The tidal current velocity
here is much reduced ( 0.25 m/s) and the low water marks often leaves the extensive mudflat exposed
to heat and air. A mixture of seagrass species are found on the mudflat, but the dominant T. ciliatum
characterizes the area. SS, refers to site where samples of mixed Thalassia hemprichiiand Cymodocea
rotundata were taken from.

(3) Subtidal area (CS). This is the upper subtidal part of the seagrass zone where the lowest watermark
is not less than 1 m. The site is further from the creek and has little influence of mangrove outwelling.
The sediment is purely biogenic with fine to very fine grained mud in the deeper 10-20 cm. T.ciliatum
dominates the sampling site.



Productivity measurements

The field work was carried out during April 94- July 95. To study productivity the Plastochrone Interval
(P), which is a replacement technique, was applied according to Brouns (1985). A small hole was
punched in the tip of the youngest leaf reaching a minimal reference point of about 1 cm (Erftemeijer
et al 1993). This was done for a number of shoots within quadrats measuring 25 by 25 cm. An average
of twenty shoots was marked per quadrat. After 14 days, all new leaves reaching the reference point
were counted. The PI was calculated according to Jacobs (1979):

Pl = (N of shoots marked *t)/N of new leaves
where N = total number,
t= time interval between marking and harvesting (in days).

Triplicate samples were taken for each sampling site. Randomly collected adult leaves of the same
species were averaged and the data together with biomass of leaves and shoots was used to calculate
the daily production in gram per meter square. To measure the growth of leaves, the leaf marking (LM)
technique described by Zieman (1975) was applied. All leaves of a seagrass shoot were punched
using a special device. A ‘makuti’ stick was stuck in the sediment next to the shoot in question to mark
a fixed reference point. This could only apply to T. hemprichii and C. rotundata. The reference point
for T. ciliatum was determined by the level of the leaf blade furthest from the basic meristem.

After four days the leaves were re-punched at the reference point. Shoots were harvested,
stored in a cool box and brought to the laboratory. Triplicate samples of random squares (25 cm X 25
cm) were taken for each sampling site. The distance between the first and second hole was taken as
a measure of growth in length. These were cut out, oven dried to a constant weight and the dry weight
determined. Relative growth rate and areal productivity were calculated from data on density and
biomass.

For standing stock and total biomass estimates, all the seagrass from a 25 cm X 25 cm
aluminium frame were harvested and partitioning of each harvest was assessed. All dead material was
excluded from the samples. The biomass of epiphytic macroalgae was also assessed by cleaning and
drying to constant dry weight at 60 °C.

The ash free dry-weight (AFDW) was determined by calculating the difference between the dry
weight (DW) and ash weight after ignition at 550° C for approximately six hours.

Data analysis

Samples were pooled for different sampling sites in order to compare their growth productivity and
biomass values. ANOVA was used to test any variations in productivity within the sampling sites.
Comparison was also made of data collected during the wet (S.E. monsoon Apr.-July) and during the
dry (N.E monsoon Nov.- Mar. of 1994/95). The comparison of areal productivity of the species was
made from pooled data collected over the study period. The * refers to the standard deviation unless
otherwise stated whereas n refers to the total number of samples used.

RESULTS

Biomass

The average total biomass values for T. ciliatum (Table 1) was within the range of 473-978 gram dry
weight per meter square (values include above-ground and below-ground biomass); whereas the leaf
biomass ranged between 53.8-139.8 g AFDW m2 Total biomass values were comparable for T.
ciliatum at the mangrove creek (MM) and intertidal area (SS) but were lower at the subtidal area (CS).
Below - ground biomass values were also comparable at all the sites, but the percentage of below
ground in the total biomass was considerably higher at CS (65%) that at MM and SS (49% and 45%
respectively). However, relatively higher biomass (up to 82.8 gm'2) of epiphytic macroalgae was
recorded at MM than at SS and CS (57.7 £ 39 and 44.2 + 29 g dw m'2respectively). Biomass values
did not vary during the wet and dry period.

Density

Thalassia hemprichii had lower leaf density in cluster per m2 ranging between 3944 - 3990 with an
average of four leaves per shoot as compared with the high densities of T. ciliatum ranging between
3000 - 6628 with an average of eight leaves per shoot. The same trend applied for shoot density (n
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Table 1. Average biomass of T. ciliatum at different sites in Gazi Bay.

Sampling site MM SS Cs

Shoot biomass 3455 + 17.2 368.6 + 10.2 234.3 + 3.7
g dw m'2
(M£SE)

Below ground biomass g 378.6 +18.4 326.3 + 121 * 399.5+ 147
dw rrf2
(M £ SE)

Total biomass 700.1 £23.6 740 £21.6 564 £21.7
g dw m'2
(M £ SE)

Table 2. Average net productivity and growth rate of T. ciliatum measured during the N.E. monsoon.

Sampling site

MM SS Cs
Leaf growth 1.92 £0.48 2.08 £0.43 221 +£0.3
(cm/shoot/day)
Productivity 228 £ 09 3.5+£09 39+£06
(gAFDW m'Zday')
R. growth rate 0.02 = 0.002 0.02 + 0.004 0.03 + 0.003
(gg’AFDWday)
P:B 0.02 + 0.002 0.02 £+ 0.004 0.03 = 0.003

Table 3. Density and leaf length of T. ciliatum sampled at Gazi Bay.

Sampling site MM SS es

Average length of full grown leaves 7.4x1 9.8+0.2 8.1810.9

(cm)

Shoot density (n m'2 11081450 6431246 (n=22) 702+171
(n=18) (n=19)

Leaf density (cluster m'2 5053+ 64 406062 5198+64

(M£SE)



m 2) whereby T.ciliatum was more dense (708 + 100) than Thalassia hemprichii (655.9 = 122). The
Kinondo mangrove creek (MM) had the highest seagrass shoot density compared to the intertidal (SS)

and subtidal (CS) areas. More details on density, leaf length values of T.ciliatum are presented in Table
3.

Growth

In general the seagrasses had remarkably high growth with absolute leaf growth rate of up to 2.3 cm
per shoot per day. No significant variation was observed in the different sites in terms of growth rates.
This was further confirmed by the constant relative growth rates of 0.02 g g'1(Table 2) and constant
production to biomass ratios (P:B). However, the average length of full grown leaves (cm) was small
in the mangrove creek (MM) and highest in the intertidal area (SS)(Table 3). The lengths of full grown
leaves did not change significantly during the dry or wet period (9.8 £+ 0.2 and 10.18 £+ 0.8 cm
respectively).

Plastochrone Interval (Pl,.»,,) -

The average P, measured during the study period was 9.9 + 2.3 (n=14) days for T. hemprichiiand 6.3
1+ 0.9 (n=32) days for T. ciliatum. The values of PldlOwas comparable in the N.E as well as the S.E
monsoon periods (5.8 £ 0.5 and 6.2 =+ 1 days respectively). These measurements (seasonal) were
taken only at the intertidal area (SS) on T ciliatum species only. Similarly, very little variation was
observed on Pliysvalues taken at different sites (Table 5).

Productivity

There was detectable seasonal variation in productivity - the wet period (S.E monsoon) having higher
values ( F= 3.53 (1,10) a = 0.05) than the dry period (N.E. monsoon). A one-way analysis of variance
test revealed that there was a gradient in seagrass productivity levels from the mangrove creek (MM) -
having the least values - to the subtidal (CS) area having the highest values. The difference between
MM and CS was significant (F = 6 (1,15) a= 0.025). Results of productivity from leaf marking
measurements are summarized in Table 2.

Table 4. Average net productivity of Thalassodendron ciliatum in comparison with mixed Thalassia
hemprichii and Cymodocea rotundata as measured with Plastochrone Interval (Pl,).

Species Plots areal productivity (g dw m'2
day1)

T. ciliatum n=15 443 £ 2.7

Mixed T. hemprichiiand C n=14 24+ 0.6

rotundata

Table 5. Average Plastochrone Interval (Pl,eaes) values.

Sampling site MM SS CS

Thalassodendron ciliatum 6.7+ 0.9 58905 6+0.6

Thalassia hemprichii _ 99+23 _
DISCUSSION

Seagrass leaves may constitute a variable amount of the weight of the plant depending on the
substrate, season and nutrient availability. The highest leaf and biomass weights have been found in
the coarser sediments (Zieman, 1980). Our results indicate that leaf lengths at the intertidal and the
subtidal areas are higher than those at the mangrove creek. Erftemeijer (1993) also noted that much
longer leaves of the same species were found on terrigenous sediments and attributed this to richer
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sediment nutrient conditions. The net production and biomass values recorded in Gazi Bay during the
study correspond with other studies carried out in the subtropics by Erttemeijer et ai 1993, and confirms
that the rate of seagrass productivity is remarkably high (Jacobs, 1979; Den Hartog, 1979).

The net production at the SS and CS was quite comparable and was relatively higher than at
MM. This can be attributed to a direct terrestrial influence from two seasonal rivers - Mkurumuji and
Kidogoweni which drain into this area directly. The run-off from rivers deposit terrigenous sediments
which characterizes an environment of richer nutrient supply. As such lower productivity values at MM
relative to CS and SS may have been due to the little river influence at the Kinondo creek. However
a constant relative growth rate and production to biomass ratios (P:B) observed at the mangrove creek
(MM), intertidal area (SS) and subtidal area (CS) indicate that the seagrasses in Gazi Bay are equally
efficient in nutrient recycling and uptake regardless of their situation. The high tidal current velocity at
the Kinondo creek may enhance nutrient uptake by the leaves.

Nevertheless, the permanent availability of water at the subtidal (CS) as compared with the
intertidal area and mangrove creek (MM and SS) implies that seagrasses here have longer hours to
obtain sufficient nutrients from the environment, and could account for the higher productivity values
recorded at CS than at MM and SS. Jacobs (1979) reports 85% growth at places with a minimum tidal
coverage, but optimum growth at places with 95% to 100% tidal coverage. The temperatures of the tide
pools have been reported to rise by up to 5° C (Coppejans et al 1992), and the seagrasses thereby
experiencing a notable 'burning’. The seasonal temperature elevation with periodic exposure to air and
high temperature during low spring water may enhance photoinhibition and desiccation which are likely
to affect the vigor and vegetative reproduction of T. ciliatum. This factor explains why the productivity
values at CS are significantly higher than at MM and SS. Ogata and Matsui (1965) also found that
strong dehydration suppressed photosynthesis. CS is subtidal area, always submerged and therefore
lacks a large diurnal variation.

The subtidal seagrasses (at CS) lack potential outwelling mangroves. The investment of most
of their biomass below ground (65%) compared to mangrove creek (MM) and the intertidal (SS)
seagrasses (less than 50%) may be contributing to their efficiency in nutrient incorporation from the
sediment. Seagrasses have been known to utilize nutrients from the sediments (Erttemeijer et al 1994).
The mangrove creek (Kinondo) reflects a nutrient poor environment, but the thin sediment layer
underlain with coral fossil does not encourage the investment of a high below ground biomass. The
seagrasses here compensate this by having a more dense above ground cover which then can take
up nutrients in this site with a high tidal current velocity. However, the high density of seagrasses in this
creek compared to the subtidal and the intertidal sites may also contribute to low production rate due
to competition.

The present study did not reveal any seasonality in the total biomass. This is characteristic of
the tropical region where the relatively uniform temperatures sustain a persistent biomass; although
Erttemeijer and Herman (1994) reported seasonal changes in biomass in the seagrass beds of South
Sulawesi, Indonesia. The relatively high areal productivity of the intertidal seagrass during the S.E.
monsoon (April-June) can be attributed to relatively elevated nitrogen concentrations brought into the
bay by the rivers as has been indicated by studies on ’dissolved inorganic nutrient fluxes’ under the
EEC STD-3 project; the influence of the rivers is small in the Kinondo creek, where tidal current velocity
is also very high (0.62m/s).

In conclusion, the subtidal seagrass of the same species has higher productivity than the intertidal and
mangrove creek sites in the shallow lagoon system of Gazi. The spatial variation in productivity of
T.ciliatum is attributed to the tidal regime which often leaves the intertidal area exposed to high
insolation during low waters, thereby increasing the temperatures and salinity, causing burning and
inhibiting photosynthesis. The subtidal area is always covered during low waters hence the seagrasses
here exhibit higher production. The rivers Mkurumuji and Kidogoweni bring nutrient-rich terrigenous
sediments directly into the intertidal and subtidal areas with little influence in the mangrove creek; as
a result the production in these areas is higher than the mangrove creek. The river influence is greater
during the S.E. monsoon bringing in more nutrients thereby increasing the productivity of the
seagrasses as compared to the N.E. monsoon period.

The higher tidal current velocity at the mangrove creek contributes in enhancing nutrient incorporation
by the seagrass leaves thereby compensating the plants’ efficiency in the otherwise considered
relatively nutrient-poor creek.
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COMMUNITY PRODUCTION AND NUTRIENT FLUXES IN SEAGRASS BEDS (UNGUJA ISL.,
TANZANIA)

R. Johnstone

Tropical Ecology, Zoology Dept., Stockholm University, Sweden.

INTRODUCTION

In addition to playing a support role, the Stockholm component has aimed at specifically addressing
the following aspects of the inter-linkages project:

1. To make a comparison of the community function of seagrass meadows (sink and source function)
in two contrasting situations, i.e. in between mangroves and reefs, and in the absence of .mangroves
in back reef lagoons.

2. To examine the water column nutrient dynamics in seagrass meadows adjacent to mangroves and
remote to mangrove influences.

In this section of the final report, the results obtained with respect to the first aspect are

summarised. Experiments conducted in mangrove influenced areas will be comapred with the data
collected from seagrass and sandy benthic areas remote to mangrove influences.
As has been presented in earlier reports, studies in the open lagoon at Paje (Fig. 1) show there to be
an active benthic remineralisation of organic material and that, in certain areas, this returns a
considerable amount of dissolved inorganic nitrogen (DIN) to the water column. Also, subsequent
studies have shown that there is an active micro-algal community on large areas of the lagoon floor
which appears to account for a part of this DIN; photosynthesis of this community averaged 450mg
C.m2d1 In the adjacent seagrass communities community production was significantly higher with a
mean of 567g C.m'2d’. Further, these seagrass communities were heterotrophic; i.e. community
production exceeded respiration (mean P.R ratio of 1.1).

In the light of these observations and the overall aims of the project, similar benthic studies are
being conducted in Chwaka Bay (Fig. 1). Compared to the lagoon at Paje, this ecosystem consists of
a bay surrounded by mangrove forests which are drained by tidal creeks flowing into the bay. Also,
throughout the bay the benthos is dominated by seagrass communities of varying densities and there
is a clearly visible particulate load in the water column which is not seen at Paje. Further, work
conducted in the mangrove forest creeks has shown that, whilst there is a strong tidal exchange
between the mangrove forest and the bay, there appears to be no net export of dissolved nutrients from
the mangroves (Mohammed and Johnstone, 1995). No data has yet been collected on the level of
particulate or dissolved organic matter (POM, DOM) which might be transported by the creeks,
however, given both the levels of production and deposition within the forests (Shanula, 1989), as well
as the apparent particulate load in the creek waters, POM and DOM may represent a significant output
to the bay.

The work thus described here has attempted to determine the production of the benthic
communities along a transect from the mouth of the mangrove creek to the bay proper. The intention
with this is that by estimating the relative nutrient status and requirements of these communities, it is
possible to make a first estimate as to whether these communities require (and thus receive) an
external input of material to meet there production requirements. This approach has been used
elsewhere with success (e.g. Johnson and Johnstone, 1995), and permits the construction of a mass
balance model for the large scale assessment of community status; from which more specific
investigations can be initiated.

METHODS

Study area
The two sites investigated lie in the south western corner of Chwaka Bay directly outside Mapopwe
Creek which is one of the main drainage channels for the surrounding mangrove forest. Site 1 is closest



to the mouth of the creek and site 2 along the same current path approximately 0.7km away. It should
be noted that both sites lie outside a shallow sill which essentially isolates the creek water from the bay
at low tide (Wollanski, 1992) and which hinders water flow close to low tide. Both sites are described
here as seagrass areas or communities but there are marked differences in there seagrass density. At
both sites, seagrasses represent >80% of the macroflora biomass however, at site 1 (closest to the
creek mouth) seagrasses gave a benthic coverage of approximately 50%, compared to approximately
80% at site 2. Also, Site one was dominated by Thalassodendron sp. (> 70% of seagrass biomass)
with Halophila sp. and Thalassia sp. also represented. This compares with site 2 which was dominated
by a mixture of Thallassadendron sp. and Cymodocea sp. In addition,-there were fewer macro-algae
at site 2 and Halimeda sp. was common.

Both sites have atidal fluctuation of »1.5m and a mean low water depth of 0.5m. Also, both sites were
within 10m of the deeper central channel which drains this part of the bay; mean low water depth of
* 2m.

Community Production Measurements

Given that the rate of release of oxygen during photosynthesis is directly proportional to the rate of
carbon fixation the method used here monitored the rate of oxygen release from the seagrass
community and then calculated primary production. It should be noted, however, that the measurements
taken represent the total community entrapped under the benthic chambers, so this includes the various
epiphytes and the associated fauna. Thus the measurements are in fact of community production.
There has been some discussion as to whether this method gives an underestimation of the primary
production because oxygen may be transported to the roots, and there is the possibility of oxygen
storage. Also, factors such as photorespiration, leakage of dissolved organic carbon, and the formation
or translocation of carbon reserves may cause a discrepancy between net photosynthesis and actual
growth (Larkum and West, 1983)., Despite this, the method has been demonstrated to give a good
estimate with a possible underestimation in the order of 10-15% (Jayasuriya, 1991; West and Larkum,
1983; Peduzzi and Vukovic, 1990).

Two different production values are obtained from the method. Gross community production,
which is the total amount of organic matter produced by the communities photosynthesising members,
and net community production, which is gross primary production minus organic material used by
community inhabitants in respiration Net production therefore represents the amount of resource which
may be utilised by other organisms. For the sake of comparing different sites, this balance between
production and respiration can also be expressed as the P:R ratio so that communities with P:R>1 are
said to be autotrophic (in situ production above in situ demand), or heterotrophic with P:R<1 (in situ
demand exceeds in situ production).

Measurements were carried out by using four replicate water tight plexi glass domes built as
taller and somewhat more automated replicas of those described by Johnstone et al. (1989). These
were placed over the seagrass communities at each site and anchored by pushing them 5 cm into the
sediments to prevent dome movement and water exchange under the dome edge. Each dome had a
volume of 216 litres with a basal area of 188 cm2 The water inside was stirred by an Attwood Miniking
360 pump, pumping at a speed of approximately 600 litres per hour. This speed was chosen because
preliminary dye tests showed this to best simulate the ambient water mixing rate.

Sampling was done at different time intervals for the different parameters over a period of six
hours each sampling day. Oxygen and temperature were measured every hour through a re-sealable
port in the dome using a WTW Oximeter 191. Respiration was carried out during the day by measuring
oxygen uptake in the domes covered with black plastic and it was then assumed that the respiration
by the community during the dark was the same as the respiration during light (Erftmeijer et al., 1993).
All oxygen values were converted to carbon equivalents using a conversion factor of 0,31 (Schramm
et al., 1984). Also, as a control for water column activity, a water column sample of 2 litres was
enclosed in a flask at the beginning of the experiment and this was monitored for changes in oxygen
concentration. The flask was incubated in situ and the production or consumption obtained was
subtracted from the dome data.

Nutrient and Salinity Measurements

In addition to primary production measurements, water samples for nutrient and salinity analyses were
taken from each dome every second hour using a 50 ml syringe and needle pushed through self-
sealing sampling ports on the side of the dome. An equal amount of water was allowed to enter the
dome through a similar needle and port on the opposite side of the dome. This prevented interstitial
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Fig. 1. Map of Unguja Island (Zanzibar) showing the study areas at Chwaka Bay and Paje

water (with another nutrient concentration) from being drawn from the sediment. Samples were also
taken from the water adjacent to the domes for ambient nutrient determinations. All samples were
immediately put on ice for transport to the research station to be frozen until analysed and all nutrient
analyses were carried out according to standard methods (Parsons et al., 1984; Johnstone and
Preston, 1993). Flux rates were determined by plotting the change in concentration over time for each
dome and nutrient, and then applying a linear regression to the data (least squares method);the slope
of this curve was taken as the rate of release or uptake. The rates for each site were then averaged
and the standard deviation calculated. Also, a water column control was conducted as for oxygen
measurements as a check on water column nutrient regeneration. Water column values were
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subtracted from dome values to give the flux component due to the benthos.

Light conditions at each site were measured every hour for the same six hours, using Secchi disks
of different colours. Salinity was measured with a Meiji Techno Salinometer S-1. The data for each site
was averaged over the time of incubation.

RESULTS

Community metabolism .

Benthic chamber experiments showed the two stations to have different community production levels
with site 2, (more remote to Mapopwe Creek) having a higher production than site 1; gross community
production values were 123 £ 52 gC.m'2y’ at site 1 and 182 £ 45 gC.m”.y'1at site 2. Noteably, site
1 also had a lower respiration (228 £ 16 gC.m'2y’) than site 2 (278 £ 25gC.m‘2y") but the communities
at both sites were heterotrophic with P:R values of 0.54 and 0.66 respectively. These values are
corrected for water column production within the chamber by subtraction of the control flask values.
Examples of the flux curves are presented for site 2 in Fig. 2.

As shown in Table 1, the production values recorded here are in the low end of the range
reported in the literature for seagrass communities. One reason for this may be light availability as the
waters are consistently coloured and/or turbid depending on the state of the tide. The turbidity is
typically worst at or near to low tide presumably because of resuspension of benthic material. By
comparison, the transparent brown colouration exists over most of the tidal cycle and is presently
thought to be humic substances resulting from organic breakdown of the forest litter; this being
transported out by the tidal stream. Unfortunately, an underwater light meter was not available for this
work but as the secchi disk results indicate (see below) light penetration is generally low. Of course,
ambient nutrient concentrations were also considered here but given the prevailing water column
concentrations (see below), and the fact that there is a significant efflux of ammonium from one
community, this seems unlikely to have a significant effect. This is presently being further assessed by
determining the nutrient requirements of the different plant communities using C:H:N ratios and
comparing this to the observed uptake rates and nutrient availability. This work is an offspring of the
current work and will be completed by the end of November 1995.

12,5 Do 1
« Dome 1 [] ome
Dark A Dome 2 Li ght
« Dome 3
4 O Dome 4
Oxygen11.5
io (mgfl)
10,5
Time (hrs) Time (hrs)

Fig. 2. Oxygen flux data from site 2 in Chwaka Bay. The dark and light plots represent respiration and
photosynthesis measurements, respectively.
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Production P:R ratio Species Remarks Source
C (g/m2year)

2190 1.20 Cymodocea Communities Pollard & Moriarty, 1991
rotundata
Thalassia
hemprichii
1460-3285 0.81-1.67 Various Communities
219-1752 0.94-2.25 Various Communities Moriarty et al., 1990
328-1606 0.55-1.17 Mixed species Communities Erftmeijer et al., 1993
182 N.A. Cymodocea Seagrass only * Pollard & Moriarty, 1991
rotundata
36-365 N.A. Cymodocea Seagrass only Moriarty et al., 1990
rotundata
1058 N.A. Cymodocea Above ground, Erftmeijeretal., 1993
rotundata seagrass only
365 N.A. Cymodocea Leaf production, Hillman et al., 1989
rotundata
150-800 N.A. Various seagrass only
73-255 N.A. Various Net production, Valiela, 1991
seagrass only
45-1314 N.A. Various Leaf production, West & Larkum, 1983

seagrass only

Table 1. Examples of primary production values taken from the literature. The five top rows indicate
community production and are directly comparable with each other, whilst the rest are seagrass
productivity. The latter are included to give an idea of the potential contribution of the seagrass itself.
Where published figures were in g dry weight, a conversion factor of 0.36 was used to convert to grams

carbon, and organic (ash-free) dry weights were multiplied by 0.5. A range of values indicates multiple
values.

Community nutrient fluxes and physicochemical parameters
Nutrient flux measurements showed considerable variation both within sites and between sites. Also,
fluxes were only recorded for ammonium (NH/); no fluxes were observed for either soluble phosphate
(SRP) or nitrate+nitrite (NO3+NO03. At site 1, ammonium fluxes were consistently positive among
replicates so that the mean community flux rate was 413 + 275 mM. NH/.m'2d’. This compares with
site 2 which showed both positive and negative fluxes between replicates so that the mean community
flux was -220 £ 485mM. NH/.mId'1

Ambient water column concentrations of nutrients were the same at both sites with mean values
of 62mg N.I'1for ammonium, 11mg N.I'1for nitrate+nitrite, and 97mg P.I*1for SRP.

Salinity was consistently between 34.8% and 35%. Also, secchi disk measurements showed
the mean penetration of light to be 48 + 7 cm at site 1and 73 £ 9 cm at site 2.

CONCLUDING REMARKS

In accordance with the original goals of the project, the benthic component has now collected data
describing the community metabolism of the diiferent biotopes within an open lagoon system devoid
of mangroves, Paje, and within an embayment encircled by mangrove forests, Chwaka Bay.
Unfortunately, some of this data is still being collated and calculated as this report is submitted but at
this stage is seems apparent that the seagrass communities in these two different ecosystems behave
differently. Specifically, the seagrass beds in Paje lagoon gave not only a higher production but also
produced more than was consumed within the community (P:R 1.1). By comparison, the seagrass
communities outside Mapopwe Creek both gave P:R ratios <1 indicating that the communities did not
produce an excess that could be exported but required an input to meet there needs. As mentioned
earlier, it would appear from the data so far collected that mangroves around Mapopwe Creek may



export an amount of their production, however, this material is not exported as dissolved inorganic
substances but rather as dissolved organic/particulate organic material (Mohammed and Johnstone,
1995). This notion would now appear to be supported in part by the fact that the seagrass communities
which receive the outgoing waters from this creek are dependent on an organic input. Clearly there may
be other inputs from, for example, seagrass beds further out into the bay, however, this has not yet
been adequately investigated and the turbidity of the outgoing creek water would suggest a
considerable particulate load. The actual quality of this material is presently being investigated by a
graduate student at IMS, Mr Mohammed.

In addition to the one publication so far produced from this work, it is expected that the data
presently being collated will lead to the production of at least one more which will deal specifically with
the situation in Chwaka Bay and the comparison between it and the seagrass beds in Paje lagoon.
Copies of these will be forwarded on completion.

In addition to the production of scientific data, it should be pointed out here that this work has
also assisted in the training of Mr Salim Mohammed who is a Ph.D. student from the Institute of Marine
Sciences (IMS) on Zanzibar. Mr Mohammed is supported by a scholarship from the Swedish Agency
for Research Co-operation in developing countries (SAREC), however, this provides only limited
research support and so programs such as this provide an avenue for the development of such
students.

This project has also enabled the maintenance and developed use of the chemical analysis
facilities at IMS. Specifically, the project has helped to assist in training Mr Mohammed and a technician
at IMS in the use of a range of analytical equipment including an auto-analyser for nutrients, benthic
incubation chambers, and sediment incubation techniques for laboratory sediment investigations.
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Part 3: The hydrodynamics and nutrient contents of tidal
waters flushing mangrove forests and seagrass meadows
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INTRODUCTION

Research on coastal water circulation dynamics and its relation to water column nutrients and plankton
productivity in tropical waters has been receiving growing attention in the recent past as a result of
increasing awareness of the importance of coastal water circulation dynamics to the short- and long-
term sustainability of coastal marine ecosystems ( Boto, 1982., Swenson et al 1983., Wolanski 1986,
1994). The description of the relationship between water circulation and spatial-temporal variations of
water-column nutrients and plankton productivity in tropical coastal waters is also crucial to the
understanding of the tropical ecosystem dynamics and land-ocean flux studies (Koutitonsky, et al.
1990, Swenson and Chuang 1983., Ho 1977 and Bowman 1977). The spatial-temporal distribution of
dissolved inorganic nutrients in tropical coastal marine ecosystems (mangroves, seagrass beds and
coral reef) is influenced by a wide range of factors of which hydrodynamic processes and river
discharges are important (Bowman, 1977., Ho, 1977). The tidal water movement characterised by ebb
and flood flows, has been known to serve as a vehicle for the fluxes of dissolved inorganic nutrients
between the different coastal ecosystems (Wolanski, et al 1980). The incoming flood tide water is
thought to be a source of dissolved nutrients to the mangroves, seagrass beds and the coral reef
ecosystems. The outgoing ebb tide water could leach nutrients from the mangrove swamp soils and
act as a net exporter of dissolved inorganic nutrients from the mangroves and adjacent coastal
ecosystems (Boto, 1982). The tidal transport of particulate matter as a source of nitrogen loss in tropical
coastal waters is balanced by tidal import of dissolved nitrogen from the rivers along with nitrogen
fixation. The net annual exchange of dissolved materials between mangrove creeks and the coastal
waters has been reported to be negligible and insignificant, although a significant net export of the
particulate matter mostly as mangrove litter occur in creeks with dominant tidal assymetry (Alongi,
1990). The productivity of phytoplankton and Zooplankion in coastal waters is determined by the
seasonal abundance of dissolved inorganic nutrients and hydrodynamic processes (Wheeler and
Kichman, 1986). However the patterns of plankton productivity variation and response to seasonally
varying rates of nutrients and freshwater input in tropical coastal waters is not well known. Coastal
water circulation, coupled with seasonal river freshwater input, has been known to affect nutrient
distribution and plankton productivity in semi-enclosed bays, but the mechanisms of this influence in
tropical coastal waters is still inadequate. Where the input of freshwater from the rivers is seasonal,
the plankton productivity shows highly seasonal signals which may be a reflection of the seasonally-
varying nutrients input. In regions where there is no direct surface freshwater supply, nutrients may be
derived from the groundwater seepage and from the static sources such as nitrogen-transformation
processes in sediments and other dynamic sources such as tidal transport (Boto, 1982). In the
framework EEC-STD 3 research programme on the linkages between the Eastern Africa Coastal
ecosystems, the influence of water circulation in the distribution of dissolved inorganic nutrients and
plankton productivity in the mangroves, seagrass beds and coral reef ecosystems of the tropical Gazi
Bay in southern Kenya was undertaken between 1993-1995. The objective of the study was to
establish, by focussing on Gazi Bay, the importance of riverine freshwater input and coastal water
circulation, in determinig the spatial-temporal distribution of dissolved inorganic nutrients and
productivity of plankton in different tropical coastal marine ecosystems.

METHODS

study area
Gazi (Maftaha) bay is a shallow bay with mean depth often less than 5.0 m (Fig. 1). The total area of



the bay excluding the area covered by the mangroves is 10.0 km2 The seagrass zone is found in the
central region and covers an area of 7.0 km2 The bay is open to the Indian Ocean through a relatively
wide (3,500 m) and shallow entrance in the south. This entrance, which for the purpose of this study
is represented by a transect running from the Chale Island to the lower parts of the Mkurumuiji estuary,
is rather shallow with depths ranging between 3.0 and 8.0 m in the eastern and western region
respectively. There are also a humber of narrow and shallow cuts through the coral reef ecosystem,
which is submerged most of the time but emerges at spring low tide. There are two tidal creeks
(Kidogoweni and Kinondo) draining the upper region which is dominated by mangrove vegetation.
Kidogoweni and Kinondo creeks have lengths of 5.J and 2.5 km respectively. Kidogoweni Creek
receives freshwater from Kidogoweni River, but Kinondo lacks direct surface freshwater input, but there
may be groundwater influx as salinity of water fluctuates significantly in wet season. Finally there is
Mkurumuiji River which has higher flow rates and discharges into the southwestern region of the bay.
The drainage basin of Mkurumuji and Kidogoweni Rivers extends into the coastal ranges of Shimba
hills with the drainage areas being 164 and 30 km2respectively. River discharge is important in wet
seasons and reach up to 5.0 and 17.0 m3ec'1for the Kidogoweni and Mkurumuji Rivers respectively.
The climatic seasons are the southeast monsoon which is responsible for the long-rains (April-June)
and the north-east monsoon, which causes short-rains (November-December). Annual rainfall based
on data from the Meteorological Department Nairobi, is between 1000 and 1500 mm. The rates of
evaporation range between 1950 and 2200 mm per annum (Meteorological. Dept. 1964).

Sampling Stations

Data on the hydrography, water column nutrients and plankton productivity were obtained in the
mangroves, seagrass beds and coral reef zones by applying different standard measurement
techniques. Data were obtained at the coral reef zone at station 1 and seagrass bed zone at station
2 and at five stations in the mangrove zone (K1, K2, K3, K4 and 3) in the Kidogoweni creek and
stations R1 and R2 in the Kinondo creek. There were also two additional stations (K1 and M1) in the
lower reaches of Mkurumuji and Kidogoweni rivers for the measurements of freshwater influx and
nutrients supply into the bay (Fig. 1).

Hydrographic measurements

Measured hydrographic parameters were salinity, temperature, current speed and sea-level variations.
Measurements of salinity, temperature, and dissolved oxygen were at three levels in order to represent
surface, middle and bottom water column. Water samples were obtained by using a Nansen bottle
equipped with a closing mechanism. Salinity of water was determined in the field using a Atago hand-
held refractometer and occasionally with a salinity-temperature sond. Temperature was measured using
either a WTW LF/95 conductivity meter or a temperature-salinity sond. The dissolved oxygen (DO) in
water samples was determined at the Kenya Marine and Fisheries Research Institute laboratories using
the Winkler method. Tidal current velocities were also measured at three levels (surface, middle,
bottom) using three C-31 Ott current meters and a direct reading CM-2 Dentan current meter. The
current flow direction was based on visual observation of the direction of the vane of the current meters
suspended in water. Tidal elevations during neap and spring tides were measured at an interval of 2-3
h using a tide-pole installed at station 3. The sampling frequency for the measurement of above water
physical parameters was twice per month during neap and spring tide, in dry and wet seasons and in
low and high waters.

Freshwater influx measurements

The freshwater influx into Gazi Bay from Kidogoweni and Mkurumuji Rivers was determined
through river gauging operations at stations K1 and M1 respectively. The river discharge is computed
using the following relation

Q= .vj.eos (0. «/180)

Where 3gj is the cross sectional area (m2), Vj is the cross component velocity (ms'l) and © is the
deviation of the current velocity in relation to the flow direction (Linsley, 1988).

In the study of the influences of fresh water influx, it was also necessary to determine
circulation and stratification parameters since these are the key indices of the influence of freshwater
influx in coastal waters. The stratification and water circulation parameters (S, and Ut) were calculated
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using the method of Hansen and Rattray (1965,1967). The stratification parameter (S,) was computed
as the difference between bottom (Sb) and surface salinity (Ss) divided by the depth-averaged salinity
(Sd). This relation is presented in the following equation:

S,=Sb-Ss/Sd

The circulation parameter (U,) was calculated by dividing net surface velocity with the net depth-
averaged velocity.

Water exchange

In the evaluation of the importance of water exchange in Gazi Bay, volume-conservation approach
involving the determination of exchange fluxes as well as salinity changes, was applied. The volume
conservation in semi-enclosed coastal waters is represented in the following equation (Rydberg, 1991.,
O’Kane, 1988).

V.ds/dt~QuSrQa Sa-(QaS-QxiS)

Where Qf is the river freshwater supply (m3sec"), Qais the exchange flux (m3sec'), Sris the salinity
of river water (0 PSU), SOis the salinity of ocean water (PSU), V is the volume of the bay (m3), S is the
salinity of the bay (PSU), d”d, is the salinity change with time (PSUday'1), QOis the ocean water influx
(nfsec"), SOis the salinity of ocean water influx Q0(PSU). The simplified version of the above equation
is written as:

Qa=(V.ds/dt)HQS)/SaS

The oceanic water influx (QQ) is equivalent to river influx (Q,) and exchange flux (Qa) [Q0= Qr+ QJ. The
residence time is then computed using the following relation V/Q0 where V is the volume of the bay
(m3) and QOis the oceanic water flux (Rydberg, 1991 ; O’Kane, 1988). Residence time is also calculated
as LU where L is the adjective length of the bay (m) and U is the mean current velocity (ms").

Dissolved nutrient and particulate organic material (POM) analysis

The concentrations of dissolved inorganic nutrients (ammonium, nitrate + nitrite and orthophosphate)
were determined according to the methods of Parsons et. al. (1984) and occasionally by the same
methods but with minor modifications for use with a Technicon Autoanalyzer Il system. Samples for
particulate organic material (POM) determination were collected by filtering about 4 litres of water
sample through a 0.45 pm millipore glass filters. These were transported to the laboratory where they
were dried at 80°C for 2 days. The samples were stored until taken to the University of Brussels for
carbon, nitrogen and 51 analysis.

The plankton

Plankton samples were collected from August 1993 to July 1995, and mainly aimed at covering both
the dry and the rainy season. Three main sampling stations were demarcated representative of the
Mangrove, Seagrass and Coral reef biotopes (Fig. 1). The samples for phytoplankton standing stock
(chlorophyll a) were collected from the three biotopes at about high tide. Water samples were collected
at one or two hour intervals for half and full tidal cycles using a Nansen bottle. The samples were then
fixed with magnesium carbonate suspension and filtered using a hand pump on glass fibre filter
(Whatman GF/F). A few samples were pre-filtered using a 20 pm net to determine the nanoplankton
fraction. Samples were transported to the laboratory in ice and kept frozen until analysis was carried
out.

Chlorophyll-a was determined using the method of Parsons et al. (1984). The pigment was
extracted from the filter papers using 12ml of 90% acetone for 20 hrs and determined using the
absorption spectrophotometer at wavelengths of 630, 647, 664, and 750 nm. Primary prodution was
determined by using light and dark bottles incubated for 6 hours in different biotopes. The incubation
of the chlorophyll-a samples was carried out either between sunrise and mid-day or between mid-day
and sunset in order to take into account the changing daylight conditions. Phytoplankton primary
prodution was determined using the oxygen method.

The results for phytoplankton biomass and production were computed by averaging individual
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observations for each biotope between August 1993-July 1995 into monthly means. The monthly means
were then used to compute seasonal means by averaging April-July; Nov/Dec as the wet months, and
Jan-March; Aug-Oct as the dry months.

Near surface Zooplankton samples were collected from a rubber dingy by towing a 332 pm
mesh size plankton net for five minutes in stations 1, 2 and 3 (Fig. 1). Sampling was carried out once
a month in both neap and spring tides. The collected samples were fixed with 5% formaldehyde.
Biomass was estimated using displacement volume method. Samples were sorted under a Wild Stereo
Microscope and major taxa recorded. The taxonomic identification of the Zooplankton was attempted
upto species level (Smith, 1977., Todd et al. 1991).

RESULTS

The hydrographic features

Astronomical tide is the main forcing function driving water circulation in Gazi Bay. The tide generates
strong reversing current in the deep and narrow tidal channels in the mangrove zone but not in the
seagrass and coral reef. The bay experiences semi-diurnal tides (Kruyt and van den Berg 1993) with
a spring tide range of 3.2 m and neap tide range of 1.4 m. The strength and magnitude of tidal currents
vary depending on the cross-sectional area of the channel, depth and tidal regime. The current speed
is 90° out of phase with tidal elevations and is approximately 50 % higher during spring tide as
compared to neap tide. On most occasions, the peak ebb and flood currents were symmetrical
particularly in open waters (seagrass and coral reef zone) implying that their durations and magnitudes
are equal (Table 1 and 2). In the mangrove creeks, tidal asymmetry was more clearly defined with ebb
currents slightly stronger than flood currents (Figs. 2, 3 and 4). The peak current speed in the
mangrove creeks reach 0.60 ms'1and duration of flood and ebb currents differs by up to one hour
(Table 1). The tidal asymmetry in the mangroves is partly attributed to the flow retarding effects of the
dense mangrove vegetation during spring high tide when flood waters inundate most parts of the
mangrove forest. Tidal asymmetry contributes toward the maintenance of deep narrow tidal creeks
through tidal flushing (Wolanski, 1980). Currents were lower in the wide and shallow open region of the
bay covered with seagrass and coral reef (<0.25 ms')). The tidal asymetry in the mangrove zone also
promotes the net-downstream longitudinal current which is responsible for carrying away of organic
detritus to the seagrass zones in the open region of the Gazi Bay. This may also enhance the export
of nutrients from the mangrove zone to the seagrass beds (Wolanski et al. 1980; Pylee et al. 1990; Van
de Kreek, 1976).

Results shown in Fig. 5 demonstrate that variations in the level of salinity are a result of the
evaporation, freshwater and oceanic water influx. At low tide, oceanic water is flushed out of the bay
during ebb period, paving the way for brackish water from Kidogoweni River in rainy season to occupy
the mangrove creek. This leads to lowering of salinity. As the oceanic water starts getting into the bay
during flood tide, salinity starts to rise (from 28 PSU to 34 PSU in Fig. 5) reaching its peak at highwater
when most parts of the bay are covered with oceanic water. The brackish water at this time is pushed
back into the mangroves (Figs. 5 and 6). This pattern is repeated in several tidal cycles until brackish
water is totally mixed with oceanic water. The complete mixing of the different water masses happens
mostly in dry seasons when freshwater influx becomes negligible as a result of decline in rainfall in the
Kidogoweni and Mkurumuji River basins (Fig. 7). Rainfall was experienced in the months of December
1993 and June-July 1994. The months of August, October 1993 and March, August and November
1994 were relatively dry. Salinity at station 3 over August to October 1993 remained fairly constant at
35 PSU During the short rains in December, salinity dropped upto 15 PSU in the esuaries and in the
mangrove zone, as a result of river water influx. During the long rains in June 1994, salinity fell further
to about 2 PSU at station K 2 in the Kidogoweni mangrove creek. This is attributed to influx of fresh
water from the seasonal river R. Kidogoweni. In stations 1 and 2 (Coral and Seagrass), salinity fell to
about 33 and 31 PSU respectively. The diurnal variations of temperature based on measurements at
station 3 shows that the main temperature control is the intensity of solar radiation heating effect.
However, there are also temperature variations related to tidal dynamics (Fig.5). The highest
temperature is reached during the day when cloud cover is low and solar heating effect is at its
maximum. However, since the oceanic water is cooler (27.0-27.5°C) than mangrove water, the influx
of oceanic water into the bay often leads to slight lowering of water temperature (from 28.5°C to
27.0°C). Spatial observation on temperature distribution shows that, water temperature changes can
be as large as 2.5°C. Highest temperature was 31.5°C during the month of December 1993, and the
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Fig. 1. Gazi bay with sampling stations.

Table 1. The magnitude and duration of tidal currents in Gazi bay. Highest current velocity recorded
at station Rl in Kinondo creek during the spring tide (0.62 ms'1). Kidogoweni creek has maximum
current velocity of 0.60 ms'1during the spring tide. Current velocities for seagrass and coral zones are
less than 0.25 ms'1, longshore current has peak velocity of 0.34 ms’. Within the Mangrove swamp,
current velocities are less than 0.10 ms'1

Date Tidal phase Current (ms1) Duration (h)
23-24 Sep 93* Flooding 0.19-0.12 8
Ebbing 0.22-0.10 7
3-4 Nov 93* Flooding 0.27-0.22 7
Ebbing 0.20-0.10 5
17 Dec 93+ Flooding 0.55 6
Ebbing 0.60-0.45 7.5
13 Jan 94+ Flooding 0.50-0.45 6
Ebbing 0.50-0.45 6

* Measurements during southeast monsoon. + Measurements during northeast monsoon.



lowest was 25.5°C recorded in August 1993. Temperatures were slightly lower (25.5- 30.7°C) at the
coral station (near the bay entrance) while the inner mangrove stations were warmer (27-31°C).
Temperature variations by day tend to follow diurnal solar radiation patterns. In the shallow mangrove
zone, temperature variations shows diurnal patterns while in the open ocean, semi-diurnal patterns
which are as a result of the tidal influences are observed. There are also spatial differences between
the mangroves, seagrass beds and the coral reef in terms of temperature distribution. The water
temperature difference between the mangroves and seagrass bed zone was in the order of 0.6°C. It
reached 2.0°C for the mangrove and the coral reef zones. Water temperature of the seagrass zone
differs from that in the coral reef zone by as much as i.5°C, but these differences are minimal in most
periods of the year. Although these spatial differences between mangrove, seagrass beds and the coral
reef appear to be small, they are important in the net export of heat energy from the inshore waters
to offshore waters. The vertical temperature differences are also small occuring in the range of between
0.5 to 1.5°C in most periods of the year, particularly in dry seasons. The dissolved oxygen in Gazi Bay
vary diurnally in response to algal photosynthetic activity and turbulent tidal mixing. The dissolved
oxygen which is an important physico-chemical factor for ecosystem sustainability, is in the range of
between 3.0 and 6.0 mg 02 1. Dissolved oxygen is seen to increase during the rainy season due to
greater mixing of the fresh and sea water. The coral station always recorded higher dissolved oxygen
readings (mean value: 5.68 mg/l) compared to the inner seagrass and mangrove stations (mean values:
5.28 and 3.76 mg/l). The maintenance of dissolved oxygen level of 3.0 mg02' in the bay even, in the
absence of sunlight, is partly facilitated by the turbulent tidal mixing effects and the breaking waves in
the coral reef zone which tends to mix the atmospheric oxygen with water (Fig. 5). Turbidity during the
dry seasons was low and normally the bottom of the bay (3 to 4 meters) could be seen from the boat
especially in stations 1 and 2. However during the rainy period, station 3 is characterised by high
turbidity (secchi depth <0.5m) as a result of large amounts of suspended sediments and organic detrital
matter brought in by Kidogoweni River.

Table 2. Water circulation and stratification parameters for various stations in Gazi Bay. U, represents
circulation parameter and S, represents stratification parameter. Stations K2, K3, K4 and 3 are in the
Kidogoweni tidal creek while stations R1 and R2 are in Kinondo mangrove tidal creek. Stations 1 and
2 are in coral reef and seagrass zones respectively.

Date uf sf

Max Min station Max station
18 Aug 93 1.08 0 .66 R1 0.068 R1
24 Aug 93 1.15 0.82 K2 0.045 2
10 Sep 93 1.33 0.97 2 0.033 2
23 Sep 93* 1.40 0.90 3 0.028 3
23 Sep 93+ 1.75 0.92 3 0.028 2
4 Nov 93 1.32 0.80 3 0.015 3
12 Nov 93 1.11 1.00 K3 - -
9 Dec 93 1.00 0.80 K2 - -
28 Apr 4 1.23 0.01 3 0.125 K2
13 May %4 - - - 1.000 K2
28 Aug A4 1.24 0.00 2 0.020 2
30 Aug 4 1.00 1.00 R2 0.014 R2
31 Aug A4+ - - - 0.330 K4
31 Aug 94* - - - 1.310 K2

* ebb tide measurements. + flood tide measurements.

100



101

Table 3. Water exchange and tidal ranges in Gazi Bay, Kenya. The computations on water exchange
was based on modified tidal prism method.

HIGH WATERS LON WATERS VEAN WATERS

Type Mean spring Mean neap Mean sea- Mean neap mean sea
level level

Sea-level 3.3 2.4 0.5 1.0 1.8
Volume (m3) 49.5x10s  36.0x10s 7.5x10s 15.5x10s  27,0x10s
Tidal
prism (m3) 42.0x10s 21.0x10s
Exchange 85.0 % 58.0 %

Freshwater influx and salinity gradient

Figs. 4,6 and 10 are presentations of spatial salinity distribution in the mangroves, seagrass beds and
the coral reef zones. The low salinity, brackish water is found during rainy seasons in the Kidogoweni
Creek and in the southwestern region of Gazi Bay (Fig. 6). As a result of freshwater influx, a negative
horizontal salinity gradient of 2.0 PSU km'1in Kinondo Creek and 5.0 PSU km'1in the Kidogoweni
Creek was measured in wet season. The dry season lateral salinity gradient in both creeks is often less
than 1.0 PSU Km". While wet season salinity fluctuations are mainly as a result of freshwater influx 1
from the rivers and surface runoff including also direct rainfall, dry season variations are mainly as a r
result of high évapotranspiration rates which often reach 7.0 mm day'1in the southern coastal region 1
of Kenya (see also studies byWolanski 1980). In order to establish whether the freshwater influx in
the bay causes any measurable bouyancy effects, water stratification and circulation parameters (S, and
U,) were calculated using procedures of Pylee et al (1990) and Hansen and Rattray (1965 and 1967).
The results of calculation of these parameters shows that, water circulation parameter (U,) is less than
1.75 while the stratification parameter (S,) is often less than 1.3. The maximum S, and U, values were
both 1.31. These results indicates existence of measurable buoyancy effects in the Kidogoweni creek
in the mangrove zone in wet season when the freshwater influx through Kidogoweni River is greater
than 3.0 m3ec'1(Fig. 4 and 6). In both dry and wet seasons, the U, and S, values for seagrass and
coral reef zones were found to be often less than 0.01, implying there is no stratification and the bay
waters and dissolved inorganic nutrients are well-mixed and homogeneous.

Nutrients distribution

Rates of discharged nutrients from rivers Mkurumuiji and Kidogoweni were calculated from the observed
concentration levels and discharged volumes. The mean daily river freshwater supply from Mkurumuiji
River is in the order of 4.13 + 3.38 (x10s) m3day'1in the rainy seasons. The freshwater influx from
Mkurumuiji River, with the maximum rates reaching 17.0 m3sec' 1was associated with nutrient discharge
rates of 12.21 + 9.98 kg N day'1as NH%, 37.45 + 30.59 kg N day'1as NO'3+ NO 2 and 31.66 + 25.86
kg P day'1as PO%. During the dry seasons, the river had a mean discharge rate of 3.67 j+2.23 (x104)
nfday'1. This resulted in corresponding nutrient discharge rates of 0.28 + 0.17 kg N day'1as NH*4, 0.27
+ 0.16 kg N day'1as NO3+ NO'2 and 0.93 + 0.57kg P day'1as P034.

Similarly, Kidogoweni River with a mean discharge rate of 2.02 x 105+ 1.76 x 10s nm\day'1
during the yvet months oftFié study period, had estimated nutrient discharge rates of 5.37 + 4.69 kg N
day'1in form of NH+#4, 9.83 + 8.59 kg N day'1as NO'3+ N02 and 9.00 + 7.87 kg P day'1as P034.
During the dr*periods, the river had a mean discharge rate 1.56 x 103+ 1.05 x 103 m3day'1, which
corresponded to nutrient discharge rates of 0.013 + 0.009 kg N day'1as NH*4, 0.0057 + 0.0038 kg N
day'1as NO 3+ NO'2 and 0.035 + 0.023 kg P day'1as PO*.

Time series observations conducted at the mangrove zone (st. 3, Fig. 1) to ascertain the extent
to which riverine nutrient loads from Kidogoweni river influence the nutrient distribution in the bay
revealed that in wet periods, nutrient levels were generally higher during low tide and decreased with
flood tide to almost oceanic levels at high tide. Fig. 8 shows a nutrient profile (mean values - excluding
SD for clarity) for nine 24hrs time series experiments conducted at st.3 during rainy season (May/June)
of 1992 to 1994. At high tide (t=0, 12 and 24h) all the nutrient concentrations were found to be below
0.3pM but increased steadily to slightly higher values at low tide. Though the low tide average nutrient
peaks for NH#, N 03and P034were found to be averagily 1.37 £ 0.56; 0.87 + 0.31 and 1.19 + 0.47pM
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Table 4.

Taxa

1. Cnidaria
Hydromedusae
Siphonophora

2. Annelida

10.

11.

12

Polychaete larvae
Polychaete adult

Branchiopoda
Cladoceran

Ostracoda
Ostracods

Copepoda
Calanoida
Cyclopoida
Harpacticoida
Monstrilloida

Cirripedia
Cirripede nauplii

Mysidacea
Mysiids

Cumacea
Cumacean

Isopoda

Isopoda sp.
Cryptonicid larvae
Paragnathia larvae
Sphaeroma sp.

Penaidae
Lucifer adults

Decapod larvae

Brachyuran zoea
Brachyuran mega.
Caridean larvae

.Mollusca

Bivalve veligers
Pteropoda
Gastropod veligers

(diastylis)

Aug Oct
X X
X -
X X
X
XXX XXX
XX X
X X
X
X
X XX
X
X
X X
XXX XXX
X X
XXX X
X
X X

30

Dec

XXX

XX

XXX

XX

XXX

Mar

XXX
XX

XX

XX

XX

Zooplankton taxa collected in Gazi creek,
November 1994

Jun

XX

XX

XX
X
XXX

XX

Jul

XXX

XXX
X
XXX

August 1993-
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Aug Nov
X XX
XXX
X X
X
X XXX
XX
X
X
X
X X
XXX XX
X X
XXX X
X X
X
X X



Heteropods X X X X X X

Cephalopod larvae X X X X X X
13eLophophorates

Bryozoan (cyph.

larvae) X X

14.Stomatopoda
Stomatopoda larvae X . X .X X X X
Alima X X

15.Chaetognatha
Sagitta sp. X X X X X X X

16.5alpida
Thalia sp. X X

17.Pieces
Fish eggs X X X X XXX XXX X X
Fish larvae X X X X X X X X

18 .Appendicularia
Oikopleura X XX
Flitillaria X X XX

19.Protozoan
Foraminifera X XX XX XX X X X

20.Water mite X X

21.Insecta
Halobates X X X X X

22 .Tunicates
Ascidiacea larvae X X X

23.Euphausiiacea

Euphausiids X X X
24 .Nematoda X X X X
25 .Amphipoda

Gammaridea X X X X X X X X

Caprellia amphipod X X

25 taxa identified: xxx = Abundant
XX = Common
X = Rare
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respectively, the actual levels depended very much on the sampling day within the season. Kidogoweni
being a seasonal river, discharged volumes on any particular day depended on the rainfall pattern
within the season.

Time series nutrient profile (7 obs.) for the same station during dry period (Feb/Mar) of 1992
to 1994 indicated low nutrient levels with no significant variations within the tidal cycle. Fig.9 gives as
an example, one of the profiles obtained during dry season (Feb. 1994). Nutrient values are all found
to lie below 0.3pM throughout the tidal cycle.

A plot of nutrients against salinity between st. 3 and K1 (a total of 17 stations, about 100m
apart) during spring high tide (figs. 10 A, B, & C) indicates conservative mixing for all the elements
during rainy season. When time series values taken at station G3 over the same tidal circle (12 hour
low tide-high tide-low tide cycle) are superimposed, they are again found to lie within the same
regression line boundary. Flowever, they are all found to have a slightly bigger slope indicating a
possibility of more nutrients being washed into the bay from the mangrove forest during ebb flow.
During the rainy season, the nutrient supply by Kidogoweni river may act as a background leaving any
additional input from the mangrove vegetation to be unnoticed. The conservative mixing noticed within
Kidogoweni creek and the slightly higher slope seen for the time series plot may actually support Boto’s
(Boto, 1982) suggestion that outgoing ebb flow could leach nutrients from mangrove swamp soils.
During the dry period, this supplied nutrients from the mangroves may be immediately taken up for
primary production (since in dry season there is no significant riverine input and the water is less turbid)
hence may not be easily noticed.

Investigation of particulate organic matter flow from mangrove zone into the open sea was also
undertaken. Fig. 11 shows time-series profiles of carbon-13 stable isotope (51) associated with
particulate organic material as it passes through station 3. Isotope analyses were carried out at the
Free University, Brussels. Corresponding C/N values are also displayed. Though this is a specific
example of a 24hr sampling done in May 1993, all other results /including results for dry season)
display the same trends. At high tide, POM with relatively low C/N values (7-8) and 81 isotope
signature of ca. -21.5 per mille dominates, while at high tide the 513C signature becomes more negative
decreasing upto ca. -24.5 per mille with a C/N value of ca. 14. Particulate organic material associated
with offshore waters have been found to have 613C signature of ca. -21 per mille while that associated
with mangrove waters have 81 of ca. -26.7 per mille (Rezende et al., 1990). The less negative 51C
signature found at station 3 during high tide is therefore of marine origin and it becomes more negative
with ebb flow indicating export of mangrove dominated POM. This process is found not to be affected
by seasonal changes as witnessed with dissolved inorganic nutrients.

It is still not very clear how much the seagrass within the bay would contribute to the overall
POM content within the water column. Though a remarkable decrease of S1C isotope signature of
Thalassodendron ciliatum (one of the most common seagrass species in the bay) from the open waters
into the mangrove creeks (Flemminga et. al., 1994) was noticed, C/N values of the same remained
more-or-less uniform at ca. 20 (unpublished data). The low C/N value (ca. 7-8) of the POM at low tide
and its high (less negative) 81 values (ca. -21 to -22 per mille) may therefore imply very minimal
seagrass contribution on the water column POM during high tide. It is also observed, that the highest
C/N value (ca. 14) found at station 3 during low tide is still very low compared to the average C/N
values determined for mangrove vegetation (Rao, et. al., 1994). Since the carbon-13 isotope signature
of mangrove sediment indicates that the major contribution of organic matter is the mangrove
vegetation (Flemminga, et. al. 1994), the big difference in C/N may imply a major transformational
process of the released mangrove organic material resulting in increase of nitrogen and therefore
lowering of the C/N value. This aspect is discussed in detail in other sections of this report.

From the above results, it is seen that although riverine freshwater influx accounts for less than
1.0% of the total volume of the bay it actually acts as the main supplier of dissolved inorganic nutrients
into the bay, particularly in rainy seasons. The mangrove vegetation also supplies organic material in
particulate phase to the adjacent bay. However, as a result of high exchange rates and rapid mixing
of the different water bodies in the bay, there are no major differences in the spatial distribution of
dissolved inorganic nutrients between the mangrove, seagrass and coral reef zones of Gazi bay apart
from the upper part of Kidogoweni creek leading to Kidogoweni river. This is further supported by the
fact that residence time of the water in the bay is rather short (3 to 4h) and does not allow the
development of highly distinct water bodies with special characteristics different from the oceanic water.
As a result of location near the discharge point of the River Mkurumuji which also has higher river
discharge rates (upto 17.0 m3sec) and displays semi-perennial characteristics, the coral reef and
seagrass biotope zones near Mkurumuiji river may have slightly elevated concentrations of N-nutrients
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during the wet seasons especially at mid-flood tide when part of the river Mkurumuiji’'s water enters the
bay. Since there is a significant tidal asymmetry in the tidal creeks with relatively stronger ebb flows
as compared to flood flows, a net export of nutrients brought from the river (and mangroves?) occurs,
thereby promoting the linkage with the mangroves and seagrass beds. The net export of nutrients from
the rivers, coupled with high rates of water exchange between the offshore and inshore waters, reduces
the occurrence of eutrophic conditions since nutrients are not completely retained in the bay, but a%w
flushed out of the creeks and estuaries and rapidly mixed by the breaking waves and tidal currents
whose maximum speed often reach 0.60 msec1in spring tide. The flood tide which is associated with
the influx of nutrient-poor water from the offshore waters results in decrease in nutrients levels at high
flood waters. This phenomena is partly promoted by tidal mixing and dilution effects.

Phytoplankton and Zooplankton

Mean phytoplankton primary prodution and biomass indicate spatial-temporal variability which can be
related partly to water circulation patterns and the distribution of nutrients in the bay (Figs. 6, 8 and 9).
|The highest rates of primary production in the mangroves, seagrass beds and in the coral reef zones
'were measued in rainy seasons. These were the periods with high river discharge rates of freshwater
and nutrients. The mean gross productivity during the wet season was 540.41 + 222.63 mg C/m3day,
552.22 £ 291.36 mg C/m3day and 388.88 + 247.12 mg C/m3day for the mangrove, seagrass, and coral
reef biotopes respectively (Fig. 12). The rates of primary production were low during the dry season
(Jan-March; Aug-Sep) averaging 377.67 £ 159.7 mg C/m3day, 230.84 + 84.75 mg C/m3day arid 240.27
+ 115.29 mg C/m3day for the mangrove, seagrass, and coral reef biotopes respectively. Flowever, the
analysis of variance (ANOVA) carried out on the pooled data for the three biotopes, do not show major
signifacant differences between the wet and dry seasons (p< 0.05).

The wet season with increased nutrients input from Kidogoweni and Mkurumuiji Rivers, exhibited
more phytoplankton biomass than the dry season for all the biotopes. Mean chlorophyll-a level for
mangrove zone was 1.74 £ 0.94 pgr’ for the wet season and 1.45 + 0.77 pgl'1for the dry season as
compared to 0.80 + 0.35 pgl'1(wet season), 0.42 £ 0.17 pgl1(dry season) for seagrass and 0.61 * 0.26
pgl'1(wet season), 0.24 + 0.1 ugl'1for the coral zone (Fig. 12). A gradient in pigment concentration is
evident with a significant difference between stations (ANOVA, p>0.05). The highest values were

| recorded from the mangrove zone (Figs. 12 and 13) with the lowest values recorded from the coral reef
zone. The tidal flow of water in the bay also influences the level of phytoplankton biomass with diurnal
influences being more predominant. The ebb tide in wet seasons, which is characteried by low salinity
and higher nutrients, is associated with high primary production. The influx of nutrient poor oceanic
water at flood tide leads to a corresponding decline in the rates of primary production and
phytoplankton standing stocks in the creeks. However, this pattern is not so pronounced in the dry
season (with low nutrients concentrations) as the spatial differences of primary production between the
offshore and backwaters is negligible. The trends of the diurnally tidally-influenced variations of
phytoplankton standing stock are only distinct in the mangrove zone and to a certain extend in the
seagrass zone, but not in the coral reef biotope where such diurnal changes are undiscernable. This
is because the coral reef ecosystem is not highly influenced by the riverine nutrients input responsible
for increased primary productivity. The nutrient-laden water is coastally-trapped along the southwest
coast and therefore prevented from reaching the coral reef ecosystem. The wet season values for
chlorophyll-a tended to be higher than dry season values in ebb and flood phases of thé tidal cycle
|(1 .90-5.7pg/l for wet season, 1.5-3.3pg/l for dry season in the mangrove). Microscopic analysis of the
phytoplankton samples have revealed that diatoms and dinoflagellates are the predominant species in
Gazi Bay.

Seasonal Zooplankton biomass (Fig. 14) indicate higher biomass (0.315 + 0.366 and 0.355 +
0.45 ml/m3) in rainy season as compared to the dry season (0.062 + 0.021 to 0.106 £ 0.087 ml/m3). The
highest Zooplankton density occured in the seagrass station during the wet season (40.2 £ 43.2 no/m3).
Lowest Zooplankton abundance was found in the mangrove station during the wet season (2.0 £ 1.57
no./m3). In most periods of the year, high Zooplankton density occurs in the coral reef and seagrass
zones, but not in the mangrove backwater zone (Fig. 14,15 and 16). The most common Zooplankton
groups encountered were Copepoda, Decapoda and Pisces. Others were Cnidaria, Protozoea,
Amphipods, Appendicularia, Mollusca amongst others (Table 4). The spatial distribution and
abundance of Zooplankton groups varied seasonally between the different biotopes.

Species diversity
The mean monthly Shannon index species diversity was highest in the month of August 1993 (H =
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1.25). In October, 1993 at the on set of the short rains, the diversity fell to its lowest (H = 0.45) and it
remained fairly low until it peaked again in March 1994 during the dry season. During the long rains
May - July, 1994, species diversity declined again (Average H =0.7), peaked again just before the short
rains in November (H = 1.1). The species diversity is affected by the changes in freshwater input in
the bay which is a réponse to rainy seasons. The low levels of salinity (2.0 to 25 PSU) created during
the rainy season as a result of an increase in river freshwater supply led to a decrease in species
diversity. The onset of rainy season and associated increase in the rates of fresh water input, leads to
physico-chemical conditions which are not suitable for certain species of Zooplankton (Osore, 1994;
Okemwa, 1986). In comparing the average Zooplankton species diversity between the mangroves,
seagrass beds and coral reef stations in the bay, we note that the highest value was for the mangrove
zone (H = 0.92). The different Zooplankton groups were found to be more evenly distributed in the
mangrove zone (J = 0.62). The coral reef also had high and stable species diversity (H=0.89) and an
evenness comparable to that of the mangrove zone. The seagrass and mangrove waters are constantly
interchanged in light of close proximity and the water physical characteristics in the two zones, does
not differ much. The lowest Zooplankton diversity was in seagrass zone which is found between the
mangrove and coral reef zones.

There was no direct relationship between Zooplankton abundance and phytoplankton production
and biomass in the bay. The areas with high phytoplankton production in the mangroves and backwater
zone were not associated with high Zooplankton abundance. These weak correlations may indicate
that Zooplankton in the bay does not totally rely on phytoplankton as food items.

DISCUSSION

The freshwater input through direct rainfall and river runoff is in the order of 300,000 m3day"' (rainfall
amount; 1000 mm year"1, freshwater influx rate; 3.4m3sec')). The freshwater influx volume accounts
for 1.0 % of the total volume of the bay. The loss of freshwater through evaporation is equivalent to 20
% of the total freshwater supplied through river runoff and direct rainfall falling into the bay. The
remaining 80 % is retained in the bay and is transported through the seagrass beds by eddy diffusion
and advection and eventually mixed away through tidal turbulence in the more saline water offshore.
This study has however not established the contribution of groundwater seepage to the total freshwater
and nutrients supply in the bay.

In the determination of water exchange bay, mass-balance approach was adopted. The
exchange flux (Qg) in the bay is approximately 3800 m3 sec'1with the mean ocean flux (Q0) at the bay
entrance of 4200 m3 sec'1 (bay width at the entrance; 4.0 Km at high tide, mean depth; 3.0 m and
maximum current speed; 0.35 m sec')). The exchange rate using the volume-conservation approach
has been found to be 90.0 % in spring tide (Kitheka, 1995). However, with the modified tidal prism
method, the exchange rate was found to vary between 60 and 85% in neap and spring tide
respectively. The residence time of the oceanic water is short and varies between 3.1 and 3.6 hrs. The
high exchange rates are as a result of the presence of a wide shallow entrance, absence of topographic
controls (sills), and the orientation of the bay in respect to the dominant tidal water flow paths. This high
rate of water exchange has significant implications in as far as the linkage between mangroves,
seagrass beds and coral reef ecosystem is concerned (Kitheka, 1995).

The presence of drainage creeks coupled with the occurence of dense vegetation in the
mangrove zone, promotes the tidal assymetry and therefore seaward net-transport of organic matter
and nutrients from Kidogoweni River and links the mangroves with the seagrass ecosystem. Previous
hydrographic study restricted in the Kinondo Creek area in the north east of Gazi Bay, has shown that,
the tidal creek act as an export system with net seaward transport of organic matter (Kruyt and van der
Berg 1993).

The semi-seasonal Mkrumuji and Kidogoweni Rivers plays an important role in the spatial-
temporal distribution of dissolved inorganic nutrients in Gazi bay coastal waters. The role of the
discharges of the two rivers is more pronounced during the rainy seasons when the influx of riverine
freshwater into the bay often reaches 17.0 m3ec'1and 6.0 m3ec'1in the Mkurumuji and Kidogoweni
Rivers respectively. The freshwater discharge greater than 1.0 m3sec'1results in high concentrations
of dissolved nutrients which are derived from terrestrial surface runoff and drainage from agricultural
lands. Tropical rivers with large seasonal differences in discharge rates, are characterised by an
increased output of chemical compounds during stormy situations. Due to a higher discharge rate of
Mkurumuji river as compared to Kidogoweni river, nutrients levels at the coral reefs and seagrass
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biotope close-by could have elevated values which are slightly higher than those noticed for the
mangrove zone. Conservative mixing of the nutrients supplied by river Kidogoweni has been
demonstrated with a possibility of minimal input of nutrients from the mangrove vegetation. The direct
response of the N-nutrient concentrations increase in the coastal waters as a result of river freshwater
influx has been reported by Morris et al. (1985) who observed that concentrations of nitrite and
ammonium in the coastal waters vary in direct response to increasing river discharge rates. The
quantities of any river-borne dissolved chemical compounds being transported via the estuarine zone,
depends on river discharge (Duinker, 1989). The principle source of nitrogen to the coastal regions is
evidently riverine inputs, as higher levels are normally' measured close to the river mouths (Owens et
al 1990). Low river discharges during dry seasons implied minimal riverine influence on the distribution
of dissolved inorganic nutrients in the mangroves, seagrass beds and the coral reef zone, with the
resulting minimal variations in the spatial distribution of nutrients between the three biotopes. It also
indicated that there is very minimal contribution of nutrients from the mangroves, seagrass beds and
the coral reef zones. The contribution of these ecological systems to the total nutrients budget of the
bay is therefore very low.

The freshwater input in Gazi bay is therefore associated with an increase in inorganic nutrients
level in the seagrass, mangrove and the near-coral reef zone. However a result of modification by tidal
action, the levels tends to lower within the bay waters as compared to the rivers. The observations
made on salinity distribution, which is an important indicator of water circulation patterns in the bay,
shows that the river brackish water plume which is nutrient-laden is trapped along the southwestern
coast and in the mangrove zone (Fig. 6). The coastal trapping of this brackish water is enhanced by
onshore wind, wave-breaking in the coral reef zone which generates westward flowing current
throughout the year. The coastal trapping of this plume is further enhanced by the long-shore current
generated along the southwest coast of the bay. The longshore currents generated in flood tide links
with the tidal currents to facilitate further trapping of the plume. The nutrient-laden water does not

Atherefore reach the coral reef ecosystem (reaches the near coral reef biotope zone) where its impact
on the sustainability of the coral reef ecosystem could be disastrous, since the reef ecosystem cannot
withstand high nutrients and salinity fluctuations as observed in the mangrove zone in wet seasons. It
is important to note that nutrient analysis results obtained for Gazi Bay were much lower than those
reported in Tudor Creek (Kazungu et.al, 1989) where the rate of water exchange is relatively lower.

Zooplankton density and biomass in the mangroves, seagrass beds and the coral reef zones
increases in the rainy period and reach a peak of 101 no/m3in July in the seagrass zone (Mwaluma,
1993., Mwaluma et al. 1993). In previous studies in the bay, Zooplankton abundance peaks were
associated with rainfall and occured in March, April and May (300-550 no./m3) (Osore (1992., 1994).
River Kidogoweni influence the distribution and abundance of Zooplankton in the mangrove zone which
is close to the river mouth by causing lower salinity in the creek in rainy seasons. The mangrove zone
with greater riverine influences thus recorded low Zooplankton counts (2 no/m3) while higher densities
(36 and 101 no./m3) were recorded in the seagrass and coral stations which had higher salinity (35
PSU) in the same period. During the dry season, the distribution was more even among the stations
because salinity of water was more evenly distributed (35 PSU). Apart from rainfall, Zooplankton groups
are found distributed differently within the three biotopes. Brachyuran larvae, Brachyuran megalpopa,
and Caridea seem to be distributed more in the seagrass and coral reef stations whereas fish eggs
were mostly found in the coral reef station (Table 4). This distribution is partly caused by food
avalilibility, spawning patterns, tidal rhythms and varying tolerance to changing salinity levels.

Increased phytoplankton production (upto 1110.7 mg C/m3day) during the rainy season is as a result
of an increase in amount of nutrients discharged by the the Kidogoweni and Mkurumuiji Rivers (Fig. 8
and 9). During the dry season with low freshwater input and corresponding low nutrients supply, the
phytoplankton production and biomass reduce considerably (Figs. 8 and 9), since part of it is used to
sustain Zooplankton biomass. The mean gross phytoplankton production (540.41 mgC/m3day) and
Zooplankton abundance (58 ind. /m3) are low when compared to similar tropical creeks. For example
Tudor creek, the gross phytoplankton production has been estimated to be 350 mg C/m2hr (Okemwa
1989). These differences are as a result of high exchange rates (60 to 90%) between the offhore and
inshore waters and short residence time (upto 4hrs) in the bay. The high rates of water exchange
means that nutrients supplied by the rivers are rapidly flushed out of the bay system and therefore
cannot accumulate to cause high primary and secondary productions. The mangrove zone has
significantly more phytolpankton biomass than the other two biotopes during both the dry and wet
seasons, partly because of the low water volume and more stable conditions in the creeks as compared
to the frontwaters which are highly unstable (Wave breaking) and have large water volume and high
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dilution effect.

Summarizing, Gazi bay is well-flushed estuarine coastal water system with a very high rate of exchange
(60 to 90%) and short residence times. The short residence time, coupled with high rate of water
exchange prevents the formation of highly eutrophic conditions, despite high rates of nutrients supply
from the rivers. Mangrove biotope produces very low amount of dissolved nutrients which are likely
to be taken up and used for primary production within the mangrove zone and not noticed as net
export. This nutrient source could easily be the reason as why primary production in mangrove zone
was found to be relatively higher than the other two bibtopes. These are'relative differences, however,
rates of phytoplankton and Zooplankton production are generally still low as compared to other tropical
creeks partly because of high rates of water exchange in the bay. The strong reversing current in the
mangrove tidal creeks (0.60 m sec’) and weak current in the seagrass and coral reef zones (<0.35 m
sec’) coupled with tidal assymetry, promotes the net-seaward export of nutrients from the rivers in rainy
seasons and export of organic matter from the mangroves to the seagrass beds. The influence of
freshwater influx on salinity and nutrients distribution in the bay is important in rainy seasons of both
northeast and southeast monsoons. The drastic increase in nutrients level in rainy season promotes
increased rates of primary production, but eutrophic conditions do not develop because of high tidal
flushing rates. The most important nutrients source that partly sustains the mangroves, seagrass beds
and coral reef ecosystems, are the two semi-seasonal rivers located in the lower and upper regions of
the bay. The increased input of nutrients in rainy season from the rivers causes an increase in primary
production in the mangroves, seagrass beds and the coral reef zone, although levels vary from one
biotope to another. The increase in primary production and phytoplankton biomass is not however
followed by a corresponding increase in Zooplankton biomass, density especially in the mangrove zone
as a result of seasonally fluctuating salinity. The turbid, nutrient-laden brackish water plume is trapped
along the coast, in the southwestern region of the bay by wave-breaking, longshore currents and
perennial onshore wind. The onshore wind combined with wave-breaking, tidal and longshore currents,
facilitates the rapid mixing of the water column leading to the formation of well-mixed homogeneous
water observed in dry seasons (salinity; 34.5 to 35.5 PSU). The turbid, brackish water from the
mangroves and the estuaries, reach the seagrass beds where changes on nutrients, turbidity and
salinity may occur before this water reach the near-coral reef zone. These changes in the water
physical characteristics are enhanced by tidal turbulence, advective mixing and wave-breaking.

The generation of dissolved inorganic nutrients in the mangroves, seagrass beds and the coral reef
ecosystems are very low and insignificant to the total water-column nutrients budget of the bay, as the
levels of nutrients in the bay were very low during dry seasons with minimal river discharges.
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INTRODUCTION

Mangrove swamps generally exhibit production rates among the highest observed in tropical
environments (Moreii and Corrredor, 1993) with estimates of around 25 Kg C ha'1d'1not uncommon
(e.g. Boto and Bunt, 1981). This reputed high production of mangroves coupled with their physical
proximity to nutrient limited ecosystems, such as coral reefs, has led to the supposition that mangroves
may act as a major source of material necessary for the sustenance of adjacent ecosystems. Several
authors have postulated the existence of chemical linkages between mangroves and other adjacent
biotopes, however, whilst some studies have reported an export of material from mangrove areas (e.g.
Boto and Bunt, 1981 ; Woodroffe, 1985; Robertson, 1986; Boto and Wellington, 1988; Hemminga et al.,
1994), other studies have shown some mangrove ecosystems to behave as a sink for different
dissolved and particulate materials (e.g. Odum et al., 1982; Nixon et al., 1984). The conclusion to be
drawn from these studies is probably that mangroves may behave as both a sink or a source
depending on the constraining factors of the particular ecosystem and that factors such as the
hydrodynamics and geomorphology of a given mangrove area play an important role (Boto and Bunt,
1981 ; Boto and Wellington, 1988; Woodroffe, 1992; Wolanski et al., 1992). Furthermore, as highlighted
by Wolanski (1989) and Woodroffe (1992), mangrove swamps are characterised by bi-directional tidal
fluxes which gives them great potential as suppliers of material to the adjacent coastal waters and
related biotopes.

The present study set out to examine the spatial and temporal variation in dissolved nutrients along a
mangrove creek in north eastern Zanzibar. This work is intended as a first step in assessing whether
the mangroves are exporting dissolved nutrients and to provide baseline data for later comparative
work.

METHODS

Study area

This study was carried out in the Chwaka Bay situated 34 Km east of Zanzibar Town (Fig. 1). The bay
is a shallow water body of approximately 35km2 and is fringed in the south by a limestone reef which
is covered by a dense mangrove forest with an estimated area of approximately 3000 ha. A series of
tidal creeks drain the forest and these include the Mapopwe Creek where the present study was
conducted (Fig. 2). None of these waterways has any significant fresh water input except during heavy
rains when salinity gradients develop and the creek assumes estuarine characteristics. A total of seven
mangrove species occur in this forest including Rhizophora mucronata, Ceriops tagal, Bruguiera
gymnorhiza, Sonneratia alba, Avicennia marina and Xylocarpus granatum (Shunula, 1989). On the
seaward side, immediately adjacent to the forest, the bay opens up to large intertidal flats which are
covered by a mixed assemblage of seagrasses and algae or, to a lesser extent, by monospecific
seagrass stands. A coral reef, which is part of the extensive reef that fringes the coast of Zanzibar,
occurs at the entrance of the bay. The tidal regime and bathymetry of the Chwaka Bay and the
Mapopwe creek have been previously investigated (Parson et al., 1984; Mgendi, 1994). The relative
topography of the bay and the tidal creek are shown in Fig. 2. The major features of the bathymetry
of the bay are the presence of the deep tidal creek (Mapopwe Creek) on the western side of the bay
(cell 14; Fig. 2a), a limestone sill (cell 15; Fig. 2a), and the elevated mangrove swamp on the southern



reaches of the bay. The two studies also showed that the bay has a semidiurnal tidal pattern with a
strong tidal asymmetry; ebb currents being stronger than flood currents. This tidal asymmetry is
responsible for maintaining the deep tidal creek. Also, Wolanski (1989) showed that the sill at the mouth
of the creek hinders water exchange between the Mapopwe creek and the bay.

Sampling

In order to effectively cover both the dry and wet seasons, sampling was conducted during the months
of August and December 1993 and February, June and July 1994. To assess the spatial variability of
dissolved nutrients in the creek water, samples were collected during flood tides from six sampling
positions located along the length of the creek (Figure 2b). All stations were very shallow (< 2 m) so
it was assumed that the water was well mixed and samples were consequently taken approximately
50cm below the surface. This was done using a clean polycarbonate container for sample collection
and then filtering the sample through a 0.45 jim prewashed polycarbonate membrane filter. The
samples were then stored under ice for transportation to the laboratory where they were stored frozen
(-20°C) until analysed.

Temporal variability of nutrient concentrations was assessed by measuring nutrient concentrations
over eight tidal cycles during both the dry and rainy seasons. Sampling positions were established at
the entrance of the creek proper, as well as over a mixed seagrass/algal assemblage immediately
beyond the sill at the mouth of the creek (Site 7; Figure 2b). Water samples were collected at half hour
intervals over a complete 12 hour tidal cycle and were handled as described above.

All samples were analysed for ammonium, soluble reactive phosphate, nitrate, and nitrite in
accordance with the colorometric methods of Parsons et (1984). All ammonium analyses were
conducted within 24 hours of collection and all other analyses within one week.

Replicate samples were also taken on each sampling occassion for salinity determinations.
Samples were only taken at the head and at the mouth of the creek, and salinity was determined in the
field with a refractometer.
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Fig. 1 Map of Tanzania and Unguja Island showing the location of Chwaka Bay and the Mapopwe
Creek.
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Fig. 2. Broad scale bathymetric map of Chwaka Bay (A), and Mapopwe Creek (B) showing the the
location of sampling sites within the creek.



RESULTS

Concentrations of dissolved nutrients in the Mapopwe creek were generally low and within the range
reported for similar tropical waters (e.g., Boto and Wellington, 1988). Also, random analysis of
standards during sample analysis gave an error estimate of < 2% of the true value which was well
below the observed variation in sample values.

Nutrient measurements along the creek showed that there was considerable spatial variability in
nutrient concentrations and that there was a general-decline in concentration for all nutrients as one
moved toward the mouth of the creek. (Fig. 3). Nitrate/nitrite concentrations ranged from an average
of 0.32 pg-at N.I'Mtowards the head of the creek to less than 0.01 pg-at NT1at the mouth. Soluble
reactive phosphate (SRP) concentrations also varied from a mean of 0.1 pg-at P.I'1at the mouth to
approximately 0.6 pg-at P.I'1towards the head of the creek (Fig. 3). Dissolved ammonia showed a
mean concentration of 1.39 pg-at N.I'Mat the head of the creek but decreased to below detection by
the next station (station 2).

Examination of temporal changes in nutrient concentrations showed considerable variation in
concentrations over time for all nutrients measured (Fig. 4). On a daily basis, it was often observed that
dissolved inorganic nitrogen (DIN) concentrations increased during the period of low tide, however, this
was not consistent and appeared to by linked to the particular weather and tidal conditions of the day.
This dependency could not be accurately tested here but must certainly be abetted by the hindrance
effect of the shallow sill at the creek mouth as described by Wolanski (1989). This is discussed later.
The mean concentration ranges for the respective nutrients at high and low tide along the creek were
0to 2.0 pg-at NT1and 1.0 to 7.0 pg-at N.I'"for NO3+NO02; and 0 to 1.2 pg-at N.I'Mand 0.4 to 9.5 pg-at
N.I"1for NH4+. By comparison, soluble reactive phosphorous (SRP) was consistently variable over time
and showed no apparent link with tide, time of day, or prevailing weather.

Measurement of tidal fluctuations of ammonia, nitrate/nitrite and phosphate over the seagrass/algal
assemblage immediately outside the creek mouth showed that nutrient concentrations at this site were
within the same range observed within the creek except that mean ammonium levels were generally
slightly lower than observed in the creek water. Nitrate/nitrite ranged from 0.3 pg-at N.I'1to 2.0 pg-at
N.I'1at high tide and between 1.0 pg-at N.I'l'to 7.0 pg-at N.I'lat low tide. Ammonium concentrations
ranged from a maximum of 0.7 pg-at/l at low tide to below detection limits at high tide. Also, both NO3-
+NO02- and NH4+ concentrations showed a change with tide that was similar but generally not as
dramatic as observed within the creek. SRP concentrations also behaved similarly to inner creek levels
and showed no clear relationship with changing tide or time of day.

Seasonally, the nutrients behaved differently with SRP concentrations showing no significant
seasonal correlation (p=0.05) but NH4+ and NO3VNO2'concentrations both gave significant differences
between seasons. During the dry season, mean NH4+ concentrations were significantly higher than
observed during the wet season (ANOVA, f = 11.75; p < 0.01; df = 1,96). On one particular dry season
sampling day, concentrations reached a peak of 9.5 pg-at N.I'"Ywith a daily mean of 3.4 pg-at N.I'"1 This
was the maximum observed. It is perhaps worth noting that this day was also during a particularly long
period of high temperatures without any rain. By comparison, NO3VNO2' concentrations were
significantly higher during the wet season ANOVA, f =50.1; df = 1,96; p « 0.00) There was also one
occasion during the wet season when N03-+N02- concentrations were significantly higher than for the
other days (ANOVA, f = 2.22; df = 23,96; p = 0.004), with a peak of 6.91 pg-at N.I'l. This difference
occurred on a day which was amidst a period of intense rains.

Salinity measurements at the head of the creek and at the mouth gave salinity ranges of 5 to 6%0
and 26 to 28°/ respectively in the wet season, and 35 to 38°/@ during the dry season with 35%0
occuring regularly.
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Fig. 3. Mean concentrations of nitrate+nitrite and soluble reactive phosphorous (SRP) along the
Mapopwe Creek. The bars represent the 95% confidence limits for the means.
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DISCUSSION

Mapopwe creek is a good example of a tropical mangrove waterway which receives minimal and
infrequent freshwater inputs. Accordingly, the observed results concur with other observations from
mangrove waterways which are influenced almost entirely by tidal movements and which have little or
no freshwater input from terrestrial sources (e.g. Boto and Wellington, 1988), as compared to those
which have significant freshwater input (Wong, 1984). Even though the Chwaka mangrove forest is
contiguous to the Jozani groundwater forest (a potential source of groundwater), it seems that this is
not an important source of nutrients to the creek; tha observed nutrient concentrations do not reflect
the often characteristically elevated nutrient levels observed in mangrove swamps receiving significant
groundwater inputs (see e.g. Nixon et al., 1984; Wong, 1984). The seasonal differences observed
appear to reflect changes in localised nutrient processes and potentially a localised input of nutrients
from forest run-off. In the case of ammonium, the elevated dry season concentrations may be
attributable to changes in benthic nitrogen cycling. As discussed by Wolanski (1986), in creeks such
as Mapopwe creek with its restrictive sill and minimal freshwater input, extended dry periods with high
evaporation rates may lead to changes in the salinity regime which, in turn, may result in partitioning
of water bodies and an inverse water circulation within the creek. The poor mixing that results from this,
especially during neap tides, may therefore increase water residence times and a depletion of dissolved
oxygen in bottom waters; even in very shallow systems. In Mapopwe creek, the observed peak in NH4+
concentrations occurred during dry, hot weather with neap tides when salinity’s were highest. It seems
conceivable, therefore, that vertical mixing of creek waters may have been more restricted than was
assumed when this study was commenced. Unfortunately, salinity measurements were only for surface
waters, and only from two stations, so our ability to fully describe the situation is limited. This is
discussed further below.

Despite this, however, given the sill at the mouth of the creek, and the observed conditions, it
seems likely that bottom waters were not well mixed and may well have been oxygen depleted. In this
situation, elevated NH4+ concentrations would be expected as the anaerobic interface moved higher
in the benthos and perhaps into the water column. Under these conditions anaerobic ammonification
would increase and processes such as nitrification, which utilise NH4+, would be greatly reduced so
that more NH4+ is relea~sed to the water column. By comparison, N0O3-/NO2- concentrations were
elevated during the wet season. Given the enhanced local terrestrial inputs that accompany the wet
season via run-off, the observed concentrations may be expected. In line with this, the eight days of
data collected within each season showed a significant seasonal difference and one sampling period,
on the 10th of February, showed a NO3-/NO2-. level which was significantly higher than the other wet
season samples. This day was amidst an extended period of intense rains so that inputs of terrestrial
nitrates was likely to be high.

With regard to the apparent disparity in the sampling regime used here which assumed good water
mixing, and the observation that this may not be the case, it should be noted that the waters at station
7 immediately outside the creek are generally well mixed (Wolanski, 1989), and that the data from this
site showed no apparent export of dissolved nutrients during ebbe tides. Consequently, conclusions as
to whether dissolved nutrients are exported seem valid and any errors in measurement are restricted
to missing the possibly higher ammonium concentrations in creek bottom waters.

In the light of the above discussion it appears that the nutrient dynamics of the Mapopwe creek
are driven by both in situ processes in the benthos and water column, as well as terrestrial inputs under
rainy conditions. Given the inherent limitation of the eularian approach used in this study, it is difficult
to assess the significance of benthic nutrient inputs to the water column, however, preliminary studies
(Mohammed, unpublished data) show there to be strong nutrient gradients in the creek sediments (Fig.
5), and thus it is likely that they must play a role in supplying nutrients to the water column; as either
dissolved nutrients or as particulate/living material derived from the benthic biomass supported by
sediment nutrients. The fact that such sediment concentration gradients do not lead to water column
concentrations higher than those observed is not unrealistic. A number of contributing factors and
processes may play a role in this.

As reported by Kannan and Vasantha (1992) from south eastern India, such mangrove creeks
often have a significant phytoplankton community and thus it is possible that any nutrients released by
the benthos are immediately taken up by this community so that the dissolved water column pool is
consistently small Preliminary phytoplankton production studies using 14c in Mapopwe creek indicate
the presence of an active phytoplankton community (Johnstone, unpublished data) such a coupling may
help to explain the
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Fig. 5. Mean sediment depth concentration profiles for SRP and ammonium from sediments in
Mapopwe creek. These profiles are the means of 4 core samples taken from the central creek channel.

results observed here. Further, it is also possible that there is active uptake by microautotrophs on the
sediment surface which results in a further depletion of nutrient pools at the sediment water interface.
It was often observed during the study that considerable areas of the benthos were covered by a
discernibly green film of microalgae. Such microalgal communities have been shown elsewhere to take
up sediment nutrients directly (Johnstone et al., 1988) and so they may also play a significant role here
in controlling water column nutrient levels.

Presumably then, a significant fraction of the nutrients are locked up in the sediments as biomass
but, as indicated ealier, strong DIN gradients in the sediments indicate the potential for a wide range
of microbial mineralisation processes. Given this, microbially driven transformation processes such as
denitrification may also be important in removing ammonium and nitrate/nitrite. The result of these
different processes is that only a fraction of the sediment DIN actually escapes into the water column.
Accordingly, only a relatively small concentration maximum was observed during low tide; when there
was stationary water in the creek and presumably the greatest chance of nutrient enrichment in the
water column. This is an area that requires further investigation.

In conjunction with the above observations the observed decrease in dissolved nutrients along the
creek (Fig. 3) would suggest that little dissolved nitrogen or phosphorous leaves the creek into the
adjacent bay. Clearly, the observed minimum concentrations at the mouth of the creek could be the
result of dilution by incoming, less nutrient rich, bay water, however, as the measurements were taken
at different times and over different tidal states, tidal dilution does not adequately explain the observed
results. Consequently, it appears that there is no discernible release of dissolved nutrients from the
mangrove creek ecosystem. As mentioned previously, such a situation has been reported elswhere
(e.g. Nixon et al, 1984; Odum et al., 1982) and is thus not unlikely especially given the protracted water
residence times in this particular creek due to the sill at the creek mouth. Exactly how and where this
material is conserved or bound is not clear from the present study, but both benthic and water column
microbial processes must play a role. Also, it is possible that there is an export of nutrients as
particulates or biomass generated from the dissolved nutrient pool but the extent of this export is not
clear. It is apparent from the present investigation that both of these areas need to be further
investigated before a more complete understanding of the creeks nutrient dynamics can be constructed,
and the role of Mapopwe creek as a supplier or sink for nutrients be fully elucidated.
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INTRODUCTION

Shallow bays with mangroves and seagrass beds are considered to be important nursery grounds or
feeding areas for many fish species. Such a nursery role of mangroves and seagrasses is widely
accepted for tropical mangrove and tropical and temperate seagrass habitats in the USA, Africa, Asia
and Australia (Austin, 1971; Middleton et ai, 1984; Wright, 1986; Thayer et ai, 1987, Little etal., 1988;
Chong et al., 1990; Blaber étal., 1992; McNeil étal., 1992; Laegdsgaard & Johnson, 1995). Although
seagrass meadows and mangroves often coexist in close proximity, in many cases species
assemblages in seagrass beds differ from those in nearby mangroves and sand habitats (Pollard, 1984;
Ferrell & Bell, 1991; Blaber et ai, 1992). To date only few studies have evaluated the importance of
mangrove habitats as nursery areas relative to adjacent habitats such as seagrass beds and mud flats
that are also associated with estuarine areas. Robertson and Duke (1987) and Thayer et al. (1987)
have undertaken comparisons of mangroves and proximal habitats, and both studies recorded more
number of fish species in mangroves than in surrounding seagrass habitats. It is also reported that the
sub-tropical seagrass systems harbour fewer number of species than tropical systems (Stephenson &
Dredge, 1976; Quinn, 1980; Thayer et al., 1987; Morton, 1990; Laegdsgaard & Johnson, 1995).

Stable carbon and nitrogen isotopes can be used as a tool to trace the flow of organic matter
through ecosystems (Peterson & Fry, 1987). The combined measurement of 013C and 619N provides
a powerful tool to determine the sources of nutrition for consumers and indicates trophic relationship
among organisms. Stable isotope abundance of carbon and nitrogen in animals are largely determined
by isotope composition of their diet. Heavy isotope enrichment occurs between animals and their food.
Such a isotope enrichment is estimated at about 1%o per trophic level for carbon and at 3-4 %o per
trophic level for nitrogen (Fry & Sherr, 1984; Minagawa & Wada, 1984). In general, 5'3C measurements
primarily indicate which sources of carbon are important to consumers in food webs, rather than
indicating trophic level.

This study elaborates on the findings outlined in Netherlands Indian Ocean Programme (NIOP)
and STD Il Programme. The main objective of this study is to compare the species composition, the
abundance, biomass and size ranges of different fish species in the mangrove creeks, seagrass
meadows and sand flats of Gazi bay in Kenya. The evaluation of the feeding behaviour of different size
classes of fishes was also investigated using stable carbon and nitrogen analysis.

METHODS

Study area

The present study was carried out in Gazi bay (Kenya). The bay is dominated largely by seagrass beds
and a mangrove stand (area 6.61 km2). A description of the mangrove and seagrass vegetation in Gazi
bay is given in Coppejans and Gallin (1989), Coppejans etal. (1992), Van Avesaath etal. (1993) Slim
and Gwada (1993) and Hemminga etal. (1994). The present study was undertaken at several locations
in the Gazi bay (Fig. 1). In order to study the fish assemblages, the Gazi bay was divided into five
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zones, each representing a particular biotope (see Fig. 2). However, it was not possible to fit all the
sampling locations into five zones, due to practical constraints. Therefore, the fish species obtained out
of these five zones were listed but not used for subsequent detailed studies.

Zone | (mangrove creek): This western mangrove creek is generally fed by the river Kidogoweni and
in upstream direction the salinity gradient is evident from the decreasing water conductivity (46mS/cm
to 3 mS/cm, at 25 °C during low tide). The bottom of the creek is bare and sandy with only small cover
of vegetation towards the ocean side. The vegetation mainly consists of Cymodocea rotundata, C
serrulata, Halophila stipulacea and Thalassia hemprichii and the dominant mangrove species is
Rhizophora mucronata.

Zone Il (mangrove creek): This eastern mangrove creek is not fed by a river but only carrying tidal
. water (conductivity 49 mS/cm at 25 °C) and has a dense ccvor with seagrasses like Thalassodendron
ciliatum, Cymodocea rotundata and seaweeds. The creek also has only a few minor side channels and
is bordered by Rhizophora mucronata.

Zone lll (Seagrass beds and intertidal flats): The seagrass beds are generally covered by the
vegetation (seagrass) of 30% -100%; in intertidal flats, the seagrass vegetation is restricted to less than
30%. At many places there are dense stands of vegetation mostly consisting of Thalassia hemprichii,
T. ciliatum, Enhalus acoroides, Cymodocea rotundata and Gracilaria salicornia. The seaweeds of
Halimeda macroloba and Avrainvillea obscura are also typical for this zone (Coppejans et al., 1992).
In some places, particularly towards the reef, coral rubble is found in between the vegetation.

Zone IV (Open sea/coral reef): This zone consists of a partially open sea and a lagoon-like area to the
west. This lagoon is situated between the mainland (mangroves) and a coral reef. River Mkurumuiji
enters the sea near the sampling site of 3 (NIOP, see Fig. 1). The lagoon’s vegetation is dominated
by Cymodocea rotundata, Syringodium isoetifolium, Halophila ovalis and H. stipulacea. The area near
the river mouth has bare vegetative cover of C. rotundata, C. serrulata, H. stipulacea and S.
isoetifolium.

Zone V (fringing reef/intertidal flat): This zone is situated at the east of Gazi bay, near Chale Island.
The salient features are sandy bottom on hard rock with sparcely corals and coral rubble and a often
very scarce seagrass cover. The true coral reefs are sited towards the east. Some samples were taken
at the east side of the reef, facing the Indian ocean.

Assessment of fish assemblages

The fish assemblages of Gazi bay, Kenya were collected during the Netherlands Indian Ocean
Programme (NIOP) in June 1992, and as part of the the STD Ill Programme, during a intensive fishing
campaign in October 1994. Various fishing techniques were used to describe the community structure
of the fish assemblages at different locations in Gazi bay. The details of different fishing techniques,
and preservation of samples are presented elsewhere (Van der Velde etal., 1995). The preserved fish
samples in 70% ethanol were transported to The Netherlands for definitive identification to establish
the fish fauna composition. Sub-samples of muscle tissue of various species were taken from fresh
fishes and subsequently dried and later on analysed for stable isotopes.

The fishes were identified to the species level using the literature (Randall & Lubbock, 1981;
Randall & Randall, 1981; Allen, 1985; Allen & Talbot, 1985; Smith & Heemstra, 1986; Pietsch &
Grobecker, 1987; Compagno et al., 1989; Randall et al., 1990; Randall & Heemstra, 1991; Randall,
\1992; Heemstra & Randall, 1993; Van Egmond & Randall, 1994). After identification into species and
measuring of their total length, each fish specimen was blotted dry and weighed for its wet weight.
Percentage calculations were made at family level in order to get a broad view of dominance in
abundance and biomass. Based on the total lengths, the fish fauna of each zone was divided into
length classes (using 5 cm intervals) and expressed in percentage. The maximum length of each fish
species was determined from the literature. The degree to which the actual size distribution differs from
the potential maximum length (literature values) was calculated using the following equation which will
give an overall idea of growth potential for the fishes in the various zones:
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Where, VP is the potential abundance of size group x (x value in %), VR is the actual abundance of size
group x (x value in %) and Y is the degree of difference from the actual size to the potential size.

In order to estimate the annual occurrence, abundance and diversity of fishes at Gazi bay, also
2 habitats (western mangrove creek and seagrasses) have been sampled (Fig. 1), during August 1993 -
July 1994. Fishes were collected at fortnightly intervals using a seine net made of knotless netting with
a stretched mesh size of 1.5 cm. Sampling was done for 10 -15 minutes during the period of low tide.
Samples were preserved in 10% formalin and all fishes were identified to species. Identified species
were classified according to the trophic position based on examination of stomach contents and
descriptions of their diet from the literature (Smith & Heemstra, 1986).

The data of the fish catches were processed using SAS (Statistical Analysing System).
Computer programs like TWINSPAN and FLEXCLUS were used for the clustering of the data. A
number of ecological indices like Shannon-Wiener diversity (H) and Pielou’s evenness index (J) were

used to describe the structure of the fish community and also to enable comparisons between the
zones.

Isotope analyses

For the stable isotope composition, several size classes of some fish species were investigated which
were caught all over the Gazi bay. Dry muscle tissue of the fishes was lyophilized and ground to a fine
powder. Samples were combusted using a CN analyser (NA1500) in on-line with a CT-NT Finnigan Mat
Trapping Box, in which the C02produced is submitted to a cryopurification treatment. The C02is then
analysed in the Delta E Finnigan Mat Isotope Ratio Mass Spectrometer. In order to get reproducible
results and to avoid problems of air contamination a separate cryopurification method was set up for
the measurement of 81N. This is a stainless-steel system on-line with the CN analyser. The N2gas is
trapped in a stainless steel tube filled with molecular sieve. This tube is then connected manually to
the Mass Spectrometer to measure the ,5N/MN ratio.

Results are expressed using the 8 notation.

sample

OX = [(~mmmm—— ) -1] x 1000 (%0)

'standard

where, X=1C or 19N and R=1C/12C or G\N/N

The National Bureau of standards (NBS) isotope standard NBS-19 was used as a working standard
for carbon. The final values of 813C are expressed relative to the PDB (Pee Dee Belemnite) standard.
The standard deviation on the average of ten measurements of the same gas sample is generally <
0.04V High-purity tank nitrogen gas was used as working standard for nitrogen during sample
analysis. This working standard was calibrated against N1 and N2 ammonium sulphate (IAEA in
Vienna) for 8,3\ (Minagawa etal., 1984, Nevins etal., 1985). The values of 819N are reported relative
to nitrogen in air. The standard deviation on the average of ten measurements of the same gas sample

is generally < 0.1°/@and standard deviation of the analysis of ten aliquots of the same tissue sample
is 0.2°/c0
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RESULTS AND DISCUSSION

A total number of 3375 individuals representing 54 families and 162 species, was collected from Gazi
bay, Kenya during NIOP and STD Ill programmes (Table 1). The highest number of 96 species was
observed in Zone lll and lowest number of species was recorded in Zone IV. Out of 162 species,
Leptoscarus vaigiensis (Scaridae) was the only species common in all five zones.

The number of species collected from the Gazi bay (162) was very high when compared with
other studies in tropical, subtropical and temperate regions (Table 2). The comparison of present results
with the number of species collected in different studies is rather difficult, due to variations in the abiotic
environment, habitat heterogeneity, sampling techniques and sampling efforts. However, the number
of species in Gazi bay was found to be higher than nearby Tudor creek, Kenya (Little etal., 1988).

Benthivores were dominant in the zone | (Fig. 3). High ratio of benthivores was mainly caused
by the dominance of Gobiidae particularly Gnatholepis cauerensis and Periophthalmus sobrinus which
are generally bottom dwelling fishes and feed at the bottom surface of the western mangrove creek.
A higher percentage of zooplanktivores in zone | was due to Atherinomorus lacunosus. In eastern
mangrove creek (zone Il), high ratio of zooplanktivores resulted by the high presence of Apogonidae
(Sphaeramia orbicularis). Almost half of the occurring fishes in zone Il were herbivores (42%) such as
Scaridae and Siganidae. Piscivores represented by Plotosidae (Plotosus lineatus) were more dominant
in zone V. Zone V was totally dominated by the benthivores (65%) and Labridae (Cheilo inermis) was
the most dominant family. In comparison, a low occurrence of zooplanktivores (6%) and high presence
of omnivores was recorded in zone V (see Fig. 3).

The length classes of the fishes observed in five zones indicate that most fishes collected
during NIOP and STD Ill programmes were sub-adults or juveniles (Fig. 4). Such a high proportion of
juveniles in the catches is typical of all other studies of mangrove and seagrass beds (Laegdsgaard and
Johnson, 1995, and therein). The size group of 5-10 cm length class was most dominant in all zones
except zone IV. This is possibly due to relatively lower number of individuals (35) in the zone IV. In
addition, out of 35 individuals, 12 were represented by Apogonidae (Siphamia mossambica), a small
species hiding between the spines of sea urchins like Diadema sp. which were generally grow smaller
in size (maximum total length = 4 cm, Smith & Heemstra, 1986). From the actual length of fishes in
each zone, the potential maximum length of fishes was calculated. The zone Il recorded the maximum
potential growth degree of 3.7 followed by zone V (3.0), zone | (2.9) and zone Il (2.5). The lowest value
(2.1) was accounted for zone IV which means that the most fishes caught in zone IV were already in
adult stage and almost reached their maximum length.

The relative percentage abundance and weight of each family was calculated from the actual
number and weight (wet weight) of each species. In order to get a clear view of the dominance of
species at family level, the five highest abundant families in number (N%) and weight (W%) were listed
for each zone (Table 3). Apogonidae, Scaridae (4 out of 5 zones), Lutjanidae and Labridae (2 out of
5) were most dominant families in the five zones. The families of Congridae (3 out of 5), Plotosidae,
Scaridae and Serranidae (2 out of 5) were more dominant in biomass (W%). The results also shows
that the high abundances (N%) of families were not resulted in high biomasses (W%). In general, the
high biomass of each zone mainly contributed by the families with lower abundance except in zone Il
(Table 3). This is due to families with low abundance which have larger individuals and therefore a high
weight. For example, Congridae (eels) was found to be low in abundance but high in biomass because
of their large size.

The diversity indices H’and J’were found to be different for five zones (Table 4). A significant
variation was recorded (P<0.01) in the number of species and number of individuals ratios of total fish
between these zones. The Shannon-Wiener diversity index ranged from 2.22 in zone Il to 3.18 in zone
Il (Table 4). The highest number of individuals (2353), species (91) and families (35) were also
recorded in zone Ill. The greater differences in the number of individuals of each species might be
caused the maximum diversity index in zone Ill. For example, Scaridae accounted for 788 individuals
out of 2353. The highest Pielou evenness indice (J) was observed in Zone IV (0.85) and lowest in zone
Il (0.65). This indicates that although zone IV supported fewer number of species, a higher proportion
of species were evenly distributed than in other zones. The statistical analysis programmes such as
TWINSPAN and FLEXCLUS were used to group the fishes at the family and species levels (Fig. 5 and
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Tables 5 & 6). Only the beam trawl data were used for this analysis.

Clustering the compositions of the fish catches at the family level yielded 3 distinguishable
groups. The first group of samples (cluster A, Fig. 5) represents fish catches near the mangrove area.
The second group of samples (cluster B, Fig. 5) consists of samples from sites in seagrass meadows
in the bay. The third group (cluster C, Fig. 5) consists of two samples taken at sites with little or no
vegetation. The site 12 was not considered for the analysis, because no fish were caught at this site.
The average similarity between the groups created with TWINSPAN is relatively low. The isolation (the
average similarity of the samples within the groups divided by the average similarity between the
groups, Table 3) of clusters A and B is low, implying a high similarity between the clusters. Despite this,
the distinction between the clusters was maintained because of the occurrence of specific families in
the clusters. Muraenidae, Teraponidae, Flaemulidae, Blenniidae and Gobiidae were specific for cluster
A, while Synodontidae and Lutjanidae were only present in cluster B. Monacanthidae and Ostraciidae
were only found at the sites of cluster C, while Labridae and Diodontidae were also found with high
frequencies. High frequencies of Syngnathidae and Platycephalidae were observed in the samples of
clusters B and C, respectively. Plotosidae were more frequent in cluster D.

The clustering of the data at the species level showed a similar pattern. At the third level of the
hierarchic clustering programme TWINSPAN two groups were distinguished (Fig. 5). In contrast with
the clustering at family level, the samples taken at sites 8 and 10 did not constitute a separate group.
Furthermore, the sample of site 5 was joined with the samples of sites 2, 3 and 4 (cluster A of the
clustering at family level). These samples were grouped together because Apogon thermalis, Foa
brachygramma, Plectorhinchus gaterinus, Lethrinus harak, Petroscirtus mitratus, Siganus stellatus,
Bothus pantherinus and Arothron immaculatus were only present in this cluster. The species of Apogon
nigripes was found only in cluster A of the clustering at species level. In general, the distinction between
the sampling sites from the seagrass meadows near the mangrove area and those from seagrass beds
in the bay remained intact.

A total of 108 species belonging to 51 families have been collected during the period of August
1993 - July 1994 for studying the seasonal occurrence of different fish species in Gazi bay (Table 5).
The western mangrove creek harboured 65 species and seagrass beds accounted for 90 species. In
this mangrove creek, the Gerreidae and Clupeidae families were found more frequently and
represented about 59% of the total number of individuals collected in the western mangrove creek
(Table 6). Scaridae (16.5%) was the most common family in the seagrass beds.

The fish communities of Gazi bay were found to be similar in structure to that of Tudor creek
situated north and west of Mombasa Island, Kenya (Little et al., 1988). Gazi bay fish community was
dominated by few species (Geres oyena and Sardinella gibbosa) which contribute more than 65% of
the individuals recorded in the western mangrove creek. Like Gazi bay, Tudor creek has also
dominated by few species (Spratelloides delicatulus, Plotosus lineatus and G. oyena) and accounted
for approximately 70% of the total number of individuals (Little et al., 1988). Stoner (1986) has also
identified three types of species being dominant of the Western Atlantic mangrove creek near Puerto
Rico. In Kenya, Gazi and Tudor creeks exihibits the same state of affair where Gobiidae, Gerreidae and
Plotosidae families dominated the total population of fishes. Elsewhere, similar results have been also
reported from the mangrove creeks (Austin, 1971; Arancibia etal., 1980; Phillips, 1981; Blaber, 1980;
Ntiba etal., 1993).

The ecological diversity indices H’ and J’ of the community structure were similar for the
western mangrove creek (H’= 1.065; J’= 0.99) and seagrass beds (H’- 1.067; J’= 0.99) (Table 7).
This high similarity in community structure between the mangrove creek and seagrass beds reflects the
high proportion of species common to both areas (42%). Out of 108 species, 45 species were mostly
widespread in both mangrove creek and seagrass beds and dominate the catches in terms of
individuals, thereby strongly influencing community structure. In the present study, the important
overlapping families were Lutjanidae, Siganidae, Mugilidae, Scaridae, Carangidae and Teraponidae.
These families are zooplanktivores, benthivores or herbivores. Thallot and Kulbit (1988) have reported
the overlapping of fish species existing among the mangroves, coral reefs and soft bottoms with a
similarity of 36 common species representing the trophic status of carnivores and piscivores.

During the NIOP programme, Archamia mozambiquensis, A. fucata, Apogon guamensis,
Conger cinereus cinereus, Fowleria aurita, Gazza minuta, Leptoscarus vaigiensis, Paramonacanthus
barnardi, Plotosus lineatus, Parascorpaena mossambica and Siganus sutor were analysed for their
stable isotope composition. Archamia mozambiquensis, A. fucata and Gazza minuta were left out of
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the scheme since these fishes were found in dead state and floating at the water surface and their
origin is unknown. These species were also not caught alive within the area investigated. In addition
during the STD Ill programme specimens of different size (juvenile to adults) of some other fish species
were analysed for stable carbon and nitrogen isotope composition viz., Siganus sutor (herbivore) and
Sphyraena barracuda (piscivore). The 813C values for Siganus sutor ranged between -14.36 to -21,58°/M
and for Sphyraena barracuda ranged between -12.26 and -20.3°/@ (Fig. 6). The 81X values of
mangrove leaves range between -24.28 and -29.710«, and the seagrasses range between -10.07°/@
and -19.82°/M (Hemminga et al., 1993; Rao et al, 1993; Woitchik et al., 1994). For Siganus sutor it
appears that the smaller individuals (between 5 and 16 cm), have 813 values ranges between -14 and
-21°/M (Fig. 7) and large individuals (20-25 cm) show a more narrow range of 813 values (-15 to -
17°/oo) This suggests that smaller fishes grow up between seagrass beds near the mangrove area and
seagrass meadows further away while larger ones are feeding mainly in the seagrass meadows.
Specimens of Sphyraena barracuda showed less variability in 6,3C with size. Data for the 30 cm
individuals, however showed larger unexplained variation.

As expected, the 81N values of the analysed fishes indicates a dear distinction between the
pisdvores and herbivores (Fig. 8) showing the higher trophical level of Sphyraena barracuda with
respect to Siganus sutor. For Sphyraena barracuda no correlation is apparent between the 81N value
and length. For Siganus sutor the data indicate higher 819N value for the larger specimens (Regression
coefficient: y = 6.55 + (0.0971£0.025)x; 2= 0.43; P<0.001). The clustering of the stable radio isotope
data with feeding characteristics of the fish species based on literature data shows that an overlap in
81N and 513 ratios of the various groups exists (Fig. 9, for details refer to Van der Velde etal., 1994).
However, three groups showed clear differences in stable isotope ratios viz., herbivores, pisdvores and
zooplanktivores/benthivores. With regards to the use of the sites as foraging grounds for the fish, it
should be stressed that a higher proportion of pisdvore/benthivore fish were present in or near
channels and creeks. Since sites at a greater distance from the channel showed a somewhat lower
relative occurrence of fish predators. This indicates that a number of fish species did not use the sites
as a permanent habitat but only as foraging grounds.

Conclusions

* A total of 3375 individuals representing 54 families and 162 species was collected from Gazi bay
during the NIOP and STD Programmes.

* The number of species collected from the Gazi bay (162) was very high when compared with other
studies in tropical, sub-tropical and temperate regions.

* Intertidal seagrass beds (zone Ill) harboured the highest number of species and showed the highest
diversity.

* The length classes of the fishes recorded in five zones indicate that most fishes in these zones were
sub-adults and juveniles (approx. 90%).

* The diversity indices H’ and J’ were found to be different for different zones in Gazi bay. The
Shannon-Wiener diversity index (H) ranged from 2.22 in zone Il to 3.18 in zone lll. The highest Pielou
evenness indice (J) was observed in zone IV (0.85) and lowest in zone Il (0.65).

* The values of 81N indicates a clear distinction between the piscivore and herbivore fishes in the case
of Sphyraena barracuda and Siganus sutor.

* 81 values indicate that seagrass beds are the main foraging grounds for the species analysed.

* Clustering of the catch data showed that the fish assemblage of seagrass beds near the mangroves
differed in species composition from those in the bay. This trend is accompanied with a change in the
use of the seagrass beds as foraging grounds. This indicates that predator-prey relationships may play
an important role in the structuring of the fish assemblages of seagrass beds.

* |sotope analysis of muscle tissue of a selected number of fish species allowed the distinction of three
groups with some overlap viz. herbivores, zooplanktivores and pisdvores.
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Tabic 1. Abundance by numbers of species recorded in the samples collected from Gazi Bay, Kenya,
during the Netherlands Indian Ocean Programme in June 1992 and the STD IIl Programme in October

1994.

Species (author)

ACANTHURIDAE (herbivorous)
Acanthurus thompsonii (Fowler, 1923)
Naso brevirostris (Valenciennes, 1835)

ANGUILLIDAE (piscivorous)
v mAnguilla bicolor bicolor (McClelland, 1844)

ANTENNARIIDAE (piscivorous)
Antennarius coccineus (Lesson, 1831)*
Antennarius pictus (Latreille, 1804)
Antennarius nummifer (Cuvier, 1817)*
Histrio histrio (Linnaeus, 1758)

—APOGONIDAE (zooplanktivorous)

Apogon cooki (Macleay, 1881)
Apogonfraenatus (Valenciennes, 1832)

. Apogon guamensis (Valenciennes, 1832)
Apogon lateralis (Valenciennes, 1832)
Apogon nigripes (Playfair & Giinther, 1866)

. Apogon savayensis (Gunther, 1871)

. Apogon thermalis (Cuvier, 1829)

Archamia fucata (Cantor, 1850)*
Archamia mozambiquensis (Smith, 1961)*

Cheilodipterus quinquelineatus (Cuvier, 1828)

Foa brachygramma (Jenkins, 1903)

, Fowleria aurila (Valenciennes, 1831)

Siphamia mossambica (Smith, 1955)

Sphaeramia orbicularis (Kuhl & van Hassel, 1828)

ATHERINIDAE (zooplanktivorous)
, Atherinomorus lacunosus (Forster, 1801)

BELONIDAE (piscivorous)

Tylosurus crocodilus crocodilus (Peron & LeSueur, 1821)

BLENNIIDAE (benthivorous)
Istiblennius andamensis (Day, 1870)*
Petroscirtes breviceps (Valenciennes, 1836)
Petroscirtes mitratus (Rippell, 1830)

BOTHIDAE (benthivorous)
Bothus panterinus (Rippell, 1830)

CARANGIDAE (zooplanktivorous)

Caranx papuensis (Alleyne & Macleay, 1877)*

CARAPIDAE (benthivorous)
Carapus mourlani (Petit, 1934)*
Carapus parvipinnis (Kaup, 1856)*

N ©O O NNO a0

H O O o O

135

Number of individuals

Zones
n 11 [\ \"
0 1 0
0 1 0
2 0 0 0
0 0 0 1
2 0 0 0
0 24 0 0
0 0 0 0
1" 20 0 0
3 0 0 0
0 8 0 0
3 8 0 0
0 117 0 0
0 19 0 0
0 17 0 4
0 105 O 2
0 0 12 0
80 2 0 0
0 0 0 0
0 1 0 0

9 0 0
2 42 0
0 5 1 1

Total

24

31 4_

1" 4.
124 3

19 7
22

107 L
12

86 SAA

135 9

1
45
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CENTRISCIDAE (zooplanktivorous)
Aeoliscus punctatus (Bianconi, 1855) 0 0 2 1 0 3

CHAETODONTIDAE (zooplanktivorous)

Chaetodon auriga (Forsskal, 1775)* - - - - - -
Chaetodon lunula (Lacepede, 1803) 3 0 0 0 0 3
Chaetodon xanthocephalus (Bleeker, 1853) 0 0 4 0 0 4

CLUPEIDAE (zooplanktivorous)
Herklotsichthys quadrimaculatus (Riippell, 1837)* - - - . - -

CONGRIDAE (piscivorous)

>f - Conger cinereus cinereus (Riippell, 1830) 4 6 1 0 1 12 Al

CONGROGADIDAE (benthivorous)
Halidesmus sp.* - - - - - -

CYNOGLOSSIDAE (benthivorous)
Cynoglossus gilchristi (Ogilby, 1910) 1 0 0 0 0 1
Cynoglossus lachneri (Menon, 1977)* - - - - - -

ELEOTRIDAE (benthivorous)
Butis melanostigma (Hamilton-Buchanan, 1822) 2 0 0 0 0
Eleotris melanostoma (Bleeker, 1852) 1 0 0 0 0 1

ENGRAULIDAE (zooplanktivorous)
Stolephorus holodon (Boulenger, 1900) 17 0 0 0 0 17

DACTYLOPTERIDAE (benthivorous)
Dactyloptena orientalis (Cuvier, 1829)* - - - - - -
Dactyloptena peterseni (Nystrom, 1887) 1 0 0 0 0 1

DASYATIDAE (benthivorous)

e Dasyatis kuhlii (Miiller & Henle, 1841) 0 0 0 0 2 2 1
« Taeniura lymma (Forsskal, 1775) 0 2 2 0 0 4 3
DIODONTIDAE (omnivorous)
Diodon holocanthus (Linnaeus, 1758) 0 0 6 0 1 7
Lophodiodon calori (Bianconi, 1855) 0 0 6 0 0 6

FISTULARIIDAE (piscivorous)

Fistularia commersoni (Riippell, 1838) 1 0 2 0 0 3
GERREIDAE (benthivorous)

Gerres filamentosus (Cuvier, 1829) 4 0 0 0 0 4

Gerres oyena (Forsskal, 1775) 91 1 5 0 0 107 lo

GOBIIDAE (benthivorous)

Ambligobius albimaculatus (Riippell, 1830)
Ambligobius sphynx (Valenciennes, 1837)
Asterropteryx semipunctatus (Riippell, 1830)
Favonigobius reichei (Bleeker, 1953)* - . - B .
Gnatholepis cauerensis (Smith, 1959) 131 0 20 0 0 151
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Hetereleostris zonata (Fowler, 1934)* -
Oplopomus oplopomus (Valenciennes, 1837) 4 0 0 0 0 4
\; " Periophthalmus sobrinus (Eggert, 1935) 24 0 0 0 0 24 i

Gobiidae sp.* 4 0 0 0 0 4
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HAEMULIDAE (omnivorous)
Plectorhynchus gaterinus (Forsskal, 1775)

. Plectorhynchus gibbosus (Lacépéde, 1802)

V »

HEMIRAMPHIDAE (herbivorous)
Hemiramphusfar (Forsskal, 1775)

HOLOCENTRIDAE (benthivorous)
Neoniphon sammara (Forsskal, 1775)
Sargocentron diadema (Lacépede, 1801)
Sargocentron ittodai (Jordan & Fowler, 1903)

LABRIDAE (benthivorous)

Cheilinus bimaculatus (Valenciennes, 1840)
Cheilinus chlorourus (Bloch, 1791)
Cheilinus oxycephalus (Bleeker, 1953)
Cheilinus trilobatus (Lacépéde, 1801)
Cheilinus undulatus (Ruppell, 1835)

Cheilo inermis (Forsskal, 1775)

Cymolutes praetextatus (Quoy & Gaimard, 1834)

Epibulus insidiator (Pallas, 1770)
Halichoeres dussumieri (Valenciennes, 1839)*
Halichoeres scapularis (Bennett, 1831)
Halichoeres sp.

Novaculichthys macrolepidotus (Bloch, 1791)
Pteragogusflagellifer (Valenciennes, 1839)
Stethojulis albovittata (Bonnaterre, 1788)
Stethojulis interrupta (Bleeker, 1851)*
Stethojulis strigiventer (Bennett, 1832)
Thalassoma herbraicum (Lacépéde, 1801)

LEIOGNATHIDAE (benthivorous)
Gazza minuta (Bloch, 1797)*

LETHRINIDAE (benthivorous)
Lethrinus harak (Forsskal, 1775)
Lethrinus ramak (Forsskal, 1775)
Lethrinus variegatus (Ehrenberg, 1830)

LUTJANIDAE (benthivorous)

Lutjanus argentimaculatus (Forsskal, 1775)
Lutjanus ehrenbergii (Peters, 1869)
Lutjanus fulviffamma (Forsskal, 1775)

MONACANTHIDAE (omnivorous)

Paramonacanthus barnardi (Fraser-Brunner, 1941)

MONODACTYLIDAE (zooplanktivorous)
Monodactylus argenteus (Linnaeus, 1758)

MORINGUIDAE (benthivorous)
Moringua javanica (Kaup, 1856)*

MUGILIDAE (herbivorous)
Valamugil seheli (Forsskal, 1775)

17

© O 00 OO0 a©

o © o © o

16

19

© O O a NO oo

o o o ©o o

-

15

- a a N

106

18
112

119

49

o ©o o o o 0O ©O O o o . oo

o

-

o o

oN o A NOO®

0 © o © o

16

17

10

22

68

w

O 0O a N

109

27
130

29

126

49

21

142



MULLIDAE (benthivorous)

e Parupeneus barberinus (Lacépéde, 1801)
Parupuneus cinnabarinus (Cuvier, 1829)
Parupeneus macronema (Lacépéde, 1801)
Uperneus tragula (Richardson, 1846)*

MURAENIDAE (piscivorous)

Echidna leucotaenia (Schultz, 1943)

Echidna nebulosa (Ahi, 1789)

Gymnothorax monochrous (Bleeker, 1856)*
* Gymnothorax undulatus (Lacépéde, 1803)

Gymnothorax sp.

OSTRACIIDAE (benthivorous)
Lactoria cornuta (Linnaeus, 1758)
Lactoria fornasini (Bianconi, 1846)

OPHICHTHIDAE (piscivorous)

Myrichthys colubrinus (Boddaert, 1781)*
Myrichthys maculosus (Cuvier, 1816)*
Pisidonophis cancrivorus (Richardson, 1844)*

PLATYCEPHALIDAE (piscivorous)
Onigocia oligolepsis (Regan, 1908)
Papilloculiceps longiceps (Ehrenberg, 1829)

PLOTOSIDAE (piscivorous)
Plotosus lineatus (Thunberg, 1787)
Plotosus nkunga (Gomon & Taylor, 1982)

POMACENTRIDAE (zooplanktivorous)

, Abudefdufsexfasciatus (Lacépéede, 1801)
Abudefdufvaigiensis (Quoy & Gaimar, 1815)
Chromis dasygenys (Fowler, 1935)*
Chrysiptera annulata (Peters, 1855)
Chrysiptera unimaculata (Cuvier, 1830)*
Dascyllus aruanus (Linnaeus, 1758)
Neopomacentrus cyanomos (Bleeker, 1876)
Neopomacentrus fuliginosus (Smith, 1960)
Plectroglyphidodon lacrymatus (Quoy & Gaimard, 1825)
Pomacentrus trilineatus (Cuvier, 1830)

RHINOBATIDAE (benthivorous)
Rhinobatos holcorhynchus (Norman, 1922)

SCARIDAE (herbivorous)
t Calotomus spinidens (Quoy & Gaimard, 1