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Abstract. The biogeochemistry of mangrove sediments was investigated in several mangrove
forest communities in Gazi Bay, a coastal lagoon in Kenya, Africa. Carbon dioxide fluxes,
sediment median grain sizes, sedimentary organic carbon, nitrogen and phosphorus contents
and pore-water characteristics (ammonium, nitrate, sulfate and chloride) could be related
to forest type. Mangrove sediments have pH values that range from 3.5 to 8.3 due to the
limited buffer capacity of these sediments and intense acidifying processes such as aerobic
degradation of organic matter, oxidation of reduced components, ammonium uptake by roots
and root respiration. The mangrove sediments are nitrogen-rich compared to mangrove litter,
as a result of microbial nitrogen retention, uptake and fixation, and import of nitrogen-rich
material. It appears that mangrove sediments in Gazi Bay act as a nutrient and carbon sink
rather than as a source for adjacent seagrass and reef ecosystems.

Introduction

The high primary productivity of mangroves implies a high demand for nutri-
ents essential to plant growth. This high nutrient requirement appears to be met
by highly efficient systems of nutrient trapping, uptake and recycling (e.g. Dye
1983; Alongi 1989, 1994a, b; Woodroffe 1992; Lugo & Snedaker 1974; Boto
& Wellington 1984; Twilley et al. 1986; Kristensen et al. 1988, 1991, 1992,
1994; Alongi et al. 1992, 1993; Robertson et al. 1992; Hemminga et al. 1994;
Nedwell et al. 1994; Morell & Corredor 1993). Nevertheless, several studies
have indicated that mangroves may be nutrient limited at the whole-forest
scale (e.g., Boto & Wellington 1983; Feller 1995). Organic detritus produced
by mangroves may either be exported to adjacent ecosystems such as sea-
grass meadows or coastal waters, or be buried or degraded and recycled in the
sediments. Although considerable attention has been given to the export of
mangrove-derived material to adjacent systems (e.g., Lugo & Snedaker 1974;
Twilley et al. 1986; Robertson et al. 1992; Hemminga et al. 1994), there are
comparatively few data on carbon and nutrient pools, transformations and
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fluxes within mangrove forests and on the import of particulate carbon and
nutrients from adjacent systems (e.g., Robertson et al. 1992; Alongi et al.
1992, 1993). The carbon and nutrient cycles in mangroves are temporally
and spatially highly variable since they are regulated by a variety of factors
such as soil type and texture, tidal range and elevation, redox state, bioturba-
tion intensity, forest type, temperature and rainfall (Lugo & Snedaker 1974;
Alongi et al. 1992). Due to the limited data available on carbon and nutrient
cycling, and the great variability within and between mangroves, there is still
confusion about whether mangroves generally represent a net carbon source
(export) or sink (import). On the one hand, biologists focus on mangroves
as highly productive systems that export organic matter, on the other hand
geologists are interested in the role of mangroves as traps for sediment and
its associated organic matter (Woodroffe 1992).

Our current knowledge on elemental cycling in mangroves is mainly based
on studies from North America, Australia and Southeast Asia. In this study
we will report our results on the sediment characteristics and pore-water
chemistry of mangrove sediments in Gazi Bay, a coastal lagoon in Kenya,
Africa. We have also determined carbon dioxide fluxes from the sediment to
the atmosphere. The objectives of this study are: (1) to establish the magnitude
and variability of carbon dioxide fluxes from mangrove sediments, (2) to
determine whether there are relationships between forest type, nutrient status
and sediment characteristics of mangrove sediments, and (3) to trace the
processes involved in cycling of carbon and nitrogen within mangrove forests.

Methods
Study area

From 19 June to 7 July 1992, a field campaign was carried out in the mangrove
forests in Gazi Bay, about 50 km south of Mombasa on the Kenyan Coast
(4°25' S, 39°30' E). Gazi Bay is a coastal lagoon with a fringing coral reef
at the seaward side, a 6.6 km? mangrove forest in the intertidal zone on the
landward side and seagrasses in between (Van Speybroeck 1992; Hemminga
et al. 1994; Rao et al. 1994). There are two major tidal creeks, the western
one being the mouth of the river Kidogoweni, a seasonal river (Figure 1).
There is seepage of fresh water at various sites within the bay. Gazi Bay has
a semi-diumal tidal regime with an amplitude varying between 290 cm at
spring tide and 70 cm at neap tide (Hemminga et al. 1994). Salt pans occur at
elevated areas with a very low inundation frequency. The area is influenced by
two monsoonal regimes: the North-East monsoon from November to March
and the South-West monsoon from May to September.
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Figure 1. Map of Gazi Bay and mangroves along the river Kidogoweni. Stations are indicated:
AS = Avicennia saline basin-type; AR = Avicennia river-fringing; BX = Bruguiera, station X,
CA = Ceriops station A; CB = Ceriops station B; CC = Ceriops station C; RJ = Rhizophora
station J; RK = Rhizophora station K; RL = Rhizophora station L; RM = Rhizophora station
M; SI = Sonneratia station I, SII = Sonneratia station I1. Fine dotted and dotted areas relate to
mangroves and seagrasses, respectively.

This study focusses on five of the eight mangroves species occurring
in Gazi Bay, namely Sonneratia alba, Rhizophora mucronata, Bruguiera
gymnorrhiza, Ceriops tagal and Avicennia marina. Criteria for site selec-
tion included the monospecificity of the stands, the position along the river
Kidogoweni (i.e. expected salinity), the tidal elevation, the accessibility and
the feasibility of flux measurements (Figure 1). The mangrove species occur in
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clear zonation patterns, which can be easily recognized in the field. In general,
Sonneratia alba forms the outermost zone towards the open water, followed
by pure stands of Rhizophora mucronata, or mixed stands of Rhizophora
mucronata and Bruguiera gymnorrhiza, and in turn these are followed by
pure or mixed stands of Ceriops tagal and Avicennia marina. Along the River
Kidogoweni and other creeks, Avicennia marina usually replaces Sonneratia
alba. Creek and river fringing Avicennia marina stands are much higher (12—
18 m) than those on elevated areas (about 2-3 m; scrub-type) and are therefore
treated as different types in the statistical analysis.

Flux measurements

Replicate measurements of carbon dioxide fluxes were made at twelve stations
(Figure 1). Atlow tide the release of these gases was measured by monitoring
accumulation of the gas beneath chambers placed over the sediment surface.
The chambers have a 0.11 m? base, a volume of 45 1 and are made of
non-transparent polypropylene to exclude any phototrophic activity. Carbon
dioxide concentrations were measured by circulating chamber air through
Teflon tubes between the chamber and the gas monitor. The measurement
principle of the multi-gas monitor used, a Britel & Kjaer type 1302, is based on
the photoacoustic infra-red detection method. Briefly, after thorough flushing
of the Teflon tubes and analysis cell, the air sample is hermetically sealed in
the analysis cell. The light emitted by a pulsating infra-red light source and
purified by a narrow-band optical filter is selectively adsorbed. The tempera-
ture of the gas increases and decreases in response to the pulsating light
transmitter, and this causes an equivalent increase and decrease of the pressure
of the gas in the closed cell. Two ultrasensitive microphones mounted in the
cell are used to measure this pressure wave, which is directly proportional
to the concentration of the gas. Various gases can be measured in the same
sample using different filters. The response time for a sequential measurement
of carbon dioxide, methane and nitrous oxide is about 90 sec. The detection
limits for carbon dioxide is 3 ppmv, its response is linear up to several
thousands of ppmv for carbon dioxide and the reproducibility at ambient
levels is about 1%. Fluxes are calculated by regression analysis from the
recorded change in concentration over time. Fluxes significant at p < 0.01
are normally obtained as low as 1.5 mol CO, m~2 yr~!, within 30 minutes.

Sediment characteristics and pore-water composition
At each station, pore-water samples from intertidal muds were obtained by

pressure filtration of sediments following the collection of cores by hand at
low tide. Equivalent depth sections of three replicate cores were combined to
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reduce spatial heterogeneity and treated as one sample. No special precautions
were taken to control temperature and oxygen levels during squeezing. The
recovered pore-water samples were used first for the analyses of ammonium
according to the phenol-hypochlorite method (Helder & de Vries 1979) and
subsequently stored at —20 °C for transport to our home laboratory. The stored
pore-water samples were analyzed for nitrate, nitrite, phosphate and sulfate
concentrations using standard colorimetric methods on a Skalar autoanalyzer.
The chlorinity was determined by potentiometric titration.

Sediment samples were taken at depth intervals of 0—5, 5-20 and 20—40 cm
and were analyzed for grain size distribution, particulate organic carbon, total
nitrogen and phosphorus, CaCOs, salinity and pH. Grain-size distribution
was assessed with a laser diffraction technique (Malvern Particle Sizer type
3600 Ec). The organic carbon and nitrogen contents of the sediments were
determined using a Carlo-Erba CN-analyzer following a recently developed in
situ HCl acidification procedure (Nieuwenhuize et al. 1994). Total phosphorus
was analysed using a standard colorimetric determination of phosphate (Chen
1956) following digestion by strong oxidizing acid reagents (hydrochloric
acid + nitric acid; Nieuwenhuize et al. 1991). The inorganic carbon content
was determined by gas-volumetry (Scheibler-method), the pH was determined
in a KCl suspension and the salinity was estimated from measured chlorinities
and is expressed in practical salinity units (psu = %o).

Two stations, Rhizophora L (RL) and Ceriops C (CC), were selected for
detailed investigation of the depth distribution of organic carbon and total
nitrogen. Sediment samples were taken with a depth resolution of 1 cm and
also an attempt was made to separate living (root) from non-living organic
matter.

Data analysis

Analysis of variance with a nested design was used to evaluate differences
among different mangrove types and stations within a given mangrove type.
ANOVA was followed by a Tukey-Kramer honestly significant difference
method to test for pairwise difference between mangrove types. Six mangrove
types are distinguished, namely large creek-fringing Avicennia marina, small
basin Avicennia marina and the four other species. Data were log-transformed
if appropriate. SYSTAT (Wilkinson 1990) was used for statistical calculations.
The data on which this study is based are listed in full detail in Middelburg
et al. (1995).
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Table 1. Carbon dioxide fluxes (mol C m™2 yr~') from mangrove sediments.

Type Location Mean Minimum Maximum
Avicennia R 136 121 152
Avicennia S 120 92 141
Bruguiera X 30 4 56
Ceriops A 82 21 138
Ceriops B 55 7 165
Ceriops C 74 15 133
Rhizophora J 20 5 29
Rhizophora K 59 29 115
Rhizophora L 22 11 41
Rhizophora M 34 22 47
Sonneratia I 73 60 96
Sonneratia I 78 40 129
Results

Flux measurements

Carbon dioxide fluxes were determined at 12 stations covering 66 sites in
total and range from about 4 to 165 mol C m~2 yr~! (Table 1). Statistical
analysis through nested ANOVA indicates that carbon dioxide fluxes differ
significantly among the stations (p = 0.0001) and among type of mangroves
(p = 0.037; Table 2).

Sediment characteristics

Sediment characteristics such as the median grain size, salinity, pH, the
calcium carbonate, organic carbon, nitrogen and phosphorus contents were
measured at 16 sites at 3 depth levels (Table 3). The median grain size
ranges from 20 pm at the creek-fringing Avicennia to 320 um at bay-fringing
Sonneratia. The pH and inorganic carbonate content range from 3.5 to 8.3
and 0.0 to 1.4 wt%, respectively. The salinity of the mangrove sediments
ranges from 16 to 68 psu, though the majority of the data cluster between 30
and 35 psu. The organic carbon and nitrogen contents exhibit a wide range,
namely from 0.3 to 18 wt% and 0.01 to 3.5 wt% C and N, respectively, with
no systematic trend with depth. The organic carbon and nitrogen contents
are closely correlated (7% = 0.89) with a slope corresponding to a molar C/N
ratio of 25.3 £ 1.3 (Figure 2). Sediments from creek-fringing Avicennia are
strongly enriched in nitrogen (Table 3; Figure 2). Sedimentary phosphorus
concentrations range from 35 to 740 ppm and show a moderate correlation
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Figure 2. Relation between the organic carbon (wt%) and nitrogen contents (wt%) of Gazi Bay
sediments. Filled squares: Avicennia; Filled thombs: Bruguiera; Stars: Ceriops; Open squares:
Rhizophora; Open rhombs: Sonneratia. The line represents a least-square fit (> = 0.89) with
a slope corresponding with a molar C/N ratio of 25.3 & 1.3.

with organic carbon (2 = 0.56; molar C/P ratio 749 + 97), but a strong corre-
lation with median grain size (*2 = 0.75). Nested ANOVA analyses indicate
that the median grain size and the organic carbon, nitrogen and phosphorus
contents differ significantly among the mangrove species (Table 2).

At two stations, Ceriops C and Rhizophora L, the depth distribution of
organic carbon and nitrogen was examined in detail (Figure 3). At station
Ceriops C, organic carbon and nitrogen concentrations in the top 16 cm are
about 2 and 0.1 wt% respectively, they subsequently increase up to about 5
wt% C and 0.24 wt% N. At station Rhizophora L, organic carbon concentra-
tions range from 3 to 8 wt% without any trend with depth, whereas nitrogen
contents show a drastic decrease at depths more than 40 cm.

At the same two stations, root material was carefully separated from the
bulk sediments and both fractions, as well as the untreated sample, were
analysed for organic carbon, nitrogen and phosphorus. The resulting molar
C/N and C/P ratios are presented in Table 4. The C/N ratio of root material
is significantly higher than that of bulk sediment (F = 46.016; df = 2; P =
0.000) and depends on the type of mangrove (F = 9.518; df = 1; P = 0.006).
Application of a post-hoc Tukey-Kramer pairwise comparison test indicated
no significant difference between the bulk sediment C/N ratios before and after
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Type Location Depth pH CaCOs; Salinity Median Corg Ntot P
(cm) (wt%) (psu)  grain (wt%) (wt%) (ppm)
size (um)

Avicennia R 0-5 7.61 1.40 3491 29 10.10 063 712
Avicennia R 5-20 6.88 0.00 33.34 20 1791 2.64 589
Avicennia R 20-40 6.22 0.00 31.43 26 13.11 355 458
Avicennia S 0-5 6.90 0.00 4476 216 1.04 0.09 91
Avicennia S 5-20 7.90 0.10 52.15 148 0.82 0.08 124
Avicennia S 20-40 8.10 0.03 68.57 119 051 005 148
Bruguiera X 0-5 7.67 0.00 3581 179 385 021 236
Bruguiera X 5-20 6.36 0.00 30.20 227 445 0.19 175
Bruguiera X 20-40 4.63 0.00 30.20 205 577 022 148
Ceriops A 0-5 6.14 0.03 35.14 259 3.17 0.12 83
Ceriops A 5-20 6.01 0.06 3087 189 528 0.18 118
Ceriops A 20-40 3.56 0.06 38.06 138 7.52 0.19 70
Ceriops B 0-5 7.09 0.12 1662 274 1.68 0.08 188
Ceriops B 5-20 5.79 0.09 31.88 292 206 0.07 87
Ceriops B 20-40 3.71 0.06 33.01 190 6.51 0.16 127
Ceriops C 0-5 6.86 0.03 3795 256 1.64 0.09 61
Ceriops C 5-20 4.37 0.06 3738 234 5.14 0.14 74
Ceriops C 20-40 3.50 0.00 60.17 205 693 0.14 52
Rhizophora ) 0-5 6.69 0.06 3065 101 2.19 0.09 319
Rhizophora ] 5-20 6.73 0.03 2086 173 2.55 0.10 253
Rhizophora ] 20-40 6.55 0.00 31.32 139 5.38 029 218
Rhizophora K 0-5 7.18 0.02 32.00 38 426 020 642
Rhizophora K 5-20 6.32 0.00 29.64 33 6.18 0.26 581
Rhizophora K 20-40 5.46 0.03 31.21 56 1079 0.55 341
Rhizophora L 0-5 7.00 0.00 33.12 51 15.61 0.83 742
Rhizophora L 5-20 6.60 0.00 3256 112 1027 050 375
Rhizophora L 20-40 6.34 0.00 2672 216 8.10 0.39 341
Rhizophora M 0-5 6.95 0.00 32.44 62 8.34 0.47 537
Rhizophora M 5-20 5.97 0.00 31.66 195 3,60 0.16 157
Rhizophora M 20-40 5.54 0.00 30.09 221 5.54 025 218
Sonneratia 1 0-5 7.02 0.03 37.61 281 0.25 0.02 44
Sonneratia 1 5-20 6.85 0.00 2829 327 021 0.02 39
Sonneratia 1 20-40 5.45 0.03 3256 257 0.58 0.04 57
Sonneratia 11 0-5 6.75 0.06 3469 285 0.45 0.02 35
Sonneratia 11 5-20 6.17 0.03 32,11 292 0.62 0.03 44
Sonneratia 11 20-40 5.65 0.00 3200 264 0.86 0.05 48
Sonneratia 111 0-5 8.15 0.12 37.72 248 0.43 0.02 61
Sonneratia 111 5-20 6.20 0.08 2694 281 0.30 0.01 35
Sonneratia 111 20-40 8.18 0.14 39.07 252 0.40 0.02 83
Sonneratia 1V 0-5 820 1.29 30.65 234 201 0.12 96
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Table 3. Continued.

Type Location Depth pH CaCOs; Salinity Median Corg Ntot P
(cm) (wt%) (psu)  grain (wt%) (wt%) (ppm)
size (um)

Sonneratia IV 5-20 8.05 0.15 36.82 263 0.39 0.02 52
Sonneratia IV 20-40 8.29 0.84 16.28 286 0.74 0.02 83
Sonneratia V 0-5 795 099 3503 227 244 0.15 258
Sonneratia V 5-20 775 0.21 2997 262 1.41 0.07 127
Sonneratia V 20-40 8.26 090 3548 267 1.38 0.06 144
Sonneratia VI 0-5 344 000 2526 286 274 0.07 70
Sonneratia VI 5-20 5.55 0.09 30.76 259 081 0.02 96
Sonneratia VI 20-40 587 0.00 2661 238 306 0.06 118

Table 4. Molar C/N and C/P ratios of root and soil material at stations Ceriops C

and Rhizophora L.

C/N Cp

Mean St.Dev. N Mean r St.Dev. N
Ceriops C
Root 82.4 21.6 4 3668 1035 3
Bulk 26.8 59 4 3090 1244 4
Total 24.8 1.2 3 1987 362 3
Rhizophora L
Root 55.8 7.5 4 1453 444 4
Bulk 18.1 42 4 1104 105 4
Total 18.5 1.7 3 845 82 3

removal of root material. The C/P ratio of root material is also significantly
higher than that of bulk sediment (F = 3.955; df = 2; P = 0.039). The C/P ratio
depends mainly on the type of mangrove (F = 33.690; df = 1; P = 0.000),
consistent with the results presented in Tables 2 and 3, and observations by
Boto and Wellington (1983). The very high C/P ratios of living root material
from Ceriops (3668 + 1035) and Rhizophora mucronata (1453 + 444) are
consistent with the C/P ratio of dead root material from Rhizophora apiculata
(2508) in a Northern Australian forest reported by Alongi et al. (1993).

Pore-water chemistry
The pore-water of Gazi Bay sediments has been analyzed for sulfate, chlo-

ride, ammonium, nitrate (Figure 4), nitrite and phosphate. In general, nutrient
concentrations are very low for coastal sediments; ammonium ranges from 3
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Figure 3. Concentration versus depth profiles; a) Organic carbon (wt%) at station Ceriops C,
b) Nitrogen (wt%) at station Ceriops C; ¢) Organic carbon (wt%) at station Rhizophora L and
d) Nitrogen (wt%) at station Rhizophora L.
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to 390 pM, nitrate from 1 to 50 M, nitrite from <0.1 to 2.3 uM, and phos-
phate from <0.05 to 1 pM. The major components sulfate and chloride show
considerable variability related to salinity fluctuations; they range from 12 to
68 mM and 210 to 1125 mM. All pore-water constituents show significant
differences among mangrove-types and locations (Table 2).

Discussion

Nested ANOVA analyses have shown that carbon dioxide fluxes, sediment
grain sizes, sedimentary organic carbon, nitrogen and phosphorus contents,
and pore-water characteristics depend on mangrove forest type. Differences
between stations are primarily due to differences in forest type. Site variability,
not related to forest type, is significant for carbon dioxide fluxes and pore-
water ammonium, sulfate and chloride (Table 2).

These differences in mangrove sediment biogeochemistry could be due
to species-specific processes, to differences in elevation at which these
mangrove types occur or to interaction between both. Differences in elevation
relate directly to differences in tidal inundation frequencies, aerial exposure,
litter exchange rates, and depositional conditions. Van Speybroeck (1992)
recently summarized differences in elevation between various mangroves in
Gazi Bay. Median elevation values (in cm) for the mangroves are: Sonneratia
(160), Rhizophora (212), Bruguiera (212), Ceriops (245) and basin scrub-type
Avicennia (258). Van Speybroeck (1992) did not report a median elevation
value for creek-fringing Avicennia, but this type of mangrove can probably be
found between 160 and 212 cm. Accordingly, the relative altitude sequence
at which the mangrove types occur is: Sonneratia ~ creek-type Avicennia <
Rhizophora = Bruguiera < Ceriops < basin scrub-type Avicennia. Because
of these differences in tidal elevation, it is impossible for us to use field
correlations to distinguish between tidal elevation and forest type as factors
determining nutrient status of mangrove sediments. On the basis of microbial-
nutrient relationships of three different mangrove forest types at roughly the
same tidal elevation, Alongi et al. (1993) concluded that forest type does
not regulate the biogeochemistry of mangrove sediments in the Fly Delta,
Papua New Guinea. Moreover, correlations between mangrove forest type
and sediment characteristics in the field, cannot demonstrate cause and effect
relationships.

Pore-water composition

Nitrate, ammonium and phosphate concentrations in the overlying tidal water
are consistently below 1 uM, irrespective of the site or the phase of the tidal
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Figure 4. Continued.

cycle (Hemminga et al. 1995). Pore-water concentrations of ammonium,
nitrate and phosphate in mangrove sediments from Gazi Bay are very low
compared to those usually found in temperate intertidal sediments (e.g.,
Rutgers van der Loeff 1981), but consistent with observations made in tropical
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Figure 4. Continued.

intertidal sediments (Alongi 1991; Alongi et al. 1993), tropical seagrass beds
(Erftemeyer & Middelburg 1993) and other mangrove sediments (Alongi et
al. 1992, 1993; Kristensen et al. 1988; Morell & Corredor 1993). These very
low pore-water concentrations probably reflect nutrient uptake by mangrove
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roots and microbes and limit the efflux of nutrients from mangrove sediments.
Moreover, actual flux measurements made in other mangrove forests usually
indicate sediment nutrient uptake rather than release (Corredor & Morell
1989; Kristensen et al. 1988, 1992; Boto et al. 1989; Alongi et al. 1992,
1993).

Pore-water concentrations of nitrate at elevated sites (Ceriops stations
CA, CB and CC and Avicennia station AS) are significantly higher than those
observed at sites lower in the intertidal zone (Rhizophora stations RJ, RK, RL
and RM, and Sonneratia station SII; Figure 4; Table 2). Similar observations
have been made for nitrate (Alongi et al. 1993) in the Fly Delta, Papua New
Guinea, and dissolved organic carbon in Missionary Bay, Australia (Boto et
al. 1989). Enhanced pore-water concentrations of nitrate at elevated stations
may be due to lower plant uptake rates, evaporative concentrations effects
(see below) or limited exchange possibilities. Lower plant uptake rates may be
expected with increasing elevation because mangrove biomass and number
of roots per unit surface decrease with elevation. Intertidal sediments can
exchange non-gaseous components only during inundation and infrequent
tidal flushing may consequently cause the build up of dissolved components
in pore water.

Interstitial water profiles of sulfate and chloride show minor depletion
in the surface layer at Sonneratia station SII and Ceriops station CB and
significant enrichments with depth at the elevated Avicennia station AS and
Ceriops station CC (Figure 4). Pore-water profiles at stations SII and CB are
the only two that were obtained on rainy days and the observed depletions
in chloride and sulfate at shallow depth are probably caused by dilution with
rain. The increases in pore-water concentrations of sulfate and chloride with
depth at stations AS and CC indicate the presence of saline pore water deep
in the sediment. These elevated stations are flooded during spring tide only
(Hemminga et al. 1994) and in between evapotranspiration causes a salinity
increase of the remaining water up to about 70 psu. It should perhaps be men-
tioned that a large salt pan area is located between these two sites. At station
AS, sulfate is concentrated with respect to chloride, indicating that mecha-
nisms other than evaporation are involved. One such a mechanism could be
selective exclusion of sulfate at the root surface by Avicennia (Carlson et al.
1983; Carlson & Yarbrook 1987).

Carbonate dissolution and pH control

For several decades it has been recognized that reclaimed mangrove sediments
may develop into acid soils upon drainage and oxidation (e.g. Hart 1959;
Hesse 1961). Soil acidification is thought to result from the oxidation of
reduced sulfur compounds present in mangrove sediments. The results from
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Figure 5. The relation between soil pH and the calcium carbonate content (wt%). Filled
squares: Avicennia; Filled thombs: Bruguiera; Stars: Ceriops; Open squares: Rhizophora;
Open rhombs: Sonneratia.

this study show that acid conditions are not restricted to reclaimed mangrove
sediments, but also occur in mangrove sediments that are regularly flooded
(Table 3; Figure 5).

Mangroves can affect the acid-base balance of their sediments in a variety
of ways. Firstly, through oxygen translocation from their leaves to their roots
and subsequent release or leakage of this oxygen to the sediments, they may
alter the redox conditions in the sediments. Oxygen release by mangrove
roots has been inferred from enhanced Eh levels by Boto & Wellington
(1984) and indeed measured using microelectrodes by Andersen & Kristensen
(1988). The net effect of oxygen release will be an enhancement of aerobic
degradation of organic matter according to:

CH,0 + O, — H,COs3, 1)
and oxidation of reduced components such as:

ammonia: NHj 4+ 20, — HNO; + H;0, (2a; nitrification)

sulfide : H)S + 20,5 — H3S04, (2b; sulfide-oxidation)

ironsulfide : FeS; + 3.75 O; + 2.5 H,0
— FeOOH + 2 H,S0;. (2¢; sulfide-oxidation)
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The acids generated (H,COj3, H,SO4, HNO3) will consume alkalinity and
lower the pH and the saturation state with respect to calcium carbonate (lime).
If the acid production exceeds the buffer capacity of the pore-water, this will
cause dissolution of solid-phase calcium carbonate according to:

CaCO; + H,CO; — Ca®t + 2 HCO; . (3)

Secondly, ammonium uptake by mangrove roots will lead to a release of Ht.
Thirdly, any carbon dioxide respired by mangrove roots will also lower the
pH. It should be realized that carbon dioxide uptake and fixation by roots
will enhance the alkalinity and pH. Kristensen et al. (1988) clearly showed
that Rhizophora apiculata roots lowered the pH and alkalinity of mangrove
sediments, indicating that mangrove root activities induce acidification.

In Gazi Bay sediments with calcium carbonate contents above 0.2 wt% the
pH is effectively buffered at values around 8 (Figure 5). In calcium carbonate
depleted sediments, the buffering capacity of the sediments is limited and pH
values decrease down to 3.5. Carbonate dissolution in mangrove sediments
from Gazi Bay may be a quantitatively important process considering that
calcium carbonate contents of adjacent intertidal flat sediments and subtidal
seagrass sediments vary from 55 to 60 and 39 to 80 wt%, respectively
(Hemminga et al. 1994). If carbonate dissolution in mangrove sediments
is demonstrated to be a general process, it may have implications for coastal
and global carbon cycles.

Benthic nitrogen excess

The molar Carbon/Nitrogen ratio of fresh mangrove leaves in Gazi Bay are
about 27 to 32 for basin scrub-type Avicennia marina, 28 for creek-fringing
Avicennia marina, 25 to 34 for Sonneratia alba, 59 to 69 for Ceriops tagal,
45 to 70 for Bruguiera gymnorrhiza, and 43 to 78 for Rhizophora mucronata
(Rao et al. 1994; Hemmingaet al. 1994). Part of the variability in reported C/N
ratios may be related to the physiological conditions of the leaves sampled
and analysed. During senescence of the leaves, i.e. before litterfall, about 64%
of the nitrogen is resorbed by the mangroves (Rao et al. 1994). Consequently,
the sediments receive mangrove material that is depleted in nitrogen. In
contrast, our data indicate that sedimentary carbon/nitrogen ratios are rather
low compared to mangrove material and rather independent of mangrove type
(Figure 2). In other words, there is a nitrogen excess with respect to carbon in
the sedimentary material relative to mangrove material. This might indicate
that there are either strong losses of carbon relative to nitrogen, or vice versa
that there are benthic nitrogen inputs.

In order to put some limits on the first possibility we have performed
some simple conservative mass-balance calculations for two stations, namely
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Ceriops C and Rhizophora L (Table 5). The calculations are based on the
following assumptions: (1) Long-term nitrogen gain rates can be calculated
by dividing the carbon mineralization rates with the C/N ratio of the leaf
material entering the sediment and being decomposed. In Gazi Bay, carbon
dioxide fluxes can be used as an approximate measure for organic carbon
mineralization rates because effluxes of methane can be neglected (< 0.1
mol C m~? yr~!; Middelburg et al. 1995). Since an unknown part of the
carbon dioxide flux from mangrove sediments might be related to root respi-
ration rather than due to organic carbon mineralization, we will overestimate
nitrogen gain rates; (2) All nitrogen is retained in the sediments, whereas all
carbon is lost; (3) The sediment layers with abundant living roots are about
16 and 40 cm thick for the Ceriops and Rhizophora stations respectively
(Figure 3). Nitrogen-gain rates at stations CC and RL vary from about 0.3 to
0.7 and 0.4 to 1.1 mmol N m~2 d~! respectively, depending on C/N ratio of
decomposing organic matter (i.e. fresh or senescent leaves). These calculated
N-gain rates are much lower than N-mineralization rates measured elsewhere
by '’N-techniques: 3.3 to 21.8 mmol N m~2 d~! in Oyster Bay, Jamaica
(Nedwell et al. 1994) and 4.3 to 18.0 mmol N m~2 d~! at Phuket Island
(Blackburn et al. 1987). In a series of papers, Alongi (1994b for a recent
summary) has stressed the important role of bacteria in nutrient recycling and
conservation in tropical mangrove sediments. He proposed that most bacteria
are recycled via natural mortality, with the next generation of cells living from
mineralization of bacterial biomass. Rates of ammonium turnover determined
with '>N-techniques might therefore refer to the rate of bacterial N-turnover.
If benthic bacteria with a C/N ratio of about 4 account for the bulk of the
organic carbon and nitrogen turnover in Gazi Bay sediments, we estimate
nitrogen turn-over rates of 11 and 15 mmol N m~2 d~! for the Ceriops and
Rhizophera stations, respectively, consistent with observations by Blackburn
et al. (1987) and Nedwell et al. (1994). Accordingly, the calculated N-gain
rates based on leaf C/N ratios should be considered as estimates for the long-
term net rate of nitrogen addition to the system rather than measures of actual
ammonium turnover rates.

The inventories of excess particulate nitrogen relative to fresh-leave input
amount to about 12 and 73 mol m~2 at the Ceriops and Rhizophera stations
(Table 5). Based on these very conservative calculations we estimate that
at least between 45 and 114 years at the Ceriops station, and 189 and 548
years at the Rhizophera station, are required to cause the excess nitrogen by
mineralizing carbon, while retaining all the nitrogen. Residence times due to
burial are 53 and 153 yr at the Ceriops and Rhizophora stations if sediments
accumulate at 3 mm yr~!, the present-day rate of sea-level rise. Thus, even
with a 100% retention of the mineralized nitrogen in the sediments due to
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Table 5. Mass balance constraints on nitrogen excess.

Ceriops Rhizophora Unit

Organic C 1.9 5.6 wt%

N 0.1 0.3 wit%

C/N 21.6 214 mol/mol
Depth 16 40 cm
C/NieavesNew 60.5 57.1 mol/mol

C/N leavesOld 1525 165.7 mol/mol
Miner.C 435 60.5 mmol m~2d~"
Miner. N leav.New 0.72 1.1 mmol m~%d~!
Miner. N leav.Old 0.29 0.37 mmol m~2d~!
NexcessFreshLeaves 11.9 73.1 mol m~2
NexcessOldLeaves 15.8 100.9 mol m™?
TimeFreshLeaves 45-114 189-548 year
TimeoldLeaves 60-152 261-757 year

immobilization of nitrogen in microbial biomass and no nitrogen uptake
by mangrove roots, we obtain nitrogen enrichments times that are too long
relative to the burial rate of the sediments. Hence, there must be addition of
nitrogen to mangrove sediments.

There are a few possibilities for nitrogen addition. Firstly, there could
be belowground input of nitrogen-rich mangrove material. Although we do
not know the annual belowground input of carbon and nitrogen, this nitrogen
input pathway cannot explain the nitrogen excess because the C/N ratio of root
material is significantly higher than that of the sediment (Table 4). Secondly,
nitrogen-fixing bacteria may enrich the sedimentary material. Nitrogen fixa-
tion activities have been reported in mangrove sediments (Goto and Taylor
1976; Alongi et al. 1992), and likely account for part of the n}trogen excess
found in mangrove sediments of Gazi Bay (Woitchik et al. 1996). Thirdly,
benthic bacteria may take up dissolved nitrogen compounds from the over-
lying water during high tide (Kristensen et al. 1988, 1992; Alongi, 1994b;
Alongi et al. 1992, 1993). Fourthly, there might be import and mineralisation
of material with C/N ratios much lower than the sedimentary ratio. Import of
allochtonous organic matter is consistent with the relative high concentrations
of organic carbon in mangrove sediments in Gazi Bay and the 6'3C values of
sedimentary organic matter. Average organic carbon concentrations in sedi-
ments from Gazi Bay (3.4 to 11.3 wt%) are much higher than those reported
for sediments in other mangrove forests (0.4 to 2.2 wt%; Alongi et al. 1993;
Kristensen et al. 1988, 1991, 1992, 1994; Blackburn et al. 1987). The 6!3C
values of Ceriops tagal (—24.12%0) and Rhizophora mucronata (—28.25%o)
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leaves are close to, but depleted, with respect to values of sedimentary organic
material (—22.69 and —25.31%eo, respectively; Hemminga et al. 1994). This
enrichment in §'3C values of sedimentary material relative to mangrove mate-
rial could be related to the import of seagrass or algal material. Import and
degradation of algal (C/N = 7), seagrass (C/N ~ 19), or suspended material
(C/N: 6.5 to 10: Hemminga et al. 1994) would provide a mechanism to explain
the nitrogen enrichment of the sediments and the relatively high concentra-
tions of organic matter. Creek-fringing Avicennia sediments are in particular
rich in organic carbon and nitrogen (Table 3; Figure 2), probably because
their geographic location and root system (abundant pneumatophores) favour
trapping of allochthonous material. To conclude, mangrove sediments in Gazi
Bay act as a sink for nitrogen and organic carbon, part of which may have
been imported from adjacent ecosystems.
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