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ABSTRACT: Rates and pathways of organic matter decomposition were estimated in sediments of 6, 8 
and 35 yr old Rhizophora apiculata plantations in the lower Mekong delta, Vietnam. Rates of total car- 
bon oxidation ( T o ,  = average of CO, gas fluxes from exposed sediments + ZCO, fluxes from sub- 
merged sediments) were slowest in the 8 yr old forest (mean T o ,  = 17.1 mm01 C m-' d-'), with higher 
rates in the 6 yr old (mean To, = 48.1 mm01 C m-' d.') and 35 yr old forests (mean Tcox = 53.7 mm01 
C m-2 d-'). In all 3 forests, sediments to a depth of 40 cm were acidic, with mostly positive redox poten- 
tial: free sulfides and methane were not measurable in the pore water or across the sedirnenwwater-air 
interface. Oxic respiration was the malor decomposition pathway, ranging from 63 to 64% of Tcox in 
the 2 older forests to 94 % of Tcox in the 6 yr old stand. Budget calculations suggest that most of the O2 
flux was associated with chemical oxidation in sediments of the 2 youngest forests. Sulfate reduction 
was the second most important diagenetic pathway (range 0.2 to 13.0 mm01 S m-' d-l) and, on average, 
total rates increased with increasing forest age. Manganese reduction appeared to be a minor decorn- 
position pathway in all 3 stands (range 1.0 to 2.8 mm01 Mn m-' d-l), and iron reduction was measurable 
only in the 6 yr old forest (0.9 * 0.6 mm01 Fe m-' d-'). Denitrification was measurable only in the 35 yr 
old forest (2.2 i 0.5 mm01 N2 m-' d-l), but was the thud largest C oxidation pathway at this s ~ t e .  Nitro- 
gen fixation was most rapid in the 8 yr old forest (1425 i 468 pm01 NZ m-' d-l) and equivalent in the 
6 yr old (245 + 127 pm01 N2 m-' d-l) and 35 yr old forests (444 * 92 pm01 NZ d-l). The molar carbon 
ratio of sediment respiration to forest net primary production (Rh,,,,JNPP) in the 6 and 35 yr old forests 
averaged 18 and 28 %, respectively. These comparatively low mineralization losses, coupled with the 
lack of measurable denitrification at 2 of the 3 plantations, imply that these R. apiculata plantations are 
highly efficient at sequestering labile carbon and nitrogen into plant biomass and sediment pools. 
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INTRODUCTION 

Mangrove forests help to sustain coastal food chains 
and nutrient cycles, and are an important source of 
timber, fuel, food, and other products for human inhab- 
itants in tropical coastal regions (Field 1995). Tradi- 
tional uses of mangrove wood include production of 
charcoal, tannins for dyeing and leather protection, 
furniture, poles, and thatch for houses. 

In Southeast Asia, such traditional use of mangroves 
is common, but there are other forms of exploitation 
that are more destructive on an ever-increasing scale. 
Removal of mangroves for economic and commercial 
purposes, such as construction of shrimp and fish 
ponds, timber extraction for wood-chipping, construc- 
tion of tourist facilities, industrial and road develop- 
ment, mining, and drainage for agriculture and flood 
protection, is occurring at an unsustainable level (Field 
1995, Hinrichsen 1998). 

In Vietnam, where mangrove forests once covered 
an area of 4000 km2, the widespread use of herbicides 
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and napalm during the Vietnam War destroyed nearly 
1050 km2 of mangrove forest (Hong & San 1993). Most 
of the remaining mangrove forests occupy the Mekong 
delta, and consist mostly of secondary communities 
and plantations (Spalding et al. 1997). Coastal erosion 
has occurred in many parts of the Mekong delta, 
where mangrove forests have not regenerated because 
of degraded soils or have formed secondary scrubby 
growth. There have been further losses of mangrove 
forest since the Vietnam War through conversion of 
land to shrimp ponds, salt ponds, and rice agriculture 
(Hong & San 1993). From 1977 to 1995, the area 
of mangrove forest in Minh Hai Province in the 
Mekong region has declined from 84 127 to 64 819 ha 
(DeGraaf & Xuan 1998). Based on projections of the 
Minh Hai Forestry Department, at the current rate of 
loss (-5000 ha yr-l; Hong & San 1993), mangrove 
forests will not be able to meet the projected demand 
for firewood. These additional losses have led to other 
problems such as salinity intrusion, acidification of 
coastal and aquaculture waters, a decline in abun- 
dance of post-larval shrimp and the mud crab Scylla 
serrata, and a decline in shrimp pond yields (Alongi et 
al. 1999b, Johnston et al. 1999). 

In an  effort to stem the decline of mangrove forests 
and to improve yields of both mangrove timber and 
cultured shrimp, the Minh Hai government established 
22 mixed shrimp farming-mangrove forestry enter- 
prises (SFFEs), whereby both shrimp and mangroves 
are cultured by individual farmers on small plots of not 
more than 10 to 15 ha. Only the tall-stilted mangrove, 
Rhizophora apiculata, is cultured as plantations within 
these enterprises. 

As part of a large project to identify and ameliorate 
the factors causing declining yields of shrimp and 
mangrove wood (Johnston et al. 1999), we investigated 
how sediment chemistry, and rates and pathways of 
organic-matter decomposition in sedirnents influence 
the potential yield from these mangrove plantations. 
Recent studies on other mangrove forests indicate a 
positive relationship between rates of benthic reminer- 
alization and mangrove productivity (Alongi 2000) and 
differences in the specific pathways of organic matter 
decon~position with forest age (Alongi et al. 1998). 
These plant-microbial links are reflected in clear evi- 
dence that highly productive mangrove forests serve 
as sinks for many species of dissolved nutrients (Boto 
1992, Kristensen et al. 1995, 1998, Rivera-Monroy & 
Twilley 1996, Duarte et al. 1998). Mangrove-microbe- 
nutrient interrelationships are complex (Boto 1992, 
Nedwell et al. 1994) and need to be more fully under- 
stood in order to assist managers in maximizing man- 
grove yields. In this paper, we examine sediment bio- 
geochemistry in 6, 8, and 35 yr old plantations of 
Rhiznphorir apiculata in the lower Mekong delta. 

MATERIALS AND METHODS 

Study sites. The 6 and 8 yr old Rhizophora apiculata 
forests are located on separate plantations within 
Enterprise Tam Giang I11 (latitude 8.8' N, longitude 
105.2" E), located in Minh Hai province on the Ca Mau 
peninsula of the lower Mekong delta (Fig. 1). Tam 
Giang I11 consists of many extensive farms practicing 2 
types of cultivation: (1) separate shrimp pond and man- 
grove forest farms; (2) mixed farms where the shrimp 
ponds consist of a series of long channels dug through 
the mangrove forest (Alongi et al. 1999b, Johnston et 
al. 1999). The 6 yr old forest (Stn M6, Fig. 1) is located 
on a mixed model farm through which canals for 
shrimp aquaculture have been dug. This forest 
(10.5 ha) was manually replanted, but not thinned. 
Above-ground biomass for this forest averages 
78.3 metric tons ha-' with an average net primary pro- 
duction of 23 metric tons ha-' yr-' (B. F. Clough pers. 
comm.). The 8 yr old forest (Stn M8, Fig. 1) is located 
on a separate farm-model system in which the forest 
(5.6 ha) has been allowed to regenerate naturally 
behind the shrimp pond. This stand has not been 
thinned. It has an average above-ground biomass of 
90 metric tons ha-'; net primary production for this 
stand is unknown. The third study site (Stn M35) is a 
35 yr old R. apiculata forest (-50 ha) located along a 
man-made canal (Fig. l),  and is used as a source of 
propagules for other plantations. This stand was man- 
ually planted and thinned by 30% in 1993. Above- 
ground biomass for this forest is 325.6 metric tons ha-', 
with an average net primary production of 16.6 metric 
tons ha-' yr-' (B. F. Clough pers. comm.). 

All 3 plantations are located in the high intertidal 
zone (defined as the zone inundated by mean high- 
water spring to extreme high-water spring tides; 
Alongi 1989). These forests are inundated by tides only 
-3 to 5 d mo-' (Xuan, Hoang & Hung pers. obs.). Topo- 
graphical data are not available for this area, but the 
average annual tidal range is -1.8 to 2.0 m (Thuy 1988, 
Wolanski et al. 1996). 

Sediment chemistry. In October 1996, sediment 
cores for pore water and solid-phase elements (n = 3) 
and for redox potential and pH (n = 2)  were taken at 
each site using a 40 cm long, stainless steel corer (7 cm 
id . )  containing an inner core S-ubdivided into 2 cm long 
plastic rings. Cores were taken randomly from each 
forest. Sediment temperature, Eh, and pH were mea- 
sured to a depth of 40 cm (2 cm intervals) with a Model 
ATC temperature probe, a Model PRFO combination 
calomel reference-platinum redox electrode, and a 
Model PBFC pH probe (TPS Pty. Ltd, Brisbane, Aus- 
tralia). The redox and pH electrodes were allowed to 
equilibrate for 10 to 15 rnin before readings were taken 
with a TPSe Model WP-80D mV-pH-temperature me- 
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ter The pH electrode was calibrated with 
5.00, 6.00 and 7.00 standards. The water 
content of triplicate 5 cm3 samples taken to 
a depth of 20 cm (2 cm intervals) was deter- 
mined as difference in weight loss of wet 
sediment dried at 80°C for 16 h. The per- 
centage of sand, silt and clay was deter- 
mined by sieve and pipette analysis on du- 
plicate bulk (0 to 10 cm) samples (Folk 
1974). 

For pore water, triplicate cores were 
sliced at 2 or 4 cm intervals in a glove bag 
under N2 atmosphere, with each sediment 
slice kept intact, and placed into an acid- 
washed Petri dish. The intact slices were 
placed immediately into Teflon pore-water 
extractor cassettes (Robbins & Gustinis 
1976) and squeezed to obtain -10 m1 
pore water per sample (see procedures in 
Alongi et al. 1998, 1999a,b). The pore 
water samples were analyzed for SO4, Cl-, 
Fe, Mn, DOC, PO,. NH4+, NOp- + No3- and 
HS-. Sulfate and sulfide were measured 
in pore water to which 1 m1 20% zinc 
acetate had been added as fixative. Sulfide 
was measured spectrophotometrically from 
precipitated ZnS (Cline 1969). Sulfate was 
determined gravimetrically by BaS04 pre- 
cipitation and filtrat~on. Average precision 
for SO, and HS- was 3%. Dissolved inor- 
ganic nutrients were determined by stan- 
dard automated techniques (Ryle et al. 
1981, Ryle & Wellington 1982). DOC, Fe 
and Mn were measured on pore water 
stored cool in sterile polypropylene test 
tubes. DOC was determined by high- 
temperature catalytic oxidation on a Shi- 
madzu TOC-5000 Analyzer (Hedges et al. 
1993). Blanks using Milli-Q water were run 
for DOC concurrently with the samples. 

Jdv 
ENTERPRISE TAM GIANG 3 

Dissolved Fe and Mn were measured on 
a Varian Liberty 220 ICP-AES, with ana- 

Fig. l .  Location of Stns M6, M8 and M35 within enterprise Tarn Giang I11 
lytical precision of k1.5 and 0.09 FM, re- (TG3), and enterprise location within lower Mekong delta, Vietnam 
spectively. Chloride was measured on the 
same samples using a Radiometer CMTlO 
Chlonde Titrator. 

Solid-phase elements (TOC, total N, P, S, Fe, Mn, 
FeS2) were determined in the same sediment slices 
squeezed for pore water. After drying and grinding, 
TOC was determined on a Beckman TOC Analyzer 
and total N on a Perkin Elmer 2400 CHNS/O Series I1 
Analyzer. Total P, S, Fe and Mn were measured on the 
Varian ICP-AES after aqua regia and HC10, digestion. 
Pyrite was measured by the spectrophotometric meth- 
od of Lord (1982). 

Methane concentration in the pore water was deter- 
mined in November 1997 by slicing triplicate 1 m long 
cores (using a 1.5 m long, 7 cm i.d. stainless-steel 
corer) and analyzing subsamples at 5 to 10 cm inter- 
vals. These segments were placed in plastic syringes 
containing 20 m1 of a 1 M NaOH solution; samples 
were sealed with a rubber-stoppered plunger, shaken 
and allowed to sit at ambient temperature for -1 h 
(Ferdelman et al. 1997). Gas in the headspace was 
examined by gas chromatography (thermal conduc- 
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tivity detection, GC-TCD) by extruding headspace 
gas directly into the sampling port of a MTI Analytical 
Instruments P200 gas chromatograph. Pure methane 
gas was used as standard. Analytical precision (k 1 SE) 
was *10%. 

Metal reduction. Net rates of iron and manganese 
reduction were estimated in November 1997 with a 
core-incubation method (Aller et al. 1996). Two sets of 
duplicate 20 cm long cores were subdivided into 4 cm 
long sections under a N2 atmosphere. The sections 
were placed into separate sterile and air-tight opaque 
plastic boxes, each containing 20 m1 deoxygenated 
sodium molybdate (20 mM) solution, to inhibit sulfate 
reduction. Sediments in each box were mixed and sub- 
sampled on Days 0, 1, 2 and 3. Subsamples were 
placed directly into the pore-water squeezer cassettes, 
removed from the glove box, and processed as for 
other pore-water solutes. Total dissolved Fe and Mn 
were determined on a Varian Liberty 220 ICP-AES. 

Sulfate reduction. In October 1996 and May 1997, 
sulfate reduction was measured on triplicate 2.7 cm 
diameter cores using the core-injection technique 
(Fossing & Jorgensen 1989). Injections of 2 m1 carrier- 
free 35S042- (74 MBq ml-'; Amersham, England) were 
made horizontally at 1 cm intervals through silicone- 
stoppered ports. The cores were incubated in shade for 
6 h (4 h at Stn M35 in 1997) before being cut into 2 cm 
segments, transferred to 20 % ZnAc, and frozen to ter- 
minate incubations and fix sulfides. A 2-step distilla- 
tion procedure was used to determine the fraction of 
reduced radiolabel in the acid-volatile sulfide (AVS = 

free sulfides, FeS) and chromium-reducible sulfur 
(CRS = So, FeS2) pools (Fossing & Jerrgensen 1989). 

Denitrification. Denitrification was measured from 
replicate cores taken in May 1997 (Stns M6 and M8) 
and November 1997 (Stn M35) using the N2-gas flux 
technique of Nowicki (1994). Sediment cores (volume 
range 230 to 385 cm3, sediment-depth range 6 to 
10 cm) were taken by pushing open-ended plastic bot- 
tles into the sediment surface and placing each core in 
a gas-tight glass chamber (height 23.5 cm; i.d. 7.6 cm). 
Sediments in each chamber were covered with -500 to 
800 m1 seawater collected from an adjacent estuary. 
Each chamber was sparged with either an 80% He/ 
20 % O2 mixture (3 expenmental chambers per site) or 
100 % He (1 to 2 control chambers per site, see below) 
to remove N2 and, in the case of the experimental 
cores, to maintain dissolved 0 2  concentrations. The 
overlying water in each sealed chamber was stirred 
continuously. All chambers were incubated for 9 d at 
ambient temperatures to mimic field conchtions. 

In the experimental chambers, the gas phase was 
flushed repeatedly with a 80 % He/20 % 0, mixture 
after the overlying water had been periodically re- 
placed with low-N2 seawater. The water exchanges 

maintained oxygen conditions and an adequate nitrate 

supply. 
The control chambers were incubated under anaero- 

bic conditions (100 % He gas and deoxygenated-water 
exchanges) in order to block nitrification and denitrifi- 
cation (Nowicki 1994). Water exchanges were made on 
Days 3 and 6. After each water exchange, the gas 
headspace was flushed with 100% He for 3 to 5 min 
twice within 8 h, followed by 24 h incubation before 
the accumulated of N2 gas in the headspace was mea- 
sured. Gas-flushing occurred daily, and the accumula- 
tion of N2 gas in the headspace was measured each 
day over the 9 d incubation period. 

Despite denitrification being blocked in the control 
cores, there can be significant de-gassing of N2 from 
the sediment pore water that diffuses into the overly- 
ing water and gas. This background flux of N, (F,,) 
measured in the control chambers was subtracted from 
the total N2 flux (F,) measured in the experimental 
chambers to derive the rate of N, flux due to denitrifi- 
cation (Fdn), where F,, = F,- F,, (Nowicki 1994). Deni- 
trification rates (pm01 N2 m-2 d-l) were calculated as 
the average rate of triplicate cores from each site, from 
3 to 4 data points over the 9 d incubations. 

Measurements of N2 and O2 concentrations in the 
overlying gas phase in each chamber were made by 
withdrawing samples through the chamber sampling- 
ports by an He-flushed syringe. The gas was analyzed 
for N2 and O2 using an MTI Analytical Instruments 
P200 gas chromatograph under conditions specified by 
Nowicki (1994). Calibration standards were run with 
each set of samples using a gas mixture (3 % N2, 20% 
02, 77% He) certified by BOC Gases Australia Ltd 
(Townsville, Australia). 

Nitrogen fixation. Nitrogen fixation in each forest 
was measured in November 1997 in replicate (n = 8) 
darkened chambers (see 'Gas and solute fluxes' below) 
using the acetylene-reduction technique (Capone 
1993). Acetylene and ethylene in the inc.ubation rnix- 
tures were analyzed simultaneously by gas chro- 
matography. The acetylene-reduction rates were con- 
verted to rates of nitrogen fixation using the theoretical 
factor of 3 acetylene molecules equivalent to 1 nitro- 
gen molecule. 

Gas and solute fluxes. Fluxes of CCO,, DOC, Fe, Mn, 
DOC, DON, DOP, NH4+, NO2- + NO3-, and P043- across 
the sediment-water interface were made from tripli- 
cate glass chambers (surface area = 0.007 m') inserted 
into boxcorer samples and incubated in a shaded water 
bath at ambient temperature (Alongi et al. 1998, 
1999a,b). Each boxcore liner was inserted into the 
forest floor to a depth of 25 cm, and removed with 
minimal disturbance. Each chamber had a propeller- 
electric motor unit and 2 sampling ports. Samples for 
dissolved metals and nutrients were taken from each 
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chamber via the sampling ports. Samples 
were taken at 30 min intervals for 3 h. 
Filtering and processing of metal samples 
were identical to procedures for pore- 
water metals. Fluxes of all solutes were 
measured at each forest in May and 
November 1997, except for z C 0 2  which 
was measured only in November 1997. 
LC02 was estimated as the difference 
between measurements on each fiItered 
(0.4 pm Nuclepore) sample of total dis- 
solved carbon and dissolved organic car- 
bon after acidification with 100 p1 high- 
purity HC1. Samples were measured on a 
Shimadzu TOC-5000 Analyzer. 

Three opaque-glass chambers per site 
were used to measure CO2, 02, and CH, 
fluxes across the air-sediment interface in 

and ~~~~~b~~ 1997, ~h~~~ chambers Fig. 2. Rhizophora apiculata forests. Vertical pH profiles (means * l SE) at 
2 cm intervals to a sediment depth of 40 cm at Stns M6, M8, and M35, 

were incubated in a shaded water bath with October 1996 
ambient seawater up to several cm below 
the sediment surface. Gas samples were 
taken at  30 min intervals over 3 h from a sampling port 
on each chamber, and were analyzed by GC-TCD (see 
'Sediment chemistry' above) using certified standards. 
Average precision was 0.3 % for 02, 0.4 % for CO2 and 
5 % for CH,. 

Data analysis. Comparisons between sites and sam- 
pling times were made using either 1- or 2-factor 
ANOVA (Sokal & Rohlf 1995). Any significant site or 
season effects were further examined using the Stu- 
dent-Newrnan-Keuls test. Data were log-transformed 
if F,,,,, tests indicated heteroscedasticity. 
Linear regression was used to calculate 
rates of solute and gas flux. Level of sig- 
nificance was p = 0.05. -80 

RESULTS 1 
Sediment chemistry 

l0  1 
Sediment temperature at  all 3 Rhizo- l 5  

phora apjculata forests ranged from 29 to 2 

33°C with no significant seasonal differ- S 20 

ences among forests. At Stns M6 and P 25 

M35, sedirnents consisted of equal parts 

of silt and clay with no sand. Stn M8 sed- 30 
iments were comprised of 66.7% silt and 
33.3% clay. The water content of sedi- 35 

ments at all 3 sites averaged 9.5 % at Stns 
M6 and M35 and 14.5% at Stn M8. At all 40 

grey clay measured for TOC consisted of little, if any, 
organic carbon (<O.lO:& by sediment dry wt). 

Sediments at all sites were acidic (Fig. 2) and gener- 
ally non-reducing (Fig. 3). Differences in pH and redox 
potential among forests were not significant because of 
large between-core variations. On average, however, 
Stn M8 sedirnents were the most acidic, particularly 
over the 0 to 20 cm horizon. Sediment pH at all sites 
was <7.0. Redox levels were >O at all forests and 
depths, except below 15 cm at Stn M6 (Fig. 3). 

Redox Potential (mV) 

-40 cm consisted Fig. 3. Rhizophora apiculata forests. Vertical profiles (means 1 SE) of 
of hard, grey clay, with no roots or other redox potential at 2 cm intervals to sediment depth of 40 cm at Stns M6, M8, 
mangrove material. Subsamples of this and M35, October 1996 
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Pore water at most depths at all 3 sites (Fig. 4) 
showed greater S04/Cl ratios than in the overlying 
water (see arrow in Fig. 4), despite greater levels of Cl- 
in the pore water than in the adjacent creek water 

S04-/C1- (molar ratio) 

Fig. 4. Rhizophora apiculata forests. Vertical profiles [means * 
1 SE) of pore-water sulfate, chloride and sulfate/chloride ratio 
for all 3 forests, October 1996. Arrows on x-axis: mean values 
in overlying water at each site; single arrow: SO,/Cl ratios in 
all tidal waters ( i .e .  no significant differences among locations) 

(Fig. 4) .  No HS- or CH4 were detected in the pore water 
at any depth at any of the 3 forests. 

Vertical profiles of pore water NH4+, P043-, DOC, Fe 
and Mn concentrations were highly variable at each 
forest, with no significant differences in concentrations 
among replicate cores (Table 1). The only significant 
differences among the 3 forests were lower concentra- 
tions of Fe and DOC at Stn M6 than at the other 2 forests, 
and lower Mn concentrations in the order: M6 < M35 < 
M8 (Table 1). Only vertical profiles of NO,- + NO,- 
(Fig. 5) showed a clear depth-related pattern, with a de- 
cline in concentrations with increasing sediment depth 
at all 3 sites (overlying water-column concentrations of 
NO2- + NO3- are arrowed in Fig. 5). NO2- + No3- con- 
centrations were detectable at all depths, ranging from 
0.1 to 0.9 p M  below 20 cm at all 3 forests (Fig. 5). Differ- 
ences over the entire depth horizon were not signifi- 
cant anlong the 3 sites, although there were significant 
differences among sites at a depth of 4 to 6 cm (Fig. 5). 

Vertical profiles of solid-phase elements exhibited a 
similar lack of depth-related patterns and differences 
among the forests (Table 2). The only station differ- 
ence was lower Mn concentrations at Stn M35 than at 
the other 2 sites (Table 2). 

Pyrite sulfur constituted a major fraction of the total 
solid-phase S pool at each site (Fig. 6). On average, 
pyrite S constituted 92, 80, and 62 % of the total S pools 

Table 1. Rhzophora apiculata forests. Mean (*l SE) pore- 
water concentrations of ammonium, phosphate, dissolved 
organic carbon, total iron, and total manganese in sediments 
of all 3 forests, October 1996. Values (FM) are means of 2 cm 
interval subsamples of triplicate cores to a depth of 40 cm 

NH4+ 37.1 * 16.5 15.9 + 5.1 36.7 * 14.8 
pod3- 0.8 * 0.4 0.6 + 0.3 0.7 * 0.3 
DOC 23300*2200 31400i5100 34700*7000 
Fe 16*7 45+ 11 44 *l8  
Mn 9 i 1  66 + 9 28 *3 

Table 2. Rhizophora apiculata forests. Mean (+l SE) concen- 
trations of total organic carbon, total nitrogen, molar C:N 
ratio, total phosphorus, and total manganese in sediments of 
all 3 forests, October 1996. Values (percentages sediment dry 
wt) are means of 2 cm interval subsamples of triplicate cores 

to a depth of 40 cm 

Element M6 M8 M35 

TOC 4.90 1.40 3.95 rt 2.40 6.23 i 1.90 
TN 0.253 r 0 05 0.256 .c 0.10 0.382 * 0.11 
C/N 22.6 18.0 19.0 
TP 0.044 * 0.016 0.070 i 0.026 0.037 * 0.107 
Mn 0.025 * 0.011 0.039 * 0.023 0.016 * 0.003 
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NO2' +N03- (W) 
at  Stns M6, M8 and M35, respectively. The ~ 3 5 ~ 8  

percentage contribution of pyrite Fe to the o 5 10 15 20 25 30 35 40 

total Fe pool (Fig. 6) was much less, aver- o - 
aging 1.9, 10 and 2496 at  Stns M6, M8 and 
M35, respectively. Only at Stn M6 was 5 - I 

there a significant increase (for pyrite S 
and  Fe, total S) or decrease (for total Fe) 10 - 
with increasing sediment depth (Fig. 6). 2 15- 

U 
U 

Gas and solute fluxes 
5 2 0 -  
5 n 

Gas fluxes across the sediment-air inter- FT 
face (Table 3) were very variable among 
replicate chambers and among sites with 
time. In May 1997, CO2(,, fluxes were slow- 
est at  Stn M8 and equivalent a t  the other 2 
sites. In November 1997, rates were in the 40 

order: M35 > M6 > M8 (Table 3). Seasonal 
Fig. 5. Rhizophora apiculata forests. Vertical profiles (means 2 1 SE) of pore 

differences were significant at water nitrite + nitrate to sediment depth of 40 cm at Stns M6, M8,  and M35, 
M8. In November 1997, fluxes of 1 C 0 2  October 1996. Arrows: mean values in overlvina water at each site 
across the sediment-water interface in 
flooded cores were not significantly differ- 
ent  from CO2 gas fluxes at Stn M6; CC02  fluxes were 
greater than CO2 gas fluxes at  Stn M8, but less at  
Stn M35 (Table 3). No methane flux was detected from 
exposed sediments at any of the 3 forests. 

Oxygen fluxes (Table 3) were not significantly differ- 
ent  between sites in May and November 1997. How- 
ever, O2 flux rates were significantly slower at  Stns M6 
and M35 in November 1997 compared to flux rates 
measured at  each site in May 1997. 

Fluxes of dissolved nutrients and metals across the 
sediment-water interface in flooded cores (Table 4) 
were very variable both between replicate chambers 
and between forests with season, masking clear 
and consistent differences anlong forests. On average, 
there was less flux at Stn M6 than at  Stns M8 and M35 
(Table 4), and more nutrient and metal flux in No- 
vember 1997 than in May 1997. Most fluxes were not 
significant over the 3 h incubation period. 

Table 3. Rhizophora aplculata forests. Mean (*l SE) fluxes of 
C02,g1 and O?,,, across sediment-air interface (exposed sedi- 
ments), and ECOz across sediment-water interface (flooded 
sediments) in opaque-glass chambers. Gas measurements 
made in May and November 1997, solute flux measured only 
in November 1997. Values are mm01 m-' d-' NA no mea- 

surements 

C~ZI! , ,  zcoz 021g1 

M6 
May 1997 59.1 + 1.0 140.5 56.6 
Nov 1997 50.8 + 3.4 34.5 * 28.8 19.2 * 6.7 

M8 
May 1997 35.9 + 3.0 67.7 + 13.8 
Nov 1997 1.7 r 0.6 13.7 i 5.2 N A 

M35 
May 1997 52.5 + 24.5 55.0 ? 18.0 
NOV 1997 80.4 + 15.7 28.3 r 8.3 13.0 & 1.7 

Table 4. Rhizophora apiculata forests. Mean (+l  SE) fluxes of dissolved nutrients and metals across sediment-water interface 
(flooded sediments) in glass chambers in May and November 1997. Values are pm01 m-' d-' 'No significant flux 

Solute M 6  M8 M35 

May Nov May Nov May Nov 

DOC (rnrnol) 85.8 r 11.0 16.4 i 3.1 71.2 r 25.9 
NH,+ -8710+3900 3 2 7 4 0 ~ 1 5 2 8 0  
NO,- + No3- -5090 i 750 -6030 * 1100 -1075r285 -2680k330 
DON 1 9 6 0 0 r 6 7 5 0  
~ 0 ~ ~ -  1320 i 405 
DOP 1360 i 490 
Fe 1800 e 800 4490 i 850 15350k2520  
Mn -1720 i140  -5170r2820 6700 i 1120 
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Station M6 
Solid-phase Sulfur (mg sediment DW) Solid-phase Iron (mg sediment DW) 

-0- Pyrite S im * Pyrite Fe 

Station M8 
Solid-phase Sulfur (mg sediment DW) Solid-phase Iron (mg sediment DW) 

- Pyrite S 

Station M35 
Solid-phase Sulfur (mg g-1 sediment DW) Solid-phase Iron (mg sediment DW) 

Fig. 6. Rhlzophora ap~culata forests Vertical profiles (means * 1 SE) of solid-phase total sulfur and pyrite sulfur and total iron and 
pyrite iron at Stns M6, M8, and M35, October 1996. DW = dry welght 

Iron and manganese reduction 

Core incubations resulted in significant increases in 
dissolved Mn m pore water for all 3 forests (Fig. 7). Sum- 
ming depths, rates of manganese reduction were slowest 
at Stn M6 (1.0 r 0.6 mm01 Mn m-2 d-') and equivalent at 

Stns M8 (2.8 + 1.2 mm01 Mn m-2 d-l) and M35 (2.4 * 
0.7 mm01 Mn m-* d-l). Rates of Mn reduction were gen- 
erally greater in sediments over the 0 to 12 cm horizon 
than in the deeper sediment layers at each site (Fig. ?), 
although depth-related differences were not significant 
due to large between-core variability. 
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Stn M6 
(nmol d.') 

o i  1: 3? 7 7; E? 

6" - - 

Stn -1 
(nmol cm d ) 

0 20 U )  60 B0 100 120 110 180 

Stn M35 
( m 0 1  m - 3  d-') 

0 20 U )  60 80 l00 120 140 160 

0 

Mn Reduction m 

Iron reduction was detected only at Stn M6 (Fig. 7) 
where the fastest rates of reduction were measured in 
surface (0 to 4 and 4 to 8 cm depth) layers. Summing 
depths, the rate of iron reduction was 0.9 + 0.6 mm01 
Fe m-' d-'. 

Sulfate reduction 

Rates of sulfate reduction were slow, ranging from 0.2 
-t- 0.1 mm01 S m-* d-' at Stn M8 in May 1997 to 13.0 + 
5.7 mm01 S m-2d-' at Stn M35 in October 1996 (Table 5). 
Stn M35 exhibited the highest rates in October 1996, but 
in May 1997 sulfate reduction rates were equivalent 
between Stns M6 and M35. In October 1996, rates of 
sulfate reduction were slowest at Stn M6. Seasonally, 
rates of sulfate reduction were higher in October 1996 
than in May 1997 at Stns M8 and M35; there was no 
seasonality at Stn M6 (Table 5). Most 35S was incorpo- 
rated into the CRS rather than into the AVS fraction 
(58%) at all 3 forests (Table 5) .  All 3 forests exhibited 
different depth-related patterns in sulfate reduction. At 
Stn M6, rates generally increased with increasing sedi- 
ment depth, particularly in May 1997 (Fig. 8). At Stn M8, 
rates were faster in sedirnents over the 0 to 12 cm hori- 
zon in October 1996, but the opposite pattern was ex- 
hibited in May 1997 (Fig. g), with little or no measur- 
able sulfate reduction in the upper 7 cm. At Stn M35, 
the depth pattern was not clear in October 1996, with 
highest rates over the 8 to 12 cm interval (Fig. 10), but 
rates increased with increasing depth in May 1997. 

Denitrification and nitrogen fixation 

Denitrification was detected only at Stn M35 (mean + 
1 SE: 2.2 * 0.5 mm01 NZ m-' d-l) in November 1997. N2 
fluxes measured in May 1997 between control and 
experimental chambers were not significantly differ- 
ent at Stns M6 and M8. 

Rates of nitrogen fixation measured in November 
Fig. 7. Rhizophora apiculata forests. Rates (means + 1 SE) of 1997 were greater at stn M8 SE: 1425 + 

metal reduction at Stns M6, M8, and M35, November 1997, at 
4 cm intervals to sediment depth of 20 cm. Note lack of signif- 468 pm01 NZ m-' d-l) than at Stns M6 (mean *l SE: 245 

icant iron reduction at latter 2 sites + 127 pm01 N2 m-' d-l) and M35 (mean + l  SE: 444 

Table 5. Rhizophora apiculata forests. Total rates (means ~t 1 SE) of sulfate reduction in sediments of all 3 forests in October 1996 
and May 1997. Values (mm01 S m-' d-') are means over entire depth interval. Values in parentheses. percentage of 35S recovered 

as acid-volatile sulfide (% AVS) 

l Date - 

M6 M8 M35 
Depth (cm) Rate Depth (cm) Rate Depth (cm) Rate 

Oct 1996 34 1.1 i 0.1 (1%) 40 4.6 i 1.3 (7%) 40 13.0 + 5.7 (6%) 
May 1997 36 1.2 i 0.6 (3 %) 32 0.2 i 0.1 (8%) 38 1.4 i 0.7 (5 %) 



96 Mar Ecol Prog Ser 194: 87-101, 2000 

Stn M6 (October 1996) 
SRR (-01 S cm-3 d-1) 
10 15 20 

Stn M6 (May 1997) 
SRR (-01 S cm-3 d-1) 

0 5 10 15 20 25 

total carbon oxidation in the 8 yr old forest- 
was dominated by aerobic respiration. Oxic 
respiration cannot be directly measured in 
sediments. Aerobic metabolism in each for- 
est was therefore estimated as the difference 
between rates of total carbon oxidation 
minus the sum of the other individual meta- 
bolic pathways, yielding average rates of 
45.1, 10.9, and 33.8 mm01 C m-2 d-' at Stns 
M6, M8, and M35, respectively. 

Sulfate and metal reduction appeared to 
be minor pathways, and there was no evi- 
dence for methanogenesis. This budget is a 
first-order estimate. It does not reflect tem- 
poral and spatial variability of the various 
measurements (some of which were taken at 
different times) or some methodological lim- 
itations (see below). It is likely, however, that 
our measurements incorporate most of the 
benthic microbial activity in these forests, as 
sediments >40 cm depth consisted of very 
hard grey clay with minimal organic matter. 
Our findings are in agreement with similar 

l measurements made in high intertidal 
forests in southern Thailand, where sulfate 
reduction accounted for only 11 % of total 
carbon mineralization (Kristensen et al. 
1995), and in high intertidal forests in 
Jamaica (Nedwell et al. 1994), where oxic 
respiration (78 mm01 C m-2 d-l) was greater 
than rates of sulfate reduction (23 mm01 C 
m-2 d-l 1. 

Measurements of other sediment parame- 
ters point to the dominance of aerobic respi- 
ration: (1) The redox measurements were 

35 

40 
evidence of free sulfides or methane in the 
pore water; indeed, concentrations of re- 

Fig. 8. Rhizophora apiculata forests. Vertlcal changes (means + 1 SE) in duced solutes (NH,') were low compared 
rates of sulfate reduction (SRR) recovered in acid-volatile sulfide (AVS) with concentrations measured in similar 
and chromium-reducible sulfur (CRS) fractions in sediments of Stn M6 in 

October 1996 and May 1997 Rhizophora spp, forests (Boto 1992, Kris- 
tensen et al. 1995, 1998, Alongi et al. 1998). 
This condition may reflect oxidation of am- 

92 pm01 N2 m-2 d-l), where rates of NZ fixation were moniunl or uptake by the trees, or both processes. 
equivalent. (3) Pore-water concentrations of NO2- + NOs- were 

highest over the upper 20 cm, but measurable to 40 cm. 
The presence of nitrate deep into the forest floor is 

DISCUSSION probably due to several factors, including nitrification 
in rhizomes and the oxidative impacts of intense bio- 

A preliminary budget of the contribution of the dif- turbation and desiccation (Kristensen et al. 1998). 
ferent metabolic pathways to total carbon mineraliza- (4) There was excess sulfate in the pore water relative 
tion (Fig. 11) indicates that decomposition of sediment to chloride concentrations, despite the fact that R. api- 
organic matter in all 3 Rhizophora apiculata forests- culata trees actively exclude Cl- ions (Ball 1988). The 
despite differences in forest age and slower rates of high sulfate/chloride ratio likely reflects oxidation of 

d i 
l 

mostly positive (Fig. 3), especially in the 8 
and 35 yr old plantations. (2) There was no 
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sulfides produced by sulfate reducers. (5) pH 
was low. This may reflect production of 
H2CO3 from aerobic breakdown of organic 
matter. (6) Only a moderate (10 to 24%) pro- 
portion of solid-phase iron was bound as 
pyrite, implying that most Fe was present as 
iron oxyhydroxides (Rickard et al. 1995). 

The lack of frequent tidal inundation and 
physiological activities of the trees may 
explain the dominance of aerobic respiration 
and the acidity of these sediments. These 
plantations are located in the high intertidal 
and are inundated for a few hours only 3 to 
5 d mo-'. During prolonged periods of air 
exposure, the sediments become desiccated 
(water content ranged from 10 to 15%). 
These sediments (consisting of fine and 
coarse roots and rhizomes, and pockmarked 
with numerous crab burrows) drain nearly 
dry, exposing surface and subsurface sedi- 
ments lining burrows, fissures, cracks and 
surrou.nding roots to the atmosphere. In man- 
grove forests in Pakistan, Kristensen et al. 
(1992) observed that during desiccation total 
microbial activity is reduced. They also mea- 
sured higher rates of oxygen consumption in 
exposed sediments than in submerged sedi- 
m e n t ~ ;  they attributed this to greater aero- 
bic activity and less diffusive boundary-layer 
problems in air compared to water. These 
cycles of flooding and emergence may there- 
fore result in temporal and spatial oscillations 
in redox status, as suggested by Aller (1994) 
for bioturbated sediments and terrestrial 

Stn M8 (October 1996) 
SRR (-01 S d-l) 

Stn M8 (May 1997) 
SRR (m01 S d-l)  

rhizospheres. 
Aerobic metabolism may have been en- 30 0 I 

hanced by the presence of crabs. Ridd (1996) 
recently found crab burrows to be responsible 35 

the enhanced water and Fig. 9. Rhizophora apiculata forests. Vertical changes (means + 1 SE) In 
pore water (and presumably re-oxidation) in rates of sulfate reduction recovered in acid-volatile sulfide (AVS) and 
mixed Rhizophora spp. forests in northern chromium-reducible sulfur (CRS) fractions in sediments of Stn M8 in 

Australia. Also, some benthic organisms store October 1996 and May 1997; note differences in scales 

air in their burrows (Ishimatsu et al. 1998). 
Such may be the case in the Mekong plantations, sediments with limited buffering capacity. Aerobic res- 
where we observed numerous biogenic structures. piration and oxidation of NH,, H2S, FeS and FeSz 

The physiological activities of the trees (root respira- would result in the production of H2CO3, HN03,  and 
tion, etc.) may also alter sediment conditions. As noted H2S04. Mangroves may also release organic acids into 
by Middelburg et  al. (1996) for sediments in mangrove the sediment (Ball 1988). Various studies have shown 
forests in Kenya, mangroves can affect acid-base and that mangroves can modify sediment pH and redox 
redox condition in several ways: (1) via translocation of conditions (Boto 1992, Kristensen et al. 1995, Alongi 
oxygen to their roots and release to sediments; (2) via 2000). 
uptake of NH,+ by the trees leading to H+ release; The lowest pH values were recorded for the 8 yr old 
and/or (3) via CO2 respired by the roots, resulting forest. It is very likely that these trees were negatively 
in lower pH. Oxidation of reduced compounds would affected by leaching from acid-sulfate soils on levee 
also be likely to induce acidification, particularly in banks of the adjacent shrimp pond (Alongi et al. 
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Stn M35 (October 1996) 

Stn M35 (May 1997) 

Fig. 10. Rhizophora apiculata forests. Vertical changes (means + 1 SE) in 
rates of sulfate reduction (nmol cm-3 d-') recovered in acid-volatile sul- 
fide (AVS) and chromium-reducible sulfur (CRS) fractions in sedirnents 

of Stn M35 in October 1996 and May 1997; note differences in scales 

1999b). Ir, soils from this pond pyrite was very abun- 
dant (up to 5.6% sediment dry wt). It is possible that 
this pyrite was being oxidized and transported during 
i-.edvy monsoonal rains. Pyrite within the mangrove 
sediments comprised a much lower percentage of sed- 
iment dry wt (1.4 % at Stn M6, 0.9% at Stn M8, 1.6 % at 
Stn M35) than within the pond soils, although 62 to 
92% of the total solid-phase S pool in the mangrove 
sediments was bound in pyrite 

The influence of forest age on sediment 
biogeochemical processes appeared to be 
minimal, given the lack of significant differ- 
ence in rates of total carbon oxidation 
between the youngest and the oldest forests 
and the dominance of oxic decomposition in 
all 3 forests. The most obvious influences 
were the greater proportion of aerobic res- 
piration, and proportionally less sulfate and 
manganese reduction, in the 6 yr old forest 
compared with the 2 older stands. The 
magnitude of the individual decomposition 
pathways in these Vietnamese forests is 
very similar to our measurements in West- 
ern Australian mangroves (Alongi 2000), 
where oxic respiration accounted for 58 to 
80% of total carbon mineralization, with 
sulfate reduction being the secondmost im- 
portant process (15 to 43 %). 

Slow rates of iron and manganese reduc- 
tion may be caused by several factors, 
including low pH and mostly positive redox 
status, as well as methodological difficulties. 
It is possible that metal reduction was occur- 
ring at sediment depths >20 cm (the depth 
limit of our measurements). Also, the core- 
incubation method does not account for pos- 
sible adsorption and chelation reactions that 
would cause Fe and Mn reduction rates to 
be underestimated. There may have been 
stimulation of microbial reduction caused 
by sediment mixing, although chemical 
reduction, if occurring, would not be distin- 
guishable from microbial reduction of Fe 
and Mn oxides. Nevertheless, even if rates 
of Fe and Mn reduction were underesti- 
mated by loo%, both processes would still 
constitute minor, and at best, moderate car- 
bon-oxidation pathways. 

Rates of total carbon mineralization (grand 
means of gaseous and dissolved CO2 fluxes 
= 17.1 to 53.7 mm01 C m-' d-l; Fig. 11) and 
rates of sulfate reduction were equivalent 
to rates measured in other high-intertidal 
mangrove forests (Kristensen et al. 1992, 
1995, 1998, Nedwell et al. 1994, Alongi et 

al. 1998, Alongi 2000). Rates of total mineralization, 
oxygen flux, and sulfate reduction varied greatly 
between sampling periods, although there were no 
obvious ecological or climatological changes over 
time. It is likely that these seasonal differences re- 
flect spatial variability as much as true temporal patch- 
iness. 

The rates of oxygen consumption were, on average, 
either equivalent to or more rapid than rates of either 
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Fig. 11. Rhizophora apiculata forests. Estimates of mean percent contribution of individual metabolic pathways to average total 
carbon oxidation (Tc.Ox, in mm01 C m-' d-') at Stns M6, M8, and h135. Rates of oxic respiration for each site estimated as differ- 
ence between Tcox and sum of rates of metal reduction, sulfate reduction and denitrification (there was no methanogenesis). 

Each metabolic pathway was converted to carbon equivalents using diagenetic equations in Fig. 1.1 of Alongi (1998) 

CO2 gas or LC02 production (Table 3). Estimated rates 
of aerobic respiration (Fig. 11) averaged 45.1, 10.9 and 
33.8 mm01 C m-2 d-' at Stns M6, M8, and M35, respec- 
tively. These values were less than the measured rates 
of total oxygen production. At Stns M6 and M8, the 
discrepancy equates to 34.8 and 56.8 mm01 C m-'d-', 
respectively, implying that -44 and -84 % of total oxy- 
gen uptake in sediments of the 6 and 8 yr old forests 
was by chemical oxidation. In the 35 yr old forest, the 
discrepancy was minimal. These are crude estimates, 
as absolute rates would depend upon the accuracy of 
measurements of the other metabolic pathways and 
total carbon oxidation. 

Total carbon oxidation in the exposed sediments, 
estimated by measuring rates of gaseous CO2 flux, may 
be slightly underestimated considering that we used a 
closed system to measure gas release. Normally, CO2 
flux must be measured in an open system in order to 
maintain steady-state between gaseous and aqueous 
phases; a closed system would accumulate and sub- 
sequently lose gaseous CO2 to the pore water HC03- 
and C032- phases. Such losses are probably minor in 
habitats where sediments are exposed to the atmo- 
sphere for long time periods, such as is the case for 
the Mekong mangroves. Water content of the exposed 
sediments was low (10 to 15%), thereby limiting the 
amount of gaseous CO2 equilibrating with the aqueous 
phase. If the gaseous CO2 rates were seriously under- 
estimated, rates of CC02 flux would have been signifi- 
cantly greater than the gas fluxes at all 3 sites. Such 
was the case only at Stn M8 (Table 3). At the other 2 
forests, rates of gaseous CO2 flux were either equal to 
(Stn M6) or greater than (Stn M35) rates of CC02 flux. 
It is probable that microbial activity was slower during 
exposure and desiccation. Recent studies have de- 
monstrated clear changes in pore-water chemistry and 

physicochemical conditions as a result of tidal drain- 
age and flooding cycles on intertidal mudflats and 
in other mangrove forests (Kerner & Wallman 1992, 
Alongi et al. 1999a, Cabrita et al. 1999, Alongi 2000). 
Such changes are likely to be magnified in intertidal 
habitats inundated by large tides and/or located at 
higher tidal elevation. In mangrove forests, tidal 
pumping and drainage may be further accentuated by 
the numerous animal burrows and dense mats of fine 
and coarse roots. 

Rates of total carbon oxidation and sulfate reduc- 
tion were slow compared to those in salt marshes and 
seagrass beds (Howarth 1993, Alongi 1998). The slow 
rates of sulfate reduction, particularly in surface sedi- 
ments, may reflect oxidation of labelled sulfides pro- 
duced during the core incubations, although this may 
have been limited by the short (4 to 6 h) incubation 
times. We did not evaluate time-course uptake of 
35S04, although Nedwell et al. (1994) observed linear 
uptake of 35S04 for up to 7-8 h in Jamaican man- 
grove sediments with higher rates of sulfate reduction 
activity. 

The higher rates of net primary production and 
slower rates of benthic mineralization in mangrove 
forests compared with salt marshes (Howarth 1993, 
Alongi 1998) suggests that carbon, and presumably 
other nutrient elements, are more efficiently conserved 
or immobilized within mangrove forests. The ratio of 
sediment respiration to forest NPP (Rh,,,,,/NPP) for the 
6 and 35 yr old forests (there are no NPP data for Stn 
M8) is 18% for Stn M6 and 28% for Stn M35. These 
compare with Rh,,,,,/NPP ratios for the mangroves of 
Western Australia of 8 to 10% (Alongi 2000), for north 
Queensland mangroves of 9 % (see Table 3.8 in Alongi 
1998) and for the Rookery Bay mangroves in Florida 
of 18 % (Table 3.8 in Alongi 1998). In American salt 
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marshes, the Rh,,,,,/NPP ratios are considerably 
greater, ranging from 56 to 82% for the Sippewissett 
marsh in Massachusetts, 44 to 68% in the Flax Pond 
marshes of Long Island, 89 % in the Barataria marshes 
in Louisiana, and 40 % in the marshes of Sapelo Island, 
Georgia (Table 3.8 in Alongi 1998). 

The comparatively slow remineralization of sedi- 
ment organic matter in mangrove forests implies 
immobilization with subsequent conservation of essen- 
tial nutrients. This idea is supported by the lack of 
measurable denitrification in the 6 and 8 yr old forests, 
despite the large amounts of nitrate available in the 
pore water and overlying tidal water. Denitrification 
was measurable only in the 35 yr old forest, where it 
constitutes a small but significant fraction (8 %) of total 
carbon oxidation (Fig. 11). The greater rate of nitrogen 
fixation at the 8 yr old forest than at the other sites 
is more explainable, as cyanobacterial mats were 
abundant on the sediment surface and highest light 
penetration was measured under the 8 yr old canopy 
(Alongi unpubl. data). The rates of nitrogen fixation 
were rapid compared with those recorded in previous 
studies of mangrove forests (Alongi et al. 1992), and 
are at the upper end of the range of N, fixation rates 
measured in other marine and estuarine environments 
(Howarth et al. 1988). 

Slow rates of denitnfication have been measured in 
other mangrove forests (Shaiful et al. 1986, Shaiful 1987, 
Nedwell et al. 1994, Knstensen et al. 1995, 1998, Rivera- 
Monroy & Twilley 1996). This phenomenon has been ex- 
plained as a result of either immobilization of inorganic 
N or assimilation by mangroves, or a combination of both 
processes. Regardless of the particular mechanism(s), 
slow rates of denitrification coupled with rapid rates of 
nitrogen fixation imply that nitrogen is being gained 
rather than lost from the system. A complete nitrogen 
budget for a mixed Rhizophora spp. forest in northern 
Australia (Fig 3.9 in Alongi 1998) indicates rapid am- 
monification in the sediment, and uptake of dissolved 
organic and inorganic N from overlying tidal water, with 
-90 % of the total dissolved N flux being assimilated by 
the trees. Nedwell et al. (1994) found that in Jamaican 
forests, nitrogen fixation rates were too low to balance 
denit~ification losses; rapid ammonium turnover was 
therefore presumed to supply the nitrogen required for 
mangrove primary production. 

The immobilization/retention of nitrogen in man- 
grove forests is in agreement with the prediction that 
there would be no net mineralization of nitrogen or 
accumulation of microbial biomass from substrates 
with high C:N ratios (Fenchel et al. 1998). For example, 
in terrestrial ecosystems, substrate C:N ratios >30 
result in low microbial assimilation efficiencies, a 
decrease in mineralization, but an increase in irnrnobi- 
lization (Fenchel et al. 1998). Given the high C:N ratios 

of mangrove organic matter (Alongi 1998), a similar 
scenario is likely in tropical mangrove forests. Com- 
parison with other forested ecosystems suggests that 
mangroves behave similarly to other tropical forests 
with respect to more efficient carbon and nitrogen 
sequestration and immobilization than their temperate 
counterparts (Raich & Nadelhoffer 1989, Raich & 
Schlesinger 1992, Dixon et al. 1994). 
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