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ABSTRACT: Mangrove Litter is exported from tidal forests to the adjacent subtidal seabed in tropical
North Queensland, Australia. Its effect on sediment charactenstics and on the dynamics of benthic
bacterial communities and dissolved organic carbon (DOC) fluxes was examined. Averaged over
stations and seasons, mean bacterial densities in surface (0 to 1 cm) sediments ranged from 0.5 to 20.8 X
10" cells g-' dry weight; bacterial productivity and daily specific growth rates ranged from 0.02 to
1.86 g C m-' d-' and from 0.004 to 0.79 d-', respectively. Interstitial DOC concentrations ranged from
2.4 to 6.5 mg C 1-' and varied with season but not among stahons Unless sediments were poisoned with
mercury, significant net efflux of DOC across the sediment-water interface was not detected despite
high concentration gradients of DOC between overlying water and porewaters. Poisoning of the benthic
fauna with mercury resulted in generally high rates of DOC release (range: 0 to 2.4 g C m-2 d-l). On
average, DOC fluxes across the sediment-water interface provided 51 "/o (range: 11 to 83 % ) of bacterial
productivity requirements in surface sediments. In laboratory experiments, addition of outwelled
mangrove litter ( C : N = 52 1) to incubated boxcore samples did not significantly affect bacterial
densities, production or growth, and DOC fluxes Our results indicate that mangrove litter exported to
the adjacent nearshore of this region is highly refractory and of poor nutritional quality, with enhancement of bacterial activity and DOC fluxes apparent only in a semi-enclosed area of highest litter
deposition. Rates of litter deposition appear to be low, but sufficient to significantly influence sediment
characteristics, e.g. C : N ratios and POC-tannin concentrations. However, subsurface burial and
accumulation of litter may, via long-term degradation, support the highly abundant and productive
bacterial communities and efficient bacteria-DOC recycling observed in this region.

INTRODUCTION
Mangrove forests constitute nearly 75 % of tidal
vegetation in the tropics and, although their rates of
primary production are generally high, their role in
supporting adjacent nearshore benthic food chains is
uncertain. The direct export of detritus (or 'outwelling')
to adjacent coastal waters has received considerable
attention in studies of temperate salt marshes (e.g.
Nixon 1980, Dame et al. 1986) but has been rarely
investigated from tropical mangroves (Lugo et al. 1976,
Flores-Verdugo et al. 1987). In reviewing the contribution of salt marshes to nearshore benthic productivity,
Nixon (1980) concluded that the idea of a trophic link
between salt marshes and coastal food chains was not
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entirely convincing. In general, however, there is probably a net export of detritus from marshes (Nixon 1980,
Dame et al. 1986) a n d magrove forests (Boto & Bunt
1981, Twilley 1985, Flores-Verdugo et al. 1987) with
their contribution to adjacent sediments dependent
upon the ratio of the size of the vegetated area to open
ocean area, the geomorphology of the tidal basin, tidal
amplitude and water motion.
Over the past 12 yr, mangrove researchers at the
Australian Institute of Marine Science have conducted
extensive investigations of the ecology of mangroves
on Hinchinbrook Island, located 200 km north of
Townsville in North Queensland, Australia (Fig. 1).
These studies have demonstrated high primary productivity (Bunt et al. 1979), seasonal variation in the quantity of litter fall (Duke et al. 1981), lack of export of
dissolved nutrients from adjacent tidal creeks (Boto &
Wellington 1988), high rates of benthic bacterial pro017 1-8630/89/0056/0133/$ 03.00
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ductivity (Alongi 1988), direct utilization of litter by
sesarmid crabs (Robertson 1986) and net export of
mangrove litter to adjacent coastal areas (Boto & Bunt
1981, Robertson et al. 1988).
The regions of deposition of mangrove litter exported
from the island have been strongly inferred from measurements of tidal currents and water circulation
(Wolanski et al. 1980) and from 613c measurements in
sediments near the island in adjacent Rockingham
and Missionary Bays and in Hinchnbrook Channel
(Torgensen & Chivas 1985). Both studies suggested
that the inshore sediments of adjacent Missionary Bay
and Hinchinbrook Channel are sinks for exported mangrove litter with deposition decreasing away from the
island toward the Brook Islands, Goold Island and
Rockingham Bay (Fig. 1).
Robertson et al. (1988)have recently estimated direct
export of particulate organic matter from the mangroves on Hinchinbrook Island and its channel to adjacent Missionary Bay and the Great Barrier Reef (GBR)
lagoon to be on the order of 25 000 tonnes C yr-l.
However, Robertson et al. (1988) estimate that most of
this detritus deposits over a wide area of the GBR
lagoon (260 km2) giving an annual flux of litter in the
Missionary Bay-Rockingham Bay-Hinchinbrook Channel region of only 140 tonnes C yr-' or 52 g C m-' yr-'
to the benthos.
The actual amounts of outwelled mangrove detritus
received by this adjacent coastal seabed may be small
compared with the total volume exported, but it is not
insignificant. It is not known to what extent this organic
loading fuels DOC-bacteria fluxes within the nearshore
benthos, as well as possible further carbon export (as
dissolved organic carbon, efflux) to pelagic inshore
food chains. Recent microbial studies have demonstrated that DOC-microbial processes are the main
pathways involved with secondary processing of primary production (Hennchs & Coyle 1986, Azam & Cho
1987, Herndl et al. 1987) and possibly act as a carbon
sink wherein carbon is efficiently recycled within
sedimentary food chains (Alongi 1988, Boto et al. 1989).
In this study, we report on the influence of exported
mangrove litter on benthic bacterial productivity and
turnover, and on the contribution of interstitial DOC
effluxes to bacterial carbon utilization in this tropical
nearshore region.

MATERIALS AND METHODS

Study area. Six subtidal stations were established in
the region: (A) Stns l to 3 from the shallow shore of
Missionary Bay (off the northern end of Hinchinbrook
Island) out to the Goold Island-Brook Island Channel;
(B) Stns 4 and 5 near the mouth of the nearby (ca

20 km) Murray River in Rockingham Bay; (C) Stn 6
near the mouth of the Herbert River in Hinchinbrook
Channel (Fig. 1).The Murray h v e r sites are in proximity to a nverine, Rhizophora-dominated mangrove
forest subjected to seasonal freshwater influence. In
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Fig. 1. Missionary Bay-Rockingham Bay-Hinchinbrook Channel region, north Queensland, Australia, denoting station
locations. Blackened regions are mangrove forests. (Length of
Hinchinbrook Island is ca 50 km)
contrast, the other stations are in proximity to open,
marine deltaic basins inhabited by more extensive (>
50 km2) mangrove forests (see Table 1 for station locations and water depths).
General sampling procedure and sedimentological
analysis. Sampling for microbial analyses and environmental factors (temperature, redox potential, pH,
granulometry, particulate organic carbon (POC), particulate organic nitrogen (PON), extractable tannins)
was conducted seasonally from August 1986 to May
1988 and in November 1988 using a 0.027 m2 boxcorer.
Two to 4 boxcores were taken at each station for the
above measurements. Interstitial DOC samples were
taken from each station in autumn (May 1988) and
spring (November 1988). DOC fluxes across the sediment-water interface at each station were measured
seasonally from February 1987 to February 1988.
Sediment temperature was measured in the boxcores
by gently inserting a handheld mercury thermometer
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Table 1. Locahon, water depth and sedimentologic data for stations in the Hinchinbrook Island-Murray f i v e r region Mean values
from August 1986 to November 1988. Values In parentheses are ranges of means. Tannins were measured from August 1986 to
May 1987
Stn

Latitude

Longitude

Depth
(m)

PH

7.3
(6 8-8.0)
7.3
(7.0-7 8 )
7.4
(7.0-7.8)
7.5
(7.0-7.7)
7.5
(7.1-7.7)
7.1
(6.6-7.6)

1

18" 0 8 ' s

146" 15' E

15

2

18" 1 0 ' s

146" 14' E

13

3

18" 1 4 ' s

146" 12' E

4

4

18" 0 7 ' s

146" 04' E

8

5

18" 05' S

146" 03' E

8

6

18" 24' S

146" 12' E

6

Eh
(mv)

Extractable
tannins
(O/o by DW)

POC

PON

("/.l

("/.l

+228
(-63+362)
+ 86
(-120t264)
7
(-145+83)
+76
(-133+254)
+42
(-86+91)
37
(-103+132)

0.002
(0.001-0.004)
0.008
(0.008-0.017)
0.014
(0.010-0.017)
0.009
(0.006-0.013)
0.013
(0.006-0.019)
0.033
(0.025-0.037)

0.22
(0.11-0.33)
0.70
(0.21-0.94)
1.32
(0.74-1.72)
0.82
(0.59-1.32)
1.4 1
(0.60-1.97)
2.60
(2.40-2.81)

0.04
(0.01-0.06)
0.08
(0.01-0.13)
0.08
(0.01-0.13)
0.09
(0.04-0.12)
0.12
(0.08-0 16)
0.12
(0.04-0.16)

into the sediment surface. pH and Eh (redox potential)
conditions were measured using combination electrodes (PRFO and PBFC) on a TPS Model LC80 pH
meter. The redox electrodes were allowed to equilibrate for 15 min before readings were taken.
Grain size analysis of duplicate samples followed
methods described in Folk (1974).Percent silt and clay
were estimated by sieve and pipette analysis. The sand
fraction was dry sifted and each interval (% Q) was
weighed to determine particle size distribution.
Graphic mean grain size (m,) and sorting coefficient
(a,) were deternlined from cumulative weight-percent
arithmetic curves.
Separate cores were taken at each station for total
organic carbon and nitrogen and for total extractable
tannins. Each sample was dispensed into pre-washed
scintillation vials and frozen immediately. In the
laboratory, samples were oven-dried at 90 "C for 16 to
24 h and milled. Total organic carbon was determined
on a Beckman T o c a m a ~ t e r 'Total
~
Carbon Analyzer.
Total nitrogen was measured on the same samples on a
Leco Model 600 CHN Analyzer. The concentration of
total extractable tannins (as % of sediment dry weight)
was determined using the method of M e n et al. (1974).
Bacterial analyses. Replicate ( n = 3 to 5) cores for
enumeration of bacteria were taken to a depth of 1 cm
using 1 m1 syringes (0.2 cm2 surface area) with the
needle end removed. Samples were extruded into acidwashed scintillation vials containing 10 m1 10 O/O
sodium tetraborate-buffered formalin and 0.001 '10
Tween 80 to disperse clay aggregates. Sample processing was completed using the epifluorescence microscopy method of Hobbie et al. (1977) with modifications
described in Alongi (1988).
Bacterial production was measured by the rate of
[3~-methyl]thymidine
incorporation into DNA (Pollard

+

+

C:N

5.5
8.8
16.5
9.1

11.7
21.7

Moriarty 1984, Alongi 1988). S e b m e n t cores
(0.38 cm3) were taken as for bacteria direct counts to a
depth of 1 cm using 1 m1 Terumo syringes with the
needle e n d cut off. Each sample was dispensed into a
separate acid-washed test tube (n = 4 to 10). Four
control cores were killed with 10 % buffered formaldehyde with unlabelled thymidine added (5 nmol per
sample) to 2 of the controls to check the effects of
thymidine adsorption onto tannins, which can be considerable as found in earlier studies (Aloncp 1988, Boto
et al. 1989). To the tubes, 45 to 50 pCi of [3H-methyl]thymidine was added (specific activity : 4 3 to 48 Ci
mmol-'; total of 7 nmol Tdr per sample) with 200 p1 of
stenle seawater, shaken momentarily to evenly distribute the radiolabel, and incubated for 10 min in shaded
conditions at in situ temperatures. Sample processing
was completed following the extraction procedures of
Pollard & Moriarty (1984) and Pollard (1987). Production estimates were calculated using a conversion factor of 2.0 X 10'' cells dividing mol-' thymidine incorporated (Pollard & Moriarty 1984) and a cell carbon
conversion factor of 1.7 X 10-l4 g C cell-' (Rublee 1982;
incorrectly printed in the reference as 1.7 x 10-l5 g C
cell-'). Specific growth rate (p d-l) was calculated for
each station and sampling period by dividing the mean
bacterial production estimate by the mean standing
crop (Alongi 1988).
Interstitial DOC sampling and analysis. In May and
November 1988, box corers were subsampled (n = 3 to
4), by inserting acid-washed, stainless steel rings (7 cm
i.d.) to a depth of 2 cm. The cores were carefully
extracted and placed into acid-washed Petri dishes and
the porewater DOC was then extracted immediately
using a modified teflon pore water extractor (Robbins &
Gustinis 1976). Porewaters were squeezed through 0.4
pm Nuclepore filters under a n applied nitrogen
&
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pressure of 100 kPa. Cores were normally squeezed for
5 to 15 min to collect 10 to 15 m1 of porewater. The
samples were collected and stored cooled (2" to 5 "C)
until analysis in acid-washed, teflon-capped glass test
tubes containing 100 p1 of 10 % (v/v) HC1 to remove
inorganic carbonates. The design of the squeezers and
the use of an applied nitrogen pressure of only 100 kPa
minimizes changes to the porewaters and virtually
eliminates potential contributions from lysed bacterial
cells (Stanley et al. 1987). Protozoan and meiofaunal
densities were very low (unpubl.) and their possible
DOC contribution by lysis was considered negligible.
An earlier study (Boto et al. 1989) demonstrated that at
least 70 OO/ of the total bacteria were retained by 0.4 pm
filters. DOC in the filtered acidified samples was determined (following 5 min sparging with nitrogen to
remove inorganic carbon) using a Beckman TOC
analyzer. Analytical precision was typically in the order
of k 0.2 mg C 1-' (95 % confidence interval).
DOC flux chamber experiments. At each station,
DOC fluxes were measured using belljars placed into
intact, undisturbed boxcores incubated in a continuously flowing water bath in the dark for 3 h. Six opaque
glass chambers (1 1 vol.; 0.007 m2 surface area) were
gently fitted into the boxcores (2 boxcore-') and
pushed into the sediment to an equal depth (usually 2
to 4 cm). Incubation temperatures were always
2 "C
of in situ conditions.
Each chamber was fitted with 2 glass arms of different diameter with the larger arm always fitted with a
teflon screw cap, which was not completely tightened
during flux experiments. This allowed replacement
water to enter during sampling to avoid enhanced
porewater DOC efflux from the sediment into the
chamber. The neck of each belljar was fitted with a
stirrer motor atop a propeller. Chambers were stirred
continuously but gently throughout the experiments to
ensure good mixing of the chamber waters without
disturbing the sediment surface. The smaller arm was
fitted with a teflon tube port to allow withdrawal of
samples for DOC analyses.
In each flux experiment, 3 of the 6 chambers immediately received 20 m1 injections of a 5 Oh (w/v) mercuric
chloride solution to completely stop bacterial activity in
the surface sediments. Experiments detailed in an earlier paper demonstrated that this poisoning procedure
causes negligible leaching of DOC from microbes and
has been used successfully in nearby intertidal mangrove sediments (see Boto et al. 1989).
Samples were withdrawn from each chamber at 30
to 45 min intervals, filtered through 0.4 ,um Nuclepore
filters, acidified and stored for later analysis as
described above for interstitial DOC. During one
sampling period, the sediments in the poisoned chambers were depth-sectioned at the end of the experi-

+

ment to determine the maximum depth of mercury
penetration. In the 3 chamber samples examined, the
mercury was found to have penetrated to (and was
presumed therefore to effectively poison bacteria
within) a depth of 1 cm. Hence, DOC flux rates were
compared with bacterial production for the same
depth at each station.
Mangrove litter addition experiments. Laboratory
experiments were conducted to determine the effect of
different ration levels of mangrove litter on benthic
bacterial populations and DOC fluxes. Replicate boxcore samples (n = 9) were taken from Stn 1 (the site
receiving the least amount of outwelled litter) in May
1988 and placed in aerated water baths (25 "C) in an
environmental chamber upon return to the laboratory.
The 9 boxcores were segregated into 3 sets of 3
replicates for each of 2 litter rations and a control (no
ration). The 2 ration levels of mangrove detritus were
20 and 100 mg N m-2 d-' (equivalent to 135 mg and
675 mg dry weight m-' d-l) and were designated as
the low and high ration treatments. These food concentrations reflected the range of estimated inputs of
detritus to various coastal embayments (Nixon & Pilson
1983, Smetacek 1984) and were considerably above the
input rate (1 to 5 mg N m-' d-l) eshmated for the area
by Robertson et al. (1988). The detritus source was
macerated mangrove litter obtained from within Missionary Bay (Hinchinbrook Island) during a prior
cruise. The litter is an amalgamation of variously aged
mangrove bark, twigs, leaf and root material typically
found at the study sites and was oven-dried (60 "C for
24 h) and milled (120 vm) prior to the experiments. The
material has an average C : N ratio of 52 : 1.
Experiments were conducted for 10 d and maintained in the dark. Detritus was delivered daily after
sampling. Samples were taken for bacterial numbers
and productivity (0 to 2 cm sediment depth) using the
methods described earlier on Day 0, 1, 3. 5 and 10.
DOC fluxes were measured after mercuric chloride
addition to each boxcorer on Day 10 using the methods
described above.
Data analysis. Comparisons of bacterial parameters
and DOC concentrations over season or time and station were camed out using standard two-way analysis
of variance (ANOVA) techniques. Each ANOVA was
followed by a Student-Newman-Keuls (SNK) multiple
comparisons test if a significant (p < 0.05) temporal or
spatial effect was found. An F,,
test was used prior to
each ANOVA to determine homogeneity of variance of
the data. Simple correlations (r) were determined using
standard linear regression. DOC flux rates were determined by the slope of the linear regression fitted to the
concentration-time data for those cases where the
regression was statistically significant at p < 0.05 otherwise the net flux was recorded as non-significant.
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C : N gradient has been found in relation to deposition
gradients in mangrove wood and litter accun~ulations
in a tropical coastal lagoon in Venezuela (Cauwet
1988).
The relationship between POC and extractable tannins (polyphenolic acids derived almost entirely from
mangrove litter in this region; Alongi 1987, Boto et al.
1989) was highly significant (r = 0.896, p < 0.001,
Fig. 2) indicating that a large proportion of the
sedimentary POC is derived from mangrove litter. The
distribution and abundance of macroparticulate detrital standing crop measured in this region by Robertson
et al. (1988) is in good agreement with the differences
in POC and extractable tannin concentrations among
the stations. The extractable tannin-POC relationship
thus provides us with a reasonable index of the relative
extent of mangrove litter input to each of these stations.
On this basis, the degree of litter deposition decreases
among the stations in the following order: Stns
6 > 3 > 5 > 4 > 2 > 1. Not surprisingly, the stations in
closest proximity to mangrove forests (Stns 6, 3 and 5)
have greater POC and extractable tannin concentrations, and thus receive more mangrove litter input
than the distal stations (Stns 4, 2 and 1).This qualitative
index is also in good agreement with the bI3C and 210Pb
sedimentation rates measured in this region by
Torgersen & Chivas (1985).

All statistical analyses were conducted as described by
Sokal & Rohlf (1981).

RESULTS AND DISCUSSION
Sediment characteristics and spatial extent of litter
deposition
Sediments in the study region were characterized as
medium to very fine sands (Stns 1, 3 and 4; Table 2) or
as coarse silts (Stns 2, 5, 6; Table 2) in agreement with
earlier sedimentological analyses for the region
(Torgensen & Chivas 1985). All of the stations were
shallow (4 to 15 m depth) with moderate anaerobic
conditions (see Eh values in Table 1). None of the
sedimentary characteristics examined (see Tables 1
and 2) changed significantly (p < 0.05) during the
sampling period.
POC and PON concentrations ranged from 0.22 to
2.60 and from 0.04 to 0.12 % of sediment dry wt,
respectively (Table 1). POC and extractable tannin
concentrations were highest (p<0.05) at Stn 6. The
C : N ratio increased considerably with decreasing distance to the mangrove forests (Table 1). Along the first
transect (Stn 1 to 3), the C : N ratio increased from 5.5 to
8.8 to 16.5 from Stn 1 off the Brook Islands to Stn 3 off
Coral Creek in Missionary Bay. Similarly, the C : N
ratio was higher closer to the Murray h v e r (11.7 at Stn
5) than further offshore into Rochngham Bay (9.1 at Stn
4 ) . The highest C : N ratio was measured at Stn 6 in
close proximity to the massive deltaic forests lining
Hinchinbrook Channel. High C : N ratios (28 : 1) are
generally indicative of terrestrial organics and/or vascular plant input (Kennett 1982) whereas lower C : N
ratios (I8 : 1) indicate mainly marine origin. A similar

Seasonal and station variations in bacterial densities,
productivity and specific growth rates
Averaged over stations and seasons, mean (0 to 1 cm
depth) bacterial densities ranged from 0.5 to 20.8 X
10'' cells g-' DW (Table 3a) with a grand mean of 5.9 X
10'' cells g-' DW. ANOVA results indicate significant

Table 2. Granulometric data for stations in the Hinchinbrook Island-Murray k v e r region. Mean values from August 1986 to
November 1988. Values in parentheses are ranges of means
Stn

1

2
3
4

5
6

Median
grain size
(mm)

Sorting
coefficient

0.30
(0.27-0.32)
0.06
(0.034.10)
0.16
(0.124.20)
0.11
(0.074.14)
0.06
(0.05-0.08)
0.04
(0.02-0.06)

1.97
(1.062.41)
1.76
(1.47-2.01)
2.79
(2.71-2.86)
1.90
(1.21-2.87)
2.72
(1.65-3.49)
2.77
(1.72-3.09)

((~1)

Bulk
density
(g cm3)
0.94
0.72
0.80
0.73
0.56
0 66

O/O

Gravel

5.1
(1.9-7.9)
0.5
(0.0-1.9)
8.2
(4.3-11.2)
2.1
(1.1-4.2)
1.0
(1.2-4.3)
0.5
(0.0-2.0)

O/O

Sand

69.1
(42.1-86.6)
21.0
(7.0-31.1)
45.6
(35.9-55.3)
48.8
(21.2-56.9)
31.0
(22.3-51.2)
52.1
(39.6-61.2)

% Silt

% Clay

12.3
(8.3-17.3)
60.1
(50.6-67.9)
33.7
(22.3-51.5)
37.4
(28.7-52.1)
39.5
(22.8-42.1)
22.9
(18.6-32.1)

13.5
(2.0-32.0)
18.4
(6.3-19.9)
12.5
(5.4-21 .7)
11.7
(6.2-15.8)
28.5
(6.9-34.9)
24.5
(1.73-31.2)
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Fig. 2. Relationship between sedimentary POC and extractable tannins at all 6 stations from August 1986 to
May 1987. Line is a least squares regression fit to data

PARTICULATE ORGANIC CARBON (%by DW)

seasonal and station differences with a significant (seasons X stations) interaction effect indicating that bacterial density differences among stations varied in
different seasons (Table 3b). Differences among seasons accounted for 42.9 % of the variance, whereas
differences among stations, interactions and within
group error accounted for 18.8, 21.8 and 17.6 % of the
variance, respectively. Based on the SNK results
(Table 3c), bacterial densities were highest at Stn 5
followed by equivalent abundances among Stns 2, 3
and 6 with the lowest densities at Stns 1 and 4. There
were no consistent seasonal trends (i.e. both summers
> both winters sampled, etc.).Bacterial densities correlated only with mean grain size (r
0.68, p < 0.01)
suggesting that station differences were due mainly to
differences in sediment type rather than to their proximity to the mangrove forests; differences in grain size
with distance from the mangroves were not clear or
consistent (Tables 1 and 2).
Bacterial productivity and daily specific growth rates
(Table 4a) ranged from 23 to 1854 mg m-' d-I (grand
mean = 612) and from 0.004 to 0.79 d-' (grand mean =
0.14), respectively. The ANOVA indicated significant
differences among seasons and stations (Table 4b) with
a significant interaction effect. Productivity was highest
at Stn 6 with no significant differences among the other
stations, whereas growth rate differences overlapped
greatly among sites (Table 4c). As with bacterial abundances, seasonal trends in production were not clear,
but growth rates were generally greater during the
warmest sampling periods as indicated by a highly
significant correlation between specific growth rate
and sediment temperature (r = 0.75, p < 0.001, all stations and seasons). Seasonal and interaction effects
explained most of the variation in productivity (26 and
55 % respectively) with station differences and residual
error explaining only 6.8 and 12.2 %, respectively, of
the variance. Differences with season (51.5 O/O) and
residual error (34.5 %) explained most of the variance

-

in specific growth rate with station differences accounting for only 14 % of the variation.
Rates of bacterial productivity and growth did not
correlate with any other sedimentary factors. The
statistical analyses indicate highest rates of bacterial
production at Stn 6; bacterial growth rates and production differences among the other stations were not
clear. More of the variability in the production and
growth rates is explained by seasonality than by station
differences suggesting, at best, no clear effect of mangrove detrital enrichment except for the semi-enclosed
site (Stn 6) in the Hinchinbrook Channel where litter
deposition was much more evident than at the other
stations (see Robertson et al. 1988 for spatial distnbution of deposited litter in the region).
Not surprisingly, the bacterial communities in these
subtidal sediments are less abundant and productive,
and slower growing, than their counterparts in surrounding intertidal mangrove muds (Alongi 1988, Boto
et al. 1989). Rates of bacterial growth in these intertidal
and subtidal habitats, however, appear to be similarly
controlled, over the short-term, mainly by seasonal,
and for the intertidal habitats, by tidal changes in
temperature.
Comparisons with other coastal regions receiving
significant inputs of outwelled detritus are limited by
the few studies available (Newel1 & Fallon 1982,
Tenore et al. 1982, Fallon et al. 1983),particularly in the
tropics (Hoppe et al. 1983).In comparison with temperate and subtropical coastal sediments (references
above, Novitsky & Karl 1986), bacterial communities in
this tropical region are several times more abundant
and productive, but specific rates of growth are roughly
equivalent (i.e. range of few hours to days).
Similar subtidal regions influenced by outwelling of
mangrove detritus have been examined in India and in
Colombia, but the bacterial data is not comparable due,
in most instances, to the use of plate counting techniques to estimate numbers and measurement of enzy-
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Table 3. (a)Variation in bacterial densities (cells X 10lOg-' sediment DW) with season and station. Each value (0 to 1 cm depth) is
a mean (i1 SD). (b) Summary of 2-way ANOVA for bacteria density data. (c) Summary of SNK for bacteria density by stations
and season
(a) Bacterial density
Season

Station

Density

Season

Winter
(Aug 1986)

1
2
3
4
5
6

3.5 (1.5)
6.4 (1.6)
1.8 (0.4)
13.0 (2.1)
13.0 (5.3)
7.0 (3.8)

Spring
(Oct 1986)

1
2
3
4
5
6

Summer
(Feb 1987)

1
2
3

Station

Density

Winter
(Aug 1987)

1
2
3
4
5
6

2.5 (5.1)
6.4 (1.6)
1.8 (0.4)
13.0 (2.1)
16.9 (7.8)
9.6 (6.0)

7.4 (3.8)
14.3 (3.2)
12.2 (2.3)
8.3 (2.3)
14.3 (3.2)
15.6 (1.1)

Spring
(Oct 1987)

1
2
3
4
5
6

2.9 (0.7)
3.6 (0.4)
5.9 (0.5)
11.3 (0.9)
10.4 (2.7)
2.6 (0.7)

Summer
(Feb 1988)

5
6

0.5 (0.1)
2.3 (0.6)
2.3 (1.0)
9.4 (4.7)
2.5 (1.1)
1.1 (0.4)

1
2
3
4
5
6

1.8 (0.4)
1.7 (0.l )
2.0 (0.3)
0.7 (0.1)
6.2 (0.5)
1.3 (0.7)

1
2
3
4
5
6

3.7 (1.0)
10.4 (1.6)
12.0 (1.2)
2.1 (0.3)
20.8 (3.9)
14.3 (11.7)

Autumn
(May 1988)

1
2
3
4
5
6

1.7
2.0
2.0
1.2
9.0
2.7

Spring
(Nov 1988)

1
2
3
4
5
6

2.9 (0.4)
1 . 3 (0.8)
2 , l (1.0)
2.7 (0.1)
3.1 (1.2)
1.6 (1.0)

4

Autumn
(May 1987)

(0.1)
(0.4)
(1.0)
(1.6)
(4.2)
(1.2)

(b) Summary of 2-way ANOVA
Source

DF

Seasons
Stations
Seasons x Stations
Error

8
5
40
108

"'

MS

F

1oZ2
10'~
loz1
1oZo

2.1 X
1.5 X
2.2 X
6.5 X

32.31' ' '
23.08' ' '
3.38' ' '

p<O.OOl

(c) SNK results (2-tailed test; p < 0.05). Common underlining indicates no significant difference
Stations:
Seasons:

4

11/88

2/87

1/88

5/88

matic activity instead of a more direct method to estimate productivity. For example, in a semi-enclosed
tropical lagoon in Colombia, Hoppe et al. (1983) found
that plate counts and protolytic activity of sedimentary

l

<

3

10/87

2

6 < 5 _
8/87

8/86

<

5/87

10/86

bacteria were highest in close proximity to the mangroves. The more discernible influence of mangrove
litter in this subtidal system may b e due, in part, to its
semi-enclosed geomorphology as in Hinchinbrook
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Table 4. (a) Variation in bacterial production (mg C m-2 d - ' ; 0 to 1 cm depth) and specific growth rate, (d-l.). Each production
value is a mean ( 21 SD); sediment temperature ranges are in parentheses under season column. (b) Summary of 2-way ANOVA's
for production and growth rate. (c) Summary of SNK tests for production and growth rates by stations and seasons
(a) Bacterial production and speciflc growth (p)
Season

Station

Production

Cc

Season

Station

F'roduction

Cc

0.01
0.03
0.15
0.03
0.02
0.10

Winter
(Aug 1987)
(19.5-23.0 ' C )

1
2
3
4
5
6

265 (100)
250 (50)
140 (17)
23 (7)
550 (150)
1115 (220)

0.06
0.02
0.02
0.007
0.04
0.09

85 (19)
476 (140)
796 (225)
328 (51)
357 (66)
430 (45)

0.007
0.03
0.04
0.02
0.02
0.02

Spring
(Oct 1987)
(26.0-28.0 'C)

1
2
3
4
5
6

l200 (300)
900 (105)
655 (85)
l005 (70)
1456 (320)
1050 (65)

0.24
0.16
0.09
0.14
0.14
0.31

1
2
3
4
5
6

59 (9)
578 (138)
722 (201)
503 (109)
528 (193)
1120 (77)

0.06
0.15
0.18
0.34
0.14
0.79

Summer
(Feb 1988)
(28.5-31 .O 'C)

1
2
3
4
5
6

1000 (240)
556 (140)
1450 (335)
1854 (500)
950 (95)
810 (163)

0.32
0.18
0.49
0.42
0.15
0.48

1
2
3
4
5
6

445 (258)
985 (335)
303 (54)
45 (13)
123 (30)
1350 (350)

0.07
0.06
0.01
0.004
0.006
0.07

Autumn
(May 1988)
(24.5-26.0 "C)

1
2
3
4
5
6

475 (24)
240 (12)
500 (110)
196 (33)
1200 (270)
850 (105)

0.16
0.08
0.17
0.03
0.13
0.24

spring
(Nov 1988)
(27.3-30.1 "C)

1
2
3
4
5
6

l050
354
261
950
40
33

0.21
0.16
0.09
0.06
0.13
0.16

Winter
(Aug 1986)
(22.0-23.7 "C)

1
2
3
4
5
6

86
252
375
650
239
790

Spring
(Oct 1986)
(26.5-28.2 'C)

1
2
3
4
5
6

Summer
(Feb 1987)
(29.0-31.0 "C)

Autumn
(May 1987)
(23.5-24.5 "C)

(23)
(30)
(78)
(163)
(57)
(132)

(250)
(70)
(75)
(105)
(15)
(11)

(b) Summary of 2-way ANOVA's
Source

DF

MS

Production
Seasons
Stations
Seasons X Stations
Error

8
5
40
108

2034552
844527
857786
70570

Growth rates"
Seasons
Stations
Error

8
5
40

0.1058
0.0459
0.0142

F

28.8"'
12.0' '
12.2.

.

p < O . O 5 ; "p<O.Ol; "'p<O.OOl
As each speclfic growth rate is calculated from the mean production and s t a n h n g crop values, no replication of
available and hence station X season interaction is assumed non-significant

a

1.1

was
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Table 4 (continued)
(c) SNK results (2-tailed test; p (0.05). Common underlining indicates no significant difference
Production

Stations:

2

Seasons:

1

3

$ > < g

8/87

8/86

10/86

11/88

5/87

2/87
- -

c

2/88

<

5/87

8/87

10/86

8/86

11/88

5/88

10/87

2/87

2/88

10/87

Growth rates

Stations:
Seasons:

Channel, the only region in the present study with
some evidence of litter enhancement of bacterial productivity.

Interstitial DOC concentrations and fluxes:
contribution to bacterial production
Interstitial DOC concentrations varied significantly
with season but not among stations (Table 5). The
patterns of DOC concentration among stations and
Table 5. Concentrations of DOC (mg C 1-l) in sediment porewater in surface (0 to 2 cm) sediments at Stns 1 to 6. Values are
means ( 2 1 SD) for 3 to 4 replicate san~ples
Station

Autumn (May 1988)

Spring (Nov 1988)

seasons do not show any apparent relation to patterns
in bacterial densities, productivity or growth rate (no
significant correlations).
The range of porewater DOC concentrations in these
sediments (2.4 to 6.5 mg C 1-l) is nearly a n order of
magnitude lower than in nearby intertidal mangrove
sediments where concentrations generally range from
> 10 to 80 mg C 1-' (Boto et al. 1989) and in comparison
with values reported for temperate marine sediments
(range of 5 to 40 mg C I-', Farke & h e m a n n 1980,
Herndl et al. 1987). Higher DOC concentrations in
surrounding intertidal mangrove sediments are consistent with a relatively higher degree of anaerobiosis and
stagnation as well as more abundant bacterial popula-

tions and detrital matter on the forest floor (Alongi
1988, Boto et al. 1989). Porewater DOC concentrations
in mangroves on the island increase with tidal elevation underscoring the importance of tidal flushing.
Despite a considerable concentration gradient of
DOC between superficial porewaters and the overlying
water (typically 1 to 2 m g C I-'), rates of DOC efflux
across the sediment-water interface a t all stations a n d
seasons were not statistically significant in untreated
flux chambers. In contrast, in chambers where mercury
was added, DOC concentrations increased significantly
(and linearly) with time for half of the flux experiments
(Table 6). These results suggest that the highly productive bacteria in surface sediment layers effectively
utilize virtually all of the DOC transported across the
sediment-water interface and within surface layers via
diffusion, advection and convection. This finding is in
general agreement with the flux chamber results conducted in nearby intertidal mangroves on Hinchinbrook Island (Boto et al. 1989), where DOC efflux rates
ranged from 0 to 2.4 g C m-2 d-l, similar to the range
found in this study (Table 6).
Net DOC efflux in poisoned chambers can b e equate d with the rate of bacterial utdization of sedimentary
DOC in the upper 1 cm (= depth of effective mercury
penetration). The proportion of surface bacterial production accounted for by the rate of DOC efflux varied
greatly with station and season. Overall, by station
(combining seasonal runs), mean DOC flux accounted
for as little a s 11 % of mean total bacterial production at
Stn 2 to a s great as 83 % a t Stn 1. Averaged over all
stations a n d seasons, the proportion was 5 1 %. DOC
efflux rates did not correlate with rates of bacterial
productivity or growth, probably d u e to the fact that the
contribution by DOC was generally not sufficiently
high and/or consistent to result in a significant correlation. The absolute proportion of the DOC pool contributing to bacterial production is dependent upon the
conversion factors chosen, which are known to vary in
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Table 6. Rates of DOC efflux ( ? 95 '10 CI, n = 3 chambers for each regression) from poisoned subtidal sediments at seasons and
stations shown below. Units are g C m Q-'. Flux rates from untreated chambers were not statisbcally significant in all cases.
(ns = p > 0.05)
Station
Summer
(Feb 1987)
1
2
3

0.17 ( k 0 08)
ns
0.87 ( + 0.17)
ns
ns
0.94 ( + 0.19)

4

5
6

Autumn
(May 1987)

0.41
0.58
0.29
0.91

ns
ns
( 5 0.28)
(+ 0.18)
(f0.18)
( k 0.14)

marine and freshwater habitats (Riemann et al. 1987,
Smits & k e m a n n 1988), and on DOC contributed from
cells that passed through the Nuclepore filters.
Nevertheless, these results are consistent with our
earlier findings of DOC efflux from intertidal mangrove
sediments (Boto et al. 1989), in that these highly productive bacterial populations appear to be very efficient in utilizing the DOC efflux from the sediments
resulting in a similar prevention of DOC export to
overlying pelagic food chains and adjacent lagoonal
waters. Both studies also lend support to the benthic
carbon sink concept of Alongi (1988, 1989) which suggests that carbon is very efficiently recycled within
tropical benthic food chains.

Effect of mangrove litter additions on bacterial
growth and DOC fluxes
The results of the boxcore incubation experiments
(Table 7) indicate no discernible effect of the addition
of up to 100 mg N mP2 d-' ( = 5.2 g C m-2 d-') of
mangrove litter on bacterial communities and DOC
flux rates, at least over a 10 d period. Two-way

Season
Winter
(Aug 1987)

Spring
(Oct 1987)

Summer
(Feb 1988)

0.69 ( t0.22)
0.35 ( t0.25)
0.42 ( t0.12)
ns
ns
ns

0 71 ( t0.51)
ns
0.54 ( + 0.46)
ns
ns
2.10 ( + 0.50)

0.89 ( + 0.42)
ns
ns
ns
1.32 (f0.62)
ns

ANOVA's indicate no treatment effect for bacterial
numbers, production and growth rates, and DOC
fluxes, only a temporal effect (day to day variability).
Two reasons can be offered for the general lack of an
effect in both the field studies and the laboratory study:
(1) detrital carbon and nitrogen are not limiting, and (2)
the mangrove Litter used in the laboratory studies,
typical of the detritus deposited subtidally, is highly
refractory and thus of very poor nutritional quality.
Although the first cannot be entirely discounted, the
latter explanation appears more likely in Light of several previous studies examining the decomposition and
utilization of mangrove detritus (Cundell et al. 1979,
Newel1 et al. 1984, Benner & Hodson 1985, Robertson
1986, 1988, Robertson & Daniel 1989).
The high C : N ratios of mangrove litter generally
indicate the low nutritional value of this detritus, the
availability of which to terminal consumers can only be
facilitated by inltial breakdown by microbes and mastication by crabs (Robertson 1986, 1988). The studies of
Robertson (1986, 1988) and Robertson & Daniel (1989)
indicate that most of the decompositional changes in
mass and nutrient quality of mangrove litter occur in
and on the forest floor, suggesting that most of the litter

Table 7. Effect of different rations of mangrove l ~ t t e on
r (a) bacterial numbers (cells X l o g g-l sediment D W ) , production ( g C m-'
d-') and growth rates (d-l) (0 to 2 cm depth); and (b) DOC efflux in incubated boxcores from Stn 1 near the Brook Islands. Values
are means t_ 1 SD
Day
No.

(b) (Day 10)
DOC efflux after
poisoning
(3 h incubation)

Control
Production

0.67 (0.37)

p

No.

Low ration
Production

p

No.

High ration
Production

,U
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exported to a d j a c e n t subtidal a r e a s is in t h e terminal
s t a g e s of mineralization a n d t h u s highly recalcitrant.
I n d e e d , earlier studies (cited a b o v e ) h a v e similarly
indicated rapid initial l e a c h i n g of soluble ( a n d p r e s u m ably more nutritive for bacteria) organic c o m p o u n d s ,
s u c h a s s u g a r s , a m i n o acids a n d soluble tannins. Benn e r & Hodson (1985) n o t e d t h a t t h e bulk of a g e d m a n grove leaf a n d w o o d litter is composed mainly of lignocellulosic c o m p o n e n t s w h i c h a r e only slowly d e c o m p o s e d b y microorganisms.
H o w c a n t h e a p p a r e n t l y low depositional r a t e s a n d
effects of refractory m a n g r o v e litter b e reconciled with
s u c h highly a b u n d a n t a n d productive bacterial communities i n this region? Firstly, o t h e r sources of organic
m a t t e r m a y b e available s u c h a s deposited phytoplankton, import from continental runoff a s well a s contributions from fringing s e a g r a s s b e d s (benthic primary production a t t h e s e stations w a s negligible; Alongi
u n p u b l . ) . Secondly, rates of litter export a p p e a r to b e
low, b u t X-radiographs a n d dissection of 20 cm d e e p
s e d i m e n t slabs (Alongi u n p u b l . ) indicate previous
episodes of litter burial a n d resuspension, primarily a t
Stns 2, 3, 5, a n d 6. O v e r t h e short term, resuspension,
bioturbation, predation a n d seasonal c h a n g e s i n t e m p e r a t u r e m a y control rates of bacterial productivity a n d
growth. M o r e importantly, h o w e v e r , burial a n d
accumulation of exported litter a p p a r e n t l y h a s led to a
l a r g e subsurface reservoir of organic c a r b o n a n d nitrog e n . It is conceivable t h a t this reservoir of (presumably)
slowly decomposing organic m a t t e r fuels bacterialD O C fluxes over t h e long term. Bacterial communities
i n this a r e a a r e highly productive a n d a b u n d a n t , b u t
their daily g r o w t h rates a r e considerably slower t h a n i n
a d j a c e n t intertidal a r e a s (Alongi 1988). S u c h a scenario
would explain t h e lack of a discernible short-term correlation b e t w e e n exported litter a n d bacteria-DOC
dynamics i n surface sediments.
Finally, it i s plausible t h a t bacterial carbon d e m a n d
(- 610 m g C m-' d - l ) in this system c a n e x c e e d t h e
a p p a r e n t c a r b o n supply (- 140 m g C m-' d - ' , Robertson e t al. 1988) b e c a u s e of efficient recycling within t h e
b e n t h o s (Alongi 1988, 1989) a s demonstrated b y t h e
lack of D O C release from u n t r e a t e d sediments. O t h e r
workers (Scavia 1988, Strayer 1988) h a v e similarly s u g g e s t e d t h a t microbial c a r b o n recycling is of p a r a m o u n t
importance in other aquatic ecosystems w h e r e microbial d e m a n d a p p e a r s to e x c e e d organic supply.
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