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Abstract

Organic carbon in mangrove sediments originates from both local sources (mangroves, microphytobenthos) and tidal inputs (e.g.
phytoplankton, seagrass-derived material). The relative inputs of these sources may vary strongly, both within and between different
mangrove sites. We combined elemental (TOC/TN) and bulk §'3C analysis on sediment cores from various mangrove sites with §'3C
data of bacteria-specific phospholipid fatty acids (PLFA) in order to identify the dominant carbon substrates used by in situ
bacterial communities. 6!3C values of each of these markers showed a range of 10%o0 or more across the different sites and sampling
depths, but generally followed the §'3C trend observed in bulk organic carbon. Several sediment cores show a strong vertical
gradient in PLFA 6'3C, suggesting a selectivity for algal-derived carbon in the surface layers. Our data demonstrate that the origin
of bacterial carbon substrates varies widely across different mangrove sites, and imply that data on mineralization of organic matter
cannot be directly incorporated in ecosystem carbon budgets without an estimation of the contribution of various sources.
© 2004 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Mangroves are known as highly productive ecosys-
tems (global litterfall of 100 Tg C y~' [1]) and recent
estimates that as much as 11% of the total organic C
inputs across the land-ocean interface (i.e. through
riverine transport) is of mangrove origin show that the
carbon fixed by mangroves is potentially significant in
the carbon budget of the coastal zone [1]. Such estimates
are not well constrained, however, and our under-
standing of the ecological fate of these large quantities
of organic matter is far from complete. It has become
clear that a strong interaction exists between the inter-

: Corresponding author. Tel.: +32-62912665; fax: +32-6293274.
E-mail address: steven.bouillon@vub.ac.be (S. Bouillon).

tidal zone and the adjacent aquatic environment, i.e.
both import (of terrestrial material, phytoplankton,
seagrasses, etc.) and export (of mangrove-derived or-
ganic matter) which are expected to have major conse-
quences for the carbon dynamics in both compartments
[2-4]. The imported carbon sources have an important
trophic role in sustaining macro-invertebrate commu-
nities in the intertidal zone [5] — at least in estuarine
systems where tidal import is significant. Mineralization,
however, could represent a major fate for exported or-
ganic matter [6,7], but its role remains insufficiently
quantified. Similarly, the few available estimates [8—11]
indicate that intense mineralization takes place in in-
tertidal mangrove sediments. However, no data are
currently available that directly identify the carbon
sources sustaining these microbial communities. In
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temperate salt marsh ecosystems, however, a direct link
between local vascular plant production and bacterial
communities does not necessarily exist, and selectivity
for imported phytodetritus and local microphytoben-
thos has been demonstrated in some systems [12]. We
have previously found that a continuous range of
mangrove ecosystem types exists, from ‘retention’ sys-
tems where sediments are rich in organic carbon which is
almost entirely of local origin, to ‘flow-through’ systems
with mineral sediments (i.e. relatively low in organic
carbon) where the organic matter can be dominated by
imported sources [3].

Compound-specific stable isotope analysis is a major
analytical tool enabling the study of microbial process-
ing of organic matter [13]. The analysis of PLFA
(phospholipid-derived fatty acids) in particular has
found wide applications (reviewed in [14]). It has, for
example, been used to study the sources of carbon as-
similated by microbial communities [12,15,16] and to
assess the involvement of specific microbial groups in
biogeochemical processes [17]. As PLFA are cell mem-
brane components that are rapidly degraded after cell
death, they can be considered representative of the
‘living’ microbial biomass. The paucity of data on 3C
fractionation between specific PLFA and the natural
carbon substrates under different environmental condi-
tions still limits a more quantitative use of PLFA 6°C
data in delineating substrate utilization by bacteria [13].
Nevertheless, the natural abundance of '*C in PLFA
across gradients of available substrates is a powerful
approach to study the assimilation of different sub-
strates under natural conditions [12,14,18].

Thus, we aimed at verifying to what extent the
dominant carbon substrates for sedimentary bacterial
communities vary across different mangrove sites, by
comparing 6'3C data of bacteria-specific PLFA with
bulk properties (6'3C and TOC/TN) of sediment organic
matter from a number of mangrove sites in the Indian
subcontinent, varying in the degree of retention of local
vascular plant production and tidal import of aquatic
carbon sources.

2. Materials and methods
2.1. Study sites and sample collection

Sediment cores were collected in November and De-
cember 2002 in three mangrove systems: (1) Pambala—
Chilaw lagoon, western Sri Lanka (07°35'N-79°47'E),
(2) the estuarine mangroves of Pichavaram, south-east
India (11°27'N, 79°17'E), and (3) a small fringing riv-
erine mangrove stand along the Chunnambar river
(11°53'N, 79°48'E), south-east India.

Pambala lagoon can be characterized as a low-tidal
amplitude system (tidal variations rarely exceeds 0.2 m

and much of the forest is rarely inundated [19]), with
~3.5 km? of fringing mangroves. Surface water salinity
varies strongly both seasonally and spatially, between 0
and 55%o. At this site, one sediment core was taken in
each of five different forest zones, each characterized by
a different dominant mangrove species, i.e. Rhizophora
mucronata, Bruguiera gymnorrhiza, Avicennia officinalis,
Excoecaria agallocha, and Lumnitzera racemosa. One
additional core was taken at a recently converted site,
which was formerly an unvegetated mudflat but is now
dominated by (~10 yr old) R. mucronata. The Pichav-
aram mangroves are located ~250 km south of Chennai
(Tamil Nadu, India) in the estuaries of the Vellar and
Coleroon. Tidal range at this site is reported to be 0.5—
1.0 m. One sediment core was collected at a site domi-
nated by A. officinalis, and one at a mixed species stand
close to a creek border. A sediment core was also col-
lected at a small stand of fringing mangroves (<10 m
width) along the Chunnambar river (between Pondi-
cherry and Cuddalore, Tamil Nadu), with mostly A.
officinalis and R. mucronata. We have no precise data on
the tidal range at this site, but expect it to be similar to
that in the nearby Pichavaram mangroves (i.e. 0.5-1 m).
Unfortunately, data on mangrove biomass or produc-
tivity are lacking for all the mangrove sites studied here.

All cores from Pambala and Pichavaram were sub-
sectioned at 0-1, 1-2, 24, and 4-10 cm. For the site in
Chunnambar, only three intervals were taken: 0-1, 1-3,
and 3-5 cm. Samples were stored frozen and transported
on dry ice back to the home laboratory where they were
freeze—dried and stored frozen until further processing.

2.2. Analytical procedures

Sediments were ground to a fine powder using a
mortar and pestle. Subsamples for elemental (TOC/TN,
atom) and bulk stable isotope composition were acidi-
fied with dilute (5%) HCI before analysis to remove
carbonates. Concentrations of organic carbon and total
nitrogen, and TOC/TN ratios were determined by
combusting preweighed samples in a ThermoFinnigan
Flash1112 elemental analyzer; acetanilide (Merck) was
used for calibration. 6'*C analysis of TOC was per-
formed with the aforementioned elemental analyzer,
linked with a ThermoFinnigan delta +XL via a Conflo
III interface, with a typical reproducibility of £0.15%o.

Extraction and derivatization of PLFA for com-
pound-specific 61*C analysis followed the general out-
line of [12]. Briefly, 2-6 g of sediment (dry weight) were
subjected to a modified Bligh and Dyer extraction [20]
using chloroform/methanol/water at a 1:1:0.9 ratio.
Total lipids retrieved in the chloroform phase were
partitioned on silica gel columns by sequential elution
with chloroform, acetone, and methanol. The polar
fraction was subjected to mild alkaline transmethylation
(using methanolic Na) at room temperature to form
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FAME:s (fatty acid methyl esters). 5'>C values of PLFA
were determined on a HP6890 GC coupled to a Ther-
moFinnigan delta+XL via a GC/C III interface. All
samples were run in splitless mode and at an injector
temperature of 250 °C, using a HP-5 column or BPX-70
column (30 m, 0.32 mm ID) with a He flow rate of 2 ml/
min. Temperature was programmed at 50 °C for 2 min,
then at 40 °Cmin—' to 130 °C, and at 3 °Cmin~! to 240
°C. FAMEs are identified based on their retention times
(with 12:0 and 19:0 as internal standards) and quantified
based on their peak areas using 19:0 as the quantitative
internal standard. The 6'3C values of FAMEs are cor-
rected for the addition of the methyl group by simple
mass balance, and using a measured §'3C value of
—40.3%¢ for the methanol used for derivatization. The
reproducibility of the PLFA 63C analysis on well re-
solved compounds is typically 0.3%o, but can be lower
(£0.6%0) for major PLFA considered from natural
samples. All stable isotope ratios are expressed relative
to the conventional standard (VPDB limestone) as ¢
values, defined as

513(: _ Xsample - Xstandard « 101 [ 00}
Xstemdard

where X ="3C/"?C. The typically negative §'3C values
for biological compounds indicate that they have less
BC than the reference material; compounds with more
negative 6'*C values are referred to as being ‘depleted’ in
3C, less negative 6'*C values indicate a relative ‘en-
richment’ in *C. PLFA data were calibrated using a mix
of fatty acid methyl esters in hexane, for which 5"*C
values were measured using both traditional combustion
(with a ThermoFinnigan Flash 1112 elemental analyzer
coupled to a delta+XL) and using the GC/C under
conditions identical to those for environmental samples.
Fatty acid notation [21] contains the number of C
atoms, followed by a colon and the number of double
bonds. The position of the first double bond (from the
aliphatic end of the fatty acid) is indicated after the ‘w’.
Prefixes ‘1’ (iso) and ‘a’ (anteiso) refer to the location of a
methyl group 1 or 2 carbons from the aliphatic end,
respectively. Methyl branches in other positions are in-
dicated by the prefix ‘Me’ (e.g. 10Mel6:0), and the ‘cy’
prefix indicates a cyclopropane fatty acid. ‘¢’ and ‘t’
refer to the cis or trans geometry of double bonds.
Estimates of bacterial carbon were derived from the
combined abundance of selected bacterial PLFA (114:0,
115:0, al15:0, 116:0, and 18:1w7c), by assuming that these
represent an average of 28 4% of the total bacterial
PLFA pool and taking an average PLFA concentration
in bacteria of 0.056 g PLFA carbon per g bacterial C, i.e.
the average taken for aerobic and anaerobic bacteria
(see [22] for references). A second approach was to as-
sume that the majority of PLFAs were of bacterial ori-
gin (as microalgal markers were only detectable in
significant amounts in two sites, see Section 4), and by

using the total PLFA concentration as a proxy for
bacterial C, and as in the previous approach assuming a
conversion factor of 0.056 between total PLFA-derived
carbon and bacterial C (both in mg/g). A comparison of
both approaches (i.e. using total PLFA concentrations
versus specific PLFA concentrations) gave an excellent
correlation (R? = 0.98) with a slope of 1.15, i.e. the
‘total PLFA concentration’ approach gave only slightly
higher estimates, and this mostly in samples with high
microbial abundances. Therefore, all bacterial C esti-
mates given below are based on the sum of selected
bacterial PLFA concentrations. Although these ap-
proaches have some inherent uncertainties, they should
provide us with a consistent comparative measure of
bacterial carbon stocks.

Statistical relationships between 6*C of bulk TOC
and specific bacterial PLFAs were examined using bi-
variate least squares (BLS) regression, which takes into
account the different variability of both parameters. For
other parameters, Spearman’s rank order correlation
analysis, BLS regression or multiple linear regression
analysis was performed using the Statgraphics software
package.

3. Results

Sedimentary organic carbon content (%, dry weight
basis) varied from 0.4% to 37.2%, being lowest in the
cores taken at the riverine site at Chunnambar
(0.5+0.1%, n = 3) and highest in several of the forest
patches at the lagoonal site, i.e. Pambala (33.0 & 3.6%,
26.2 +8.3%, and 25.1 £6.5% for the Rhizophora, Bru-
guiera and Avicennia stand, respectively). Intermediate
values were found in the two estuarine sites in Pichav-
aram (1.1+0.1% and 5.442.0%), at the afforested
Rhizophora site in Pambala (12.3 +£4.5%) and in the
Excoecaria patch in Pambala (3.9 +1.3%), the latter
occurring at slightly elevated, sandier sites than the
other mangrove species (Fig. 1, Table 1). In most sedi-
ment cores, TOC decreased stepwise with depth (Table
1), although in two cores the 4-10 cm section showed
higher TOC than the 2-4 cm layer. Overall, the reduc-
tion in TOC between the top layer (0-1 cm) and the
deepest layer sampled (typically 4-10 cm) averaged
42 +23% of the top layer concentration. Elemental ra-
tios (TOC/TN, atom) of sediments similarly showed a
wide range of values, ranging from 7.5 to 21.3, but
without consistent depthwise trends (Table 1). Lowest
TOC/TN ratios were generally associated with sedi-
ments poor in organic carbon at the riverine and estu-
arine sites, while high TOC values coincided with high
TOC/TN ratios in the lagoonal sites (Spearman’s rank
correlation: p < 0.0001; Fig. 1, Table 1). Overall, bulk
organic matter §'3C values ranged between —28.6 and
—22.4%0, with more enriched values in the low-organic
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Fig. 1. Plot of (A) sedimentary organic carbon content (in % DW) versus 6'*C of bulk organic carbon, and (B) sedimentary TOC/TN ratios versus
013C of bulk organic carbon for sediment cores from different mangrove sites. Each datapoint represents one depth section of a sediment core. Black
squares: Pambala, Rhizophora site. Black diamonds: Pambala, Bruguiera site. Black circles: Pambala, Avicennia site. Grey squares: Pambala, planted
Rhizophora site. Grey diamonds: Pambala, Excoecaria site. Grey circles: Pambala, Lumnitzera site. Open squares: Pichavaram, mixed species stand.

Open diamonds: Pichavaram, Avicennia site. Open circles: Chunnambar.

carbon sites, and more depleted values close to those of
mangrove biomass in organic-rich sediments (Spear-
man’s rank correlation: p < 0.0001; Fig. 1, Table 1).

Total sedimentary PLFA concentrations ranged be-
tween 2.3 and 352.9 ugg~! (DW), and were consistently
highest in the top layer, except in the mixed species zone
in Pichavaram where no consistent depthwise variations
were observed (Table 1). In most cases, PLFA concen-
trations decreased stepwise with depth, but in some
cores there was a slight increase again in the deepest
layer (replanted site and Bruguiera site in Pambala) or in
the 24 cm layer (Excoecaria site, Pambala). The overall
decrease in total PLFA concentrations between the up-
per 1 cm and the 4-10 cm section averaged 70 + 16% of
the upper layer concentration (excluding the data from
the mixed species core in Pambala). Bacterial carbon
stocks, estimated based on the combined abundance of
114:0, 115:0, a15:0, i16:0, and 18:1w7c, ranged between
0.1 and 4.5 pg C g~! DW, and showed a similar relative
decrease with depth (75 £ 13% between the upper 1 cm
and the deepest layer considered, excluding the data
from the mixed species site in Pichavaram) as observed
in the total PLFA concentration data (Table 1). The
depthwise decrease in total PLFA and bacterial carbon
stocks generally accompanies the depthwise reduction of
TOC and TN concentrations in these sediments (Fig. 2A
and B, Spearman’s rank order correlation: p < 0.0001),
although the decrease in PLFA concentration was also
noted in the case where TOC values did not decrease
markedly with depth (i.e. the natural Rhizophora stand
in Pambala). The contribution of bacterial C to the TOC
pool decreased significantly with increasing TOC/TN
ratios (Spearman’s rank order correlation: p = 0.0026;
Fig. 2C). PLFA profiles (two typical examples are pre-
sented in Fig. 3) generally show high concentrations of
10Mel6:0, and in particular cy19:0.

d13C values of selected bacterial PLFA varied widely
between different sites. i+al5:0 (both PLFAs combined
— although peak overlap was minimal, we combine these
for reasons of comparison with fractionation factors
given by Boschker et al. [12]) ranged between —33.9 and
—23.6%0, and markers specific for sulfate-reducing bac-
teria such as 10Mel6:0 and i17:0 [23] showed similar
ranges (=37.5 to —24.9%0 and -33.5 to —24.1%o, re-
spectively). In general, an overall linear relationship
between bacterial PLFA §'*C values and bulk organic
matter 6'3C values was observed (BLS regression:
p < 0.001 for the examples in Fig. 4A-C, p < 0.05 for
cy19:0 shown in Fig. 4D), with a slope typically between
1.1 and 1.5, albeit in most cases not significantly differ-
ent from unity (see regression formulas in Fig. 4). In two
sites (Chunnambar and the Lumnitzera site in Pambala),
however, large deviations in the slope of this relation-
ship were observed (see Fig. 4), with much larger
depthwise variation in the 6'*C of bacterial markers
than in the bulk sediment organic carbon (Table 1).

4. Discussion
4.1. Sediment organic matter: stocks and origin

The range of TOC, TOC/TN, and §'3C values found
for bulk sedimentary organic matter is similar to that
reported earlier in a comparative analysis of data from
various mangrove systems [3]. The inverse relationship
between 6'3Croc and the TOC content or TOC/TN
ratios is consistent with the simple two-source mixing
model proposed in [3]. Briefly, mangrove litter and
aquatic suspended matter (which can be composed of
various sources e.g. phytoplankton, upriver terrestrial
matter, seagrass litter) are considered to be the main
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Table 1

TOC content, TOC/TN ratios (atom), total PLFA concentrations, calculated bacterial C stocks, the contribution of bacterial C to the TOC pool, and
the carbon isotope composition of bulk TOC and the bacterial PLFA i+al5:0 (corrected for fractionation according to [12]) for all sediment cores
examined

Site/zone Depth  TOC TOC/TN Total PLFA Bacterial C Bacterial 8B Croc 33Citais0
(%) (ngg™") (mgg™") CITOC (%)
Pambala, Rhizophora 0-1 34.8 14.7 352.9 3.38 0.97 -28.4 -253
1-2 28.2 15.1 194.3 1.69 0.60 -28.6 -26.0
2-4 323 18.6 124.9 0.96 0.30 -28.1 -26.5
4-10 36.6 21.3 105.6 0.95 0.26 -28.1 -27.8
Pambala, Bruguiera 0-1 37.2 21.0 243.5 2.84 0.76 -28.2 -254
1-2 27.1 20.4 148.4 1.46 0.54 -27.9 -25.9
2-4 17.5 17.5 55.4 0.57 0.32 -28.0 -27.1
4-10 23.0 18.4 60.5 0.61 0.26 -27.9 -26.9
Pambala, Avicennia 0-1 31.0 16.0 148.2 1.76 0.57 -28.4 -24.8
1-2 26.9 16.6 134.3 1.75 0.65 -27.4 -25.8
2-4 26.7 16.5 75.3 0.83 0.31 =277 -26.5
4-10 15.9 15.1 49.6 0.65 0.41 -28.0 -26.4
Pambala, planted Rhizophora 0-1 18.5 17.0 70.6 0.97 0.52 -26.8 -21.5
12 12.5 16.0 66.8 0.80 0.64 -24.8 -20.9
2-4 9.2 18.4 25.8 0.27 0.29 -27.0 -21.9
4-10 8.9 20.8 31.4 0.24 0.27 =27.7 -24.0
Pambala, Excoecaria 0-1 5.2 16.7 9.2 0.12 0.22 -26.1 -23.8
1-2 4.6 15.2 5.0 0.05 0.10 -26.1 -25.2
2-4 3.7 15.0 9.1 0.10 0.28 -26.2 -24.6
4-10 2.2 14.8 5.5 0.06 0.25 -25.8 -25.5
Pambala, Lumnitzera 0-1 19.3 25.44 229.8 2.71 1.41 -27.8 -20.3
1-2 6.5 13.03 62.1 0.54 0.82 -27.6 -25.5
2-4 7.5 16.43 36.7 0.26 0.35 -27.8 -20.3
4-10 5.5 15.41 28.7 0.15 0.28 -27.8 -25.6
Pichavaram, mixed species 0-1 1.3 12.8 12.3 0.10 0.75 -243 -20.2
1-2 1.2 8.6 16.7 0.15 1.28 -24.4 -19.2
2-4 1.1 8.6 13.8 0.12 1.16 -22.8 -19.5
4-10 1.0 10.8 11.9 0.13 1.28 -22.4 -20.0
Pichavaram, Avicennia 0-1 6.9 13.3 168.9 1.95 2.82 -26.2 -21.8
1-2 5.8 11.8 131.8 1.40 2.40 -26.0 -22.4
2-4 6.3 15.8 47.3 0.52 0.83 -25.9 -22.2
4-10 2.5 11.7 25.1 0.25 1.01 -25.1 -21.1
Chunnambar 0-1 0.6 9.5 12.1 0.13 2.32 -23.3 -17.5
1-3 0.6 10.8 39 0.04 0.62 -23.8 -21.7
3-5 0.4 7.5 2.3 0.03 0.71 -24.5 -23.2
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Fig. 2. Sum of selected bacterial PLFA concentrations used to estimate bacterial C stocks (see text for details) versus (A) total sedimentary organic
carbon (in %, DW), (B) total nitrogen (%, DW), and (C) the contribution of bacterial C to the total organic carbon pool versus the elemental (TOC/
TN, atom) ratio of sediments. Each datapoint represents one depth section of a sediment core. Symbols as in Fig. 1.
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Fig. 3. Typical example of PLFA concentration profiles for two se-
lected samples: (A) surface layer (0-1 cm) of the Lumnitzera racemosa
site in Pambala, Sri Lanka, and (B) 2-4 cm depth section of the Avi-
cennia marina site in Pambala, Sri Lanka.

end-members. Mangrove litter is characterized by a high
C content (~45%), high C/N ratios (25-50), and low
013C (~—28%0), whereas tidally imported material has a
low organic C content (0.5-3%), lower C/N ratios (6—
12), and a higher but variable §'*C signature (=28 to
—20%o0, note that all ranges given here are indicative).
Despite these obvious simplifications and the variability
in input parameters, the variations in bulk sediment C
and N concentrations and ¢6'3C generally reflect the
variable inputs of local mangrove litter and imported
carbon sources from the aquatic environment. From the
observed relationships, we can classify most of the forest
zones in the lagoonal system of Pambala (low tidal
amplitude, much of the mangrove zone rarely inun-
dated) as ‘retention’ sites where mangrove carbon is the
dominant contributor to the sediment organic carbon
pool, whereas the sediments from Pichavaram and
Chunnambar (tidal range up to 1 m) reflect a balance
between local inputs (possibly including microphyto-
benthos) and carbon imported from the water column
during high tide. Cores from the afforested and natural
Rhizophora sites in Pambala, however, differed strikingly
in their organic carbon content (average +1 s.d. for the 4
depth sections are 12.3 £ 4.5% versus 33.0 £ 3.6% for the
afforested and natural site, respectively), and slightly
more enriched 6C values (-26.6+1.2%0 versus
—28.34+0.3%0) but similar TOC/TN ratios (18.0+2.1
versus 17.4+3.1). This difference was expected, as the
afforested site was previously a bare mudflat (i.e. which
typically have much lower concentrations of organic

carbon, and less inputs from the mangrove vegetation),
which has been planted in 1993. Depthwise, a fairly
consistent trend of decreasing TOC concentrations was
found in all sediment cores, except in the natural Rhi-
zophora stand from Pambala. When comparing TOC
concentrations in the top layer (0-1 cm) with those in
the deepest layer sampled, a relative decrease of
42+ 23% in organic carbon content is observed. For
TOC/TN ratios and bulk 53C ratios, no consistent
trends with depth can be discerned. The most likely
explanation for the depthwise decrease in TOC could be
the fact that the main inputs of TOC in the sediment
layers considered is from aboveground processes (i.e.
litterfall and tidal deposition) rather than from below-
ground inputs (i.e. root exudation and root turnover),
with subsequent mineralization resulting in a decrease in
TOC over time, and thus, with depth. Nevertheless, it
should be kept in mind that our data only consider the
top 10 cm of the sediment, and that inputs from roots
may only be evident in deeper layers.

4.2. Abundance patterns of bacterial populations: esti-
mates based on PLFA profiles

In all cores considered, except in the mixed species
stand in Pichavaram, bacterial C stocks decreased con-
sistently with depth, with an average relative reduction
by 75+ 13% between the top layer (0—1 cm) and the
deepest layer sampled (usually 4-10 cm). This pattern
clearly identifies the sediment surface layer as the
dominant site of bacterial activity, and is therefore
consistent with the abovementioned interpretation that
the depthwise decrease of TOC would result from min-
eralization. As the decrease in bacterial C with depth is
more pronounced than the decrease in TOC with depth,
the contribution of live bacterial biomass to the total
organic carbon is highest at the sediment surface layer
(see Table 1). Alongi [8] noted that bacterial densities in
mangrove sediments are related to a number of factors,
such as organic C and N content, and particle size
density — but no depthwise distribution was studied. In
our dataset, bacterial C stocks were correlated with both
the total stocks of organic carbon and total nitrogen (see
Fig. 2A and B), the elemental ratios (TOC/TN, see
Fig. 2C), and depth. The latter is evident from the ob-
servation that (i) the TOC decrease with depth averaged
42 + 23%, which is markedly smaller than the 75+ 13%
decrease in bacterial C stocks, and (ii) a similar decrease
in total PLFA and bacterial C is observed in the data
from the natural Rhizophora stand in Pambala, where
TOC and TN concentrations do not show a consistent
variation with depth. Alongi [8] — the only estimate in
the literature to our knowledge — mentions that bacterial
C stocks represent ~5% of the total organic carbon, and
therefore that mangrove sediments harbor much higher
densities of bacteria than other benthic environments,
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Fig. 4. Relationship between 6'3C of selected bacterial PLFA and total sediment organic carbon 6'3C. (A) combined i+al5:0, using a correction of
—5.6%o as the average fractionation between the substrate used and these PLFA [12], (B) 10Mel6:0, (C) i17:0, and (D) cy19:0; the latter three have no
correction for fractionation associated with substrate assimilation applied. Each datapoint represents one depth section of a sediment core. Symbols

as in Fig. 1.

the data from our study sites are typically lower (often
below 1%, Table 1). Moreover, our data show that in all
but two cases, the density of bacteria per unit of TOC is
typically higher in the surface layers (Table 1).

When looking into the PLFA profiles, the ratio of
10Me16:0+i17:0 (both considered to be specific for sul-
phate-reducing bacteria [23]) to total PLFA or 16:0 (a
general PLFA not linked to certain microbial groups)
increased with depth in the majority of sediment cores.
Although we are unable to reliably convert the con-
centrations of these markers into bacterial C stocks, this
trend does indicate that the importance of sulphate re-
ducers increases with depth, which is consistent with the
anoxic conditions they require. In many cases, oxic
respiration and sulphate reduction appear to be the
dominant metabolic pathway of sediment organic mat-
ter degradation in mangroves [10,24-27], but precise
interpretation of the relative importance of these two
processes is difficult, as a discrepancy between rates of
sulphate reduction and total CO, fluxes is often ob-
served (i.e. the former being larger than the latter). The
most striking other pattern in the PLFA profiles is the
prominence of cy19:0 in a large number of the sediment
cores examined (with cy19:0 representing up to 15% of

the total PLFA carbon, see Fig. 3). This PLFA was
found here in much higher relative abundances than in
other estuarine/intertidal sediments [12,28,29], although
it is the dominant PLFA in some terrestrial soils [15].
Although cy19:0 is known from both aerobic and an-
aerobic bacteria, high relative concentrations of this
PLFA have been found to coincide with low oxygen
levels or, more generally, with stressful conditions (for
references see [30]). This PLFA has recently been sug-
gested to increase the resistance of bacteria to low pH
conditions [31] — a tempting hypothesis in view of the
often low pH conditions that can be encountered in
mangrove sediments [11]. Remarkably, §'3C signatures
of ¢cyl19:0 also related in a more scattered pattern to
those of TOC when compared to other bacterial PLFAs
(see following section).

4.3. 83C of PLFA: carbon substrates for natural micro-
bial populations

To test our hypothesis whether the dominant carbon
substrates used by bacterial communities in mangrove
sediments varied in relation to differences in the relative
importance of local versus imported carbon, we com-
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pared 6'3C values of bulk sediment organic matter with
those in selected bacterial markers: i+al5:0 as relatively
general bacterial markers (but found mostly in Gram+
bacteria, see [23]) and 10Mel6:0 and 117:0 as markers
considered specific for sulphate reducers [23]. Over the
range of 6'3Croc signatures encountered, 6'3C values
of these bacterial markers showed a wide range of val-
ues (generally >10%0), but the 6'*C values of the
majority of bacterial markers followed the same overall
trend as that observed in TOC (Fig. 4A—C shows the
typical pattern, Fig. 4D presents data for the atypical
cy19:0).

Relatively few data exist on the degree of isotope
fractionation between the carbon substrate and bacterial
PLFA. Fractionation appears to be more variable for
even-numbered PLFA [12], and more pronounced under
anaerobic than under aerobic conditions ([12,32], al-
though it should be stressed that the latter considers the
neutral FA pool). As much of the fractionation experi-
ments [33,34] have been limited to single compounds or
single bacterial strains, they may not be representative
for natural situations. Boschker et al. [12] conducted
experiments with a natural bacterial inoculum grown on
cellulose and Spartina litter under both aerobic and
anaerobic conditions. For i114:0 and i+a15:0, they found
an average offset between —4 and —6%o (—5.6 £ 1.8%o0)
compared to that of the carbon source, but much more
variable carbon isotope fractionation (between +4 and
—8%o) for even-numbered PLFA (14:0, 16:0, 18:0, 16:1
and 18:1). Burke et al. [13] even suggested that when
microbial communities utilize a complex mixture of
substrates in aerobic soils, little isotope fractionation
may occur and average PLFA §'*C values could be a
good direct indicator of microbial substrate use. A
similar pattern has been suggested for terrestrial envi-
ronments [18], but data from marine environments in
the same study show larger and much more variable
differences between the 5'>C signatures of bulk organic
carbon and microbial PLFA.

Despite the fact that converting §'3C data of specific
PLFA to the §'3C signature of the carbon substrate is
still associated with a relatively large uncertainty, the
availability of data across a range of sediments enables
us to draw more conclusions on the relative use of dif-
ferent substrates by microbial communities. First, a
generally linear relationship is evident between 6'*C of
bacterial PLFA and 6"*Croc (Fig. 4A-C) — suggesting
that microbial communities largely assimilate the
available carbon sources in proportion to their avail-
ability. Nevertheless, the slope of this overall relation-
ship is consistently >1 for all PLFA considered (even
though not statistically significant at the 0.05 level) ex-
cept for cy19:0 where the data are much more scattered
(Fig. 4D) and where a slope of 0.71 is observed. This
implies that there is no constant offset between the 6'°C
of PLFAs and of bulk sediment organic matter. A

similar pattern as that observed for nearly all PLFAs
here can also be discerned in the data presented by
Cifuentes and Salata [18] and Burke et al. [15]. Such a
trend (i.e. the variable offset between §'3C signatures of
TOC and PLFAs) could in our study be the result of (i)
selective use of a more labile pool of organic carbon,
which differs isotopically from the bulk sediment or-
ganic carbon pool, or (ii) higher isotope fractionation
under the conditions found in the sediments with gen-
erally lower 6'*Croc values — in our case these low 61°C
values are found in organic-rich (and likely anoxic)
sediments. In this stage, we cannot distinguish between
these possible effects.

Secondly, for several individual cores (e.g. Chun-
nambar and the Lumnitzera site in Pambala), the general
trend between bacterial PLFA 6!3C and bulk 6'*Croc is
quite different, with a much steeper slope, i.e. very large
variations in the 6'3CpLpa data with much more en-
riched values in the top layer(s), despite only slight
variations in the 6'3Croc values with depth (see Fig. 4).
As microphytobenthos is typically more enriched in
S13C (with 6'3C values typically between —14 and —20%o
in mangroves, see [5] and references therein), this sug-
gests that heterotrophic microbial populations in the
surface layers show a marked selectivity for such labile
carbon substrates, whereas below the surface the con-
tribution by microphytobenthos rapidly fades. Although
further confirmation is needed, these findings are in
agreement with results from temperate salt marshes,
where the contribution by local macrophytes as bacterial
carbon substrates was dominant in some sites, but
minimal in others where inputs by imported carbon
sources and local microphytobenthos were significant
[12]. Indirect evidence for a certain selectivity for more
labile substrates also comes from the observation
(Fig. 2C) that more labile substrates (i.e. with lower
TOC/TN ratios) in general appear to support higher
bacterial abundances for a given amount of organic
carbon. In any case, our results imply that source
identification should complement measurements of
sediment mineralization rates, and are a crucial element
in attempting to budget the fate of mangrove production
or overall carbon dynamics.

Acknowledgements

Funding for this work was provided by the Fonds
voor Wetenschappelijk Onderzoek (FWO-Vlaanderen,
contract G.0118.02), and by EC-INCO project contract
ERB IC18-CT98-0295. We are grateful to AVVS Rao
and VS Sharma for help during sample collection in
India, and to D. Gillikin and the three referees for their
excellent and constructive comments to an earlier ver-
sion of this manuscript. S.B., T.M., and F.D.-G. are
postdoctoral fellows with the FWO-Vlaanderen.



S. Bouillon et al. | FEMS Microbiology Ecology 49 (2004) 171-179 179

References

[1] Jennerjahn, T.C. and Ittekkot, V. (2002) Relevance of mangroves
for the production and deposition of organic matter along tropical
continental margins. Naturwissenschaften 89, 23-30.

Hemminga, M.A., Slim, F.J., Kazungu, J., Ganssen, G.M.,

Nieuwenhuize, J. and Kruyt, N.M. (1994) Carbon outwelling

from a mangrove forest with adjacent seagrass beds and coral

reefs (Gazi Bay, Kenya). Mar. Ecol. Prog. Ser. 106, 291-301.

Bouillon, S., Dahdouh-Guebas, F., Rao, A.V.V.S., Koedam, N.

and Dehairs, F. (2003) Sources of organic carbon in mangrove

sediments: variability and some possible implications for ecosys-

tem functioning. Hydrobiologia 495, 33-39.

Marchand, C., Lallier-Verges, E. and Baltzer, F. (2003) The

composition of sedimentary organic matter in relation to the

dynamic features of a mangrove-fringed coast in French Guiana.

Estuar. Coast. Shelf Sci. 56, 119-130.

[5] Bouillon, S., Koedam, N., Raman, A.V. and Dehairs, F. (2002)
Primary producers sustaining macro-invertebrate communities in
intertidal mangrove forests. Oecologia 130, 441-448.

[6] Bouillon, S., Frankignoulle, M., Dehairs, F., Velimirov, B., Eiler,
A., Etcheber, H., Abril, G. and Borges, A.V. (2003) Inorganic and
organic carbon biogeochemistry in the Gautami Godavari estuary
(Andhra Pradesh, India) during pre-monsoon: the local impact of
extensive mangrove forests. Global Biogeochem. Cycles 17 (4),
1114, doi:10.1029/2002GB002026.

[7] Borges, A.V., Djenidi, S., Lacroix, G., Théate, J., Delille, B. and
Frankignoulle, M. (2003) Atmospheric CO2 flux from mangrove
surrounding waters. Geophys. Res. Lett. 30, 1558-1661.

[8] Alongi, D.M. (1988) Bacterial productivity and microbial biomass
in tropical mangrove sediments. Microb. Ecol. 15, 59-79.

[9] Alongi, D.M., Christoffersen, P. and Tirendi, F. (1993) The influ-
ence of forest type on microbial-nutrient relationships in tropical
mangrove sediments. J. Exp. Mar. Biol. Ecol. 171, 201-223.

[10] Alongi, D.M., Tirendi, F. and Clough, B.F. (2000) Below-ground
decomposition of organic matter in forests of the mangroves
Rhizophora stylosa and Avicennia marina along the arid coast of
Western Australia. Aquat. Bot. 68, 97-122.

[11] Middelburg, J.J., Nieuwenhuize, J., Slim, F.J. and Ohowa, B.
(1996) Sediment biogeochemistry in an East African mangrove
forest (Gazi Bay, Kenya). Biogeochemistry 34, 133-155.

[12] Boschker, H.T.S., de Brouwer, J.F.C. and Cappenberg, T.E.
(1999) The contribution of macrophyte-derived organic matter to
microbial biomass in salt-marsh sediments: stable carbon iso-
tope analysis of microbial biomarkers. Limnol. Oceanogr. 44,
309-319.

[13] Boschker, H.T.S. and Middelburg, J.J. (2002) Stable isotope
analysis of biomarkers in microbial ecology. FEMS Microb. Ecol.
40, 85-95.

[14] Meier-Augustein, W. (2002) Stable isotope analysis of fatty acids
by gas chromatography-isotope ratio mass spectrometry. Anal.
Chim. Acta 465, 63-79.

[15] Burke, R.A., Molina, M., Cox, J.E., Osher, L.J. and Piccolo, M.C.
(2003) Stable carbon isotope ratio and composition of microbial
fatty acids in tropical soils. J. Environ. Qual. 32, 198-206.

[16] Jones, W.B., Cifuentes, L.A. and Kaldy, J.E. (2003) Stable carbon
isotope evidence for coupling between sedimentary bacteria and
seagrasses in a sub-tropical lagoon. Mar. Ecol. Prog. Ser. 255, 15—
25.

[17] Boschker, H.T.S., Nold, S.C., Wellsbury, P., Bos, D., de Graaf,
W., Pel, R., Parkes, P.J. and Cappenberg, T.E. (1998) Direct
linking of microbial populations to specific biogeochemical
processes. Nature 392, 801-805.

2

3

[4

[18] Cifuentes, L.A. and Salata, G.G. (2001) Significance of carbon
isotope discrimination between bulk carbon and extracted
phospholipid fatty acids in selected terrestrial and marine
environments. Org. Geochem. 32, 613-621.

[19] F. Dahdouh-Guebas, personal observation.

[20] Bligh, E.G. and Dyer, W.J. (1959) A rapid method of total lipid
extraction and purification. Can. J. Biochem. Physiol. 37, 911-
917.

[21] Ratledge, S. and Wilkinson, S.G. (1988) Microbial lipids.
Academic Press, San Diego, CA.

[22] Middelburg, J.J., Barranguet, C., Boschker, H.T.S., Herman,

P.M.J., Moens, T. and Heip, C.H.R. (2000) The fate of intertidal

microphytobenthos carbon: an in situ *C-labelling study. Limnol.

Oceanogr. 45, 1224-1234.

Findlay, R.H. and Dobbs, F.C. (1993) Quantitative description of

microbial communities using lipid analysis. In: Handbook of

methods in aquatic microbial ecology (Kemp, P.F., Sherr, B.F.,

Sherr, E.B. and Cole, J.J., Eds.), pp. 271-284. Lewis Publishers,

Boca.

Kristensen, E., Holmer, M. and Bussarawit, N. (1991) Benthic

metabolism and sulfate reduction in a south-east Asian mangrove

swamp. Mar. Ecol. Prog. Ser. 73, 93-103.

Kristensen, E., Devol, A.H., Ahmed, S.I. and Saleem, M. (1992)

Preliminary study of benthic metabolism and sulfate reduction in

a mangrove swamp of the Indus Delta, Pakistan. Mar. Ecol. Prog.

Ser. 90, 287-297.

[26] Nedwell, D.B., Blackburn, T.H. and Wiebe, W.J. (1994) Dynamic
nature of the turnover of organic carbon, nitrogen and sulfur in
the sediments of a Jamaican mangrove forest. Mar. Ecol. Prog.
Ser. 110, 223-231.

[27] Alongi, D.M., Tirendi, F., Trott, L.A. and Xuan, T.T. (2000)
Benthic decomposition rates and pathways in plantations of the
mangrove Rhizophora apiculata in the Mekong delta, Vietnam.
Mar. Ecol. Prog. Ser. 194, 87-101.

[28] Dobbs, F.C. and Findlay, R.H. (1993) Analysis of microbial
lipids to determine biomass and detect the response of sedi-
mentary microorganisms to disturbance. In: Handbook of
methods in aquatic microbial ecology (Kemp, P.F., Sherr, B.F.,
Sherr, E.B. and Cole, J.J., Eds.), pp. 347-358. Lewis Publishers,
Boca.

[29] Rajendran, N., Matsuda, O., Urushigawa, Y. and Simidu, U.
(1994) Characterization of microbial community structure in
the surface sediment of Osaka Bay, Japan, by phospholipid
fatty acid analysis. Appl. Environm. Microbiol. 60, 248-257.

[30] Bossio, D.A. and Skow, K.M. (1998) Impacts of carbon and
flooding on soil microbial communities: phospholipid fatty acid
profiles and substrate utilization patterns. Microb. Ecol. 35, 265-
278.

[31] Brown, J.L., Ross, T., McMeekin, T.A. and Nichols, P.D. (1997)
Acid habituation of Escherichia coli and the potential role of
cyclopropane fatty acids in low pH tolerance. Int. J. Food
Microbiol. 37, 163-173.

[32] Teece, M.A., Fogel, M.L., Dollhopf, M.E. and Nealson, K.H.
(1999) Isotopic fractionation associated with biosynthesis of fatty
acids by a marine bacterium under oxic and anoxic conditions.
Org. Geochem. 30, 1571-1579.

[33] Abraham, W.R., Hesse, C. and Pelz, O. (1998) Ratios of carbon
isotopes in microbial lipids as an indicator of substrate usage.
Appl. Environ. Microbiol. 64, 4202-4209.

[34] Pelz, O., Hesse, C., Tesar, M., Coffin, R.B. and Abraham, W.R.
(1997) Development of methods to measure carbon isotope ratios
of bacterial biomarkers in the environment. Isotopes Environ.
Health Stud. 33, 131-144.

[23

[24

25


http://dx.doi.org/doi:10.1029/2002GB002026

	Variability in the origin of carbon substrates for bacterial communities in mangrove sediments
	Introduction
	Materials and methods
	Study sites and sample collection
	Analytical procedures

	Results
	Discussion
	Sediment organic matter: stocks and origin
	Abundance patterns of bacterial populations: estimates based on PLFA profiles
	delta13C of PLFA: carbon substrates for natural microbial populations

	Acknowledgements
	References


