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Abstract

Our current knowledge on production, composition, transport, pathways and transformations of organic carbon in tropical mangrove

environments is reviewed and discussed. Organic carbon entering mangrove foodwebs is either produced autochthonously or imported by tides

and/or rivers. Mangrove litter and benthic microalgae are usually the most important autochthonous carbon sources. Depending on local

conditions, phytoplankton and seagrass detritus imported with tides may represent a significant supplementary carbon input. Litter handling by the

fauna not only affects microbial carbon transformations, but also the amount of organic carbon available for export. Most mangrove detritus that

enters the sediment is degraded by microorganisms. Aerobic respiration and anaerobic sulfate reduction are usually considered the most important

microbial respiration processes, but recent evidence suggests that iron respiration may be important in mangrove sediments as well. Organic carbon

that escapes microbial degradation is stored in sediments and in some mangrove ecosystems, organic-rich sediments may extend to several meters

depth. Many mangrove forests also lose a significant fraction of their net primary production to coastal waters. Large differences occur between

mangrove forests with respect to litter production and export. Mangrove-derived DOC is also released into the water column and can add to the total

organic carbon export. Numerous compounds have been characterized from mangrove tissues, including carbohydrates, amino acids, lignin-

derived phenols, tannins, fatty acids, triterpenoids and n-alkanes. Many of these may, together with stable isotopes, exhibit a strong source

signature and are potentially useful tracers of mangrove-derived organic matter. Our knowledge on mangrove carbon dynamics has improved

considerably in recent years, but there are still significant gaps and shortcomings. These are emphasized and relevant research directions are

suggested.

# 2007 Elsevier B.V. All rights reserved.

Keywords: Mangrove forest; Carbon dynamics; Import; Export; Biogeochemistry; Burial

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202

2. Organic carbon inputs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202

2.1. Mangrove ecosystem productivity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202

2.2. Origin of mangrove organic carbon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

3. Chemical composition of mangrove litter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205

3.1. Carbohydrates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205

3.2. Amino acids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205

3.3. Tannins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205

3.4. Lignin-derived phenols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205

3.5. Fatty acids. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

3.6. Triterpenoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

www.elsevier.com/locate/aquabot

Available online at www.sciencedirect.com

Aquatic Botany 89 (2008) 201–219

* Corresponding author. Tel.: +45 6550 2754; fax: +45 6593 0457.

E-mail address: ebk@biology.sdu.dk (E. Kristensen).
1 All authors have contributed equally to this publication.

0304-3770/$ – see front matter # 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.aquabot.2007.12.005

mailto:ebk@biology.sdu.dk
http://dx.doi.org/10.1016/j.aquabot.2007.12.005


3.7. n-Alkanes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

4. Mangrove foodwebs and the role of fauna in organic carbon processing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

4.1. Qualitative importance of fauna in organic carbon dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

4.2. Quantitative importance of fauna on organic carbon fluxes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

5. Organic matter decomposition and mangrove sediment biogeochemistry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208

5.1. Early stages of decomposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208

5.2. Sedimentary decomposition pathways . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210

5.3. Rates of sedimentary carbon oxidation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211

6. Burial and permanent storage of organic carbon in sediments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212

7. Outwelling and dispersal of mangrove organic matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212

8. Perspectives and research directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216

1. Introduction

Mangrove forests are known to be highly productive

ecosystems with the capacity to efficiently trap suspended

material from the water column. Litter from trees (leaves,

propagules and twigs) and subsurface root growth provide

significant inputs of organic carbon to mangrove sediments

(Alongi, 1998). Litterfall is likely to represent about one third of

the net primary production (Alongi et al., 2005a). A range of

other sources may also provide important organic carbon inputs;

including allochthonous riverine or marine material (e.g.,

seagrasses), autochthonous production by benthic or epiphytic

micro- or macroalgae, and local water column production by

phytoplankton (Bouillon et al., 2004). As a consequence,

mangrove environments are sites of intense carbon processing

with a potentially high impact to the global carbon budget

(Borges et al., 2003; Dittmar et al., 2006; Alongi, 2007).

Mangrove-derived detritus is an important food source for

decomposer food webs including many macroinvertebrates,

such as sesarmid crabs (Grapsidae) that are notable in their

ability to consume mangrove litter (Fratini et al., 2000;

Cannicci et al., 2008). The more moderate, but in many cases

considerable input of local or imported algal detritus is

consumed by other animal species such as fiddler crabs

(Ocypodidae) and various gastropods (Bouillon et al., 2002;

Kristensen and Alongi, 2006). Irrespective of the pathways of

organic matter consumption and food web structure, all organic

matter that is not exported by tidal action enters the sediment

where it is consumed, degraded and chemically modified. The

degradation of organic matter in mangrove sediments is

mediated by both aerobic and anaerobic microbial processes

using a variety of electron acceptors. A fraction of mangrove

detritus escapes degradation and is permanently buried within

the mangrove sediments or adjacent ecosystems. While some

mangrove forests largely retain detritus within their sediments

(i.e. as degradation or burial), others lose a major fraction of

their net primary production to adjacent coastal waters mainly

through tidal forcing. Because of the regular tidal flooding and

draining in many mangrove forests, the material exchange with

adjacent waters can be very efficient.

In this contribution, we review and evaluate the current

knowledge on organic carbon dynamics in mangrove ecosys-

tems and its impact on other ecosystems. Fig. 1 provides an

overview of the major pathways and pools of carbon associated

with leaf litter and algal detritus in mangrove environments. We

will first discuss the relative importance of various sources to

the total ecosystem organic carbon balance and describe the

chemical composition of mangrove tissues at the molecular

level. Subsequently, we will discuss the function of food webs,

including litter grazing invertebrates and microbial decom-

posers with emphasis on the behavior of organic carbon in

mangrove sediments during early diagenesis, and the efficiency

of permanent burial as a fate of mangrove production. Finally,

we emphasize the role of outwelling and dispersal of mangrove

derived organic matter that escapes decomposition for carbon

dynamics in adjacent environments.

2. Organic carbon inputs

2.1. Mangrove ecosystem productivity

The most widely used proxy of mangrove productivity is

annual litter fall, which is known to show a latitudinal gradient,

being highest close to the equator (e.g., Twilley et al., 1992).

Typical global average litterfall rates are in the order of

�38 mol C m�2 year�1 (Twilley et al., 1992; Jennerjahn and

Ittekkot, 2002). It must be stressed, however, that this

underestimates the total net CO2 fixation by mangroves, since

it does not incorporate the wood and belowground biomass

production (Middleton and McKee, 2001), nor DOC release

through root exudates. Estimates indicate that belowground

biomass makes up a substantial part (10–55%) of the total

mangrove biomass (Twilley et al., 1992; Matsui, 1998; Alongi

and Dixon, 2000). A number of recent direct measurements of

photosynthesis rates indeed suggest that net primary production

(NPP) is significantly higher than litter fall estimates, the latter

representing only �30% (range: 14–41%) of the net canopy

production (Alongi et al., 2005a). An alternative approach to

estimate the net production is to include the (scarce) estimates

of wood and root production. Twilley et al. (1992) estimated a

global average wood production of 67 mol C m�2 year�1,

taking into account the latitudinal variation. A number of data

on root production have recently become available, and from

these, we calculate the (geometrical) mean ratio of root to leaf
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carbon production at 1.15 � 0.75 (n = 12, data from McKee

and Faulkner (2000) and Giraldo Sánchez (2005)), which

allows us to estimate the global average mangrove root

production at 44 mol C m�2 year�1. Combining these data, the

total NPP (leaf litter, wood and root production combined) can

be estimated to be roughly 149 mol C m�2 year�1. This

suggests that litter fall comprises no more than �25% of the

total NPP, consistent with the estimates presented in Alongi

et al. (2005a). So far, budgeting and productivity studies in

mangrove areas have primarily been based on litterfall

estimates (e.g., Jennerjahn and Ittekkot, 2002), which

obviously leads to underestimates of carbon dynamics.

The efficiency of mangrove systems in trapping suspended

material from the water column likely depends on a range of

factors such as the particle size, salinity, tidal pumping and the

areal extent of the intertidal zone (e.g., Wolanski, 1995), but

can be very high: 15–44% (Victor et al., 2004), 30–60%

(Kitheka et al., 2002), and up to 80% (Furukawa et al., 1997).

The origin of the organic fraction in the water column is highly

variable, and may include a mixture of marine or freshwater

plankton, C3 or C4 terrestrial matter, mangrove litter and

seagrass-derived material. The organic content of suspended

matter is low, typically in the 2–4% range (Bouillon et al.,

2003), which is comparable to or lower than that of mangrove

sediments.

Rates of benthic primary production by microphytobenthos

have been reported from different mangrove ecosystems, and

range between 7 and 73 mol C m�2 year�1 (Gattuso et al.,

1998; Holmer et al., 2001; Kristensen and Alongi, 2006). The

inputs from microalgae are generally considered to be low due

to light limitation or inhibition by tannins (see Alongi, 1994).

Productivity data for macroalgae are scarce, but some studies

indicate that they may contribute significantly under certain

conditions (e.g., 110–118 mol C year�2 d�1 for lagoon sys-

tems see Koch and Madden (2001)). Phytoplankton densities

and primary production have been found to be highly variable

and it has been suggested that productivity may be significantly

lower in estuarine mangrove areas (e.g. the Fly River delta,

Papua New Guinea: 0.7–21 mol C m�2 year�1, Robertson

et al., 1992) than in mangrove-lined lagoons (e.g. Ivory

Coast: up to 146 mol C m�2 year�1, see references in

Robertson and Blaber, 1992). The relative importance of

phytoplankton to the total mangrove ecosystem primary

productivity is expected to vary with geomorphology, water

currents, turbidity and nutrient levels, e.g., �20% for the Fly

River delta, Papua New Guinea (Robertson et al., 1992), 50%

in Terminos Lagoon, Mexico (Day et al., 1987), and far

exceeding mangrove inputs in other ecosystems (e.g. Wafar

et al., 1997; Li and Lee, 1998). Despite a potentially high

phytoplankton production in mangrove creeks, high turbidity

Fig. 1. Diagram showing the major pathways and pools of carbon associated with leaf litter and algal detritus in mangrove environments. Squares represent pools of

organic carbon. Arrows represent transfer of carbon between pools through key processes like transport, leaching, microbial decay, and macrofaunal grazing. Ovals

represent pools that are permanently displaced from biological transformation within the mangrove system (modified from Kristensen, 2008).
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and active microbial degradation within the water maintain

many creeks as net heterotrophic systems, even during the day

(Kristensen and Suraswadi, 2002).

2.2. Origin of mangrove organic carbon

Elemental composition and stable isotope signatures can

provide clues on the origin of the sedimentary organic matter

pool. Much of the variation in these proxies can be explained by

a simple two-source mixing model whereby mangrove litter

(characterized by high POC, high POC/PN ratios, and low d13C

values) and suspended matter (low POC, low POC/PN ratios,

variable but generally higher d13C values) are taken as end-

members (Bouillon et al., 2003), similar to what has been found

in salt marsh ecosystems (Middelburg et al., 1997). However,

due to the limited number of studies which have simultaneously

reported d13C values and POC and/or POC/PN data from

mangrove sediments, the data presented in Bouillon et al.

(2003) hold little information on the relative occurrence of the

different situations encountered. A compilation of available

data (Fig. 2A) shows that 58% of d13C data are lower than

�25%, and thus suggest an important input of mangrove litter

(d13C � �28 to �30%). On the other hand, the significant

number of relatively high d13C data (�17 to �23%) indicates

large inputs of imported (phytoplankton, seagrasses in some

ecosystems) and possibly local (microphytobenthos) 13C-

enriched (d13C� �16 to �24%) carbon sources. Accordingly,

Wooller et al. (2003) suggested that dense microbial mats may

provide a high input of organic carbon to certain mangrove

sediments (up to 90%), and similarly, Marchand et al. (2003,

2005) provided clear evidence that algal material can represent

a significant fraction of the sedimentary organic carbon, in

particular during the early stages of mangrove forest

development.

Mangrove sediments are in general relatively rich in organic

carbon with a median POC content of 2.2% (Fig. 2B). A

fraction of 44% of the available data show POC less than 2%

and 28% with values between 2 and 5%. Since most mangrove

forests occur along sedimentary coastlines in large estuaries

and deltas, large quantities of suspended organic carbon

brought in by tides or rivers are deposited along with local

mangrove detritus (e.g. Victor et al., 2004 and references

therein). The large majority (96%) of mangrove sediments have

POC/PN ratios above 10 (Fig. 2C), which is typical for subtidal

marine sediments, and 47% even exceed POC/PN ratios of 20.

Although the large fraction of relatively high POC/PN ratios

indicate that mangrove sediments contain a significant input of

mangrove litter, the wide range is difficult to interpret. It may

reflect either pure mangrove litter in an advanced stage of

decomposition, or a variable contribution by other carbon

sources. Apart from the indications outlined above, recent

results based on the isotope composition of sediment organic

carbon from mangrove systems where significant amounts of

C4 vegetation occurs in the catchment areas, points out the

potential importance of riverine-transported terrestrial material

in mangrove systems (Bouillon et al., 2007a; Ralison and

Bouillon, unpublished).

Fig. 2. Compilation of (A) bulk d13C, (B) bulk POC and (C) bulk POC:TN

ratios of intertidal mangrove sediments. Only data where POC and POC:TN

ratios were analyzed using standard elemental analyzer approaches are

included. Compiled from various sources. The data and references are available

upon request.
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3. Chemical composition of mangrove litter

Mangrove tissues (in particular Rhizophora leaves) have

been characterized in various studies that focused on: (i) the

nutritional quality of mangrove-derived organic matter, (ii) the

specificity of certain biomarkers to trace mangroves in

paleoenvironmental reconstructions, or (iii) the organic fluxes

delivered to the oceans. Numerous compound classes have been

identified, including carbohydrates, amino acids, lignin-derived

phenols, tannins, fatty acids, triterpenoids and n-alkanes, and

up to 50% of Rhizophora leaf biochemical composition can

now be accounted for (Hernes et al., 2001). The general

conclusion is that mangrove tissues exhibit a strong source

signature and that some compounds are potentially useful

tracers of mangrove-derived organic matter as they are

preserved during diagenesis. These biochemical tracers can

provide important complementary information for a successful

interpretation of stable isotope data.

3.1. Carbohydrates

Carbohydrates represent the largest fraction of photo-

synthetically assimilated carbon in the biosphere. They are the

most abundant constituents of vascular plants where they

mostly occur in cell walls. Total carbohydrate yields can

represent up to 65.5% of organic carbon in mangrove wood

(Opsahl and Benner, 1999). Marchand et al. (2005) showed

that the leaves of three different mangrove species (Avicennia

germinans, Laguncularia racemosa, and Rhizophora mangle)

are poorer than woody tissues in neutral sugars, with

concentrations ranging from 12 to 32% and from 25 to

36% of the total organic carbon, respectively. Glucose is the

most abundant neutral sugar in each of these species,

representing >50% of the total. About 80% of the glucose

was found to be cellulosic, while other neutral sugars are

mostly hemicellulosic. Moers et al. (1990) and Benner et al.

(1990) demonstrated that R. mangle wood is mainly

composed of glucose, xylose and arabinose, whereas the

compositional pattern in R. mangle leaves is: glucose >
arabinose > galactose > rhamnose > xylose. Leaves of A.

germinans are richer in xylose compared with leaves from

other mangrove species (Marchand et al., 2005; Opsahl and

Benner, 1999). Even though mangrove tissues have typical

carbohydrate signatures, these tend to disappear rapidly in the

detritus pool since polysaccharides are highly reactive

compounds relative to bulk organic carbon, and since

microbial communities themselves synthesize new polysac-

charides. Nevertheless, neutral carbohydrates show selective

degradation patterns in mangrove sediments, which can

provide specific details on their sources, despite their overall

low concentrations. Marchand et al. (2005) showed that the

debris deriving from mangrove roots strongly contributes to

the organic enrichment of sediments, and can be discriminated

using their content of xylose, and cellulosic monosaccharides.

In contrast, algal mats developing on the sediment surface

during the early stages of mangrove development are

responsible for abundant rhamnose content.

3.2. Amino acids

Amino acids can represent up to 9% of mangrove leaf

biomass (Hernes et al., 2001), but very few studies have

described their composition in mangrove tissues. Zieman et al.

(1984) reported concentrations of total amino acids in

Rhizophora leaves of 833 mmol g�1 with glutamic acid,

leucine, and glycine representing each more than 10%.

Avicennia leaves, on the other hand, contain mostly glycine,

glutamic acid and aspartic acid (Tremblay and Benner, 2006).

The concentration of amino acids tends to increase during

decomposition due to microbial accumulation (Hernes et al.,

2001; Tremblay and Benner, 2006). Since amino acids of

prokaryote origin then become prevalent, their use as mangrove

tracers appears limited.

3.3. Tannins

Tannins in vascular plants occur as two types, condensed and

hydrolysable. They are more abundant in plant leaves than in

woody tissues, and contribute to the color and astringency of

the bulk organic matter. Hernes et al. (2001) found that green

leaves of R. mangle may contain more than 6% tannins, being

third in abundance after polysaccharides (21%) and amino

acids (9%). The tannin content of mangrove leaves is higher

and more polymerized than found for 40 other dicotyledonous

plant species (Hernes et al., 2001). Condensed tannin consists

of 80% procyanidin and 20% prodelphinidin. The latter, with its

higher degree of hydroxylation, appears to be more labile than

procyanidin tannin. Leaching, which induces an increase in

polymerization of condensed tannin, is an important mechan-

ism for tannin removal from leaves. Hernes et al. (2001)

concluded that while the composition of brown and partly

decomposed leaves is recognizable as dicotyledonous in origin,

it is difficult to attribute the composition specifically to

mangrove leaves.

3.4. Lignin-derived phenols

Lignin is a nitrogen-free co-polymer of various phenylpro-

penyl alcohols that is present in vascular plants. Lignin

composition varies significantly between gymnosperms and

angiosperms, and between hard (i.e., woods) and soft (i.e.,

leaves, needles) tissues. Because of the exclusive association

with higher plants, lignin is usually considered as a specific

tracer of terrestrial plant remains. Mangrove species exhibit a

typical vascular-plant lignin signature, with great variations

between leaves and wood, the latter being richer in lignin

oxidation product. Marchand et al. (2005) reported a total yield

of eight simple phenols ranging from 0.5 to 1.5% and from 3.8

to 5.1% of TOC in leaves and wood material, respectively.

Mangrove wood is characterized by very low ratios between

cinnamic phenols and vanillic phenols (C/V), whereas these

ratios for mangrove leaves are an order of magnitude higher

than for other dicotyledonous angiosperm leaves (Dittmar and

Lara, 2001b; Marchand et al., 2005). The ratio between syringic

phenols and vanillic phenols (S/V), on the other hand, is higher
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for woody tissues than for herbaceous tissues. The acid-to-

aldehyde ratios of both vanillic and syringic phenols in

mangrove leaves are also unusually high compared to non-

mangrove leaves, whereas in woody tissues, these ratios are

close to zero (Opsahl and Benner, 1995; Dittmar and Lara,

2001b; Marchand et al., 2005). Lignin is generally thought to be

more refractory than other molecular compounds, and Marc-

hand et al. (2005) found that lignin-derived phenols were lost at

a lower rate during decomposition than total neutral sugars and

bulk organic carbon. Decomposition pathways changing the

monomer ratios are known to be dependent of the redox

conditions (Dittmar and Lara, 2001b; Marchand et al., 2005).

3.5. Fatty acids

Fatty acids are ubiquitous in living organisms, and due to

their biological specificity can act as biomarkers for

prokaryotes, fungi, diatoms, dinoflagellates or vascular plants.

They are therefore useful tracers of the origin and flow of

mangrove-derived organic carbon trough estuarine food webs.

Recently, Meziane et al. (2007) showed that leaves of six

mangrove species can be differentiated using their fatty acid

profiles, and that geographically-separated populations of the

same species can be identified. Saturated fatty acids (SAFA)

dominate the fatty acid composition of mangrove leaves with

Palmitic acid (16:0) as the most abundant (Sassen, 1977;

Mfilinge et al., 2003, 2005; Hall et al., 2006). The high content

of polyunsaturated fatty acids (PUFA), in particular 18:2v6 and

18:3v3, has been identified as useful biomarkers of mangrove

leaves in estuarine food chains (Sassen, 1977; Hall et al., 2006;

Meziane et al., 2007). Mangrove leaves also include the long-

chain fatty acids (LCFA) 24:0, 26:0 and 28:0, which are typical

vascular plant markers (Alfaro et al., 2006; Hall et al., 2006;

Meziane et al., 2007). Mfilinge et al. (2003) suggested that the

amount of 16:0 in mangrove leaves may be an indicator of

degradation state since the concentration of SAFA in detritus

declines constantly with age. Conversely, the concentrations of

LCFA do not change with detritus age, suggesting that these

vascular plant-markers can be useful biomarkers (Mfilinge

et al., 2003, 2005).

3.6. Triterpenoids

Pentacyclic triterpenoids have frequently been used to

characterize sources of sedimentary organic matter as they are

common constituents of plants. Dodd et al. (1998) reported 11

triterpenoids in epicuticular waxes accounting for up to 3.5% of

Rhizophora mangle leaves from West Africa. Taraxerol

(taraxer-14-en-3b-ol) is not specific to Rhizophora but occurs

in unusually high concentrations in its leaves compared to other

vascular plants (Killops and Frewin, 1994; Koch et al., 2003;

Versteegh et al., 2004). Taraxerol is mainly present inside the

leaf, whereas b-amyrin (olean-12-en-3b-ol) is dominant in

epicuticular waxes. Leaves of Rhizophora are also character-

ized by high amounts of germanicol (olean-18-en-3b-ol) and

lupeol (lup-20(29)-en-3b-ol). Avicennia germinans mainly

contains betulin (lup-20(29)-en-3b,28b-diol), lupeol and b-

sitosterol (24-ethylcholest-5-en-3b-ol), whereas significant

quantities of b-sitosterol and lupeol are typical of Laguncularia

racemosa (Koch et al., 2003). Oku et al. (2003) suggested that

triterpenoids may have a special function in the adaptation of

mangrove to salt stress, which may explain their richness.

While betulin, tracer of Avicennia, can be efficiently degraded

in the sediments, taraxerol seems to be unreactive with respect

to microbial degradation (Killops and Frewin, 1994; Hernes

et al., 2001; Versteegh et al., 2004; Koch et al., 2005).

Consequently, taraxerol can be a useful proxy for paleoenvir-

onmental reconstructions.

3.7. n-Alkanes

Long-chain n-alkanes (between 25 and 35 carbons), that are

characteristic components of epicuticular waxes of mangrove

leaf surfaces, can also be used as tracers of higher plant remains

(Dodd et al., 1995, 1998; Rafii et al., 1996; Versteegh et al.,

2004). Versteegh et al. (2004) and Mead et al. (2005) found that

the most abundant lipid at the Rhizophora leaf surface, C29 n-

alkane, accounts for 0.22% of the dry leaf material. However, it

seems that the n-alkanes composition in mangrove plants is

susceptible to biogeographic variations. Rafii et al. (1996) and

Dodd et al. (1998) reported unusually high concentration of

C28 n-alkane in Avicennia and Rhizophora from French

Guiana, whereas C31 is also important in plants of these genera

in West Africa. Foliar wax from Laguncularia racemosa in

French Guiana contains, among a broad range of n-alkanes,

high concentrations of C29 and C33 whereas this species in

West Africa mostly contains C27-C29. Dodd et al. (1999)

suggested that the n-alkane composition of mangroves can be

linked to environmental conditions, and attributed the

dominance of longer chained C31 and C33 n-alkanes of A.

marina in the United Arab Emirates to its evolution under arid

conditions.

4. Mangrove foodwebs and the role of fauna in organic

carbon processing

Mangrove forests are recognized as an important habitat for

fauna, harboring often abundant and diverse benthic inverte-

brate communities (Sasekumar, 1974; Wells, 1984; Nagelke-

rken et al., 2008). These may further serve as important food

sources for transient fauna (e.g., Sheaves and Molony, 2000)

and a number of species are commercially important and are

harvested for food consumption (Rönnbäck, 1999; Rönnbäck et

al., 2003; Walters et al., 2008). The exact role of mangrove

ecosystems in attracting and sustaining these communities has

been long debated, but likely results from a combination of

offering suitable habitat, food supply, and refuge from

predators (e.g., Laegdsgaard and Johnson, 2001). While a

general overview of mangrove food webs has recently been

presented in a different context (Bouillon et al., 2008;

Nagelkerken et al., 2008) and is outside the scope of this

paper, we will here focus on the different food sources that may

be used by mangrove benthos and the potential impact of fauna

to the overall carbon budget and sediment biogeochemistry.
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Mangrove trees have traditionally been viewed as the main

supplier of organic carbon to mangrove benthos, and their

production was thought to fuel not only local faunal

communities, but also adjacent aquatic foodwebs through

outwelling (e.g., Odum and Heald, 1975). It is now recognized

that the outwelling hypothesis needs to be reconsidered or at

least put into perspective (see later), and recently it has been

demonstrated that the view of mangrove litter as being the

dominant food source in the intertidal zone is too simplified. It

has become increasingly clear that mangrove invertebrates

exploit a wide range of potential food resources, including

mangrove litter, epiphytic algae, benthic microalgae, bacteria

and fungi, as well as macroalgae and a mixture of organic

sources imported from adjacent aquatic environments by tidal

currents (Bouillon et al., 2002; Hsieh et al., 2002; Kieckbusch

et al., 2004). Thus, the degree of utilization of mangrove-

derived food sources depends partially on the degree of material

exchange with adjacent systems (Bouillon et al., 2004).

Considering their overall abundance and high secondary

productivity, consumers may have a profound impact on the

overall organic carbon dynamics in mangrove systems. First,

we can expect that the overall consumption rate of organic

carbon (whatever its origin) is high and that selective feeding on

certain food sources may significantly alter the relative amounts

of different sources available for export, burial, or mineraliza-

tion. Secondly, fauna process much higher amounts of material

than they actually assimilate, and this can result in important

modifications of the size, form or quality of the non-assimilated

organic matter, which in turn may have implications for its

availability for export, consumption, or mineralization.

4.1. Qualitative importance of fauna in organic carbon

dynamics

The foraging and feeding activities of mangrove fauna can

influence the properties and availability of organic carbon

through a number of different mechanisms. The most well-

known example is the leaf litter removal capacity of sesarmid

crabs (or the ocypodid crab Ucides cordatus in parts of the New

World). Thongtham and Kristensen (2005) showed that

Neoepisesarma versicolor consumes fresh green and senescent

yellow Rhizophora apiculata leaves at considerably lower rate

than partly degraded brown leaves. This observation is

consistent with those of Giddins et al. (1986) for Neosarmatium

smithii and Micheli (1993) for Sesarma messa and N. smithii.

The higher palatability of brown leaves compared with green

and, in particular, yellow leaves probably results from

improved nutritional value and removal of inhibitory com-

pounds by the ageing process (Poovachiranon and Tantichodok,

1991). The feeding activity of sesarmid crabs not only affects

the availability of leaf litter on the forest floor and its

subsequent export, but many of these crabs typically take the

leaves down in their burrow for storage, where they continue to

decompose (Skov and Hartnoll, 2002). Moreover, the removal

of leaves from the surface is likely to be beneficial for the

growth of microalgae, since these are hypothesized to be

inhibited by tannins (Alongi, 1994), in which mangrove leaves

are particularly rich. Sesarmid crabs ingest twice as much

material than they actually assimilate (Thongtham and

Kristensen, 2005), which means that half of the ingested litter

subsequently becomes available as faeces for decomposer or

detritus food webs. This processing of leaf material may have

far-reaching consequences, since the nitrogen-rich faecal

pellets are more accessible for feeding by other invertebrates

due to the smaller size of the particle fragments (Lee, 1997,

1998), and have significantly higher decomposition rates

compared to the original material (Lee, 1997; Kristensen and

Pilgaard, 2001), resulting in a much faster turnover of organic

carbon.

Deposit-feeding invertebrates such as ocypodid crabs, a

range of sesarmid crabs and gastropods also process large

amounts of sediment and associated organic material, which is

often fed upon very selectively, either at the stage of ingestion

or during assimilation (e.g., Dye and Lasiak, 1987). These

selective feeding activities not only result in a modification of

the amount and relative quantities of different sources of

organic carbon, but also modify the sediment surface proper-

ties. Exclusion experiments have shown that grazing by

epifauna significantly reduces microalgal standing stocks

(Branch and Branch, 1980; Webb and Eyre, 2004; Kristensen

and Alongi, 2006), which in combination with the physical

modifications and disturbance of the sediment surface, may

have a number of indirect effects on microbial and meiofaunal

communities (Dye and Lasiak, 1986; Schrijvers et al., 1998).

A final important process through which faunal communities

influence organic carbon dynamics is their burrowing activity.

The resulting mixing of sediment material from different depths

and the increased oxygenation around burrows results in

significant local changes in the relative importance of microbial

decomposition pathways (Kristensen, 2008) and enhances the re-

oxidation of reduced compounds (e.g. Fe2+ and H2S).

Furthermore, burrows of crabs and other benthic fauna have

been shown to significantly increase the hydraulic conductivity

of mangrove sediments (Susilo et al., 2005; Mazda and Ikeda,

2006), which enhances the porewater-mediated export of

dissolved nutrients and organic carbon to the aquatic environ-

ment.

4.2. Quantitative importance of fauna on organic carbon

fluxes

Activities of mangrove fauna can have a profound quantitative

impact on the availability, properties, and fate of organic matter.

Leaf litter removal by crabs is not only affecting the amount of

organic carbon available for export, but also the potential role of

litter consumption for the overall carbon budget of mangrove

systems should be stressed. This can be illustrated conceptually

from scenarios where the amount of leaf litter that is potentially

removed, ingested and assimilated by sesarmids feeding on a

pure litter diet is estimated from literature data and a number of

simple assumptions (Table 1). The essential data on biomass of

sesarmids, handling rate, consumption rate and assimilation

efficiency are quite variable among mangrove environments.

Since the biomass of sesarmids varies widely, i.e. from 150 to
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750 g m�2 (Wells, 1984; Emmerson and McGwynne, 1992; Skov

and Hartnoll, 2002), three different biomass values (low, medium

and high) within these limits were used here in order to provide

realistic scenarios. Potential consumption rates by sesarmid crabs

offered food in excess are reported to range from 500 to

1000 mmol C (g ww crab)�1 d�2 (Emmerson and McGwynne,

1992; Lee, 1998; Ólafsson et al., 2002; Gillikin et al., 2004;

Thongtham and Kristensen, 2005), and an intermediate value of

700 mmol C (g ww crab)�1 d�2 was used in our calculations. For

litter fall, a global average value of �105 mmol C m�2 d�1 was

used (Jennerjahn and Ittekkot, 2002 and discussion above). The

exact dependency of sesarmids on mangrove litter may vary

according to the species and sites considered (see above and

Cannicci et al., 2008), but two values, 30 and 60% were used to

cover a realistic range (Bouillon et al., 2004). The estimated

fraction of leaf litter removed is highly variable (Table 1) and even

a low sesarmid biomass and a low dependency on mangrove litter

result in a considerable removal (30%). When sesarmid biomass

is high and their reliance on mangrove litter is also high, the

average litter fall rate is insufficient to sustain sesarmids under the

assumptions made. The deficit becomes even more pronounced

from the fact that crabs only are capable of removing 30–90% of

the litterfall (Robertson, 1986; Micheli, 1993; Slim et al., 1997;

Schories et al., 2003), while the remainder is either exported or

degraded by microorganisms.

Although these calculations should be considered rather an

exercise than a precise estimate, they do demonstrate that a

dominant role for mangrove litter in the diet of consumers is not

required to explain high litter removal rates, and hence, that the

overall effect of faunal consumption on litter dynamics can be

very high, even when other inputs would be the main sources

sustaining faunal production. Also, under the assumptions

mentioned above, food limitation might occur when relatively

high densities of litter consumers are present. This has also been

pointed out recently for Ucides cordatus by Nordhaus et al.

(2006). They found that leaf inputs are insufficient to support

the food requirements of the resident crab populations during

periods of reduced litterfall. Leaf litter is clearly a major

component in the diet of most sesarmid crabs (Dahdouh-

Guebas et al., 1997), and litter carbon appears sufficient to

support their growth. However, the low nitrogen availability in

litter forces these crabs to obtain this element from other

sources. Thongtham and Kristensen (2005) hypothesized that

sesarmids primarily supplement their leaf diet by occasional

ingestion of nitrogen-rich animal tissues (e.g. invertebrates and

fish carcasses) since other potential nitrogen sources, such as

prokaryote, fungi and benthic primary producers, only provide

a limited amount of the needed nitrogen. Accordingly,

Dahdouh-Guebas et al. (1999) observed that only few non-

ocypodid crab species from Kenyan mangrove forests are

specialized plant eaters. Most of them supplement their diet

with animal prey, mostly bivalves, gastropods, anomurans and

other brachyurans.

Furthermore, given that the abovementioned estimates only

refer to sesarmid crabs, it becomes evident that when we

consider the entire community of epifauna and infauna, their

impact on organic matter cycling and litter dynamics can be

substantial. Data on secondary production coupled to informa-

tion on resource utilization, which are entirely lacking for any

mangrove system, would be required to obtain a realistic

estimate of this role. The impact of fauna in current mangrove

carbon budgets is often considered only in terms of direct

herbivory or invoked to estimate the proportion of leaf litter

retained within the system due to burial and/or consumption.

Future ecosystem budgets should attempt to evaluate the

potential role of resident fauna from a trophic point of view and

include a wider variety of methodological approaches.

5. Organic matter decomposition and mangrove

sediment biogeochemistry

5.1. Early stages of decomposition

Irrespective of the pathways and food web structure

involved, all mangrove organic matter that is not exported

by tidal action enters the sediment and is degraded or

chemically modified by microorganisms. The decay of

deposited mangrove litter begins with significant leaching of

soluble organic substances. Newly-fallen mangrove litter loses

20–40% of the organic carbon by leaching when submerged in

seawater for 10–14 days (Camilleri and Ribi, 1986; Twilley

et al., 1997). The carbohydrates that rapidly leach after

submersion in water are mostly the non-lignocellulose

components (Neilson and Richards, 1989). Accordingly,

Benner et al. (1990) observed that 97% of cyclitols are rapidly

lost from decaying mangrove leaves. Also tannins and other

phenolic compounds with microbial inhibitory potential

account for a significant fraction (up to 18%) of the dissolved

organic matter (DOM) in mangrove leachate (Benner et al.,

1986). This is associated with a decrease in tannin content from

59 mg g�1 in senescent yellow leaves to 5.5 mg g�1 in partly

degraded brown leaves (Hernes et al., 2001). Much of the

Table 1

Conceptual scenarios showing the potential litter consumption by sesarmid crabs

Scenario 1 Scenario 2 Scenario 3

Biomass of sesarmids (g m�2) 150 250 400

Consumption rate (mmol C m�2 d�1) 105 175 280

Dependency on litter (%) 30 60 30 60 30 60

Litter consumption in % of litterfall 30 60 50 100 80 160

Scenarios with ‘‘low’’ (1), ‘‘medium’’ (2) and ‘‘high’’ (3) crab biomass are presented. Total carbon consumption rates of sesarmid crabs are derived from the literature

(see text for references). The chosen range of crab dependency of litter in the diet is based on stable isotope data presented in Bouillon et al. (2004). The fraction of the

average litterfall that is potentially consumed is estimated assuming an average litter fall rate of 105 mmol C m�2 d�1 (see text for more details).
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leached DOM is actually labile and degraded efficiently under

oxic and nutrient replete conditions with conversion efficien-

cies into microbial biomass of up to 90% (Benner et al., 1986;

Kristensen and Pilgaard, 2001). In nutrient-limited and partly

anoxic mangrove sediments, on the other hand, the microbial

incorporation occurs with a lower average efficiency of roughly

35% (Boto et al., 1989).

Further decomposition of the remaining particulate material

occurs through extracellular enzymatic hydrolysis which is

mediated by aerobic and anaerobic prokaryotes and marine

mycelial decomposers such as eumycotes (fungi) and

oomycotes (protoctista) (Newell, 1996). These latter organisms

are highly-adapted for the capture of cellulose-rich vascular

plant litter by pervasion and digestion from within. Thus, the

polysaccharide (i.e. cellulosic) components of lignocellulose

are generally degraded about twice as fast as the lignin

component, indicating that mangrove detritus becomes

relatively enriched in lignin-derived carbon with time (Benner

and Hodson, 1985; Marchand et al., 2005). While cellulose and

lignin can readily be degraded in oxic environments, these

compounds are only slowly degraded under anoxic conditions.

Lignin, for example, has a half-life of more than 150 years in

anoxic mangrove sediments (Dittmar and Lara, 2001b).

The chemical changes that occur in mangrove detritus

during degradation are not only caused by enzymatic cleavage

and gradual loss of substances. Tremblay and Benner (2006)

reported that the total hydrolysable amino acid content of

leaves increases up to five-fold during a 4-year decomposition

phase due to accumulation of microbial biomass. This is

consistent with a general decrease in C:N ratios observed

during the decomposition of mangrove leaves (Twilley et al.,

1986; Robertson, 1988; Thongtham and Kristensen, 2005). The

fatty acid composition in mangrove leaves also changes from

the predominantly plant dominated saturated fatty acids to

monounsaturated fatty acids and branched chain fatty acids

indicative of prokaryote biomass (Mfilinge et al., 2003, 2005).

The decomposition rate of newly-fallen litter has been

examined in numerous litterbag studies. The decay typically

follows a single exponential pattern (Mt = M0 e�kt, Mt is the

mass remaining after time t, M0 is the initial mass and k is the

decay constant). Decay constants of yellow leaves deposited on

intertidal mangrove sediment varies about two orders of

magnitude (e.g. 0.001–0.1 d�1 corresponding to a half life of

693 to 7 days) (Tam et al., 1998; Aké-Castillo et al., 2006).

Although comparison among studies is complicated by

methodological constraints (e.g. different mesh size in bags,

pre-handling of litter and incubation time), a number of studies

have shown indications of several mechanisms controlling litter

degradation in mangrove environments, such as inundation

frequency, abundance of detritivorous fauna, mangrove species,

and the initial C:N ratio. For instance, Middleton and McKee

(2001) found from own and literature data that mangrove litter

placed on frequently inundated low intertidal sediments lost on

average 0.64 � 0.11% dw d�1, while the decay on dry upper

intertidal sediments only accounted for 0.32 � 0.08% dw d�1.

The difference is obviously caused by the greater accessibility

to microbial degraders when litter is permanently wet. The role

of small fauna (excluding crabs) is clearly evident from the

study of Bosire et al. (2005), in which the decay of Rhizophora

mucronata and Sonneratia alba litter appeared strongly

dependent on the total abundance of amphipods, nematodes,

turbellarians, isopods and polychaetes (Fig. 3). The shredding

and macerating activities of these animals apparently increase

the degradability of litter material by increasing the effective

surface area accessible to microbial attack. It is obvious that the

action of leaf-eating sesarmid crabs will augment this faunal

effect outside litterbags where their influence is also allowed

(Poovachiranon and Tantichodok, 1991; Robertson et al., 1992;

Kristensen and Pilgaard, 2001).

Despite the inherent variability among litterbag studies, a

number of reports have independently found an inverse

relationship between the C:N ratio of mangrove leaf litter

and the decay constant. Even when these studies are combined,

the relationship is still significant ( p < 0.01, Fig. 4). Litter

degradation seems therefore strongly dependent on the

availability of nitrogen for the microbial decomposers. The

difference in degradability and elemental composition appears

to be a dual function of species (e.g. Kandelia versus

Rhizophora) and location of origin (Avicennia from India

versus Australia). For example, the slowly-degrading leaves of

Rhizophora contain more structural lignocellulose and less

nitrogen than the more labile Kandelia leaves. Leaves of K.

candel are also rich in total fatty acids, and in essential fatty

acids (v3 and v6) entailing that they are of high nutritional

quality (Mfilinge et al., 2005). The differential in elemental

composition and degradability of litter from the same species

between locations is probably related to the availability of

nutrients in the environment. Interestingly, various aquatic

plants from temperate environments (unicellular green algae

and green macroalgae, as well as submerged vascular

macrophytes and marsh grasses) also show an inverse

relationship between elemental C:N ratio and decay constants

Fig. 3. Decay constants of Rhizophora mucronata and Sonneratia alba litter in

litterbags as a function of benthic fauna abundance (including amphipods,

nematodes, turbellarians, isopods and polychaetes, but excluding crabs). Data

from Bosire et al. (2005).
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(Fig. 4). If the almost 10 8C difference in temperature between

temperate and tropical incubations are considered and

assuming a temperature dependence typical for biological

processes (i.e. Q10 � 2–3), the two relationships are almost

identical with nitrogen-rich algae decomposing fastest and

nitrogen-poor mangrove litter decomposing slowest.

5.2. Sedimentary decomposition pathways

While the aerobic microbial community in mangrove

environments consumes fresh litter and algal detritus deposited

at or near the sediment surface, anaerobes are fuelled by

detritus buried by accretion, by leaf-eating crabs and by below-

ground root production in the form of dead biomass and DOC

excretions (Alongi, 1998; Kristensen and Alongi, 2006).

Aerobic microorganisms have the enzymatic capacity for

complete oxidation of organic carbon to CO2, while anaerobic

degradation processes occur stepwise involving several

competitive types of prokaryotes. Aerobic degradation of

labile materials near the surface of mangrove sediments is

usually so rapid that O2 rarely penetrates more than 2 mm into

the sediment (Kristensen et al., 1994). The bulk sediment

remains largely anoxic except for a network of narrow roots and

infaunal burrows that translocate oxygen deep into the sediment

(Kristensen and Alongi, 2006). Under anoxic conditions, large

organic molecules are first split into small moieties by

fermenting prokaryotes. These small molecules are then

oxidized completely to CO2 by a wide variety of anaerobic

microorganisms using electron acceptors in the following

sequence according to the energy yield: Mn4+, NO3
�, Fe3+ and

SO4
2�.

Aerobic respiration and anaerobic sulfate reduction are

usually considered the most important respiration processes in

mangrove sediments (Alongi, 1998), with a share of 40–50%

each (Table 2). Consequently, most mangrove sediments

contain high levels of reduced inorganic sulfur in the form

of primarily pyrite (FeS2) and elemental sulfur (S0) and only

negligible amounts of iron monosulfides (FeS) (Holmer et al.,

1994). Denitrification, manganese respiration and iron respira-

tion, on the other hand, have traditionally been considered

unimportant in mangrove environments (Kristensen et al.,

1998), although denitrification may be significant in areas

impacted by sewage (Corredor and Morell, 1994). Recent

evidence suggests, however, that the role of iron respiration in

carbon oxidation may be comparable to, or higher than, sulfate

reduction in iron-rich mangrove environments (Table 2). As

sulfate reduction usually is hampered in the presence of more

potent electron acceptors (e.g. O2 and Fe3+; Canfield et al.,

2005), this process becomes inferior to iron respiration when

oxidizing roots and infaunal burrows increase the Fe3+ content

in mangrove sediments (Nielsen et al., 2003). Recent results

have shown that the proportion of anaerobic respiration in

mangrove sediments that is conducted via iron respiration

(FeR) is significantly related to the concentration of reactive

oxidized iron (Fe(III)) within the sediment (Fig. 5). Thus, when

the concentration of reactive Fe(III) exceeds about

35 mmol cm�3, more than 80% of the anaerobic carbon

oxidation is mediated by microbial iron reduction. This

relationship is strikingly similar to that generally found for

other marine areas (Jensen et al., 2003).

When all electron acceptors are exhausted and electron

donors are in surplus, CH4 is produced by fermentative

disproportionation of low molecular compounds (e.g. acetate)

or reduction of CO2 by hydrogen or simple alcohols (Canfield

et al., 2005). Thus, a process like sulfate reduction can usually

maintain concentrations of hydrogen and acetate at levels too

low to fuel methanogens. In general, rates of methane

production are low and highly variable in mangrove sediments,

and in some environments the process cannot be detected at all

(Alongi et al., 2004, 2005b). Despite the presence of active

methanogenesis, the concentration of methane in porewaters of

near-surface sediments is usually very low due to simultaneous

removal by anaerobic methane oxidation (Canfield et al., 2005).

Emissions of methane from mangrove sediments are therefore

close to zero (range from 0 to 5 mmol m�2 d�1). There is a

general consensus that anthropogenic influence, i.e. higher

nutrient and organic loading, strongly increases emissions of

methane from mangrove sediments by inducing severe oxygen

stress and supplying labile organic carbon (Giani et al., 1996;

Purvaja and Ramesh, 2001; Kreuzwieser et al., 2003; Alongi

et al., 2005b). Nevertheless, our knowledge on factors

controlling methanogenesis and methane emissions in man-

grove environments is limited and relies primarily on a few

recent studies.

Rates of microbial carbon oxidation and partitioning of

electron acceptors within typical marine sediments are usually

dependent on the quantity and reactivity of organic matter,

sediment grain size, and bioturbation activity (Kristensen,

2000). However, in mangrove sediments other factors are

equally important; these include forest age, physiological

activities of the root system, extent of water logging and

Fig. 4. Decay constants of a variety of mangrove litter (bold) and submerged

macrophytes from temperate areas (light) as a function of the initial POC:TN

ratio of the material. Least squares linear regression lines and correlation

coefficients are shown for comparison (Twilley et al., 1986; Robertson,

1988; Twilley et al., 1997; Wafar et al., 1997; Tam et al., 1998; Mfilinge

et al., 2002).
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intensity of faunal burrowing activities. It has been observed

that sulfate reduction accounts for 20–30% in young Avicennia

marina and Rhizophora apiculata forests, while this process is

responsible for most carbon oxidation in old forests (Alongi

et al., 1998, 2000a). Oxidized conditions with dominance of

aerobic and iron respiration prevail in sediments beneath young

Rhizophora stands characterized by low plant biomass and high

exposure to tidal effect on well-aerated sandy substratum. As

forests age, the organic carbon input becomes stronger, and the

increasing amount of fresh organic matter leads to a prevalence

of sulfate reduction. The effect of Avicennia marina roots on

sediment biogeochemistry, on the other hand, appears contra-

dictive. Oxygen leaching by roots keeps the rhizosphere deep in

the sediment oxidized and enriched in Fe(III) for use by iron

reducers. At the same time, leaching of labile DOC from roots

appears to stimulate bulk sulfate reduction (Kristensen and

Alongi, 2006). The impact of water logging is evident in mature

Avicennia forests. When the water table is low during the dry

season, oxygen penetrates deeper into the sediment through

crab burrows and cracks in the sediment and adds to the

oxidizing effect of the rhizosphere, allowing suboxic (e.g. iron

reduction) oxidation of organic carbon. Conversely, during the

rainy season, prolonged water logging prevents oxidation of the

sediment and sulfate reduction becomes the dominant pathway

(Clark et al., 1998; Marchand et al., 2004). Animal burrows are

a major conduit for subsurface movement of water (Ridd,

1996). They allow the supply of oxygen and oxidized elements

below the depth at which oxygen usually penetrate, resulting in

the development of oxidized halos around burrows (Clark et al.,

1998). Thus, Kristensen et al. (2000) observed that sulfate

reduction in a burrowed mudflat is reduced to half of that in

adjacent vegetated and almost fauna-free sediments.

5.3. Rates of sedimentary carbon oxidation

The total sediment metabolism, which can be quantified as

dark CO2 release, represents the sum of all aerobic and

anaerobic respiration processes and provide an estimate of the

total decomposition occurring within the sediment. Based on

Table 2

Total carbon oxidation (tot C-ox) measured as benthic CO2 release and partitioning of electron acceptors in mangrove sediments

Location Tot C-ox NO3
� Mn(IV) Fe(III) SO4

2� CH4 prod References

Bangrong, Thailand 32–62 <0.1a n.m. 17–36 5–10 n.m. 1

Ao Nam Bor, Thailand 54–190 n.m. n.m. n.m. 20–46 n.m. 2

Mekong Delta, Vietnam 17–54 0–4 0.5–1.4 <0.1b 2–15 �0 3

Matang, Malaysia 77–102 8–19 n.m. n.m. 39–88 �0 4

Jiulongjiang, China 67–79 2–8 1–18 0–11b 162–562 <0.1 5

Pichavaram, India 106–190 n.m. 1–39 1–11b 42–638 n.m. 6

Indus Delta, Pakistan 47–50 n.m. n.m. n.m. 23–32 n.m. 7

Port Hedland, Australia 28–48 n.m. <0.1 <0.1b 11–53 �0 8

Dampier, Australia 37–51 n.m. <0.1 �0b 7–28 �0 8

Mangrove Bay, Australia 29 n.m. �0 �0b 16 �0 8

Bay of Rest, Australia 33 n.m. <0.1 0.1b 46 �0 8

Haughton, Australia 40–93 n.m. n.m. 21–64 14–24 n.m. 9

Hinchinbrook, Australia 2–22 6–14 <0.1 �0b 2–20 �0 10

Mtoni, Tanzania 55–107 n.m. n.m. 27–49 4–6 n.m. 11

Ras Dege, Tanzania 73–79 n.m. n.m. 35–57 11–46 n.m. 11

Gazi Bay, Kenya 55–373 n.m. n.m. n.m. n.m. n.m. 12

The contribution (in C units) by independently measured anaerobic microbial carbon oxidation processes using various electron acceptors are given. Units are

mmol C m�2 d�1 (n.m.—not measured) (modified from Kristensen, 2007). References: (1) Kristensen et al. (2000); (2) Kristensen et al. (1994); (3) Alongi et al.

(2000a); (4) Alongi et al. (2004); (5) Alongi et al. (2005b); (6) Alongi et al. (2005c); (7) Kristensen et al. (1992); (8) Alongi et al. (2000b); (9) Kristensen and Alongi

(2006); (10) Alongi et al. (1999); (11) Kristensen (unpublished); (12) Middelburg et al. (1996).
a Obtained from the nearby Ao Nam Bor mangrove forest (Kristensen et al., 1998).
b Estimated from the generation of dissolved Fe2+ only, and thereby ignoring generation of solid Fe(II).

Fig. 5. Relationship between the proportion of iron respiration (FeR) to total

anaerobic carbon oxidation in mangrove sediments and the corresponding

concentration of reactive Fe(III). Data are from Thailand (Kristensen et al.,

2000); Australia (Kristensen and Alongi, 2006) and Tanzania (Kristensen,

unpublished). Full line shows the best fit with a constant a = 0.044 to the

equation %FeR = 100 (1 � exp(�a Fe(III))).
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the available data, the global average release of CO2 from

mangrove sediments in the dark is roughly 27 mol m�2 year�1

(equivalent to 75 mmol m�2 d�1 and covering a range from 2 to

373 mmol m�2 d�1) (Table 2). Most of these highly variable

rates are probably seriously underestimated as they generally

are based on flux measurements of inundated and air-exposed

bare sediment away from trees and burrows. Recent measure-

ments have shown, however, that air-exposed pneumatophores

and open crab burrows increase CO2 emissions to the

atmosphere considerably by efficient translocation of CO2

gas from deeper sediments. Thus, Kristensen (unpublished)

found that the contribution of 100 Sonneratia alba pneuma-

tophores m�2 is about 170 mmol CO2 d�1 and 100 Avicennia

marina pneumatophores m�2 is roughly 60 mmol CO2 d�1,

while 100 Uca spp. burrows m�2 may add 90 mmol CO2 d�1 to

the basic rate measured for bare sediment. In addition,

respiration by the crabs themselves also contributes to CO2

loss from the sediment. A biomass of 250 g ww Uca spp.

respires 16 mmol CO2 d�1 (Kristensen, unpublished) and the

same biomass of sesarmids (Neoepisesarma versicolor)

respires 21 mmol CO2 d�1 (Thongtham and Kristensen,

2005). It is therefore important that future studies on sediment

metabolism in mangrove environments quantify the abundance

of aerial roots and crab burrows (including crabs) and contain

their contribution into the efflux of CO2 to provide reliable

estimates of carbon oxidation in mangrove sediments. Such

estimates may prove essential for obtaining trustworthy global

carbon budgets.

6. Burial and permanent storage of organic carbon in

sediments

Mangrove ecosystems are able to store large amounts of

organic carbon (Matsui, 1998; Fujimoto et al., 1999) and in

some mangrove ecosystems, organic-rich sediments of several

meters depth have been found (Twilley et al., 1992; Lallier-

Verges et al., 1998). The formation of old and refractory

material in mangrove sediments can be observed visually as

lignified and humified (spongy) litter fragments. Accordingly,

Dittmar and Lara (2001b) estimated that the average age of

organic carbon in the upper 1.5 m of the sediment in the Furo do

Meio mangrove forest, Brazil is between 400 and 770 years.

Based on a compilation of available data, Duarte and Cebrián

(1996) estimated that �10% of the mangrove production is

buried in the sedimentary pool, the remainder being exported

(�30%), consumed (�9%), decomposed (�40%), or unac-

counted (10%). However, the percentage of buried carbon

strongly depends on the environmental conditions. As primary

production increases with stand age, the efficiency of carbon

burial in sediments increases, from 16% for a 5-year-old forest

to 27% for an 85-year-old stand (Alongi et al., 2004).

Additionally, there is proportionally greater carbon burial in the

low intertidal zone where sediment accumulation is greatest

(Alongi et al., 2005b). Duarte et al. (2005) recently estimated

the average global rate of carbon accumulation in mangrove

systems at 10.8 mol m�2 year�1, which is similar to the

10.7 mol m�2 year�1 estimated by Jennerjahn and Ittekkot

(2002). There are, however, a number of caveats in such global

estimates and it will likely require substantially more data to be

able to constrain these budgets better.

The available global estimates of carbon accumulation are

mainly calculated by difference using litter fall, export and

consumption rates (Jennerjahn and Ittekkot (2002) and many of

the case studies used in the approach of Duarte and Cebrián

(1996)). This approach does not emphasize the fact that NPP is

likely to be three to four-fold higher than the litter fall rates,

which may lead to a significant underestimate of burial rates.

Also, other potentially important organic carbon sources

derived from tidal water, such as seagrass detritus, phytode-

tritus and terrestrial material (Bouillon et al., 2003; Marchand

et al., 2003; Kennedy et al., 2004) are usually not considered in

accumulation estimates, which may further accentuate the

underestimate of carbon burial rates.

From that perspective, direct measurements of sediment

and/or carbon accumulation rates hold a better potential, but

unfortunately the number of such data are scarce (Chmura et al.,

2003; Duarte et al., 2005) which raises the question as to

whether these are representative enough for a global extra-

polation. Looking into the datasets used by Duarte et al. (2005),

the sediment carbon content of the mangrove sites considered

was 8.5%, whereas a more exhaustive data compilation

indicates that a representative global estimate of carbon

content is likely to be close to 2.2% (Fig. 2), suggesting that the

data used in this bottom-up approach is biased towards organic-

rich systems and hence overestimates the global carbon

accumulation in mangroves.

The close match between different approaches (Twilley

et al., 1992 and references cited above) is therefore

remarkable—although this does not need to imply that the

carbon burial rate is well constrained, and more data need to

be generated before this estimate can be confirmed or

improved.

7. Outwelling and dispersal of mangrove organic

matter

About four decades ago, Odum (1968) proposed a

groundbreaking hypothesis in coastal ecology according to

which the outwelling of litter from coastal wetlands is a major

source of energy that supports much of the secondary

production of estuaries and nearshore waters. Because of the

regular tidal flooding and draining in most mangrove areas, the

material exchange between the forests and coastal waters can

be very efficient (e.g. Dittmar and Lara, 2001a). Many of the

most productive mangrove forests in the world lose a significant

fraction of their net primary production to coastal waters

(Robertson et al., 1992; Jennerjahn and Ittekkot, 2002). Large

differences occur between mangrove forests with respect to

litter production and export rates, and some largely retain

detritus within their sediments (Woodroffe, 1992), which is

then mineralized or buried. On a global average, however,

numerous studies indicate that mangrove forests are a

significant net-source of detritus to adjacent coastal water,

and the global export rate of mangrove litter has been estimated
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to be 19 mol C m�2 year�1 which is approximately half of the

total litter production (Jennerjahn and Ittekkot, 2002).

While there are clear patterns of high particulate detritus

export in most mangrove environments, the utilization of this

organic matter in marine food webs seems inconsistent. The

large flux of mangrove detritus to the coastal ocean can have

recognizable effects on aquatic food webs in some areas (Odum

and Heald, 1975; Alongi et al., 1989; Alongi, 1990), but the

litter outwelling hypothesis has been challenged in other areas

(Lee, 1995; Schwamborn et al., 1999). Some studies show that,

as far as particulate organic matter fluxes are concerned,

mangrove forests and adjacent environments can strongly

interact. For example, Hemminga et al. (1994) observed a tight

coupling between mangrove forests and seagrass meadows in

Gazi Bay (Kenya) where strong outwelling of particles from the

mangrove environment is evident. During flood tides, however,

reversed transport of organic particles from the seagrass zone to

the mangrove forest can be observed. Respiratory CO2 derived

from mangrove detritus can be a major inorganic carbon source

for the seagrass meadows as observed by Hemminga et al.

(1994) in Gazi Bay, Kenya, and Lin et al. (1991) for a

mangrove-seagrass system in Florida. In contrast to the tight

coupling between mangroves and adjacent seagrasses, particle

outwelling is often restricted to the reef line (Schwamborn

et al., 1999) while nearby coral reefs can exist in relative

isolation from mangrove influence (Hemminga et al., 1994).

Thus, the role of mangrove litter on sediment processes and the

tight coupling with adjacent ecosystems is mostly restricted to

the direct vicinity of the forests. A few kilometers offshore,

however, mangrove litter usually contributes insignificantly to

the organic matter accumulating in sediments or to the carbon

consumed by organisms (Hemminga et al., 1994; Jennerjahn

and Ittekkot, 2002).

Two major processes can explain the lack of a significant

offshore impact of litter outwelling. (1) The distribution of

exported mangrove litter largely depends on the local

geomorphology and hydrodynamics. Many mangrove forests

fringe semi-enclosed bays and estuaries. Water currents within

these settings can efficiently trap suspended particles (Jay and

Musiak, 1994) and cause enhanced sedimentation rates in direct

vicinity of the mangrove environment. Lithogenic input from

rivers can provide mineral ballast for the production of fast-

sinking aggregates (Jennerjahn et al., 1999). Large-scale

boundary currents can also diminish the dispersion of

terrigenous suspended particles off the continental margins

(Jennerjahn and Ittekkot, 2002). (2) On the time-scale of

outwelling, a significant fraction of litter is lost as dissolved

organic carbon (DOC). Within the first weeks of litter

degradation in the water column or submersed sediments,

>75% of organic carbon can be lost (Dittmar and Lara, 2001b;

Schories et al., 2003), most of it to the dissolved pool (Benner

et al., 1990; Wafar et al., 1997).

Mangrove-derived DOC is also released into the water

column through the tidal pumping of DOC-rich porewaters,

which can significantly add to the total organic carbon export

(Bouillon et al., 2007b). DOC concentrations in mangrove

porewaters varies considerably within and among forests, but

levels as high as 9 mmol L�1 has been recorded (Marchand

et al., 2006). Quantitative estimates from mangrove forests

around the world almost consistently indicate that a significant

fraction of the net carbon fixation through primary production

is indeed exported to coastal waters as DOC (Boto and

Wellington, 1988; Dittmar et al., 2006). Decomposition and

leaching products of leaf litter are likely sources of the exported

mangrove-DOC (Dittmar et al., 2001), while the contribution of

root exudates or decomposing below-ground biomass is not

known. The total export rate of organic carbon from mangrove

forests may significantly exceed the estimates of litter export by

Jennerjahn and Ittekkot (2002; 19 mol C m�2 year�1) if the

export of DOC is taken into account. Tidal DOC export from

a Florida mangrove area (Twilley, 1985) was estimated to be

3.1–3.7 mol C m�2 year�1, while a mangrove tidal creek in

Australia (Ayukai et al., 1998) exports 1.8 mol C m�2 year�1,

and a mangrove forest in Thailand loses 0.6 mol C m�2 year�1

(Suraswadi, unpublished). These export estimates are usually

based on small-scale studies performed within or in direct

vicinity of the mangroves. The only study performed so far on a

continental-shelf scale (Dittmar et al., 2006) indicates a

significantly higher outwelling of DOC (12 mol C m�2 year�1)

compared to previous small-scale studies in the same region in

northern Brazil (4 mol C m�2 year�1; Dittmar et al., 2001) or

elsewhere in the world. The reason behind this discrepancy is

probably that the gradual release of DOC from floating and

suspended detritus in the water column was not accounted for in

past studies. From the well-developed mangrove forest in Brazil

about 13 mol C m�2 year�1 of floating debris were exported

through tidal creeks over the course of an annual sampling

campaign (Schories et al., 2003). In addition to floating debris,

suspended solids (POC) were exported at a rate of

3 mol C m�2 year�1 (Dittmar and Lara, 2001a,c). Stable

carbon isotope and lignin analyses indicated leaf litter as the

primary source of the exported POC (Dittmar et al., 2001). The

combined export of debris and POC accounts for �40% of the

total litter fall in this mangrove forest. Mangrove-derived

dissolved organic carbon (DOC) is exported at a rate

of 4 mol C m�2 year�1 (Dittmar and Lara, 2001c). The

combined export for all organic matter fractions (debris,

POC, and DOC) is 20 mol C m�2 year�1. A major fraction

(12 mol C m�2 year�1) of this organic matter is ultimately

transported across the shelf in form of DOC, probably after

extensive photochemical and microbial reworking (Dittmar

et al., 2006).

The release of DOC from mangrove compartments causes

pronounced tidal signatures. For example, DOC concentrations

in a tidal creek in northern Brazil that drains a well-developed

mangrove area showed a pronounced tidal pattern (Dittmar and

Lara, 2001a; Fig. 6). During ebb, DOC-rich porewater seeps out

of the mangrove sediments and the concentrations sharply

increase. The molecular lignin signature of this DOM showed

that degradation products of mangrove detritus (mainly R.

mangle and A. germinans litter) are the main source of DOC

seeping out of the sediments (Dittmar et al., 2001). In a very

similar fashion, DOC concentrations were found to fluctuate

according to the tides in a pristine mangrove creek in Tanzania
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(Fig. 7; Bouillon et al., 2007b). There, two major sources of

DOM could be distinguished. The stable carbon isotope

composition of DOC closely followed the tidal cycle, and

indicated inputs of 13C-enriched (seagrass) material into the

mangrove during flood tide, and 13C-depleted mangrove DOM

leaving the system during ebb tide.

Important master variables that control to a large degree the

magnitude of organic matter outwelling and the partition

between debris, POC and DOC outwelling are net primary

production, the abundance of litter-collecting fauna and tidal

range. In the mangrove forest of Bragança (northern Brazil), the

leaf-removing crab Ucides cordatus has a key-role for leaf-litter

turnover, significantly impacting litter export and decomposi-

tion (Schories et al., 2003). The main vehicle for DOC

outwelling is tidally induced porewater flow from the upper

sediment and litter horizon (Dittmar and Lara, 2001a) which is

largely controlled by tidal range.

Little is known about the fate of mangrove-derived DOC in

the ocean. The bulk of the leachable fraction from R. mangle

leaves can be mineralized rapidly and assimilated into

microbial biomass (Benner and Hodson, 1985). A significant

fraction of mangrove-derived DOC, however, is relatively

resistant to degradation. Photodegradation and bio-incubation

experiments indicate that a substantial fraction (�50%) of the

DOC in mangrove porewater is refractory on a time-scale of

weeks to years. Thus, it may be distributed over larger distances

on continental shelves and beyond, depending mainly on the

local hydrodynamics at the sites of export. Slow mineralization

of mangrove-DOC could fuel aquatic (secondary) production

far away from the mangrove areas, giving reason to revive the

original outwelling hypothesis in a modified form. On the North

Brazil Shelf, mixing diagrams (Fig. 8a) indicate a strong

brackish water source of DOC. Stable carbon isotope analyses

confirm that mangroves, including microbial secondary

products, are the prime source of this DOC (Dittmar et al.,

2006). Mangrove-derived DOC is present on the North Brazil

Shelf at distances >100 km offshore. Mixing diagrams from a

mangrove-fringed creek in Tanzania show a strong source of

DOC at high salinity (Fig. 8b; Bouillon et al., 2007b), i.e. due to

highly saline porewater intrusion at low tide and sediment-

water exchange during tidal inundation. Mangrove-derived

DOC in this porewater appeared to mix conservatively with

low-DOC waters, which suggests a refractory nature of

mangrove-DOC in this system over the time frame of the

water residence time (estimated at 2–3 days, M.R. Flindt, pers.

comm.). Refractory properties are a prerequisite for further

dispersion on continental shelves.

Mangroves probably contribute >10% of the terrestrially-

derived, refractory DOC transported to the ocean (Dittmar

et al., 2006), while they cover only <0.1% of the continents’

surface. Organic carbon export from mangrove areas to the

ocean is more than one order of magnitude higher in proportion

to their net-primary production than any major river (Fig. 9).

The rapid decline in mangrove cover over the recent decades

(Valiela et al., 2001) may have significantly impacted the flux of

terrigenous DOC to the ocean.

8. Perspectives and research directions

Over the past two decades, a large number of case studies

have significantly increased our knowledge on carbon

dynamics in mangrove systems and on the importance of

various biogeochemical processes. We still lack, however, a

complete understanding of the underlying mechanisms con-

trolling the spatial and temporal variability of these processes

as a function of changes in environmental conditions.

Vegetation type, faunal composition, microbial processes and

sediment structure changes along tidal elevation gradients, and

range from more marine influenced communities near the

seaward edge to a significant terrestrial imprint at the higher

elevations (hundreds of meter to kilometre scales). The

variability in carbon transformations and transport conditions

among mangrove environments is affected by specific local

conditions with respect to climate, degree of exposure to strong

water movement, the vicinity of river discharges, soil and

bedrock composition in the neighboring terrestrial system and,

not the least, the local vegetation and fauna. Due to such

inherent environmental variability combined with the rather

limited data available, generalizations on a global scale become

Fig. 6. An example of a 24-h time-series of DOC and water level in a tidal creek

that drains about 2.2 km2 of a well-developed mangrove forest in tropical Brazil

(Bragança) during the rainy season (29–30 May, 1997; Dittmar and Lara,

2001a). Source assignment of DOC was made with a molecular lignin approach

(Dittmar et al., 2001). Annual average values (n = 17) are shown for low and

high tide.

Fig. 7. Example of 24-h time-series of DOC, d13C of DOC and water level in a

tidal creek that drains about 2.2 km2 of a pristine mangrove forest (Ras Dege) in

Tanzania during the dry season (16–17 September, 2005) (Bouillon et al.,

2007b).
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troublesome, and future progress can only be made by

significantly increasing the spatial and temporal components

of our database.

The characterization of the molecular composition of

mangrove tissues (and other organic matter sources) has been

much refined, and the further development of tracer techniques

combined with molecular and isotope approaches can therefore

be expected to offer exciting opportunities to trace mangrove-

derived organic matter in much more detail than was previously

possible. This should contribute to our understanding of past

ecosystem changes as well as the functioning of contemporary

mangrove systems. However, in order to better constrain

mangrove carbon budgets and the impact of mangroves on the

coastal ocean, a better appraisal of mangrove net primary

productivity is crucial, in particular a more robust set of data on

wood and belowground production. Additionally, more studies

on organic matter preservation (e.g. incorporation of sulfur

within the organic matter or adsorption onto clay minerals) are

needed to better constrain the type of organic matter that is

buried in mangrove sediments and to allow for a more precise

interpretation of sediment core data to reconstruct past

mangrove environments.

Mangrove ecosystems are being converted or degraded at

alarming rates, and we have already witnessed major losses

worldwide. Given the high potential impact of mangroves on

sedimentation of riverine suspended matter, and on exchange of

organic matter and nutrients with coastal waters, such high losses

or severe degradation of their functioning can be expected to

coincide with important changes in coastal zone carbon budgets.

Efforts to conserve and restore mangrove forests are being

conducted in many different areas, and one important aspect in

assessing the success of these efforts is to verify the extent to

which restored or replanted sites function similarly to pristine

sites, both in terms of their habitat function for faunal

communities (e.g., Bosire et al., 2004, 2008), and in terms of

their productivity and biogeochemical functioning (McKee and

Faulkner, 2000; Bosire et al., 2005). A sound knowledge on

biogeochemical processes and the factors influencing carbon

dynamics in natural systems is of prime importance in enabling a

proper evaluation of the restoration success (McKee and

Faulkner, 2000; Bosire et al., 2008). Mangroves are also under

increasing stress from anthropogenic pollution and nutrient

inputs, and have been considered efficient systems for the

removal of nutrients and other anthropogenic pollutants (e.g.,

Tam and Wong, 1993). Here, too, a more fundamental

understanding of nutrient cycling and factors influencing the

nutrient processing pathways will be important in enabling us to

determine the carrying capacity of these ecosystems and the

long-term response to inevitable further increased inputs of

nutrients in tropical coastal ecosystems.
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Fig. 8. Mixing diagrams of DOC concentrations on the mangrove-fringed North Brazilian shelf (October–November 2001; Dittmar et al., 2006) and a mangrove tidal

creek in Tanzania (Ras Dege; September 2005; Bouillon et al., 2007b).

Fig. 9. Comparison between the area-normalized organic carbon runoff from

mangrove forests (DOC: Dittmar et al., 2006) and major world rivers (Spitzy

and Leenheer, 1991) from all climate zones draining a variety of continental

biomes. POC export rates from mangrove forests assume that more than 50% of

the reported litter export (Jennerjahn and Ittekkot, 2002) is rapidly lost to the

DOC pool and/or assimilated and not exported as suspended or floating matter

off the inner-coastal zone (see text for details).
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