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Abstract 

 

Mangroves and saltmarshes are ‘blue carbon’ ecosystems and studies on their carbon (C) 

dynamics have become highly topical. In these coastal wetlands, the aboveground biomass 

sequesters C and allocates C to belowground roots. A significant portion of aboveground 

biomass is transferred to the sediment as litterfall. Belowground roots and their exudates are 

ultimately decomposed by microbial communities. As the product of root decomposition, 

CO2 is released from the sediment surface and organic C (OC) contributes to sediment C 

burial. In addition, the decomposition of litter and sediment organic material also contributes 

to CO2 efflux from the sediment surface. The patterns of belowground C dynamics in blue C 

ecosystems remain unclear, especially sediment C burial, root C decomposition, and the 

relative contributions of different sources to sediment CO2 efflux. Further, sediment CO2 

efflux and C storage have typically been examined separately in past research. Improved 

understanding of these patterns will help consolidate the theory of C cycling in coastal 

wetlands and facilitate effective ‘blue C’ management. My thesis aims to fill these gaps via 

systematic quantitative reviews and synthesis of literature data, field surveys and laboratory 

microcosm experiments. 

 Studies on C stock in saltmarsh sediments have increased since the previous major 

review (Chmura et al., 2003). However, uncertainties exist in estimating global carbon 

storage in these vulnerable coastal habitats, thus hindering the assessment of their 

importance. Combining direct data and indirect estimation, my thesis compiled studies 

involving 143 sites across the southern and northern hemispheres, and provides an updated 

estimate of the global average carbon accumulation rate (CAR) at 244.7 g C m
-2

 yr
-1

 in 

saltmarsh sediments. Based on region-specific CAR and estimates of saltmarsh area in 

various geographic regions between 40°S to 69.7°N, total CAR in global saltmarsh sediments 

is estimated at ~ 10.2 Tg C yr
-1

. Latitude, tidal range and elevation appear to be important 

drivers for CAR of saltmarsh sediments, with considerable variation among different 

biogeographic regions. The data indicate that while the capacity for carbon sequestration by 

saltmarsh sediments ranked the first amongst coastal wetland and forested terrestrial 

ecosystems, their carbon budget was the smallest due to their limited and declining global 

areal extent. However, some uncertainties remain for this global estimate owing to limited 

data availability. 
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One of the aims of this thesis was to determine the drivers of root decomposition and its 

role in C budgets in mangroves and saltmarsh: the patterns of root decomposition, and its 

contribution to C budgets, in mangroves and saltmarsh. The impact of climatic (temperature 

and precipitation), geographic (latitude), temporal (decay period) and biotic (ecosystem type) 

drivers was explored using multiple regression models. Best-fit models explain 50% and 48% 

of the variance in mangrove and saltmarsh root decay rates, respectively. A combination of 

biotic, climatic, geographic and temporal drivers influence root decay rates. Rainfall and 

latitude have the strongest influence on root decomposition rates in saltmarsh. For 

mangroves, forest type is the most important; decomposition is faster in riverine mangroves 

than other types. Mangrove species Avicennia marina and saltmarsh species Spartina 

maritima and Phragmites australis have the highest root decomposition rates. Root 

decomposition rates of mangroves were slightly higher in the Indo-west Pacific region 

(average 0.16 % day
-1

) than in the Atlantic-east Pacific region (0.13 % day
-1

). Mangrove root 

decomposition rates also show a negative exponential relationship with porewater salinity. In 

mangroves, global root decomposition rates are 0.15 % day
-1

 based on the median value of 

rates in individual studies (and 0.14 % day
-1

 after adjusting for area of mangroves at different 

latitudes). In saltmarsh, global root decomposition rates average 0.12 % day
-1

 (no adjustment 

for area with latitude necessary). The global estimate of the amount of root decomposing is 

10 Tg C yr
-1

 in mangroves (8 Tg C yr
-1

 adjusted for area by latitude) and 31 Tg C yr
-1

 in 

saltmarsh. Local root C burial rates reported herein are 51-54 g C m
-2

 yr
-1

 for mangroves (58-

61 Tg C yr
-1

 adjusted for area by latitude) and 191 g C m
-2

 yr
-1

 for saltmarsh. These values 

account for 24.1-29.1% (mangroves) and 77.9% (saltmarsh) of the reported sediment C 

accumulation rates in these habitats. Globally, dead root C production is the significant 

source of stored sediment C in mangroves and saltmarsh. 

Mangroves are blue carbon ecosystems that sequester significant carbon but release 

CO2, and to a lesser extent CH4, from the sediment through oxidation of organic carbon or 

from overlying water when flooded. Previous studies, e.g. Leopold et al. (2015), have 

investigated sediment  organic C (SOC) content and CO2 flux separately, but did not provide 

a holistic perspective for both components of blue carbon. Based on field data from a 

mangrove in southeast Queensland, Australia, this thesis used a structural equation model to 

elucidate (1) the biotic and abiotic drivers of surface SOC (10 cm) and sediment CO2 flux; (2) 

the effect of SOC on sediment CO2 flux; and (3) the covariation among the environmental 

drivers assessed. Sediment water content, the percentage of fine-grained sediment (<63μm), 
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surface sediment chlorophyll and light condition collectively drive sediment CO2 flux, 

explaining 41% of their variation. Sediment water content, the percentage of fine sediment, 

season, landform setting, mangrove species, sediment salinity and chlorophyll collectively 

drive surface SOC, explaining 93% of its variance. Sediment water content and the 

percentage of fine sediment have a negative impact on sediment CO2 flux but a positive 

effect on surface SOC content, while sediment chlorophyll is a positive driver of both. 

Surface SOC was significantly higher in Avicennia marina (2994±186 g m
-2

, mean+ SD) than 

in Rhizophora stylosa (2383± 209 g m
-2

). SOC was significantly higher in winter (2771±192 

g m
-2

) than in summer (2599±211 g m
-2

). SOC significantly increased from creek-side 

(865±89 g m
-2

) through mid (3298±137 g m
-2

) to landward (3933±138g m
-2

) locations. 

Sediment salinity was a positive driver of SOC. Sediment CO2 flux without the influence of 

biogenic structures (crab burrows, aerial roots) averaged 15.4 mmol m
-2

 d
-1

 in A. marina 

stands under dark conditions, lower than the global average dark flux (61 mmol m
-2

 d
-1

) for 

mangroves. 

CO2 flux is a critical component of the global C budget. While CO2 flux has been 

increasingly studied in mangroves, few studies partition components contributing to the flux. 

Partitioning CO2 flux sources helps constrain C budgets. We developed the combined 
13

C 

stable isotope labelling and closed chamber technique. The technique was used to partition 

CO2 efflux from the seedlings of mangrove Avicennia marina in laboratory microcosms, with 

a focus on sediment CO2 efflux. The result showed that (1) canopy was the chief component 

of ecosystem CO2 efflux, (2) the degradation of sediment organic matter was the major 

component of sediment CO2 efflux, followed by root respiration and litter decomposition via 

isotope mixing models. There was a significant relationship between δ
13

C values of CO2 

released at the sediment-air interface and both root respiration and sediment organic matter 

decomposition. The findings provide the relative contribution of different components to 

ecosystem and sediment CO2 efflux, and thus can partition the sources of ecosystem 

respiration and sediment C mineralization in mangroves. 

My thesis demonstrates that saltmarshes play a disproportionately important role in 

sediment C accumulation (244.7 g C m
-2

 yr
-1

) although their global area extent is declining, 

and saltmarsh CAR varies with latitude, tidal range, elevation and biogeographic regions. 

Dead root production contributes a significant proportion to sediment C in both mangroves 

and saltmarsh, and the updated global estimate of root C decomposition (8 Tg C yr
-1

) in 

mangroves reflects an underestimate in the reported value (5 Tg C yr
-1

).  In a sub-tropical 
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mangrove forest, SOC content and CO2 flux are influenced by sediment physio-chemical 

properties, and/or species, light conditions. Sediment water content and the percentage of fine 

sediment have contrasting effect on both but sediment chlorophyll is a positive driver of both, 

and these factors may be highlighted in ‘blue C’ management of this mangrove. In 

establishing mangroves (Avicennia marina), the result of a laboratory microcosm experiment 

shows that canopy was the major source of ecosystem CO2 efflux. The decomposition of 

roots contributes more to sediment CO2 efflux in comparison with sediment organic matter, 

which is in contrast to the pattern in mature mangroves. 
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Chapter 1 Introduction 

 

1.1 Background 

Mangrove forests and saltmarshes are coastal ecosystems that contribute significantly to 

carbon (C) burial. They support similar biogeochemical processes, as well as demonstrate 

high productivity (Boon and Cain, 1988). Most mangroves and some saltmarshes have daily 

tidal inundation, which favors organic matter decomposition. Most saltmarshes in Australia 

are only inundated at extreme high tides. The position of mangrove forests at the terrestrial-

ocean interface and their potential exchange with coastal waters implies that these forests 

make a unique contribution to C biogeochemistry in coastal oceans, although their covered 

area accounts for only a small fraction of all tropical forests (Twilley et al., 1992). However, 

global estimates showed that over 50% of the C fixed by mangrove vegetation is unaccounted 

for (Bouillon et al., 2008a). Similarly, saltmarshes appear to be highly efficient in C burial, 

but studies on global C accumulation of saltmarshes lag behind those on other coastal 

ecosystems. Existing global estimates of C accumulation capacity in saltmarshes are limited 

by the quality and quantity of available data (Ouyang and Lee, 2014). Even in specific 

countries, such as Australia, the estimates of C storage and accumulation in saltmarshes are 

announced to be under-represented due to a lack of data across the country (Macreadie et al., 

2017).  

In contrast to the C burial role, mangroves and saltmarshes also release CO2 (‘sediment 

respiration’) and CH4 gases across the sediment-air/water interface. Diverse bacteria 

communities and other epibenthos are developed belowground and/or on the sediment 

surface and are closely linked to the decay of organic material deposited over time from leaf 

litter, roots and other organisms (Alongi et al., 2005). The unique biogenic structures, i.e. 

crab burrows and/or pneumatophores, in mangroves and saltmarshes directly or indirectly 

mediate C gas flux. Together with root respiration, the respiration of microbes and epibenthos 

contribute to sediment respiration, which is also enhanced where biogenic structures 

percolate mangrove and saltmarsh sediments. The wide range of mangrove C gas fluxes 

reported in the literature reflects the large spatio-temporal variability (Allen et al., 2011) in 

sediment processes. However, the contribution of different processes to sediment respiration 

remains unclear. How sediment respiration varies at the micro-site scale, i.e. the transect from 

seaward through mid to landward locations, has not been examined in estuaries. Although 

sediment respiration may be not so remarkably high in estuarine habitats as in terrestrial 
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ecosystems, the quantification of sediment respiration, if combined with C burial study, 

would be significant to understanding C sinks and beneficial to future C budget management, 

aiming at promoting C burial and meanwhile reducing C gas emissions. 

Habitat restoration/rehabilitation, along with land-use conversion, affect coastal 

wetlands, and thereby their C dynamics. Mangroves covered 13.8 million ha of tropical 

shorelines in 2000 (Giri et al., 2011), down from 19.8 million ha in 1980. Achieving no net 

loss of mangroves globally would require the successful restoration of ~150, 000ha per year 

unless all major losses ceased (Bozzano et al., 2014). There are many studies reporting 

restoration of damaged or destroyed mangroves, such as Saenger and Siddiqi (1993) and 

Peng et al. (2016). Similarly, saltmarshes have been lost at an alarming rate of 1 – 2% 

between 1980 and 2000 (Duarte et al., 2008). Many studies highlight the necessities of 

saltmarsh restoration owing to their high capacities for C accumulation and land building 

(Anisfeld et al., 2016). However, published C budgets of mangroves and saltmarshes largely 

ignored the response of C sinks to land-use transformation and effort to restore these habitats.  

This thesis aims to explore the role of root decomposition in C budgets of mangroves 

and saltmarshes incorporating local and biogeographic differences, and study the variation in 

C sequestration and flux through selected case studies encompassing major environmental 

differences. 

The following section presents the background information informing the research 

questions. It starts with the general C dynamics in estuaries; subsequently, methods used to 

quantify C sinks are summarized and then factors regulating C sinks are examined. At the end 

of this section, the objectives of the thesis are provided. 

 

1.2 Carbon dynamics in estuaries 

1.2.1 Mangroves and saltmarshes as significant habitats of C storage 

The importance of estuarine wetlands such as saltmarshes and mangroves to coastal organic 

material and nutrient dynamics has been a focus of research for over 60 years (Lee, 2005). 

Mangroves and saltmarshes are estuarine ecosystems that are largely covered by 

phanerogamic vegetation, which stabilizes sediments (Packham and Willis, 1997). Both 

sediments and plant biomass in these habitats sequester C from decennial to millennial time 

scales (Atwood et al., 2015), which along with C buried in seagrass meadows, is termed 

“blue C” (Nellemann et al., 2009). 
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Mangroves are woody trees and shrubs that inhabit shallow intertidal areas throughout 

the Earth’s tropics and subtropics, covering both the Atlantic-east-Pacific (AEP) and Indo-

west-Pacific (IWP) biogeographic regions (Hogarth, 2007). They are increasingly regarded as 

C rich hotspots that warrant restoration and preservation (Alongi, 2014), considered as being 

able to assume a role in regulating climate, sequestering and preserving considerable amounts 

of C to help counteract anthropogenic CO2 emissions (Mcleod et al., 2011; Siikamäki et al., 

2012). Accordingly, studies in terms of mangrove C dynamics have been listed as one of the 

foci in discussion of mangroves over the past five decades (Lee et al., 2014). 

Saltmarshes are intertidal vegetated wetland ecosystems, dominant on protected 

shorelines and on the edge of estuaries in a range of climatic conditions, from sub-arctic to 

tropical, while being most extensive in temperate latitudes (Mitsch et al., 1994; Butler and 

Weis, 2009; Laffoley and Grimsditch, 2009). They also play a critical role in buffering 

climate change by sequestering C (Chmura et al., 2003; Bridgham et al., 2006), being 

particularly effective owing to their high primary productivity, continual sediment accretion, 

and relatively low decomposition rates (Connor et al., 2001; Hussein et al., 2004; Loomis and 

Craft, 2010). 

 

1.2.2 Carbon sinks in mangroves and saltmarshes 

Carbon storage in mangroves and saltmarshes comprises underlying sediments, living 

biomass aboveground (branches, stems, leaves), and belowground and non-living biomass 

(e.g. litter and dead wood). Carbon sinks of primary production in mangroves and 

saltmarshes include four components: C gas flux, C burial in sediments, organic and 

inorganic C export (Bouillon et al., 2008a; Mcleod et al., 2011).  

Mangroves and saltmarshes are sources or net sinks of atmospheric CO2 depending on 

the trade-off between primary production, C burial in sediments, organic and inorganic C 

export by tides or consumed by marine and terrestrial species, as well as C gas flux in 

sediments and creek waters (Penha-Lopes et al., 2010). The balance of this trade-off is 

subject to climate change, atmospheric composition and land-use conversion (Mcleod et al., 

2011). 

 

1.2.3 Carbon gas flux in estuarine sediments 

Carbon gas fluxes, especially CO2 flux from sediment-water and water-air interfaces, can be 

used as a proxy for C mineralization. Carbon gas flux in estuarine sediments generally 
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consists of plant respiration and sediment respiration. Plant respiration involves release of C 

gases from belowground roots (including pneumatophores in mangroves). Mangrove 

pneumatophores have open lenticels during emersion, not only permitting rapid diffusion of 

gases into (e.g. O2) and out of (e.g. CO2 and CH4) deep sediments through the air-filled 

aerenchyma tissue to the atmosphere (Purnobasuki and Suzuki, 2004, 2005), but can also 

stimulate sulphate reduction via root exudates (Alongi et al., 1998; 2006). Sediment 

respiration comprises heterotrophic respiration (e.g. macrobenthos such as crabs, and 

microbes) that produces CO2 and CH4, and C mineralization from biogenic structures in 

sediments but pneumatophores, which are involved in plant respiration. Sediment and 

belowground root respiration are usually measured collectively at the sediment-air/water 

interface, and are responsive to the degree of tidal inundation. Burrows of the epibenthos 

facilitate the exchange of nutrients and gases by increasing the area of sediment and air/water 

interfaces (Lee, 2008) as well as transport of labile detritus to the subsurface layer during 

bioturbation activities (Kristensen et al., 2008b). The increase in CO2 flux from crab burrows 

and pneumatophores was found to be 1.9−4.7×and 3−3.9× those of CO2 flux from the 

sediment-air interface in a Tanzanian mangrove (A. marina) forest (Kristensen et al., 2008b). 

However, most studies measured C mineralization across the sediment surface avoided the 

often dense burrows, fissures and pneumatophores. These studies do not represent the real C 

mineralization as the biogenic structures are widely distributed in mangroves. However, they 

can be used to predict net ecosystem productivity (NEP), combined with net primary 

productivity (NPP) (Komiyama et al., 2008), and even extrapolated to estimate C budget 

from a global perspective (e.g. Bouillon et al. (2008a)). When estimating the C budget based 

on NPP, attention should be given to the C respired by pneumatophores of some mangrove 

species, as part of this represents autotrophic respiration rather than C mineralisation. Only 

the C flux across sediment interface enhanced by pneumatophores through stimulating 

sulphate reduction can be considered heterotrophic respiration, i.e. mineralization. Most 

studies measured CO2 flux from mangrove sediments excluding crab burrows and 

pneumatophores. Fauna and pneumatophore respiration, and sediment CO2 flux enhanced by 

bioturbation are, however, significant and, if ignored, may bias the global estimate of 

mangrove C sinks.  

C gases generated in sediments are not entirely released by upward diffusion via the 

sediment-air/water interface. A portion is drained by gravity-driven tidal exchange of pore 
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water via channels percolating the sediment and washed into creeks during low tide 

(Kristensen et al., 2008b). 

The release of CH4 from mangrove and saltmarsh sediments is negligible 

notwithstanding the high greenhouse warming potential of the gas, since methanogenesis is 

usually a minor pathway for diagenetic organic C decay in marine sediments. Kristensen et 

al. (2008b) reported that emissions of CH4 from the sediment-air interface were in general 

three orders of magnitude lower than those of CO2. A large percentage of CH4 is likely used 

by methanotrophic bacteria in mangroves (Sotomayor et al., 1994). Similarly, tidal 

saltmarshes release only negligible CH4 to the atmosphere (Keller et al., 2012) and at times 

even may be small sinks for this greenhouse gas (Connor et al., 2001). It is assumed that the 

occurrence of sulphate in sea water allows sulphate-reducing bacteria to outcompete 

methanogens for energy sources and thus inhibiting CH4 production (Poffenbarger et al., 

2011). The other mechanism of CH4 production is bubble formation and ebullition (Cheryl et 

al., 1990), as is demonstrated as a minor mechanism for CH4 release (Lee et al., 2008). 

 

1.2.4 Carbon storage in estuarine sediments 

Globally, it is recognized that soils contain the largest quantity of C in a range of ecosystems 

and two thirds of C is in the form of organic matter (Batjes, 1996). Likewise, the largest C 

stock of estuaries is sediment organic C, which is much higher than terrestrial C storage 

(Ouyang and Lee, 2014). In contrast to terrestrial soils, the sediments of mangroves and 

saltmarshes do not become saturated with C, since sediments experience vertical accretion 

responding to sea level rise (McKee et al., 2007).  

The structural complexity of estuarine ecosystems make mangroves and saltmarshes 

highly efficient in sequestering sediment and organic C input from allochthonous (e.g. 

riverine organic material) and autochthonous (e.g. litter) sources. Their sediments are not C 

saturated and continue to accrete sediments over long periods of time. Mangrove sediments 

are composed of a variably thick, tidally submerged suboxic layer supporting anaerobic 

decay pathways, and slowing down the rate of organic matter decomposition. The 

combination of these characteristics facilitates C burial in mangrove sediments. Donato et al. 

(2011) investigated C storage in mangrove forests across the old world mangroves, and 

suggested that mangroves are among the most C rich forests in the tropics, much higher than 

mean C storage of the global major terrestrial forest domains. Irrespective of the regional 

difference in mangrove C stock, the pattern of higher C storage in mangroves than adjacent 
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terrestrial forests is also reported for mangroves in China (Wang et al., 2013; Liu et al., 

2014). Further, there are regional differences in C accumulation capacity, which is highest in 

the wet tropics and/or where river discharge is a dominant feature (Alongi and 

Mukhopadhyay, 2015). Likewise, the oxygen-depleted conditions in saltmarsh sediments 

regulate mineralisation, and along with continual sediment deposition as well as the high 

primary production, facilitate the high C storage in saltmarsh sediments. However, there is a 

general lack of understanding of geographic versus local differences and other controls on 

saltmarsh C accumulation capacity.  

 

1.2.5 Carbon exchange between estuaries and nearshore communities 

The total organic C content of an estuary system is a function of in situ autotrophy and 

heterotrophy, as well as the import and export of organic matter. Both dissolved organic C 

(DOC) and particulate organic C (POC) are incorporated into estuaries via oceanic and 

riverine input, and they are exported to nearshore oceanic areas by tidal flow, in conjunction 

with dissolved inorganic C (DIC) in porewater. 

Findings on C export/import from estuaries has refined our understanding since Odum 

(1968) put forward the Outwelling Hypothesis. The Outwelling Hypothesis establishes that 

organic material exported from coastal ecosystems fuels food webs in adjoining nearshore 

waters. The hypothesis has been verified either by measuring fluxes of nutrients in tidal 

creeks (e.g. Troccaz et al. (1994)) or by using biomarkers such as isotopes, which can track 

the integration of organic material into estuarine food chains (e.g. Créach et al. (1997)). 

Based on the hypothesis and individual studies in mangroves, Lee (1995) concluded that the 

spatial extent and quantity of C exported are far less than hypothesized, whereas most 

mangroves still seem to be net exporters. Further research reveals that the complex ground 

structure of mangroves may dampen water current and enhance the trapping of sediment and 

allochthonous organic material (Furukawa et al., 1997) thereby resulting in ‘inwelling’ 

(Bouillon et al., 2002). The question whether saltmarshes are net exporting or importing 

systems has also been the focus of considerable debate (Klap et al., 1996). The results of 

numerous studies since 1980 have suggested that the Outwelling Hypothesis does not have 

universal validity. 

Aside from organic C export or import from estuaries, little is known about DIC 

dynamics in the mangrove and saltmarsh C budget (Hyndes et al., 2014; Lee et al., 2014). In 

particular, given the clear emphasis on aboveground production in existing C budgets of 
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estuarine wetlands, it is essential to clarify how much is contributed by root decomposition. 

Bouillon et al. (2008a) suggests that the fate of ~50% of the mangrove C fixed remains 

uncertain, and is assumed to be mostly DIC and DOC transported to adjacent coastal waters 

(Alongi 2014).  

 

1.3 Methods for quantifying C sinks in estuaries 

1.3.1 Carbon gas fluxes  

Organic matter mineralization rates can be estimated from: (1) the consumption of organic 

matter; (2) the consumption of oxidants; and (3) the production of metabolites, e.g. CO2 and 

CH4 (Middelburg et al., 1996a). Carbon mineralization in estuarine sediments has typically 

been estimated by measuring CO2 and CH4 fluxes from the sediment air/water interface. 

A host of methods has been developed to measure soil respiration in the past several 

decades. Most commonly utilized are chamber techniques, which directly measure C gas flux 

at the sediment surface. Earlier techniques to measure CO2 exchange between saltmarsh 

ecosystem and air used micro-meteorological techniques (Houghton and Woodwell, 1980). 

Chamber methods can be dynamic or static, dependent on the presence or absence of air 

circulation through the chambers. The dynamic chamber methods permit air to circulate 

between the chamber and a measurement sensor, which is usually an infrared gas analyser, to 

measure change in CO2 concentration in the chamber over time. Methane concentration is 

usually measured by the static chamber technique using gas chromatography equipped with a 

flame ionisation detector. Earlier attempts employed infrared gas analysers, such as Bartlett et 

al. (1987). Carbon gas flux measurements should give a clear perspective of C mineralisation 

in estuarine sediments, if combined with DIC flux from submerged sediments (Howes et al., 

1985; Alongi et al., 2001). 

Sediment core incubation has been used to extrapolate C mineralization at deeper 

sediments. Kristensen et al. (2011) postulated that diffusive fluxes in their studied mangrove 

forests only approximate depth-integrated reactions in the upper 12 cm of the sediment. This 

implies that C mineralization should increase if deeper suboxic and anoxic pathways are 

involved in comparison with surface sediment respiration. Numerous studies that included 

measurement of oxic, sulphate reduction and iron reduction pathways provide direct evidence 

supporting this view (e.g. Kristensen et al. (2011), Alongi et al. (2001)). 

There have also been a few attempts to estimate epifauna and pneumatophore 

respiration using laboratory incubations. Kristensen et al. (2008b) estimated release of CO2 
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and CH4 by fiddler crabs in the laboratory and measured sediment CO2 flux by using a gas 

analyser. Pneumatophore respiration was estimated through comparing sediment C gas flux 

with and without pneumatophores. Penha-Lopes et al. (2010) estimated release of CO2 by 

fiddler crabs and gastropods using the same method. However, no field surveys have been 

attempted to quantify the contribution of epifauna and pneumatophore respiration to the 

overall C gas flux in estuarine sediments. 

 

1.3.2 Carbon storage  

Carbon storage capacity 

Carbon storage capacity in estuarine sediments is reflected by the carbon accumulation rate 

(CAR). CAR is estimated as the product of sediment accretion rate (SAR) and average C 

density of the sediment (Connor et al., 2001; Ford et al., 2012). Currently, studies on CAR 

have been limited in geographic extent, while comprehensive data are available on SAR and 

sediment C density in estuaries. Combining data of both measurements will help to present a 

global perspective of CAR. 

SAR is the net product of sediment deposition, biogenic growth, microbial decay and 

physical compaction (Kolker et al., 2009), and expressed as the gross linear rate of sediment 

accumulation averaged over a specific period (Callaway et al., 1997). It is determined mainly 

by measuring the thickness of sediment accumulating above short- or long-term dated 

surfaces through a variety of methods. 

Generally, the measurement of SAR has been divided into long- and short-term dating 

methods according to their temporal scales. Long-term dating methods usually span  temporal 

scales from ten to thousands of years, and include isotope dating (e.g. 
14

C, 
210

Pb, 
137

Cs and 

60
Co), repeated levelling, larminae counts, historical records and the stratigraphical profile of 

metal pollutants. By contrast, short-term dating methods just span periods shorter than the 

lower limit of long-term dating methods. This approach includes artificial surface markers 

(e.g. brisk dust, feldspar, sand, glitter, stake and rare-earth element), sediment traps, and 

isotopic dating (e.g. 
7
Be). In addition, larminae counts, pollen indicators and optically 

stimulated luminescence (OSL) dating can be used as both short- and long-term dating 

methods (Ouyang et al., 2013). 

The most ubiquitously used methods in mangrove and saltmarsh CAR studies involve 

210
Pb and 

137
Cs dating. With respect to 

210
Pb dating, lead-210 is added to the surface of 

mangroves or saltmarshes either from the atmosphere where it is naturally yielded by the in 
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situ decay of 
238

U series generating a 
222

Rn component from continental rocks and soils 

(Cochran et al., 1998), or from terrestrial soils and sub-tidal sources supplying mineral 

particulate material (Bellucci et al., 2007). Lead-210 goes through radioactive decay when 

buried and isolated from its source. Its activity is determined by measuring its radioactive 

granddaughter 
210

Po via alpha spectrometry. The variation of excess 
210

Pb activity with depth 

in estuarine sediments plays a role as a chronometric indicator of the age of a given depth 

horizon. SAR is given by the slope of the least squares fit for the natural log of the 
210

Pbxs 

activity (
210

Pbxs=total 
210

Pb – that supported by its granddaughter 
226

Ra) plotted against depth 

(Cundy and Croudace, 1996). Celsius-137 dating method is to determine the depths of critical 

markers that correspond to 
137

Cs inputs. Celsius-137 is an artificial radionuclide added to the 

surface of mangroves and saltmarshes from either atmospheric inputs or marine discharge. 

The patterns of inputs, along with its delivery to the surface of the earth with fallout and 

accidents, offer useful markers for the period of sediment accretion. Generally, annual 

atmospheric fallout in the northern hemisphere is greater than that in the southern hemisphere 

(Ritchie and McHenry, 1990), resulting in the less frequent application of 
137

Cs dating in 

Australia. It can only be used to trace sediment profiles from the onset of specific nuclear 

release events. 

 

Carbon stock 

In addition to CAR, C stock is the other estimate of sediment C storage in mangroves and 

saltmarshes. While CAR is used to evaluate sediment C accumulation over a specific period, 

sediment C stock quantifies C storage in the sediment. The estimate of C storage in the 

surface sediment is pertinent to sediment CO2 flux, which is usually measured by chambers 

enclosing a certain area of sediment and represents C released from the surface sediment 

(Alongi, 2014). Carbon stock of the surface sediment is estimated as a product of sediment C 

content, sediment depth and whole-sample bulk density.  

 

1.4 Factors regulating C budgets in estuaries 

The C budget in estuaries depends on characteristics such as hydrodynamics, biological and 

physical factors of the system (including water column and sediment properties), with some 

estuaries inwelling and others outwelling C and energy (Sousa et al., 2010a). 

 

1.4.1 Carbon gas flux variations 
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Sediment properties 

Chemical properties of sediments and hydrological conditions are significant drivers of C gas 

flux. Sediment CO2 flux was found to be negatively correlated with water table positions or 

sediment moisture conditions in saltmarshes (Magenheimer et al., 1996). This is related to the 

redox status of sediment, which affects various processes in C cycling (Hirota et al., 2007). 

Moreover, microbial processes influencing gas fluxes are modulated by sediment physical 

and chemical properties. Sediment CO2 flux was found to be low during drought periods, 

owing to the combined effects of sediment temperature and moisture (Kirui et al., 2009). 

Both factors interact to affect the decay rate of sediment organic matter. The rising sediment 

moisture content may promote the activities of autotrophic and heterotrophic microbes, while 

low moisture levels hinder microbial activities. Sediment C stock is one of the attributes that 

regulate sediment C gas emissions (Nóbrega et al., 2016). 

 

Season 

Carbon gas flux is also expected to vary among seasons in mangroves and saltmarshes. 

Firstly, rainfall events influence porewater salinity, sediment oxygen content and redox 

potential, which in combination with fluctuations in temperature affect turnover of 

microbially available nutrients and faunal activities (Tolhurst and Chapman, 2005). The 

climatic impact is reflected in the seasonal variation of C gas fluxes, and thus sediment CO2 

flux varies more prominently for sites with clear seasonal precipitation and temperature 

differences. Secondly, environmental drivers regulating C gas flux  temporally may also 

influence sediment physical and chemical properties spatially, where site-specific conditions 

may determine the influence of seasonal temperature and water cycles (Allen et al., 2007). 

Furthermore, the dominant underlying sources of the seasonal variation of sediment CO2 flux 

may differ between environmental settings. Chen et al. (2012) found sediment temperature 

was more important than sediment water content in driving the seasonal variation of sediment 

CO2 flux in a Hong Kong mangrove, while the seasonal pattern was considered to be more 

closely associated with water content rather than temperature in a tropical mangrove 

(Poungparn et al., 2009). Overall, the dominant influence of sediment properties on sediment 

respiration is expected to vary, given the large difference in sediment properties across 

climatic zones. 

 

Landform settings 
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In a study conducted in Thailand, distance from open waters was reported as a potential cause 

of variation in C gas flux. Sediment CO2 flux was shown to decline with distance from the 

adjacent river and the flux difference was attributable to the variation in sediment 

temperature and water table depth (Poungparn et al., 2009). Likewise, sediment CO2 flux was 

found to be higher at landward sites than seaward sites, in response to the higher nutrient 

contents at landward sites in mangroves under severe human disturbance, in particular 

pollution (Chen et al., 2010). The landward sites might be characteristic of higher sediment 

organic C and total Kjeldahl N concentrations (Chen et al., 2010), and total phosphorus 

concentrations (Chen et al., 2012). These factors combined may promote microbial 

respiration, thereby resulting in higher organic C mineralization rates at landward sites. 

However, in contrast to these results, Allen et al. (2011) concluded that the spatial variation 

of greenhouse gas emissions was not significant between fringe and inner forest positions. 

 

Spatial variations 

Fine-scale variability of sediment CO2 flux is related to sediment physicochemical properties 

in estuaries. Physical and chemical characteristics of mangrove sediments, including 

sediment grain size, bulk density, and C as well as N concentrations have been reported to 

vary at spatial scales (< 1000 m) within forests of the same mangrove species (Giani et al., 

1996; Alongi et al., 2005), or much smaller spatial scales, subject to factors such as 

topography and aspect (Allen et al., 2007). Accordingly, sediment respiration may also vary 

at spatial scales mirroring the difference in sediment chemical and physical properties. 

 

1.4.2 Carbon accumulation rate variations 

Ecosystem modification 

Ecosystem modification may exert negative or positive impacts on C sequestration, which 

needs to be tested in urban estuaries and estuaries subject to human activities, such as 

agriculture and aquaculture. Human disturbances, e.g. timber harvesting and clearing, have 

resulted in extensive losses of vegetated coastal ecosystem, and thus may have a detectable 

influence on C sequestration and existing C stocks in these ecosystems. Human disturbances 

result in aerial exposure of sediments, accelerated erosion, increased leaching of DOC, and 

contribute to the dominance of plant species with lower C sequestration capacities. Types of 

land-use conversion that have been studied include shrimp ponds, mangrove clearing, paddy 

field, oil and sago palm plantation (Sidik and Lovelock, 2013).  
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Other factors 

A wide variety of other factors may also influence the magnitude of C sinks in estuarine 

ecosystems (Fig. 1-1). Studies on the relative role and significance of such factors in C 

dynamics are needed to harness the C sequestration potential of coastal wetlands for estuary 

management. These factors include primary productivity (above- and below-ground), species 

composition, hydrology, exchange of C with adjacent systems, sedimentation rate, 

temperature effects, the magnitude and/or frequency of storms, nutrient regimes, distance 

from creek edge, and location along tidal gradient (Matsui, 1998; Zhou et al., 2007; 

Kristensen et al., 2008a; Elsey-Quirk et al., 2011; Fagherazzi et al., 2012; Kirwan and 

Megonigal, 2013; Smoak et al., 2013; Wang et al., 2013; Lee et al., 2014). Coastal landscapes 

supply C to adjacent marine ecosystems predominantly via river run-off of terrestrial soil, as 

well as litter from non-estuarine environments. However, the variation in C burial in relation 

to geomorphology remains unclear (Hyndes et al., 2014). 

 

1.4.3 Factors regulating sediment C stock in estuaries 

Sediment C stock is also modulated by a variety of factors, including but not limited to, 

sediment physio-chemical properties, wetland plant species, chlorophyll a concentration (Chl. 

a), landform settings, and sea level rise.  

Rogers et al. (2014) simulated the effect of sea level rise on C storage in a saltmarsh 

and found that saltmarshes in general respond well to low rates of sea level rise. Sediment C 

stock was reported to fluctuate along the transect from seaward, through interior to landward 

sites (Kauffman et al., 2011). Species, seasons and sediment types were proposed to control 

sediment C stock (Cerón-Bretón et al., 2014). Other sediment physio-chemical properties that 

regulate sediment C stock include salinity and nutrient content (Adame et al., 2013). Further, 

sediment microalgae, surrogated as Chl a concentration, are thought to be a significant source 

of C in mangrove sediments (Alongi, 2014). 

 

1.5 Objectives of this thesis 

The overall objective of the thesis is to explore different components of belowground C 

dynamics in mangroves and saltmarshes, including C decomposition, and/or C accumulation 

and CO2 efflux, and factors influencing each component. This thesis is composed of four 

inter-related topics. The first topic examines CAR and its drivers in saltmarshes. The second 
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topic explores the role of mangrove and saltmarsh root decomposition in estuarine sediment 

C storage. The third topic concerns sediment CO2 efflux and C storage in a subtropical 

mangrove. The last topic provides a perspective of the contributions from different 

components of ecosystem CO2 efflux in establishing mangrove (Avicennia marina) seedlings, 

particularly sediment CO2 efflux, via a laboratory microcosm experiment. As a whole, the 

four research topics aim to investigate factors regulating C sinks, and to better understand 

components of the C budget in mangroves and saltmarshes. 

The results of this thesis will be significant to understanding and managing C 

sequestration in coastal wetlands. Through identifying source contributions and factors 

regulating sediment CO2 efflux, this thesis will contribute to the upscaling of sediment CO2 

efflux from specific sites and help to constrain the global C budget.  In particular, the 

partitioning of ecosystem and sediment respiration of stands of mangrove seedlings may 

provide some clues on constructing the temporal trajectory of CO2 emission during forest 

restoration. Through synthesizing CAR from individual saltmarsh studies and investigating 

influential drivers of mangrove C stock, this thesis will provide insights into ‘Blue C’ 

management. By evaluating the role of root decomposition for sediment C storage, this thesis 

will improve the understanding of C budgets in mangrove and saltmarsh ecosystems. 
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Fig. 1-1 Possible factors driving variation of CAR.  

(1) Smoak et al. (2013), Sanders et al. (2010a), Sanders et al. (2010b), Lynch (1989), Brunskill et al. (2002); (2) Cahoon and Lynch (1997), Saintilan et al. (2013); (3) Alongi 

et al. (2005), Howe et al. (2009), Saintilan et al. (2013); (4) Brunskill et al. (2004); (5) Sanders et al. (2010b), Bird et al. (2004), Alongi et al. (2005); (6) Callaway et al. 

(1997), Howe et al. (2009); (7) Alongi et al. (2005), Smoak et al. (2013); (8) Gonneea et al. (2004), Howe et al. (2009); (9) Cahoon and Lynch (1997), Callaway et al. (1997), 

Bird et al. (2004); (10) Richard (1978); (11) Loomis and Craft (2010); (12) Shi (1993), Chmura et al. (2001), Wood et al. (1989), Redfield (1972); (13) Mcleod et al. (2011); 

(14) Smoak et al. (2013); (15) Reed (1990); (16) Andreetta et al. (2014). 
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Chapter 2 Updated estimates of carbon accumulation rates in coastal 

marsh sediments  

 

 

 

Fig. 2-1 Saltmarsh in Yunxiao, Fujian, China. 
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2.1 Introduction 

Saltmarshes are intertidal vegetated wetland ecosystems, dominant on protected shorelines 

and on the edge of estuaries in a range of climatic conditions, from sub-arctic to tropical, 

while most extensive in temperate latitudes (Mitsch et al., 1994; Butler and Weis, 2009; 

Laffoley and Grimsditch, 2009). The combination of characteristic vegetation, 

geomorphology and habitat conditions of saltmarshes provide essential ecosystem goods and 

services, including biogeochemical cycling and transportation of nutrients, habitat or food for 

coastal biota, shield and protecting coastal areas from storms and floods, water filtration, 

recreation and cultural benefits. However, saltmarshes also critically suffer from losses due to 

dredging, filling, draining, construction and are particularly threatened by sea level rise as a 

result of ‘coastal squeeze’ (Doody, 2004; Craft et al., 2008; Polunin, 2008; Gedan et al., 

2009; Koch et al., 2009).  

Saltmarshes appear to be highly efficient in carbon burial, but studies on global carbon 

accumulation of saltmarshes lag behind other coastal ecosystems. Firstly, data on saltmarsh 

extent and carbon stock are patchy. A reliable estimate of global saltmarsh extent is lacking, 

and large areas of saltmarsh have never been mapped. Existing studies of carbon stock on 

saltmarshes tend to focus on specific sites and lack a broader global perspective (Callaway et 

al., 2012). Chmura et al. (2003) provided an extensive estimate of global carbon sequestration 

of saltmarshes, but their study still did not cover the complete latitudinal range of saltmarsh 

occurrence but only from 22.4°S to 55.5°N. Secondly, carbon sequestration by mangroves 

and seagrasses has been analyzed with specific hypotheses in mind, such as the existence of 

clear latitudinal gradients (McLeod et al., 2011), while such an approach has rarely been 

attempted for saltmarshes. The lack of a comprehensive global view of carbon accumulation 

and storage in saltmarshes contributes to this deficiency. Considerable studies have 

investigated carbon accumulation of saltmarshes in different sites, including elevation 

gradients from low to mid or high marsh (Callaway et al., 1996; Connor et al., 2001; Elsey-

Quirk et al., 2011; Adams et al., 2012; Callaway et al., 2012; Schuerch et al., 2012), but these 

studies focused on carbon density, organic matter and sediment accretion and no direct 

estimates have been reached concerning carbon accumulation capacity. Finally, how 

sediment carbon accumulation may respond to tidal range and species occurrence has been 

studied individually in specific sites and for various genera of saltmarshes (Rothman and 

Bouchard, 2007; Zhou et al., 2007; Mahaney et al., 2008), but a global consideration of 

pattern is still lacking. Even though saltmarshes have been intensively investigated for more 

than fifty years, the global capacity for carbon sequestration by saltmarshes is yet to be 
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assessed. A global analysis covering the full range of saltmarsh distribution will provide an 

opportunity to identify the role of these hotspots in climate change impact in terms of carbon 

storage and to inform future global conservation efforts. 

Carbon sinks in saltmarshes generally consist of aboveground biomass, belowground 

biomass and soils. Globally, it is recognized that soils contain the largest quantity of carbon 

in a range of ecosystems and two thirds of carbon is in the form of soil organic matter 

(Batjes, 1996). Likewise, the largest carbon stock of saltmarshes is soil organic carbon 

(Murray et al., 2011), which is influenced by the carbon accumulation rate (CAR). Estimating 

global saltmarsh CAR is significant to understanding carbon sequestration by saltmarsh 

sediments. 

CAR is calculated as the product of sediment accretion rate (SAR) and average carbon 

density of the soil (Connor et al., 2001; Ford et al., 2012). To date, studies on CAR have been 

restricted in geographic extent, whereas comprehensive data are available on SAR and soil 

carbon density in salt mash ecosystems. Combining data of the two parameters will establish 

a global CAR inventory of saltmarshes.  

This paper aims to refine the global CAR inventory of saltmarshes, extending the 

earlier review by Chmura et al. (2003) on the basis of recent published studies on specific 

regions, and to explore regional differences (including latitudinal and biogeographic 

differences) in CAR, as well as the nexus of CAR with key environmental and biotic drivers. 

The updated database may then be used to generate an improved estimate of the global 

carbon storage in saltmarsh sediments. 

 

2.2 Method 

2.2.1 Data sources and collation 

We searched for relevant studies using the databases Science Citation Index Expanded, 

Conference Proceedings Citation Index-Science and Book Citation Index-Science within ISI 

Web of Science (Thomson Reuters), using the Boolean search statement: Topic = (salt* 

marsh* or saltmarsh) AND (carbon* or sediment* or soil). This search generated 4939 

studies, including 174 reviews, 414 proceeding papers and 56 book chapters, and the rest 

were journal articles. 

Data were then selected according to the following principles: 
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(a) Some studies recorded CAR in terms of sequestered CO2. The values were 

considered as CAR, because saltmarshes produce negligible methane (Connor et al., 2001; 

Callaway et al., 2012). 

(b) As far as the few studies regarding accumulation rate of organic matter were 

concerned, carbon values were calculated according to the formula of Craft et al. (1991). 

(c) SAR estimates may involve a variety of tracers and profiles of tracers (Ouyang et 

al., 2013), including long-term profiles of 
137

Cs, 
210

Pb and short-term marker horizons. Then 

CAR was obtained by multiplying SAR and soil carbon density. As SAR could be variable 

over small spatial scales, CAR estimation is expectedly influenced by data availability. 

Despite the absence of method description in 9% of the studies, most (64%) employed 

radionuclide (i.e. 
137

Cs, 
210

Pb markers) to measure SAR, while another 27% of studies used 

marker horizons. CAR derived from different methods for SAR measurement may generate 

biases in comparison of CAR but those data potentially affected are highlighted in the results. 

(d) According to the current classification of saltmarshes (Mold, 1974; Chmura et al., 

2003), the 143 sites were geographically divided into eight groups (Fig. 2-2), namely: tropical 

W. Atlantic, N. Europe, Mediterranean, NE Pacific, NW Atlantic, Arctic, Australasia and 

Sino-Japan. Also, there is a phytobiogeographic division based on the dominant halophyte 

genera at the 143 sites, with Distichlis, Spartina, Phragmites, Juncus and Halimione being 

the dominant taxa.  

Following the above rules, we examined individual studies to confirm the validity of 

the data. Studies were excluded if they were based on model simulation. This process filtered 

the studies down to 50, including 37 studies in which SAR and soil carbon density data were 

used to calculate CAR, while the remaining 13 studies directly reported CAR. In addition, 

among the 50 studies, 47 were based on sediment samples of short cores (<1m), whereas only 

3 studies sampled using deeper cores. Overall, the studies covered a latitudinal range from 

40°S to 69.7°N (Table 2-1). 

The area of saltmarshes by specific sites and regions is well described in the literature 

(Dijkema, 1987; O’Callaghan, 1990; Yang and Chen, 1995; Hanson and Calkins, 1996; 

Saint-Laurent et al., 1996; Lawrence et al., 2012), while reports of estimates of the global 

area are scarce. In this study, data of published studies were compiled to provide an estimate 

of the present global extent of saltmarshes (Table 2-2). The global total C stock in 

saltmarshes was then estimated by multiplying region-specific CAR and the respective 

regional areal extent of saltmarshes. Area of saltmarsh in these sub-groups was estimated  
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Fig. 2-2. Groupings and CAR of global saltmarsh ecosystems. The eight groups span latitudes from 40°S to 69.7°N, colonizing the coasts and 

estuaries of the Pacific, Atlantic, Indian and Arctic Oceans. The background graph indicating sites of saltmarshes is based on Mold (1974) and 

Murray et al. (2011) While significant saltmarsh occurrences are present in South America, insufficient data is available for inclusion in this 

analysis since there are no pertinent references. Colour dots are used to account for CAR levels of individual sites that were indicated in Table 2-

1 from 50 studies, whereas dull colour dots represent sites without CAR data. There are not substantial data for the Sino-Japan region, as such a 

big circle is used to represent the average CAR of this region. Only locations with published data allowing calculation of CAR are represented 

for clarity. NEP – NE Pacific; TWA – Tropical W. Atlantic; NWA – NW Atlantic; AR – Arctic; NE – N Europe; M – Mediterranean; SJ – Sino-

Japan; AU – Australasia. 
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Table 2-1. The distribution and CAR of saltmarshes from the literature. 

Site Latitude 

(°) 

Longitude 

(°) 

CAR 

(g C m
−2

 yr
−1

) 

C density 

(g C cm
−3

) 

Dominant halophyte 

species/genera 

SAR 

(cm yr
−1

) 

Method for  

SAR estimation
a 

MAT 

(°C)
b 

Tidal range
e
 

(m) 

Reference
 

Tropical W. Atlantic N W         

Aransas, Texas, USA 28.4 96.8 178.0 0.040 Spartina alterniflora, low, 

mid and high marsh 

0.45 
137

Cs 21.2 0.11 Callaway et al. (1997) 

Fina la-Terre, Louisiana, USA 29 91 136.0 0.027 Spartina patens 0.50 M 20.0 0.31 Cahoon (1994) 

Fina la-Terre, Louisiana, USA 29 91 18.0 0.018 Spartina patens 0.10 M 20.0 0.31 

San Bernard, Texas, USA 29.1 95.6 203.0 0.033 Spartina alterniflora, low, 

mid and high marsh 

0.62 
137

Cs 20.9 0.22 Callaway et al. (1997) 

Old Oyster Bayou, Louisiana, USA 29.3 91.1 84.0
 

0.019 Spartina alterniflora
 

0.44
 f
 nd 20.0 0.31 Chmura et al. (2003);  

Rybczyk and Cahoon (2002) Bayou Chitigue, Louisiana, USA 29.3 90.6 516.0
 

0.016 Spartina alterniflora
 

3.23
f
 nd

 
20.4 0.31 

Old Oyster Bayou, Louisiana, USA 29.3 91.1 602.6 0.021 Spartina alterniflora 2.85 M 20.0 0.31 Day et al. (2011) 

Bayou Chitigue, Louisiana, USA 29.3 90.6 669.0 0.019 Spartina alterniflora 3.50 M 20.4 0.31  

Rockefeller Refuge, Louisiana, USA 29.5 92.7 309.0 0.028 Spartina patens 1.10 M 20.2 0.45 Cahoon (1994) 

Rockefeller Refuge, Louisiana, USA 29.5 92.7 27.0 0.034 Spartina patens 0.08 M 20.2 0.45 

Lafourche Parish, Louisiana, USA 29.5 90.3 186.0 0.019 Spartina alterniflora 0.99 M 20.4 0.31 Cahoon and Turner (1989) 

Cameron Parish, Louisiana, USA 29.5 93.2 41.0 0.010 Spartina patens 0.43 M 20.3 0.33 

Cameron Parish, Louisiana, USA 29.5 93.2 115.0 0.010 Spartina patens 1.13 M 20.3 0.33 

Barataria Basin, Louisiana, USA 29.5 90 185.0 0.013 Spartina
c 

1.42 
137

Cs 20.4 0.30 Hatton et al. (1983);  

Barataria Basin, Louisiana, USA 29.5 90 71.0 0.012 Spartina
c
 0.59 

137
Cs 20.4 0.30 Chmura et al. (2003) 

Barataria Basin, Louisiana, USA 29.5 90 93.0 0.012 Spartina
c
 0.78 

137
Cs 20.4 0.30 

Unit 1, Marsh Island Refuge, Louisiana, 

USA 

29.5 91.9 318.0 0.110 nd 0.29 
137

Cs 20.2 0.39 Bryant and Chabreck (1998) 

Unit 1, Marsh Island Refuge, Louisiana, 

USA 

29.5 91.9 763.0 0.109 nd 0.70 
137

Cs 20.2 0.39 

Three Bayous, Louisiana, USA 29.6 90.1 116.0 0.014 Spartina patens 0.83
f
 nd 20.2 0.32 Chmura et al. (2003) 

Unit15, Rockefeller Wildlife Refuge, 

Louisiana, USA 

29.6 92.7 349.0 0.120 Spartina patens
c 

0.29 
137

Cs 20.2 0.45 Bryant and Chabreck (1998) 

Unit15, Rockefeller Wildlife Refuge, 

Louisiana, USA 

29.6 92.7 657.0 0.119 Spartina patens
c
 0.55 

137
Cs 20.2 0.45  

Rockefeller Wildlife Refuge unit 14, 29.7 92.7 337.0 0.116 Spartina patens
c
 0.29 

137
Cs 20.2 0.45 Cahoon (1994) 
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Site Latitude 

(°) 

Longitude 

(°) 

CAR 

(g C m
−2

 yr
−1

) 

C density 

(g C cm
−3

) 

Dominant halophyte 

species/genera 

SAR 

(cm yr
−1

) 

Method for  

SAR estimation
a 

MAT 

(°C)
b 

Tidal range
e
 

(m) 

Reference
 

Louisiana, USA 

Rockefeller Wildlife Refuge unit 14, 

Louisiana, USA 

29.7 92.7 448.0 0.093 Spartina patens
c
 0.48 

137
Cs 20.2 0.45  

McFaddin National Wildlife Refuge, 

Texas, USA 

29.7 94.1 95.0 0.012 Spartina patens, mid marsh 0.79 M 20.4 0.33 Chmura et al. (2003); Cahoon 

et al. (2011) 

Sabine National Wildlife Refuge Unit 3, 

Louisiana, USA 

29.9 93.5 1713.0 0.190 Spartina alterniflora
c
 0.90 

137
Cs 20.3 0.33 Bryant and Chabreck (1998);  

Edwards and Proffitt (2003) 

St. Bernard Parish, Louisiana, USA 30 89.9 140.0 0.028 Spartina patens 0.50 
137

Cs 20.0 0.37 Markewich (1998) 

Sabine National Wildlife Refuge Unit 3, 

Louisiana, USA 

St. Marks, Florida, USA 

29.9 

 

30.1 

93.5 

 

84.2 

714.0 

 

44.0 

0.121 

 

0.025 

Spartina alterniflora
c
 

 

Juncus roemerianus
c 

0.59 

 

0.18
f 

137
Cs 

 

M 

20.3 

 

19.9 

0.33 

 

0.73 

Bryant and Chabreck (1998);  

Edwards and Proffitt (2003) 

Chmura et al. (2003);  

Cahoon (2003) 

Biloxi Bay, Mississippi, USA 30.4 88.9 153.0 0.027 Spartina alterniflora,  low, 

mid and high marsh 

0.57 
137

Cs 19.7 0.47 Callaway et al. (1997) 

Ogeechee River, Georgia Coast, USA 31.3 81.7 48.2 0.019 Spartina alterniflora 0.22 
137

Cs 20.3 2.09 Loomis and Craft (2010) 

Altamaha River, Georgia Coast, USA 31.4 81.4 26.5
 

0.022 Spartina alterniflora 0.12 
137

Cs 19.8 2.19 

Satilla River, Georgia Coast, USA 31.9 81.2 42.9 0.021 Spartina alterniflora 0.23 
137

Cs 19.9 2.10 

N. Europe N E         

St. Annaland, Netherlands 51.5 4.1 277.0 0.041 Spartina anglica, low marsh 0.68 
137

Cs 11 4.48 Callaway et al. (1996) 

St. Annaland, Netherlands 51.5 4.1 139.0 0.041 Halimione portulacoides, 

high marsh 

0.34 
137

Cs 11 4.48 

Scheldt, Netherlands 51.5 4.1 587.0 0.029 Spartina anglica 2.02 
137

Cs 11 4.48 Oenema and Delaune (1988) 

Scheldt, Netherlands 51.5 4.1 650.0 0.020 Spartina anglica 3.25 
137

Cs 11 4.48  

Dengie Marsh, UK 51.7 0.9 187.0 0.041 Halimione portulacoides, 

low marsh 

0.46 
137

Cs 10.1 4.08 Callaway et al. (1996) 

Dengie Marsh, UK 51.7 0.9 139.0 0.041 Halimione portulacoides, 

high marsh 

0.34 
137

Cs 10.1 4.08  

 

Stiffkey Marsh, UK 52.9 0.9 159 0.041 Spartina anglica, low marsh 0.39 
137

Cs 10.5 4.08  

Stiffkey Marsh, UK 52.9 0.9 110 0.041 Armeria maritime, high 

marsh 

0.27 
137

Cs 10.5 4.08 

Hut marsh, UK 53 0.7 165.0 0.027 Aster tripolium 0.61 M 10.4 4.72 French and Spencer (1993) 



 43 

Site Latitude 

(°) 

Longitude 

(°) 

CAR 

(g C m
−2

 yr
−1

) 

C density 

(g C cm
−3

) 

Dominant halophyte 

species/genera 

SAR 

(cm yr
−1

) 

Method for  

SAR estimation
a 

MAT 

(°C)
b 

Tidal range
e
 

(m) 

Reference
 

Hut marsh, UK 53 0.7 77.0 0.027 Halimione portulacoides 0.28 M 10.4 4.72 

The peninsula Skallingen, the Wadden Sea, 

Denmark 

55.5 8.3 52.8 0.028 Puccinellia maritima 0.19 
137

Cs 8.2 1.25 Andersen et al. (2011) 

Oder River, Poland 54.3 14.6 148 0.021 Phragmites communis, low 

marsh 

0.71 
137

Cs 8.7 0.12 Callaway et al. (1996) 

Oder River, Poland 54.3 14.6 107 0.023 Phragmites communis, 

high marsh 

0.46 
137

Cs 8.7 0.12  

 

 

 

Vistula River, Poland 54.3 18.9 381 0.020 Phragmites communis, 

low marsh 

1.9 
137

Cs 8.3 0.12 

Vistula River, Poland 54.3 18.9 254 0.031 Phragmites communis, 

high marsh 

0.82 
137

Cs 8.3 0.12 

 N W         

The Blackwater estuary, UK 52 0.7 96.4
 d
 0.018 nd 0.54 nd 10 5.70 Adams et al. (2012) 

 Sample 1 52 0.7 126.8
 d
 0.023 Halimione ortuacoides, 

high marsh 

0.54 nd 10 5.70 

 Sample 2 52 0.7 66
 d
 0.012 Salicornia spp., mid marsh 0.54 nd 10 5.70 

The Humber estuary, England 53.7 0.1 793 0.057 Puccinellia, low marsh  1.4 
137

Cs 9.9 4.63 Andrews et al. (2008) 

The Humber estuary, England 53.7 0.1 1133 0.057 Spartina, pioneer marsh 2.0 
137

Cs 9.9 4.63  

S Europe N E         

Riverine sites, Rhone Delta, France 43.3 4.6 356.6 0.027 Juncus maritimus 1.34 M 16.7 0.09 Hensel et al. (1999) 

Marine sites, Rhone Delta, France 43.3 4.6 87.9 0.073 Arthrocnemum fruticosum 0.12 M 16.7 0.09  

Impounded sites , Rhone Delta, France 43.3 4.6 72.1 0.066 Arthrocnemum 0.11 M 16.7 0.09  

 N W         

European Atlantic basin, Iberian Peninsula 37.2 6.9 323.9 0.015 Spartina maritima 2.2 M 18.1 2.41 Curado et al. (2013) 

The Palmones River estuary, Spain 36.2 5.4 560.0
 d
 nd S. perennis alpine, low 

marsh 

nd nd 18 0.64 Palomo and Niell (2009) 

Pancas, the Tagus estuary, Portugal 38.8 8.9 330.0 0.033 Spartina maritima 1.0 
137

Cs 17.4 2.56 Sousa et al. (2010a);  

Sousa et al. (2010b); Caçador 

et al. (2007); Castro (2005) 

Corroios, the Tagus estuary, Portugal 38.8 8.9 750.0 0.075 Spartina maritima 1.0 
137

Cs 17.4 2.56 

The Mondego estuary, Portugal 40.1 8.6 218.0 0.031 Spartina maritima 0.7 nd 16 2.10 

NE Pacific N W         

Tijuana Slough, California, USA 32.5 117.1 343.0 0.018 Spartina foliosa, low marsh 1.91
f 

M 17.6 1.14 Cahoon et al. (1996);  
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Site Latitude 

(°) 

Longitude 

(°) 

CAR 

(g C m
−2

 yr
−1

) 

C density 

(g C cm
−3

) 

Dominant halophyte 

species/genera 

SAR 

(cm yr
−1

) 

Method for  

SAR estimation
a 

MAT 

(°C)
b 

Tidal range
e
 

(m) 

Reference
 

Tijuana Slough, California, USA 32.5 117.1 43.0 0.017 nd 0.25
 f
 M 17.6 1.14 Chmura et al. (2003) 

Alviso, San Francisco Bay, California, 

USA 

37.5 122 385.0 0.009 Salicornia virginica 4.2 
137

Cs 15.5 1.90 Patrick and Delaune (1990) 

Bird Island, San Francisco Bay, California, 

USA 

37.6 122.2 54.0 0.014 Salicornia virginica 0.4 
137

Cs 15.5 1.80 

Whale’s Tail, San Francisco Bay, 

California, USA 

37.8 122.3 146.7 0.019 Spartina foliosa, low marsh 0.77 
137

Cs 12.3 1.37 Callaway et al. (2012) 

China Camp, San Francisco Bay, 

California, USA 

38 122.5 141.9 0.023 Spartina foliosa, low marsh 0.63 
137

Cs 14.7 1.31 

Petaluma River, San Francisco Bay, 

California, USA 

38.2 122.6 87.7 0.026 Spartina foliosa, low marsh 0.34 
137

Cs 14.9 1.43 

Coon Island, San Francisco Bay, 

California, USA 

38.2 122.3 187.5 0.028 Spartina foliosa, low marsh 0.68 
137

Cs 15.4 1.52  

NW Atlantic N W         

Cedar Island National Wildlife Refuge, 

North Carolina, USA 

35 76.4 70.0 0.022 Juncus  roemerianus 0.32
 f
 M 17.0 0.55 Chmura et al. (2003);  

Cahoon (2003) 

Oregon Inlet, North Carolina, USA 35.9 75.6 59.0 0.022 Spartina alterniflora, low 

marsh 

0.27 
137

Cs 16.6 0.61 Craft et al. (1993) 

Oregon Inlet, North Carolina, USA 35.9 75.6 21.0 0.023 Spartina alterniflora 0.09 
137

Cs 16.6 0.61 

Jacob's Creek, North Carolina, USA 35.3 76.8 146.0 0.041 Juncus roemerianus, low 

marsh 

0.36 
137

Cs 16.6 0.64 

Jacob's Creek, North Carolina, USA 35.3 76.8 107.0 0.045 Juncus roemerianus 0.24 
137

Cs 16.6 0.64 

MC4, Chesapeake Bay, Maryland, USA 38.3 75.9 311.20 0.040 nd 0.79 
137

Cs 14.4 0.70 Kearney and Stevenson (1991) 

 MCL8, Chesapeake Bay, Maryland, USA 38.3 75.9 279.5 0.027 nd 0.77 
137

Cs 14.4 0.70 

MCL15, Chesapeake Bay, Maryland, USA 38.3 75.9 340.0 0.044 nd 0.78 
137

Cs 14.4 0.70  

SA4, Little Assawoman Bay, Delaware, 

USA 

38.4 75.1 154.0 0.062 Spartina alterniflora, low 

marsh 

0.25 
137

Cs and 
210

Pb 14.5 0.47 Elsey-Quirk et al. (2011) 

J1, Little Assawoman Bay, Delaware, USA 38.4 75.1 119.0 0.063 Juncus roemerianus, high 

marsh 

0.19 
137

Cs and 
210

Pb 14.5 0.47 

Sybil 1, Connecticut, USA 41.2 72.6 136.0 0.054 Spartina alterniflora 0.25 
137

Cs 10.3 1.65 Anisfeld et al. (1999) 

Hoadley 1, Connecticut, USA 41.2 72 154.0 0.037 Spartina alterniflora 0.42 
137

Cs 10.3 1.92 
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Site Latitude 

(°) 

Longitude 

(°) 

CAR 

(g C m
−2

 yr
−1

) 

C density 

(g C cm
−3

) 

Dominant halophyte 

species/genera 

SAR 

(cm yr
−1

) 

Method for  

SAR estimation
a 

MAT 

(°C)
b 

Tidal range
e
 

(m) 

Reference
 

Hoadley 2, Connecticut, USA 41.2 72 169.0 0.040 Spartina alterniflora 0.42 
137

Cs 10.3 1.92 

Hoadley 3, Connecticut, USA 41.2 72 114.0 0.035 Spartina alterniflora 0.33 
137

Cs 10.3 1.92  

East River 1, Connecticut, USA 41.2 72.7 134.0 0.030 Spartina patens 0.44 
137

Cs 10.3 1.65  

East River 2, Connecticut, USA 41.2 72.7 204.0 0.060 Spartina patens 0.34 
137

Cs 10.3 1.65  

Sluice 1, Connecticut, USA 41.2 72.7 99.0 0.026 Distichlis spicata 0.38 
137

Cs 10.3 1.65  

Sluice Core 2, Connecticut, USA 41.2 72.7 85.0 0.045 Distichlis spicata 0.19 
137

Cs 10.3 1.65  

Leetes 1, Connecticut, USA 41.2 72.7 153.0 0.039 Distichlis spicata 0.39 
137

Cs 10.3 1.65  

 Leetes 2, Connecticut, USA 41.2 72.7 93.0 0.030 Distichlis spicata 0.31 
137

Cs 10.3 1.65 

Sybil 2, Connecticut, USA 41.2 72.6 72.0 0.029 Phragmites australis 0.25 
137

Cs 10.3 1.65  

Sybil 3, Connecticut, USA 41.2 72.6 116.0 0.046 Phragmites australis 0.25 
137

Cs 10.3 1.65 

Brandford River 1, Connecticut, USA 41.2 72.6 182.0 0.029 Spartina alterniflora 0.63 
137

Cs 10.3 1.65 

Brandford River 2, Connecticut, USA 41.2 72.6 181.0 0.026 Spartina alterniflora 0.69 
137

Cs 10.3 1.65 

Farm River, Connecticut, USA 41.2 72.9 70.0 0.025 Spartina patens 0.28 
210

Pb 10.3 1.87 McCaffrey and Thomson 

(1980) 

Bloom's Point-in, Little Narragansett Bay, 

Connecticut, USA 

41.3 71.9 81.6 0.036 Spartina patens, high marsh 0.22 
137

Cs 10.2 0.79 Orson et al. (1998) 

Bloom's Point-out,  Little Narragansett 

Bay, Connecticut, USA 

41.3 71.9 83.8 0.036 Spartina patens, high marsh 0.23 
137

Cs 10.2 0.79  

Rhode Island, USA 41.4 71.3 165.0 0.057 nd 0.29 
137

Cs 10.7 1.06 Weinstein and Kreeger (2000) 

Inlet 1, Nauset Bay, Massachusetts, USA 41.5 70 105.0 0.028 Spartina alterniflora 0.38 
137

Cs 9.8 0.94 Roman et al. (1997) 

Nauset Bay, Massachusetts, USA 41.5 70 155.0 0.041 Spartina alterniflora 0.38 
137

Cs 9.8 0.94 

The Great Sippewissett Marsh, 

Massachusetts, USA 

41.6 70 88.8
 

0.059 Spartina alterniflora 0.15 
14

C 10.2 1.13 Howes et al. (1985);  

Redfield (1972) 

The Sprague River Marsh, Maine, USA 43.8 69.8 40.0 0.057 Spartina patens, high marsh 0.07 
14

C 7.7 2.44 Johnson et al. (2007) 

Dipper a, Dipper Harbour, Bay of Fundy, 

New Brunswick, Canada 

45.1 66.4 85.0 0.047 Spartina patens, high marsh 0.18 M 4.8 5.79 Connor et al. (2001) 

Dipper d, Dipper Harbour, Bay of Fundy, 

New Brunswick, Canada 

45.1 66.4 60.0 0.033 Spartina patens, high marsh 0.18 M 4.8 5.79  

Little Lepreau, Bay of Fundy, New 

Brunswick, Canada 

45.1 66.5 89.0 0.059 Spartina patens, high marsh 0.15 M 4.8 5.79  

 

Chance Harbour, Bay of Fundy, New 45.1 66.3 72.0 0.038 Spartina patens, high marsh 0.19 M 4.8 5.79  
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(°) 

Longitude 
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Brunswick, Canada  

DH SA 3, Dipper Harbour, Bay of Fundy, 

New Brunswick, Canada 

45.1 66.4 187.0 0.035 Spartina alterniflora, 

low marsh 

0.54 M 4.8 5.79  

 

DH SA 2, Dipper Harbour, Bay of Fundy, 

New Brunswick, Canada 

45.1 66.4 182.0 0.034 Spartina alterniflora, 

low marsh 

0.54 M 4.8 5.79  

DH SA 1, Dipper Harbour, Bay of Fundy, 

New Brunswick, Canada 

45.1 66.4 195.0 0.036 Spartina alterniflora, 

low marsh 

0.54 M 4.8 5.79 

 

DH Sp 3, Dipper Harbour, Bay of Fundy, 

New Brunswick, Canada 

45.1 66.4 85.0 0.047 Spartina patens, high marsh 0.18 M 4.8 5.79 

DH Sp 2, Dipper Harbour, Bay of Fundy, 

New Brunswick, Canada 

45.1 66.4 64.0 0.036 Spartina patens, high marsh 0.18 M 4.8 5.79 

DH Sp 1, Dipper Harbour, Bay of Fundy, 

New Brunswick, Canada 

45.1 66.4 77.0 0.043 Spartina patens, high marsh 0.18 M 4.8 5.79  

Bocabec River, Bay of Fundy, New 

Brunswick, Canada 

45.1 67 456.0 0.034 Spartina alterniflora
 

1.34
f 

nd 4.8 5.64 Chmura et al. (2003) 

Bocabec River, Bay of Fundy, New 

Brunswick, Canada 

45.1 67 113.0 0.046 Spartina patens 0.25
 f
 nd 4.8 5.64  

 

Dipper Harbour, Bay of Fundy, New 

Brunswick, Canada 

45.1 66.4 445.0 0.030 Spartina alterniflora 1.48
 f
 nd 4.8 5.79 

Dipper Harbour, Bay of Fundy, New 

Brunswick, Canada 

45.1 66.4 94.0 0.033 Spartina patens 0.28
 f
 nd 4.8 5.79  

Dipper Harbour, Bay of Fundy, New 

Brunswick, Canada 

45.1 66.4 156.6 0.087 Spartina patens 0.18 
137

Cs 5.2 5.79 Chmura et al. (2011) 

Eastport, Maine, USA 45.1 64.9 78.3 0.046 Spartina patens 0.17 
137

Cs 5.7 8.38 Chmura and Hung (2004) 

Cape Enrage, Bay of Fundy, New 

Brunswick, Canada 

45.6 64.8 582.0 0.018 Spartina alterniflora 3.23
 f
 M 4.8 8.63 Chmura et al. (2003);  

Chmura et al. (2011);  

Connor et al. (2001) Cape Enrage, Bay of Fundy, New 

Brunswick, Canada 

45.6 64.8 186.0 0.023 Spartina patens 0.81
 f
 M 4.8 8.63 

Lorneville, Bay of Fundy, New Brunswick, 

Canada 

45.2 66.2 277.0 0.028 Spartina alterniflora
 c
 0.99

 f
 M 4.8 6.34 
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Lorneville, Bay of Fundy, New Brunswick, 

Canada 

45.2 66.2 330.0 0.033 Spartina alterniflora
 c
 1.00

 f
 M 4.8 6.34 

St. Martins, Bay of Fundy, New 

Brunswick, Canada 

45.3 65.5 265.0 0.027 Spartina alterniflora
 c
 0.98

 f
 M 4.8 7.04 

St. Martins, Bay of Fundy, New 

Brunswick, Canada 

45.3 65.5 928.0 0.024 Spartina alterniflora
 c
 3.87

 f
 M 4.8 7.04 

Wood Point, Bay of Fundy, New 

Brunswick, Canada 

45.8 64.4 264.0 0.026 Spartina patens
c
 1.02

 f
 M 4.8 10.85 

Wood Point, Bay of Fundy, New 

Brunswick, Canada 

45.8 64.4 253.0 0.025 Spartina patens
c
 1.01

 f
 M 4.8 10.85 

Kouchigouguacis Lagoon, Gulf of St. 

Lawrence, New Brunswick, Canada 

46.7 64.9 102.0
d
 0.031 Spartina patens

c
 0.33

 f
 nd 5.3 10.12 

Bay St-Louis, New Brunswick, Canada 46.8 64.9 93.0
d
 0.032 Spartina patens

c
 0.29

 f
 nd 5.3 1.40 

Kouchibouguacis Lagoon, Gulf of St. 

Lawrence, New Brunswick, Canada 

46.8 

 

64.9 

 

272.6 

 

0.094 

 

Spartina patens 

 

0.29 

 

137
Cs 

 

5.6 

 

1.40 

 

Chmura et al. (2011) 

Escuminac, Gulf of St. Lawrence, New 

Brunswick, Canada 

47.1 64.9 89.1 0.033 Spartina patens 0.27 
137

Cs 4.9 0.67 Chmura and Hung (2004) 

Tabusintac Bay, Gulf of St. Lawrence, 

New Brunswick, Canada 

47.4 65 66.0
 d
 0.033 Spartina patens

c
 0.20

 f
 nd 5.3 0.67 Chmura et al. (2003) 

 

Malpeque Bay, Gulf of St. Lawrence, 

Prince Edward Island, Canada 

46.5 

 

63.7 

 

71.0
 d
 

 

0.030 

 

Spartina patens
c
 

 

0.24
 f
 

 

nd 

 

5.6 1.16 

 

 

Rustico, Prince Edward Island, Canada 46.5 63.6 94.5 0.033 Spartina patens 0.29 
137

Cs 5.6 1.16 Chmura and Hung (2004) 

Brackley Bay, Gulf of St. Lawrence, Prince 

Edward Island, Canada 

46.4 63.2 89.0
 d
 0.036 Spartina patens

c
 0.25

 f
 nd 5.8 1.58 Chmura et al. (2003);  

Chmura et al. (2011) 

Pubnico Harbour, Gulf of Maine, Nova 

Scotia, Canada 

43.6 65.3 113.0
 d
 0.040 Spartina patens

c
 0.28

 f
 nd 6.8 1.46  

Cheboque Harbour, Gulf of Maine, Nova 

Scotia, Canada 

43.8 66.4 75.0
d
 0.044 Spartina patens

c
 0.17

 f
 nd 6.8 3.51  

Little River Harbour, Gulf of Maine, Nova 

Scotia, Canada 

43.7 66.1 304.0
 d
 0.078 Spartina patens

c
 0.39

 f
 nd 6.8 3.51 
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Yarmouth, Nova Scotia, Canada 43.8 66.1 101.1 0.036 Spartina patens 0.28 
137

Cs 7.2 3.51 Chmura and Hung (2004) 

Cole Harbour, Nova Scotia, Canada 44.7 63.4 161.0
 d
 0.042 Spartina patens

c
 0.38

 f
 nd 6.0 1.34 Chmura et al. (2003);  

Chmura et al. (2011) Lawrencetown Lake, Nova Scotia, Canada 44.7 63.4 60.0
d
 0.024 Spartina patens

c
 0.25

 f
 nd 6.0 1.34 

Chezzetcook Inlet, Nova Scotia, Canada 44.7 63.4 106.0
d
 0.038 Spartina patens

c
 0.28

 f
 nd 6.0 1.34 

Halifax, Nova Scotia, Canada 44.7 63.5 132.2
 

0.040 Spartina patens 0.33 
137

Cs 6.7 1.34 Chmura and Hung (2004) 

Rustico Bay, Prince Edward Island, 

Canada 

46.4 63.2 125.0
 d
 0.034 Spartina patens

c
 0.37

 f
 nd 5.8 1.58 Chmura et al. (2003) 

Arctic N W         

Flakkerhuk, Disko, Greenland 69.7 52 30.0 0.023 Puccinellia sp. 0.13 
137

Cs and 
210

Pb −5.3 1.31 Jensen et al. (2006) 

Australasia S E         

South Kooragang Island, New South 

Wales, Australia 

32.9 151.7 137 0.041 Sarcocornia quinqueflora 0.34 M 18 1.04 Howe et al. (2009) 

Notth Kooragang Island, New South 

Wales, Australia 

32.9 

 

151.7 

 

64 

 

0.065 

 

Sarcocornia quinqueflora 

 

0.98 

 

M 

 

18 

 

1.04 

 

 

 

Hawkesbury River , New South Wales, 

Australia 

33.6 

 

151.2 

 

207 

 

0.118 

 

Juncus kraussii 

 

0.18 

 

M 

 

17.5 

 

1.10 

 

Saintilan et al. (2013) 

 

Australia 10~40 110~155 274.8
g
 nd nd nd nd nd micro-tidal 

to macro-

tidal 

Lawrence et al. (2012) 

Region Latitude 

(°) 

Longitude 

(°) 

CAR 

(g C m
−2

 yr
−1

) 

C density 

(g C cm
−3

) 

Dominant halophyte 

species/genera 

SAR 

(cm yr
−1

) 

Method for SAR 

estimation
a 

MAT 

(°C)
b 

Tidal range
e 

Reference
 

Sino-Japan N E         

China 18~41 110~135 223.6 nd nd nd nd nd micro-tidal 

to meso-tidal 

Xiaonan et al. (2008) 

a
 M represent marker horizons; nd represents no data were specified in the reference. 

b 
MAT comes from overall average annual temperature cited in Chmura et al. (2003)  and from http://www.ncdc.noaa.gov, http://climate.weather.gc.ca, http://www.metoffice.gov.uk, http://www.dwd.de,  

http://www.ipma.pt, the added meteorological stations are generally within 100km away from  sampling sites, at low elevations and away from large urban areas. Added MAT was computed over 30 yrs, i.e. 

1971−2000 and 1981−2010. 
c
 Halophyte species were cited from references in terms of the same regions where sediment sampling sites locate in, and were not involved in comparison of CAR among halophyte genera in Fig. 2-3. 

d
 Direct measurement of SAR is not specified in these references, and thus  these sites were excluded from the analysis. 

e
 Tidal range data come from http://tidesandcurrents.noaa.gov based on the nearest tidal gauge to the study site (usually within 80 km). 

f
 SAR was back-calculated from CAR and C density. 

g
 CAR was overall mean for Australia (Howe et al., 2009; Lawrence et al., 2012; Saintilan et al., 2013).

http://www.ncdc.noaa.gov/
http://climate.weather.gc.ca/
http://www.metoffice.gov.uk/
http://www.dwd.de/
http://www.ipma.pt/
http://tidesandcurrents.noaa.gov/
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from Coultas et al. (1997). Soil CAR of Europe and Scandinavia was calculated by 

combining all the CAR data of North Europe and the north Mediterranean. CAR of North 

Africa (Tunisia and Morocco) adopted that of the closest region, i.e. the north Mediterranean 

group, as no CAR values specific to this region are available. CAR of arid saltmarshes may 

differ from other Mediterranean sites so some errors may result from the use of this value. 

There is also no available CAR data of South Africa, despite many reports of Spartina in 

South Africa saltmarshes, e.g. Adams and Bate (1995); Pierce (1983); Ranwell (1967). The 

value in Fig. 2-3 for Spartina was used to approximate CAR of this region. Since the areas of 

saltmarsh in South and North Africa are small, these approximations have relatively little 

influence on the estimation of total CAR in global saltmarsh sediments.  

 

Table 2-2. Reported area of saltmarshes 

Region Area (km
2
) Reference 

Australia 13765 Lawrence et al. (2012) 

China 5734 Yang and Chen (1995) 

USA 19265 Field et al. (1991) 

Europe and Scandinavia 2302 Dijkema (1987);  

 

Canada 

 

328 

Saint-Laurent et al. (1996) 

Hanson and Calkins (1996);  

Wetland International Inventory 

North Africa  93 Wetland International Inventory 

South Africa 170 O’Callaghan (1990) 

Total 41657  

 

Despite the large areal extents of saltmarshes, few data on CAR are available for the 

Australasia and Sino-Japan regions. The contributions from these regions are therefore 

extrapolations from a small number of studies, which may not be representative of the mean 

values applicable to the regions. While these still represent the best available data, the overall 

global CAR value should be interpreted with some caution. 

We explored the potential range of the global CAR value following the ‘uncertainty 

propagation’ approach of Donato et al. (2011). See Supplementary Information for details of 

the method. 
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Fig. 2-3. Comparison of CAR among halophyte genera from data in the collated references. 

Non-parametric post-hoc pairwise test was run following Kruskal-Wallis rank sum test to test 

which genera are different from the others. Spartina marshes have significantly higher CAR 

but there are no significant differences in CAR among the other four groups (Kruskal-Wallis 

test, P > 0.05).  

 

2.2.2 Data analysis  

Analyses were conducted using SPSS 21 (SPSS Inc., Chicago, IL, USA) and R version 3.0.2 

(R Core Team, 2013). Deviations are reported as the standard error (SE). For statistical 

comparisons, data were tested for normality with the Kolmogorov-Smirnov test and for 

homogeneity of variance with the Levene’s test (α=0.05). When homogeneity of variance 

between groups was violated, data were transformed (ln (x), 1/x, or x
1/2

) to satisfy the 

assumption. Boxplots were used to describe latitudinal distribution of CAR data. Paired-

sample t test was used to compare the paired CAR from marshes with different elevations at 

the same site. In the case of heterogeneity of variances, Kruskal-Wallis rank sum test was 

applied to compare more than two means and followed by non-parametric post-hoc pairwise 

test where there was a significant treatment effect.  

Stepwise multiple regression was used to determine which of the independent variables, 

viz. tidal range, latitude, halophyte genera and MAT, accounted for most of the variation in 

CAR. The five major genera were included as a categorical variable with four levels, while 

other genera were excluded owing to few available data. Each level has two values, namely 0 

and 1. The categorical variable, serving as a qualitative variable, was included as a block with 

the default “Enter” method, whereas tidal range and latitude were included as another block 
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with the default “Stepwise” method in the multiple regression model. Regression tree was 

created and structured in a hierarchical fashion to determine the influences of independent 

variables (i.e. latitude, halophyte genera, tidal range and MAT) on the distribution of CAR 

values. 

 

2.3 Results and discussion 

2.3.1 Regional difference in carbon accumulation rate 

In order to assess the regional difference in carbon sequestration by saltmarshes, soil CAR 

was calculated for the five saltmarsh groups for which sufficient comparative data are 

available (Table 2-3), the five dominant halophyte genera (Fig. 2-3), and for latitudinal 

intervals of 10° from 28.4°N to 69.7°N. Region-specific CAR and area were combined to 

produce a global CAR of saltmarshes. Globally, mean CAR in saltmarsh sediment is 244.7 ± 

26.1 g C m
−2 

yr
−1

 (Table 2-4). 

 

Table 2-3. Comparison of CAR among saltmarsh geographic groups. Australasia, Sino-Japan 

and Arctic are excluded from the analysis due to low number of sites. South Europe includes 

the north Mediterranean sites and Portugal. There are no significant differences in the mean 

CAR value among the five groups for which sufficient data are available for comparison 

(Kruskal-Wallis test, P > 0.05). 

Groups Number 

of sites 

Soil CAR, g C m
−2

 yr
−1

 

(Mean ± SE) 

Tropical W. Atlantic 32 293.7 ± 60.9 

N. Europe  23 315.2 ± 62.9 

S. Europe 7 305.5 ± 86.0 

NE Pacific 8 173.6± 45.1 

NW Atlantic 64 172.2 ± 18.1 

 

Table 2-4. Estimation of global CAR using specific soil CAR for different regions. USA was 

divided into three sub-groups as per the division of saltmarsh groups in Fig. 2-2.  

Region 
Soil CAR, g C m

−2 
yr

−1
 

(mean ± SE) 

Area 

(km
2
) 

Soil CAR, Tg C yr
−1

 

(mean ± SE) 

Australia 274.8 13765 3.78 
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China 223.6 5734 1.28 

USA 

Tropic W. Atlantic 

region 
293.7 ± 60.9 8596 2.52 ± 0.52 

NW Atlantic 

region 
134.0 ± 12.8 2685 0.36 ± 0.03 

NE Pacific region 173.6 ± 45.1 7984 1.39 ± 0.36 

Europe and Scandinavia 312.4 ± 50.6 2302 0.72 ± 0.12 

Canada 214.3 ± 33.7 328 0.07 ± 0.01 

North Africa  305.5 ± 86.0 93 0.03 ± 0.01 

South Africa 200.9 ± 23.0 170 0.03 ± 0.004 

Total 244.7 ± 26.1 41657 10.2 ± 1.1 

 

Compared to previous studies, the results show both differences and common features. 

Firstly, the average CAR of the study is higher than those from earlier reports, averaged 151 

g C m
−2

 yr
−1

 (Chmura et al., 2003; Duarte et al., 2005). The estimate has revised the former 

estimates upward by roughly 60%. The difference may relate to the fact that the earlier 

reports (1) have smaller latitudinal ranges (from 22.4°S to 55.5°N); (2) suffer from the lack of 

data from significant regions, including the Asia-Pacific, Arctic and Australasia; (3) used a 

simplistic method for up-scaling CAR from individual sites to the global coverage, i.e. 

arithmetic means of individual CAR irrespective of regional saltmarsh area.  

The highest average accretion rate of soil carbon, i.e. 315.2 g C m
−2 

yr
−1

, was recorded 

from the north Mediterranean marshes dominated by Spartina spp. The largest carbon stock 

was in accordance with data of soil carbon stores in seagrass ecosystems, which was also 

found in Mediterranean meadows dominated by Posidonia oceanica (Fourqurean et al., 

2012). However, the only recorded CAR of saltmarsh soils in the Arctic is an order of 

magnitude lower (30 g C m
−2 

yr
−1

) than those of all other regions (172.2 to 315.2 g C m
−2 

yr
−1

). But the lack of data for this region makes generalization difficult. Furthermore, as 

shown in Fig. 2-3, among the five halophyte genera, Spartina demonstrated the highest 

capacity for soil carbon accumulation, with average CAR at 200.9 g C m
−2

 yr
−1

, while 

average CAR of Distichlis (107.5 g C m
−2

 yr
−1

) ranked the lowest. CAR of Spartina was 

significantly higher but there are no significant differences in CAR among other genera (P > 

0.05). Nonetheless, there is significant latitudinal variation of CAR in saltmarsh sediments (P 

< 0.001) (Fig. 2-4).  
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Fig. 2-4. Latitudinal pattern of CAR for global saltmarshes. The box-whisker plots of CAR 

reflect a clear pattern at latitudinal range 10° − 40°S, 28.4° − 38.4°N, 38.4° − 48.4°N, 48.4° − 

58.4°N, 68.4° − 78.4°N, with the highest value in the 48.4° − 58.4°N (mean CAR = 315.2 g 

C m
−2

 yr
−1

), while the lowest value occurs at high latitudinal 68.4° − 78.4°N (mean CAR = 

30g C m
−2

 yr
−1

). No data is available for the 58.4° − 68.4°N range and is not presented in the 

plot. The bottom, middle and top of each box indicates the 25th, 50th (median) and 75th 

percentiles, respectively. Around 95% of the data are expected to lie between whiskers. The 

scattered points above the whiskers are outliers and the upper points are extreme outliers. 

 

For exploring the drivers of CAR variation, the nexus of CAR with tidal range, latitude, 

MAT and the dominant halophyte genera was analyzed using multiple linear regressions. 

There is no significant impact of MAT (P=0.567) or genera (P=0.728) on CAR. Tidal range 

and latitude accounted for 51.7% and 29.6% of the variation in CAR (P<0.05). In addition, 

regression tree analysis was applied to compare the impact of latitude, mean tidal range 

(MTR), MAT and dominated genera on CAR (Fig. 2-5). Latitude occupies the highest 

hierarchy and MTR constitutes the primary branches of the regression tree, while MAT is not 

an independent determinant of CAR. 
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Fig. 2-5. Regression tree for estimating CAR from latitude, mean tidal range and dominated 

genera. At each internal node, we asked the associated question, and go to the right child if 

the answer is “no”, go to the left child if the answer is “yes”. MTR denotes mean tidal range. 

 

These results suggest that carbon sequestration by saltmarsh sediments is affected by 

multiple biogeochemical and biotic factors. Tidal range determines belowground carbon 

dynamics (root production, carbon burial) through influencing sediment aeration and 

porewater flow, also affecting sediment and organic matter import/export dynamics. Soil 

CAR for saltmarshes was shown positively related to belowground biomass productivity and 

negatively related to organic matter decomposition (Elsey-Quirk et al., 2011; Mcleod et al., 

2011; Gonzalez-Alcaraz et al., 2012), which are the predominant biotic processes for carbon 

accumulation. Both processes are affected by tidal range.  

For a given inundation depth, biomass productivity should be greatest in low tidal range 

environment (Schuerch et al., 2012). Where biomass productivity may be low (e.g. some 

Mediterranean marshes), retention of organic matter is usually high in these micro-tidal 

environments (Ibañez et al., 2000). Thus CAR could be higher in micro-tidal marshes. 

Further, tidal range may result in differences in the frequency of tidal flooding (Chmura et al., 

|
Latitude < 45.35

MTR < 0.315

MTR < 2.3

MTR < 5.715

MTR < 4.28

190.8

164.5

294.9 145.0

124.6 189.7

302.0 133.6

303.5

183.1 453.9



 55 

2011), which alters the mode and rate of organic matter decomposition (Gonzalez-Alcaraz et 

al., 2012) and export generally in tidal wetlands (Lee, 1995; Saintilan et al., 2013), thereby 

influencing CAR. Marsh vegetation also influences carbon accumulation through litter input. 

A number of studies have revealed that different species of halophyte inhabiting saltmarshes 

contributed different quality and quantities of litter to saltmarsh sediments (Zhou et al., 2007; 

Mahaney et al., 2008). Soil microbe mediated decomposition also changes with litter species 

(Rothman and Bouchard, 2007). These factors combined would result in variation in the 

quality (e.g. stoichiometry and form of essential elements) as well as quantity (e.g. different 

production and turnover rates) of organic matter in saltmarsh sediments.  

Latitude is a proxy of drivers such as length of growing season, and sediment salinity 

may also vary with latitude due to differences in the balance between evaporation and 

rainfall. Significant latitudinal trend can therefore be expected for primary productivity. This 

study suggests that saltmarsh CAR changes markedly with length of growing season. 

Generally, this study suggests CAR of saltmarsh sediments peaks at mid-latitudes, between 

48.5−58.5 °N, and decreases towards the poles and the equator. This pattern corresponds with 

the general latitudinal pattern of saltmarsh development. Additionally, variations in salinity 

lead to difference in soil properties among coastal marshes, and soil bulk density was 

positively correlated with organic carbon concentrations and negatively correlated with 

salinity. Carbon accumulation was negatively correlated with salinity, attributed to impact of 

salinity on decomposition rate of organic matter (Loomis and Craft, 2010). Furthermore, 

temperature influences the underlying metabolic processes of carbon gain through 

photosynthesis and carbon loss through microbial and plant respiration. Moderate rises in 

temperature can give rise to saltmarsh productivity in temperate latitudes, e.g. the pattern of 

increasing saltmarsh macrophyte productivity with temperature (Kirwan et al., 2009) or 

decreasing productivity with latitude (Turner, 1976) in North American coastal marshes. 

However, rises in temperature may also result in metabolic changes, distribution shifts and 

decreased soil C density owing to increased decomposition rates (Chmura et al., 2003; 

Mcleod et al., 2011). Thus, its positive effect on the primary productivity and negative effect 

on C decay may entrain the decrease of CAR from mid-latitudes towards the equator or the 

poles. 

 

2.3.2 Variation of CAR with marsh elevation 
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Soil CAR presents a clear declining trend from low marsh to high marsh across all locations 

with data available for comparison (paired-sample t test, P < 0.001; Fig. 2-6). The variation 

of CAR with respect to elevation could be explained by its drivers. CAR is driven by three 

parameters, i.e. SAR, dry bulk density of the soil (DBD) and its organic carbon content, 

which is positively related to loss on ignition (LOI). Connor et al. (2001) reported that low 

marsh sediments were characterized by higher soil bulk densities and lower LOI. According 

to Chmura and Hung (2004), SAR decreases with distance from the nearest creek, i.e. low 

marsh have higher SAR than high marsh, probably due to shorter inundation time and thus 

reduced sediment input. Oenema and Delaune (1988) developed  a function describing the 

relationship between SAR and the distance of marsh from the major creeks, showing that 

SAR of low marsh is higher than that of high marsh. 

 

 

Fig. 2-6. CAR of saltmarshes in relation to habitat elevation from low marsh to mid or high 

marsh. Different symbols for CAR of low, mid and high marsh locations from the same site 

were aligned vertically. BE − the Blackwater estuary, UK; BF − the Bay of Fundy, New 

Brunswick, Canada; SM − Stiffkey Marsh, UK; DM − Dengie Marsh, UK; SA − St. 

Annaland, Netherlands; OR − Oder River, Poland; VR − Vistula River, Poland; LAB − Little 

Assawoman Bay, USA; HM – high marsh; MM – mid marsh; LM – low marsh. 
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High marsh sediments, however, are likely to have higher carbon content (Connor et 

al., 2001; Zhou et al., 2007). In addition, it was indicated that root productivity of saltmarsh 

species was higher in low inundation conditions than that in high inundation conditions 

(Blum, 1993). The pattern of low marsh having higher CARs suggests that this increase in 

carbon content and root productivity is more than offset by the decrease in SAR and DBD 

while going landward. In the collated literature, CAR of mid marsh was lower than high 

marsh. The reason for this lack of a clear-cut pattern from low to high marsh is unclear but 

differences in tidal inundation duration and flow dynamics between the mid and high marsh 

elevations are expected to be smaller than those between low and mid elevations. And the 

highest root growth of some saltmarsh species at an optimum elevation rather than at low and 

high marsh (Kirwan and Guntenspergen, 2012) may also facilitate the higher sediment carbon 

accumulation at mid marsh than at high marsh. 

 

2.3.3 Global CAR in saltmarsh sediments compared with other ecosystems 

Our global estimate of saltmarsh carbon stocks is based on the area-weighted mean value of 

the 143 sites so that the high CAR of the north Mediterranean does not unduly affect the 

global figure. The product of the mean regional CAR and the area of saltmarshes for the 

respective reported regions estimates the global CAR of saltmarsh sediments to be about 10.2 

± 1.1 Tg C yr
−1 

(Table 2-5). Based on the uncertainty propagation method (see 

Supplementary Information), the potential range of this value has been estimated to be 

between 0.9 Tg C yr
−1

 and 31.4 Tg C yr
−1

. This range is significantly wider than that 

estimated for global mangrove C storage by Donato et al. (2011), where there is a five-fold 

difference between the lower and upper limits. The wide range can be attributed to the large 

differences in reported CAR, with the highest value about 20× the lowest value. 

This estimate has a couple of important caveats. First, for some regions the CAR is 

based on small number of measurements/sites extrapolated to large areal extents (e.g. 

Australia and China). This will potentially cause significant errors to the regional estimate but 

also highlights the need to obtain more measurements incorporating the range of species and 

environmental conditions typical of the study regions. Second, a small number of regions 

have no published CAR data at all and the current regional estimate was obtained using CAR 

from nearby regions or conspecific marshes, multiplied by the known area of saltmarsh (e.g. 

North Africa). Consequently, while we attempt to provide an updated global CAR value  
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Table 2-5. Comparison of carbon accumulation in sediments and soils of saltmarshes and other ecosystems. ND – no data. 

Ecosystems Soil CAR, g C m
−2 

yr
−1

 

(mean ± SE) 

Number 

of studies 

/sites
 

Global area, 

km
2
 

Soil CAR, Tg C yr
−1

 

(mean ± SE) 

Reference 

Coastal ecosystems 

Saltmarshes 244.7 ± 26.1 50/143 41657 10.2 ± 1.1 This study 

Mangroves 226 ± 39 13/34 137760 to 

152361 

31.1 ± 5.4 to 

34.4 ± 5.9 

Giri et al. (2011); Chmura et al. (2003); Bird et al. 

(2004); Lovelock et al. (2010); Sanders et al. 

(2010a); Spalding et al. (2010) 

Seagrasses 138 ± 38 ND/123 300000 to 

600000 

41.4 ± 11.4 to 

82.8 ± 22.8 

Duarte et al. (2005); Kennedy et al. (2010); 

Fourqurean et al. (2012) 

Terrestrial forest ecosystems 

Temperate 5.1 ± 1.0 18/ND 10400000 53  ± 10.4 Schlesinger and Bernhardt (2013) 

Boreal 4.6 ± 2.1 5/ND 13700000 63  ± 28.8 Zehetner (2010) 

Tropical 4.0 ± 0.5 15/ND 19622846 78.5  ± 9.8 Asner et al. (2009); Schlesinger and Bernhardt 

(2013) 
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based on new data, there are still considerable data gaps associated with particular regions 

that would invite future research to further refine the estimates. 

Our estimate of global total sediment CAR in saltmarshes is lower than both its 

neighbouring coastal mangrove and seagrass ecosystems (31.1 ± 5.48 to 82.8 ± 22.8 Tg C 

yr
−1

), and the upland terrestrial forest ecosystems (53 ± 10.4 to 78.5 ± 9.88 Tg C yr
−1

). As far 

as sediment CAR is concerned, the area-specific saltmarsh CAR ranks the highest (Fig. 2-7) 

but the overall accumulation rate is reduced because of the limited areal extent of this habitat. 

The high capacity of carbon sequestration in saltmarsh sediments can be attributed to oxygen-

depleted sediment conditions reducing mineralisation rate, continual sediment 

deposition/burial, and the combined high primary production but low export/consumption 

rates, which facilitate accumulation of organic matter (Hussein et al., 2004; Loomis and 

Craft, 2010; Callaway et al., 2012; Keller et al., 2012). 

 

 

Fig. 2-7. Average CAR (± SE) in sediments and soils of major coastal and terrestrial forest 

ecosystems.  

 

Our data demonstrate that saltmarshes are significant habitats for carbon accumulation 

in the biosphere, acting as important but previously neglected carbon sinks. The remarkable 

combination of their high capacity for carbon-sequestration but low carbon stock in 

saltmarshes could reflect the past management approach to these habitats, which has resulted 

in significantly reduced areal extent. The ‘coastal squeeze’ phenomenon affects saltmarshes 

most significantly and, if not managed urgently, will continue to erode the importance of 

saltmarshes as potential carbon storages. Despite their high capacity of carbon accumulation, 
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when compared with terrestrial forests, carbon buried in saltmarshes, as part of ‘blue carbon’, 

can be stable over longer time scales (millennia) (Duarte et al., 2005; Mcleod et al., 2011) 

and decomposes at a lower rate (Reddy and DeLaune, 2004), while most forest carbon stocks 

are often eventually released to atmosphere during forest fires (Fourqurean et al., 2012). 

However, this global estimate of CAR in saltmarshes needs to be interpreted with 

caution, since the estimate is limited by the quality and quantity of available data. Firstly, the 

reported global area of saltmarshes is far from complete and has not covered all habitats of 

saltmarsh halophytes. Secondly, there are some compromises made when making 

extrapolations from a limited data base. For example, no CAR data is available for any 

African saltmarshes and values from geographically or taxonomically proximal sources have 

to be used for estimating CAR for this region. Thirdly, drivers such as local ocean currents 

may cause deviations in temperature from the latitudinal trend. The analysis was conducted 

as an attempt to address broad latitudinal patterns in CAR. Additionally, some carbon values 

were estimated from organic matter content according to the formula of Craft et al. (1991), 

which was based on soil samples from North Carolina (USA). This conversion factor can be 

variable. For example, another study converted soil carbon stock of saltmarshes from soil 

organic matter with a factor of 0.55 based on widely sampled terrestrial soils (Ford et al., 

2012). If the latter conversion factor was applied to this study, some carbon values would 

increase by ~37.5%. Last but not least, there is not sufficient information about detailed 

halophyte composition in the collated references, thereby hindering the attempt to conduct 

further fine-grained analyses beyond the genus level. Again, this study is meant to be a 

broad-scale analysis of the global pattern of CAR in saltmarsh communities. As such, 

variations at a fine scale are not necessarily addressed. Accordingly, further studies will be 

needed to refine CAR of this study when more data are available from a more comprehensive 

coverage of halophyte habitats in the future.
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Chapter 3 The role of root decomposition in global mangrove and 

saltmarsh carbon budgets 

 

 

 

 

 

 

 

 

Fig. 3-1 Mangroves and saltmarsh in Yunxiao, Fujian, China.  
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3.1 Introduction 

Coastal wetlands, including mangroves and saltmarsh, are blue carbon (C) ecosystems that 

provide numerous benefits and services important in climate change adaptation Atwood et al. 

(2015). These habitats typically sequester C several times faster than terrestrial ecosystems, 

and are therefore important despite occupying a smaller area of the earth’s surface (Mcleod et 

al., 2011; Breithaupt et al., 2012). Globally, these habitats, along with macroalgae, are 

estimated to contribute 50% of the C sequestration in marine sediments (Duarte et al., 2013). 

The role of mangroves in global C cycling and storage has been thoroughly reviewed, and led 

to the identification of significant unknown processes, e.g. the fate of dissolved inorganic C 

(DIC) from decomposition (Bouillon et al. 2008). For saltmarsh, although sequestration rates 

are known (McLeod et al. 2011), their overall role in C cycling has not yet been fully 

described, despite a scale-up study of C cycling in saltmarshes on the U.S. East (Atlantic) 

Coast (Wang et al., 2016). For both habitats, syntheses of their roles have to date failed to 

incorporate the contribution of plant root decay to sediment C budgets. Assessing the 

contribution of mangrove and saltmarsh root production will be a significant step towards 

fully quantifying sediment C storage in these habitats. 

Organic matter (OM) accumulation in mangroves and saltmarsh is dependent on the 

balance between the production and decomposition of below-ground biomass, in addition to 

above-ground production and import/export determined by the hydrological regime. 

Production and decomposition of below-ground roots and rhizomes in mangroves and 

saltmarsh are known to contribute to soil fertility through the formation of humic substances. 

However, it is their significant contribution to C storage and peat formation (McKee et al., 

2007; Huxham et al., 2010; Ouyang and Lee, 2014) that we focus on here, because this drives 

sediment supply, sediment accretion, OM accumulation and influences responses to rising sea 

levels in coastal wetlands (Lovelock et al., 2015a). Root and rhizome decomposition also 

produces significant greenhouse gases, predominantly from aerobic oxidation and sulphate 

reduction, which are the main pathways of OM degradation in coastal sediments (Alongi, 

2009; Penha-Lopes et al., 2010). Even so, there exist other pathways of microbial OM 

decomposition, including manganese and iron reduction, which are among the sources of 

benthic DIC and alkalinity and thereby C sinks in the coastal zone (Ovalle et al., 1990; 

Krumins et al., 2013). 

Little attention has been paid to the patterns of root decomposition in mangroves and 

saltmarsh, despite the expected significant role of root decomposition. Substrate quality and 

the presence and abundance of fauna are known to influence the decay rate of leaf litter in 
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mangrove forests (e.g.Kristensen et al. (2008a)). A wide range of factors may influence the 

root decomposition processes. Different environmental, hydrological and climatic conditions 

can affect below-ground microbial activities and oxygen concentrations (Alongi, 2009; Sousa 

et al., 2010a; Gonzalez-Alcaraz et al., 2012), and thus the decomposition rate. Sediment 

porewater salinity might also modulate microbial decomposition of roots. Davidson and 

Janssens (2006) proposed that hydrological factors and substrate quality are the chief 

constraints on decomposition rates in wetlands. These factors potentially interact with an 

assumed response of decomposition rates to temperature. Although there is a growing 

literature on root decomposition in coastal wetlands, there has been no global synthesis of 

root decay rates in mangroves and saltmarsh. The integration of the influence of climatic, 

geographic, biotic and other drivers of root decay is a significant step in understanding the 

ecological function of these estuarine habitats and their capacity for blue C. 

This study quantifies the contribution of root decay to global C budgets in mangroves 

and saltmarsh and assesses factors that may cause variation in reported rates. We analyse the 

nexus between root decay rates and climatic (temperature and precipitation), geographic 

(latitude), temporal (decay period), biogeochemical (sampling depth) as well as biotic 

(ecosystem type) factors. Then we investigate differences in root decay rates among 

ecosystem types, significant factors in the model, and with porewater salinity, as well as 

species. Global root decomposition rates are estimated by averaging individual rates in 

mangroves and saltmarsh, and also by integrating mangrove area with decay rates in 

latitudinal ranges. Then we examine how much C is mineralised in the root decay process and 

how much is buried in sediments. This is the first comprehensive global review synthesizing 

the fate of mangrove and saltmarsh root C production. The findings will contribute to an 

improved understanding of below-ground OM mineralisation and accumulation in mangrove 

and saltmarsh sediments, and its implications for C budgets in coastal wetlands.  

 

3.2 Materials and methods 

3.2.1 Data collection and collation 

Decomposition rates of roots and/or rhizomes in mangroves and saltmarsh were compiled 

from the literature. We conducted a literature search in http://www.sciencedirect.com/ and 

http://pcs.webofknowledge.com/, using ‘carbon OR decomposition’ combined with either 

‘mangrove’ or ‘saltmarsh OR saltmarsh’ in ‘Abstract, title and Keywords’ or ‘Topic, title’. 

These terms cover root and/or rhizome decomposition in mangroves and saltmarsh. In total, 

2611 and 2427 results were found for mangrove and saltmarsh studies, respectively. the 

http://www.sciencedirect.com/


 65 

careful sifting through these papers for studies containing primary data on root decomposition 

of mangroves and saltmarsh reduced the number to 36 for the two habitats.  

Individual studies investigate root decomposition by quantifying the variation of root 

mass at intervals during the whole decay period. Specifically, in all studies replicates (the 

number depends on sampling intervals and duration of the whole decay period) of a known 

amount of roots were put in sediment in the field, retrieved at intervals and then re-weighed. 

The loss of root mass is calculated as the difference between the initial and remaining mass, 

and is a function of the decomposition rate. 

When decomposition rates were not reported directly in individual studies, they were 

calculated from the decay period and the decay rate constant, as estimated by the linear or 

negative exponential model (remaining biomass ~ decay period). The selection of a linear or 

exponential model depended on which explained more variance in the dependent variable. 

For studies measuring remaining biomass over a series of decay periods, only root decay 

rates corresponding to the final decay period were used. Overall, the data from the 36 studies 

covered a latitudinal range from 38.3°S to 26.1°N for mangroves and 38.3 °S to 51.4 °N for 

saltmarsh (Fig. 3-2, and Table S1 in Appendix A). Root decomposition rates (% day
−1

) are 

derived from Eqs. (1) and (3) for the linear model, to Eqs. (2) and (3) for the exponential 

model. 

                                    M𝑡  =  𝑘𝑐t +  b                                                                           (1) 

                                     M𝑡  =  exp (𝑘𝑐t +  b)                                                                (2) 

                                    decomposition rate = 100𝑚
𝑀0−M𝑡

𝑀0𝑇
                                         (3) 

Where  M𝑡 is the remaining root mass (in g) at the specific decomposition period t (days), g; 

𝑘𝑐 is decay rate constant, g day
−1

; b is the intercept in the regression models, g; 𝑀0 is the 

initial root mass, g; T is the overall decomposition period in days.  

Methods used by the studies to estimate the decomposition rate were categorised into 

four types: litter bags, litter tubes, unbagged litter and coring method. Litter bags are used to 

investigate root decomposition by enclosing a known amount of roots in permeable bags, and 

the mass loss from roots in the bags over time is an estimate of decomposition rate. Litter 

tubes are similar to litter bags but enclose roots in tubes, the end of which is closed with 

permeable mesh screens. In contrast to litter bags or tubes, the unbagged litter method does 

not enclose roots in mesh bags or tubes but roots are put into a bundle and fixed at the end to 

living roots. As for the coring method, after roots are weighed and put belowground for a 

certain period, the sediment is cored and sieved, and then roots are picked out to examine the 
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variation of root mass over the decay period. Litter bags were the most commonly employed 

method, accounting for 83.9% of measurements, and the other methods were all employed 

only in a very small number of studies. In terms of sample treatment, some studies directly 

utilised oven-dried samples, while others air-dried samples or air-dried before oven-drying 

samples at higher temperatures. 

We combined root decay rates, global mangrove and saltmarsh areas, and dead root C 

production, to estimate the global contribution of root C to C budgets. Dead root C 

production was root C production multiplied by turnover rates. Root C production data and 

turnover rates were collected from two avenues: two reviews (Alongi, 2014 and Bouillon et 

al., 2008) and additional individual studies that report data from specific regions. The ranges 

of the unit-area root decay rates, turnover rates and root C production were propagated using 

the “uncertainty propagation” approach of Ouyang and Lee (2014). We define decayed root C 

as the portion of annual dead root C production decomposed in the root decay process. Global 

decayed root C was estimated as the product of root decay rates, dead root C production and 

global area of the habitats. To estimate the contribution of root C to sediment C stock in 

mangroves and saltmarsh, local root C burial rate was also calculated as the difference 

between average unit-area dead root C production and decayed root C.  

The factor Sediment Depth was categorised into surface or buried (range of depths from 

3 to 30 cm, where values are available). Mangrove forests were classified into five types: 

basin, fringe, overwash, riverine and scrub mangroves (Lugo and Snedaker, 1974). Saltmarsh 

was classified into three types: high, mid and low marsh. Decomposition rates potentially 

vary with root size class at the same site. However, there is a general lack of information on 

and inconsistency in size classes in the collected data. Some studies did not report root size 

classes. Some reported ambiguous sizes, such as >0.4mm (1 mm, 1.25 mm, 1.6 mm) or 

1−4mm, which could not be sorted into either fine or coarse roots. Others used mixed fine 

and coarse roots, and the proportion of fine and coarse roots varies in related studies. 

Therefore, although root size class is a potential confounding factor, its influence on 

decomposition rates could not be analysed in this study.  

We collected long-term climate records from meteorological stations nearest to the 

sampling sites (usually within a few km, and always < 100 km) because root decomposition 

rates might vary with climatic conditions. Average precipitation and daily air temperature 

values over the original experimental period were obtained and used in the analysis. 



 67 

 

 

Fig. 3-2 Distribution of mangrove and saltmarsh species at sampling sites from the collated references. Full names of species abbreviations in the 

figure are as below. (1) mangrove species: AG – Avicennia germinans, AM – Avicennia marina, BG – Bruguiera gymnorhiza, CT – Ceriops 

tagal, C – Ceriops, LR− Laguncularia racemosa, RM – Rhizophora mangle, RSP – Rhizophora spp., RS – Rhizophora stylosa, MP−M – mixed 

species, (2) saltmarsh species: HP – Halimione portulacoides, SA – Spartina alterniflora, SAG – Spartina anglica, SC – Spartina cynosuroides, 

JM − Juncus maritimus, JR – Juncus roemerianus, PA – Phragmites australis, SF – Suaeda fruticosa, SM – Spartina maritima, SP – Spartina 

patens, SPS – Sarcocornia perennis, SMQ – Scirpus mariqueter, MP-S – mixed species. Mangroves and saltmarsh species, as a whole, are 

distinguished by different colours. Species abbreviations were denoted in the figure where different species labels were clearly overlapped. 

  



 68 

Table 3-1 Independent variables assessed in regression analyses, and those included in the final models. 

Factors Independent  

Variables  

Variable type Variables included in FINAL regression model? 

Temporal Decay period Continuous  Yes 

Climatic Air temperature Continuous Yes  

Precipitation  Continuous Yes, in saltmarsh model 

Geographic Latitude Continuous Yes, covaries with air temperature and precipitation 

(saltmarsh) 

Biogeochemical Sampling depth Categorical: buried, surface No 

Local 

 

Ecosystem type 

 

Categorical: Mangrove: basin, fringe, 

overwash, riverine, scrub 

Yes 

Saltmarsh: high, mid, low No 
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3.2.2 Data analysis 

The central statistical analyses were multiple linear regressions on root decomposition rates, 

separately for mangroves and saltmarsh. Six independent variables were included in the 

starting model (Table 3-1). Species identity would have been of interest but was omitted from 

the multiple regression model because only limited data were available for several mangrove 

and saltmarsh species, and their inclusion would have resulted in the loss of significant 

degrees of freedom in the regression models. We separately evaluated the difference in root 

decomposition rates among species with a Kruskal-Wallis rank sum test, followed by non-

parametric Mann-Whitney U tests. For the single-factor tests (among species and among 

vegetation types) we had to use subsets of the data from studies with identifiable 

species/types; these data consisted of uncontrolled combinations of other factors (latitude, 

temperature), which were not well balanced, and thus the multivariate analysis used for the 

main analysis was not applicable here. For saltmarsh, the numbers of root decay rates for 

individual species are 4 (Halimione portulacoides), 11 (Juncus roemerianus), 3 (Phragmites 

australis), 17 (Spartina alterniflora), 11 (Spartina anglica), and 5 (Spartina maritima). For 

mangrove, the numbers of root decay rates for individual species are 6 (Avicennia 

germinans), 35 (Avicennia marina), 8 (Bruguiera gymnorhiza), 6 (Ceriops tagal), 3 

(Laguncularia racemosa), and 24 (Rhizophora mangle). The numbers of root decay rates for 

other species are < 3. In addition, mangrove species belong to different biogeographic 

regions, i.e. Indo-west-Pacific (IWP) and Atlantic-east-Pacific (AEP). Avicennia marina, 

Ceriops tagal and Bruguiera gymnorhiza distribute in IWP while Laguncularia racemosa, 

Rhizophora mangle and Avicennia germinans distribute in AEP. Interactions among the 

explanatory variables were explored using Pearson correlation analysis. The models contain 

all the explanatory variables and their possible interactions. Based on the above data 

exploration, the initial model for mangrove data is: root decay rate ≈ rainfall + decay period + 

T + latitude + T:latitude + sampling depth + mangrove type, while that of saltmarsh data is: 

root decay rate ≈ T + latitude + T:latitude + rainfall + rainfall : latitude + rainfall:T + decay 

period + sampling depth + saltmarsh type. In the regression models, T is air temperature, and 

‘T:latitude’ is the interaction between T and latitude. Homoscedasticity was verified by 

plotting residuals versus fitted values of root decay rates. Normality was tested using the 

Shapiro-Wilk normality test. When assumptions were not met, data were transformed (e.g. 

square root). Collinearity was checked by variance inflation factor values. All values are 

lower than 3, suggesting no collinearity problem (Quinn and Keough, 2002). 
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Unusually influential values, as measured by Cook distance, were removed from the 

data set. Step-wise regression analysis was conducted with ecosystem type and buried depth 

included as dummy variables, with one level of each variable selected as the reference (see 

Table 3-1, Quinn and Keough (2002)). For a subset of studies on mangroves that measured 

soil porewater salinity, the relationship between root decay rates and salinity was explored by 

exponential regression in a separate analysis because the inclusion of salinity in the multiple 

regression model would result in the loss of significant degrees of freedom. Pearson 

correlation test was conducted to find the correlation coefficients of interactions among 

explanatory variables in the regression models.  

All analyses were conducted using the R programming language (R Core Team, 2014).  

The R package ‘relaimpo’ (Grömping, 2006) was employed to determine the relative 

importance of independent variables. The R packages ‘ggmap’ (Kahle and Wickham., 2013) 

was used to visualise the sampling sites on a world map, and ‘ggplot2’ (Wickham, 2009) was 

used to plot other figures. 

As mangrove forest type was a significant factor in the final models, differences in root 

decay rates among mangrove types were further tested with Kruskal-Wallis rank sum test (the 

assumption of normality could not be met). After a significant treatment effect, non-

parametric Mann-Whitney U tests were used to detect difference among group means. Non-

parametric Mann-Whitney U tests were also used to compare root decay rates of different 

biogeographic regions. 

Global root decomposition rates of mangrove and saltmarsh were estimated as the 

respective central values of individual root decay rates. Decay rates, turnover rates and unit-

area production values were checked for normality using the Shapiro-Wilk normality test, in 

order to estimate global root C production of mangroves and saltmarsh. When raw or 

transformed data (e.g. log-transformed) violated the normality assumption, the median of 

global root decay rates, root turnover rates or root C production was reported. When data met 

the normality assumption, the mean of individual data was used. Further, the geometric mean 

was employed when the transformed data had a normal distribution. 

In addition, global root decomposition rates of mangroves were estimated by another 

method, which integrated mangrove area in different latitudinal ranges and the associated 

decomposition rates. This method was used because the vast distribution of mangroves in the 

tropics suggests that the mean or median value of global individual root decomposition rates 

may not account for the bias in mangrove distribution. This is corroborated by data extracted 

from Giri et al. (2011), who show that the total mangrove area in the latitudinal range 0−20° 
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account for around 82% of global mangrove area. Specifically, we estimated root 

decomposition rates at intervals of 10° in the range 0−40°, and extracted mangrove area also 

at 10° intervals. Root decomposition rates at each latitudinal interval were estimated as the 

representative central values, similar to the above estimate of the central tendency of global 

root decay rates. Then they were propagated to global root decomposition rates by integrating 

root decomposition rates with mangrove area at the latitudinal intervals. Coordinates of 

global mangroves were extracted from Giri et al. (2011) via ArcGIS, and were divided into 

different latitudinal intervals, corresponding to root decay rates at latitudinal intervals.  

 

3.3 Results 

3.3.1 Drivers of root decay rates  

A total of 110 valid independent decomposition rates were included in the analysis for 

mangroves. Multiple regression analysis showed that there was a highly significant 

relationship between root decay rates and a combination of temperature, latitude, decay 

period and ecosystem type (p < 0.001, Table 3-2a). This combination of factors explained 

half of the variance in decay rates (R
2
 = 0.50). In particular, latitude interacted with 

temperature (‘T:latitude’ in the regression model, R = −0.8, p < 0.001) to influence mangrove 

root decay rates. Mangrove type, however, was the most important individual explanatory 

variable (17% of variance).   

For saltmarsh, 66 decomposition rates were included. There was a highly significant 

relationship between saltmarsh root decay rates and precipitation, latitude, temperature and 

decay period (p < 0.001, Table 3-2 b). The combined factors explained nearly half of the 

variance in saltmarsh root decay rates (R
2
 = 0.48); with combined precipitation and latitude 

being the most important factors (33%). Latitude interacted with both precipitation (R = 

−0.63, p < 0.001) and temperature (R = −0.62, p < 0.001) to modulate saltmarsh root decay 

rates. 

 

Table 3-2 The relationship between root decay rates and climatic, geographic as well as 

temporal factors as examined by multiple regression. ‘*’ − p < 0.05, ‘**’ − p < 0.01, ‘***’ − 

p < 0.001. Decay rates were expressed as % year
−1

 in multiple regression. 

 

a)  mangrove 

Final model: Root decay rates ≈ T × latitude + decay period + type 
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Variables Estimate SE t value p 

(Intercept) −414.082 177.572 −2.332 * 

T 17.713 6.533 2.711 ** 

latitude 11.813 4.604 2.566 * 

decay period −28.387 8.697 −3.264 ** 

typebasin 11.823 9.947 1.189 > 0.05 

typefringe 26.606 9.577 2.778 ** 

typeoverwash 11.662 9.962 1.171 > 0.05 

typeriverine 29.093 8.047 3.615 *** 

T:latitude −0.409 0.173
 

−2.363 * 

R
2
 = 0.50, p < 0.001

 

 T denotes air temperature. T × latitude equals ‘T + latitude + T : latitude’. T : latitude 

represents the interaction between T and latitude. 

 

b) saltmarsh 

Final model: Root decay rates ≈ decay period + precipitation × latitude +T
2
 × latitude 

 

Variables Estimate SE t value p 

(Intercept) 283.828 47.686 5.952 *** 

decay period −15.719 6.654 −2.362 *   

precipitation −92.744 19.962 −4.646 *** 

latitude −5.230 1.147 −4.559 *** 

T
2
 0.675 0.281 2.407 *   

precipitation:latitude 2.241 0.535 4.192 *** 

latitude:T
2
 −0.016 0.007 −2.234 *   

R
2
 = 0.48, p < 0.001 

 

There were clear differences in root decay rates among different mangrove forest types 

(K-W χ
2
(4) = 16.14, p < 0.01, Fig. 3-3). Decomposition rates were fastest in riverine 

mangroves, intermediate in fringe and scrub, and lowest in basin and overwash forest types 

(Fig. 3-3).  
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a) 
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Fig. 3-3 (a) Variation of root decay rates among mangrove types and (b) the relationship 

between soil porewater salinity and mangrove root decay rates. Values with different letters 

in (a) are significantly different from each other. The dotted lines in (b) are 95% confidence 

intervals. 

There were also clear differences in root decay rates among different mangrove and 

saltmarsh species (K-W χ
2
(6) = 27.5, p < 0.001 and K-W χ

2
(6) = 20.79, p < 0.01, 

respectively, Fig. 3-4). Decomposition rates were highest for Avicennia marina (mangroves), 

Spartina maritima and Phragmites australis (saltmarsh). In combination with root decay rates 

of species in different biogeographic regions, root decay rates of IWP were estimated to be 
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0.162 ± 0.008 % day
−1

, not significantly different from those of AEP (0.134 ± 0.012 % day
−1

) 

(M-W test, W = 827.5, p > 0.05). 

For the mangrove studies that included porewater salinity (n = 72), regression analysis 

showed that decay rates declined exponentially with porewater salinity (R
2
 = 0.16, p < 0.001, 

Fig. 3-3). There were too few salinity data in saltmarsh studies to allow a meaningful 

analysis. 

 

3.3.2 Global estimates of decomposed root carbon in mangroves and saltmarsh 

Both the area-averaged value of mangrove root decay rates at the latitudinal ranges and the 

median value of individual rates were used to represent the central tendency of global 

mangrove root decay rates, as described above.  For the area-averaged rates, root 

decomposition rates of all latitudinal ranges meet the normality assumption except rates at 

20−30°, which were represented by the geometrical mean since they meet the assumption 

after log-transformation. Root decomposition rates at latitudinal ranges were estimated (Fig. 

3-5) as below: 0.141 ± 0.007% day
−1

 (0−10°), 0.111 ± 0.011% day
−1

 (10−20°), 0.152% day
−1

 

(20−30°, geometrical mean), 0.201 ± 0.013% day
−1

 (30−40°). Saltmarsh root decay rates 

were found to meet the assumption of normality (Shapiro-Wilk normality test, p > 0.05) after 

log-transformation and the geometrical mean value was therefore used. Globally, root decay 

rates of mangroves were 0.135 (the area-averaged rate) and 0.152 % day
−1

 (the median value 

of individual rates), while root decay rates of saltmarsh were 0.119 % day
−1

 (Table 3-3). 

The aforementioned global root decay rates were used to estimate global decayed root 

C in combination with root C production and turnover rates by the ‘uncertainty propagation’ 

approach. Firstly, the unit area of root C production was scaled up to 135.3 and 1425.8 g C 

m
−2

 yr
−1

, using data from the 5
th

 and the 95
th

 percentiles, respectively, of the collated 

saltmarsh data. Global root C production data (75 and 82 Tg C yr
−1

 ) from reviews of Alongi 

(2014) and Bouillon et al. (2008a) were directly applied to estimate global decayed root C in 

mangroves. Dividing by the low and high global mangrove area estimates (138,000 and 

160,000km
2
) used in their estimate of root C production, mangrove root C production was 

estimated to reach 544 (estimated from Alongi 2014) and 513 g C m 
−2

 yr
−1

 (estimated from 

Bouillon et al., 2008), respectively. Secondly, the root decay rate of mangroves was 

propagated from 0.076 (the 5
th

 percentile) to 0.262 % day
−1

 (the 95
th

 percentile), while that of 

saltmarsh ranged from 0.052 to 0.278 % day
−1

. Likewise, the root turnover rates of 
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Fig. 3-4 Variation of root decay rates among saltmarsh (upper) and mangrove (lower) species. Values with different letters are significantly 

different from each other. Mangroves are labelled with respect to different biogeographic regions, i.e. Indo-west Pacific (IWP) and Atlantic-east 

Pacific (AEP). Photos of species come from us and Global Invasive Species Database (2016a, 2016b), Ellison et al. (2010), Duke et al. (2010), 

Waysel (1972), Virginia Institute of Marine Science ( GBIF Secretariat and http://www.dpi.qld.au.   

 

http://www.dpi.qld.au/
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Fig. 3-5 Mangrove root decay rates (% day
−1

) among latitudinal ranges of 0−40° at an interval of 10°. Numbers before and in the brackets are the 

mean values and ranges of root decay rates, respectively. Geometric mean was used to represent the root decay rate at the latitudinal range 

20−30°.
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mangroves and saltmarsh were propagated to range from 0.048 to 0.51 yr
−1

 and from 0.219 

to1.857 yr
−1

, respectively. 

Subsequently, the uncertainty of global decayed root C was propagated by multiplying 

the unit area root C production by turnover rates, root decay rates and global 

mangrove/saltmarsh area. Specifically, the low-end estimate of global decayed root C in 

mangroves was estimated by combining the low-end of global area (138,000 km
2
), the 5

th
 

percentile root decay rate (0.076% day
−1

)  and turnover rate (0.048 yr
−1

),  and the low−end of 

root C production (513 g C m 
−2

  yr
−1

). The high-end estimate of global decayed root C was 

estimated by combining the high-end of global area (160,000 km
2
), the 95

th
 percentile root 

decay rate (0.262 % day
−1

) and turnover rate (0.51 yr
−1

),  and the high-end of root C 

production (544 g C m 
−2

 yr
−1

). Integrating data from individual studies, the unit-area root C 

production in saltmarsh met the normality assumption after transformation. The geometric 

mean of the unit-area root production was estimated as 525 g C m
−2

 yr
−1

 (for precision 

estimate see Table 3-3). This estimation resulted in the global decayed root C in mangroves 

ranging from 0.9 to 42.4 Tg C yr
−1

. Likewise, the global decayed root C in saltmarsh was 

propagated to be 0.5−395.5 Tg C yr
−1

. Combining reported global mangrove and saltmarsh 

area with root decay rates of the median (or area averaged) or geometrical mean, turnover 

rates, and the unit-area root production rate, global decayed root C for mangroves and 

saltmarsh was estimated to be 10 (8) Tg C yr
−1

 and 31 Tg C yr
−1

, respectively (Table 3-3). 

The area−averaged root decay rates were not estimated for saltmarsh since the latitudinal 

distribution of global saltmarsh is not available. Root C burial rate was estimated at 51−54 g 

C m
−2

 yr
−1

 (estimated from the median value of individual root decomposition rates) or 

58−61 g C m
−2

 yr
−1

 (estimated from the area-averaged root decomposition rate) for 

mangroves, and 191g C m
−2

 yr
−1

 for saltmarsh (Table 3-4). 

 

3.4 Discussion  

3.4.1 Drivers of root decomposition 

 Biotic drivers strongly regulate root decay rates. Root decay rates vary among different 

mangrove forest types, including fringe, overwash, riverine, basin, dwarf and hammock 

mangroves (Lugo and Snedaker, 1974). Root decay is slowest for overwash mangroves, 

accumulate substrate slowly and only through autochthonous input (Middleton and McKee, 

2001). The low substrate supply, and thereby nutrient limitation, may be responsible for the 

lower root decay rates in these isolated mangroves. Among the other mangrove types, 

riverine mangroves demonstrate the highest rates of root decomposition. These mangroves 
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dominate along river and creek drainages and receive regular freshwater dilution of tidal 

water and thus alleviated salinity stress which promotes root decomposition. In addition, 

sediments of riverine mangroves can have higher nutrients (e.g. phosphorus) than scrub 

mangroves (Castañeda-Moya et al., 2011). The higher nutrient supply may also lead to faster 

root decomposition rates in riverine mangroves. Mangrove roots on average decay slightly 

faster than saltmarsh roots (0.152 vs. 0.119 % day
−1

, Table 3-3), except for overwash 

mangroves, for which the lower rate is probably due to limited substrate supply. 

Species identity is another biotic driver of root decomposition rates. Species differences 

in root decay rates may be attributed to differences in biochemistry and physiology. Overall, 

the results for saltmarsh illustrate that root decay rates of Spartina maritima are higher than 

the rates of Juncus spp. Spartina maritima aerates the sediment through their roots (Hackney 

and de La Cruz, 1980), resulting in faster root decay, compared with roots of Juncus spp. that 

lack oxygen transport from above-ground parts. For mangroves, root decay rates of Avicennia 

marina are high compared to other species. The presence of pneumatophores increases 

oxygenation of the sediment and the general permeability of their root system (Leopold et al., 

2013). Although Avicennia germinans also has pneumatophores which allow oxygen 

transport to roots, this species in the collated studies generally occurred in water-logged 

conditions, limiting oxygen transport and root decay.  

Apart from oxygen transport, different species can be distinguished in the stoichiometry 

of root litter such as lignin contents and C:N ratios, resulting in the difference in root decay 

rates (Tam et al., 1998; Blum and Christian, 2004). The metabolic activity of the microbial 

community was found to rise directly, responding to increased initial litter N content, while 

the inhibition of decomposition by lignin is attributable to its chemical structure which makes 

it resistant to microbial attack (Hemminga and Buth, 1991). Phragmites australis roots may 

have relatively low C:N and lignin : N ratios compared to Spartina species (Liao et al., 2008), 

facilitating root decomposition. Likewise, roots of  Avicennia marina are described as having 

lower C:N ratios than both Ceriops tagal and Bruguiera gymnorhiza (Huxham et al., 2010). 

Root decay rates generally vary with climatic and geographic conditions. the results 

show that root decay rates generally increase with latitude for mangroves, except the higher 

decay rates at 0−10° than 10−20° latitudinal intervals, and decrease marginally with latitude 

for saltmarsh. Decay rates increase with temperature for both mangroves and saltmarsh. 

Although there is a strong negative correlation between latitude and temperature, latitude is 

not exclusively a proxy for temperature, since it also mirrors other parameters such as 

sediment C accumulation rate, which was found to increase with latitude from the equator to 
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mid-latitude and then decrease with latitude from mid-latitude to the poles in saltmarsh 

(Ouyang & Lee, 2014). As sediment C provides substrate for root decomposition, this may 

have contrasting effects on root decomposition compared with temperature, which increases 

consistently with latitude.  

Specifically, latitude relates to temperature and length of the growth season. Firstly, 

high temperatures may speed up sediment microbial decomposer activities and primary 

production. Net primary production of mangroves has been found to decrease with increasing 

latitudes, when measured by the modified light attenuation method (Alongi, 2009). This 

pattern has also been detected in North American saltmarsh (Kirwan et al., 2009). Likewise, 

decomposition of root matter is correlated with temperature. Benner et al. (1986) found that 

the mineralisation rates of Spartina alterniflora lignocellulose in sediments were positively 

correlated with temperature. Higher temperature fuels microbial heterotrophy by increasing 

production of exudates such as ethanol from living roots (Fogel, 1985). In addition, root 

decomposition by microbial communities depends on the availability of energy supply. 

Sediment C peaks at mid-latitude and is generally lower in low or high latitudinal zones in 

saltmarsh (Ouyang and Lee, 2014). This variation of sediment C accumulation with latitude 

could partly counteract the temperature effect on root decay rates, and explain the low partial 

regression coefficient of latitude in the saltmarsh analysis. Secondly, sediment salinity may 

also demonstrate a latitudinal trend owing to differences in the trade-off between rainfall and 

evaporation (Ouyang and Lee, 2014), and offset the temperature effect on root decay rates in 

mangroves. These factors, combined, may underpin the increase in mangrove root decay rates 

with latitude. Nevertheless, there are compounding factors in root decomposition rates that 

could not be attributed to latitude, including seasonality (e.g. monsoon seasons), and wet and 

dry tropics. 

Precipitation may regulate root decay processes by influencing oxygen supply to, and 

thus the redox potential of, sediments, as well as their salinity. Precipitation is more variable 

in the saltmarsh studies analysed here, the range of averages among individual study 

locations fluctuating between 2 and 7 mm day
−1

, compared to the variation between 3 and 4 

mm day
−1

 in mangrove studies (except one study, from Micronesia (Ono et al., 2015), which 

showed high precipitation, but as a significant outlier was excluded from the analysis). An 

increase in precipitation may result in sustained water-logging conditions, which may hinder 

root decay. The effect of precipitation on mangrove root decay cannot be fully resolved here 

because of the small differences in precipitation among mangrove locations available for 

analysis. No studies were available, for example, from arid zone mangroves. 
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Table 3-3 Global decayed C stock in root production of mangroves and saltmarsh 

Ecosystem Root 

production 

(Tg C yr
−1

) 

Root decay 

rate 

(% day
−1

) 

Unit-area root 

production 

(g C m
−2

 yr
−1

) 

Root turnover 

rate 

yr
−1

) 

Unit-area dead 

root production 

(g C m
−2

 yr
−1

) 

Global area 

(km
2
) 

Global C 

decayed 

(Tg C yr
−1

) 

References 

 

Mangroves 

 

 

75
a
 

 

82
b 

 

0.152
c 

(0.076−0.262) 

0.135
c 

 

513
a
 

 

544
b 

 

0.222 

(0.048−0.51) 

114
d
 

(24.6−21.6) 

121
d
 

(26.1−277.4) 

138,000−160,000 

152,308 

 

10
e 

(0.9−42.4) 

8
e
 

(1.7−21.8) 

 

1− 5 

Saltmarsh NA 0.119 

(0.052−0.278) 

525 

(135.3−1425.8) 

0.642 

(0.219− 1.857) 

337
d
 

(29.6−2647.7) 

22,000−400,000 

200,000 

41,657 

31
e
 

(0.5−395.5) 

6−21 

a, b
 The estimates of root production from Alongi (2014) and Bouillon et al. (2008a) are based on mangrove area of 138, 000 km

2
 and 160, 000 

km
2
, respectively. 

c 
These rates represent estimates of root decomposition rates in mangroves via two methods, i.e. 0.152 % day

−1
 (the median value of individual 

rates) and 0.135 % day
−1

  (the area-averaged rate). 

d
 Unit-area dead root production = Unit-area root production × Root turnover rate. 

e
 These values are estimated as the combined geometrical mean/median value of root decay rates, unit-area dead root production and global area. 

Global C decayed = Unit-area dead root production × Root decay rate × 365 × Global area ×10
6
 / 10

12
, 365 is used to transform decay rate from 

% day
−1

 to % year
−1

.  

References: 1. Alongi (2014); 2. McLeod et al., 2011; 3. Spalding et al. (2010); 4. Bouillon et al. (2008a); 5. Castañeda-Moya et al. (2011); 6. 

Ouyang and Lee (2014); 7. Chmura (2013); 8. Gonzalez-Alcaraz et al. (2012); 9. Cai (2011); 10. Sousa et al. (2010a); 11. Sousa et al. (2010b); 
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12. Palomo and Niell (2009); 13. Liao et al. (2007); 14. Edwards and Mills (2005);15. Blum and Christian (2004); 16. Blum (1993);17. Hackney 

and Armando (1986);18. Howes et al. (1985); 19. Smith et al. (1979); 20. Duarte et al. (2010); 21. da Cunha Lana et al. (1991). 

 

Table 3-4 Local C burial attributed to root production of mangroves and saltmarsh 

Ecosystem Global root 

decay rate 

(% day
−1

) 

Unit-area dead 

root production 

(g C m
−2

 yr
−1

) 

Local root 

C burial 
a 

(g C m
−2

 yr
−1

) 

Reported local C 

accumulation rate 
b 

(g C m
−2

 yr
−1

) 

Local root C burial/ 

Reported local C 

accumulation rate 

Reference 

Mangroves 

 

0.152 

0.135
 

114−121 

 

51−54 

58−61 

211 

 

24.1−25.5% 

27.4−29.1% 
1 

Saltmarsh 0.119 337 191 244.7 77.9% 2 

a
 Local  root C burial = Unit-area dead root production × (1− 365 × global root decay rate). 

b
 1. Alongi (2014); 2. Ouyang and Lee (2014). The references provided reported local C accumulation rates. 
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3.4.2 Local effects 

Porewater salinity indirectly affects mangrove root decay through regulating microbial 

degradation of root/rhizome material, providing an important link between sediment 

biogeochemistry and greenhouse gas production (Chen et al., 2010; Maher et al., 2015). The 

weak, but significant, relationship we detected between decomposition rates and porewater 

salinity is mirrored in the small proportion of variation in soil respiration attributable to 

porewater salinity in mangroves (Lovelock et al., 2014). The negative direction of the 

relationship between decay rates and porewater salinity may be due to microbial activities 

being constrained under high salinities. 

 

3.4.3 Implications for global C budget in mangroves and saltmarsh 

Based on the geometrical mean (or area averaged) root decomposition rate, the estimates of 

root C mineralisation in mangroves account for 1.6% (1.3%) of the total global mangrove 

gross primary production (635 Tg C yr
−1

) estimated by Alongi (2014). The mineralised root 

C can emerge in porewater as inorganic (DIC) and organic C (DOC), and is potentially 

exported to other nearshore environments. Some C may be released as CO2 or CH4 gases, the 

balance of which is strongly influenced by salinity and the availability of sulphate. Further, as 

estimated by Alongi (2014), belowground sediment C gas released is 38 Tg C yr
−1

 while DIC 

(including CO2 and CH4) and DOC export rates are 86 and 15 Tg C yr
−1

 in mangroves. 

Therefore, released C gases, DIC and DOC account for 27.3%, 61.9%, and 10.8% of 

mangrove belowground C mineralisation. The C sinks (DIC + DOC) are significantly higher 

(10×) than C emissions associated with mangrove root decomposition. The remaining root C 

in mangroves (8 (9) Tg C yr
−1

, range 0.7−13.3 (7.9−9.3) Tg C yr
−1

) and saltmarsh (40 Tg C 

yr
−1

, range 0.2−79 Tg C yr
−1

) was estimated as the difference between total dead root C 

production and decayed root C. This part contributes to sediment C burial (See Fig. 3-6). 

Our results also suggest higher root C burial relative to sediment C accumulation rate in 

saltmarsh (ratio: 0.78) than mangroves (ratio: 0.24 (0.27)−0.25 (0.29), Table 3-4). The 

discrepancy may lie in the fact that saltmarsh plants are perennial while mangroves are 

mainly trees and it takes a long time for their roots to turnover. However, the estimates may 

deviate from the actual values. Sediment C stocks in mangroves and saltmarsh may be lost 

through anthropogenic (e.g. reclamation and aquaculture development) or natural processes 

(e.g. shoreline erosion) (Donato et al., 2011; Theuerkauf et al., 2015; Ouyang and Guo, 

2016). The different components of sediment C stock, including root, leaf litter and 

allochthonous sources, can be released through disturbance during sediment erosion. Further, 
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in addition to in situ root and litter production, there are a range of other factors regulating 

sediment accretion and thus C accumulation, including autocompaction (Allen, 2000). Hence, 

the reported sediment C accumulation rate is not expected to be the simple aggregation of 

root burial rate and the burial rate of other sources. The C storage capacity of mangroves and 

saltmarsh may be mitigated by anthropogenic and natural forces. Theuerkauf et al. (2015) 

explained how saltmarsh in North Carolina could shift from C sinks to C sources if shoreline 

erosion expands uncontrolled; organic C may be removed or transported by water or wind as 

peat erosion, which accounts for considerable organic C loss from organic soils (Verheijen et 

al., 2009). 

 

 

Fig. 3-6 Global fate of root C in mangroves and saltmarsh. Data outside and inside brackets 

were calculated from the median and area-averaged root decomposition rates in mangroves, 

respectively. Saltmarsh can occur adjacent to or mixed with mangroves but only saltmarsh 

exists in temperate zones. This figure does not represent all settings of mangroves and 

saltmarsh. 

 

The mangrove root C burial rate reported herein, i.e. 51−54 (58−61) g C m
−2

 yr
−1

 

(Table 3-4), is higher than that (36.2 g C m
−2

 yr
−1

) estimated by Alongi (2014).  On the one 
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hand, the difference may lie in the fact that only fine root burial was considered by Alongi 

(2014). Fine roots were estimated to contribute 24%, 45% and 42% of total root biomass for 

Rhizophora mucronata, Sonneratia alba and Avicennia marina, respectively (Tamooh et al., 

2008), and contribute only 2.2% of total root biomass of Ceriops tagal (Komiyama et al., 

2000). McKee et al. (2007) suggested that both fine and coarse root accumulation are 

important; the decomposition rate of coarse roots is less than one half that of fine roots. 

Nevertheless, root turnover rates also contribute to the difference in fine and coarse root C 

burial rate. The turnover rate of fine roots averaged 0.33 yr
−1

 (0.23−0.6 yr
−1

), which was 

suggested to be more than doubled that of coarse roots (mean: 0.09 yr
−1

, range: 0.04−0.15 

yr
−1

,Castañeda-Moya et al. (2011)). Both the relatively low biomass and high decomposition 

rate of fine roots hamper fine root burial, overriding the facilitative effect on burial of the 

rapid turnover rate of fine roots. This can explain why the estimated mangrove root C burial 

rate is much higher than the reported fine root C burial rate.  It is possible, nonetheless, that 

the discrepancy may imply that some other C sink pathways have been overestimated in the 

global mangrove C budget. For instance, the DIC export (86 Tg C yr
−1

), calculated by the 

difference between C sources and sinks by (Alongi, 2014), approximately doubled in 

comparison with a recent estimate (43.2 Tg C yr
−1

) (Sippo et al., 2016). 

Compared with leaf litter C burial (72.5 g C m
−2

 yr
−1

 based on 10 Tg yr
−1

) in Alongi 

(2014), mangrove root C burial is the same order of magnitude. However, different processes 

contribute differently to the variation from C production to C burial for leaf litter and roots. 

On the one hand, global syntheses of mangrove primary production demonstrate C 

production of roots is generally higher than that of litterfall (Bouillon et al., 2008a; Alongi, 

2014), irrespective of allochthonous OM import which can contribute to sediment C 

accumulation. Similarly, below-ground production of saltmarsh tends to be much higher than 

aboveground production (Chmura et al., 2011). Further, mangrove leaf litter is, to varying 

extents, exported by tides or shredded by crabs (Lee, 1995; Lee et al., 2014) and other 

detritivores while there is no direct evidence that crabs ate mangrove roots (Van der valk and 

Attiwill, 1984), accounting for the loss of C production for leaf litter. Field investigations 

provide evidence for this inference; mangrove peat was found to consist primarily of root 

fragments and fine roots, and only occasionally, leaf litter (McKee and Faulkner, 2000). In 

saltmarsh, above-ground litter is also more readily decomposable than roots (Van der valk 

and Attiwill, 1983; Pozo and Colino, 1992), owing to the difference in chemical composition 

(Buth, 1987; Hemminga et al., 1988) and oxygen availability. In addition, below-ground 

environmental conditions are harsher for root decomposition; the more saline and anoxic 
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conditions in sediment generally hamper microbial activities (Van der valk and Attiwill, 

1983). On the other hand, mangrove root turnover rate is rather low (0.222 yr
−1

, Table 3-3), 

and results in the low dead root production, which is more than discounted.  

Nevertheless, only the contribution of dead root production to sediment C is considered 

in this study, while live roots may exudate organic matter (Luglia et al., 2013) and also 

contribute to sediment C accumulation. Since this study focuses on the decomposition of 

dead roots, the contribution of live roots to sediment C burial could not be accounted for. 

Nonetheless, the major contribution of root production (dead + live roots) to sediment C 

burial is corroborated by stable C isotope analysis in mangroves, showing that roots 

predominate in below-ground C accumulation (Saintilan et al., 2013). Saltmarsh below-

ground production is closely associated with total C in sediments (Palomo and Niell, 2009), 

aligning with the dominant contribution of roots to sediment C sequestration. the results are 

the first to evaluate the contribution of mangrove and saltmarsh underground primary 

production to sediment C burial. 

 

3.4.4 Uncertainties of root decay rates and decayed root C production 

Errors and differences in collection and treatment process of root litter samples would be 

partly responsible for the variation of reported root decay rates. Air-drying before initiating 

the litter experiment alters the microbial population of the root litter, thereby indirectly 

changing root decay rates. Nonetheless, air-drying seems to be better than drying at much 

higher temperatures (e.g. > 100°C), which results in loss of the volatile components 

(Hackney and de La Cruz, 1980). Moreover, with respect to the coring method, it is 

impossible to remove a sediment core without disrupting the sediment microbial community. 

It also takes considerable time for sediment biogeochemical processes to return to normal 

rates. 

Root decay rates of mangrove and saltmarsh species depend on the type of root/rhizome 

material selected for measurement, e.g. dead and live roots, or fine and coarse roots. 

However, there are methodological issues in distinguishing dead from live roots in mixed 

root samples in earlier studies (e.g. Hackney & De La Cruz, 1980). Likewise, simple 

selection of fine roots from various sizes of root samples may also generate uncertainties. 

Dead plant tissues generally are more resistant to decomposition than live plant materials 

(Hodson et al., 1984). Any uncertainty about the proportion of dead to live root litter 

introduces incidental variation in decay rates.  
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Several factors contributed to the large variability of the estimates of root 

decomposition rates and decayed root C. Firstly, because there is a wide range of reported 

root decay rates, the 95
th

 percentile root decay rates are an order of magnitude higher than the 

5
th

 percentile decay rates for both mangroves and saltmarsh. Secondly, estimates of the global 

area of mangroves and saltmarsh are highly variable, especially for the latter (the high-end of 

reported area is almost 20 × of the low-end). The precision of the estimate is expected to be 

improved by studies on global area of current coastal wetlands using GIS technology, e.g. 

Giri et al. (2011) and Spalding et al. (2010). Thirdly, the estimated root decay rates among 

latitudinal ranges could not account for the differences from specific countries, such as 

mangroves in Indonesia, where no root decomposition data are available. The use of root 

decomposition rates at available sites to represent the missing data from the same latitudinal 

ranges may ignore the differences in other aspects, such as biogeography. In addition, the 

specific ecotones in the global mangrove map cannot be apportioned into different mangrove 

types, one of the important factors in estimating mangrove root decomposition rates. We 

were thus not able to use the regression model for mangroves to validate the root 

decomposition rates of propagated data (e.g. for Indonesia) from available data among the 

same latitudinal ranges (e.g. Kenya). Last but not least, no studies reported root production, C 

burial rate and root decomposition rates simultaneously in the collated literature. Future 

studies would provide a better perspective if these processes are measured concurrently at the 

same locations. 

Anthropogenic pollution, e.g. aquaculture and domestic wastewater (Ouyang et al., 

2015b), and pollution-induced N deposition from the atmosphere by human activities 

(Howarth, 2008) are significant N sources in coastal wetlands, and may have a significant 

effect on root decay. At this stage, however, a lack of data prevents an evaluation of the 

fertiliser effect on decay rates. Nitrogen is regarded as a widespread limiting factor for decay 

of litter and plant roots, especially fine roots (Berg and McClaugherty, 2003). Nitrogen 

enrichment may result in higher initial root decay rates by increasing the nutrient content of 

roots. 
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Chapter 4 Structural equation modelling reveals factors regulating surface 

sediment organic carbon content and CO2 efflux in a subtropical mangrove 

 

 

 

 

 

 

 

 Fig. 4-1 Mangroves near the Tallebudgera creek, Southeast Queensland, Australia.  
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4.1 Introduction 

Mangroves are intertidal ecosystems with high carbon (C) sequestration capacity (Bouillon et 

al., 2008a) as well as C stock in sediment (Donato et al., 2011; Adame et al., 2013; Friess et 

al., 2015; Brown et al., 2016). Mangrove sediment biogeochemistry is complex and variable, 

and responds to both biotic and abiotic drivers. Mangrove organic material such as leaf litter, 

if not exported, enters the sediment and, along with roots are decomposed by microbes (e.g. 

bacteria) (Kristensen et al., 2008a). CO2 is the main gas product of sediment OC oxidation as 

methanogenesis is considered to be a minor process in marine sediments (Penha-Lopes et al., 

2010).  

Carbon stocks in mangroves consist of C of above- and belowground vegetation, as 

well as sediment C; the latter is the focus of this study. Sediment organic C (SOC) stock in 

mangroves has been shown to be regulated by different environmental factors in different 

studies (Alongi, 2014). For example, SOC stock was found to vary with sediment salinity, 

and-nutrient content (e.g. N and P) in a Mexican mangrove (Adame et al., 2013). SOC stock 

can be widely different among mangrove species – a comparison among Laguncularia 

racemosa, Rhizophora mangle and Conocarpus erectus resulted in a large range (23−190 kg 

m
−2

); and seasons and sediment types were proposed to be the most important drivers for 

SOC stock on Carmen Island, Mexico (Cerón-Bretón et al., 2014). It was also reported that 

SOC stock changes along the transect from the seaward, through interior, to landward sites 

(Kauffman et al., 2011). Sediment microphytobenthos are also considered to be a significant 

source of C in mangrove sediments, second to C fixed from the air by the trees (Alongi, 

2014).  

In addition to the factors that modulate SOC stock, biogenic structures (such as crab 

burrows and aerial roots) and light conditions are the external drivers of sediment CO2 flux. 

Although biogenic structures are directly related to the microphytobenthos, they also promote 

sediment CO2 flux via other processes, e.g. increasing the area of sediment and air/water 

interfaces by epibenthic burrows (Lee, 2008). Likewise, light conditions are directly related 

to the microphytobenthos but primarily affect CO2 assimilation during photosynthetic 

processes. Further, OC content in sediment and bulk density, and thus SOC, account for 

variations in sediment CO2 flux (Chen et al., 2010). Pneumatophores and animal burrows can 

promote sediment CO2 emission in Sonneratia alba and Avicennia marina forests (Kristensen 

et al., 2008b). Sediment CO2 flux under light conditions may be generally low compared to 

the dark flux, due to CO2 uptake by the microphytobenthos during photosynthesis (Bouillon 

et al., 2008a). Sediment CO2 flux was also shown to vary along the sea-land gradient and 
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with sediment properties (Chen et al., 2010) and mangrove species, as well as chlorophyll a 

(Chl a) (Leopold et al., 2013) and seasons (Chen et al., 2012) in mangroves.  

Despite numerous studies examining the factors that independently influence SOC 

stock and CO2 flux, the relationships among SOC stock, sediment CO2 flux and their drivers 

have not been analysed in one comprehensive model. It is important to explore the 

relationships in a single analysis because identifying the relative weight of drivers of both 

SOC stock and sediment CO2 flux would provide insights into effective blue C management 

(McLeod et al., 2011). SOC stock is not only a response variable dependent on sediment 

physico-chemical properties, landform settings, seasons and species, but also a potential 

predictor for sediment CO2 flux. Soil CO2 flux measured by the chamber technique accounts 

for CO2 from the soil surface (Alongi, 2014), and thus surface SOC is utilised as the specific 

predictor for sediment CO2 flux measured in this study. It is also of interest directly as well, 

as to what environmental variables relate to surface SOC. For sediment CO2 flux, in addition 

to the same influential factors that regulate SOC stock, the drivers may also include sediment 

temperature, light conditions and biogenic structures (Kristensen and Alongi, 2006). 

Additionally, some factors exert influences on each other, this redundancy may be reflected 

in an overall model. Structural equation modelling is a statistical method capable of resolving 

this type of problem: (1) when the indirect effects of one predictor influence a second 

predictor, which in turn influences the response variable; and (2) there exists two or more 

response variables which can interact with each other (Quinn and Keough, 2002). 

In this study, based on data collected from a subtropical mangrove forest in southeast 

Queensland, Australia, structural equation modelling was used to evaluate (1) factors 

regulating sediment CO2 flux, including surface SOC, sediment physico-chemical properties, 

landform settings, seasons, species, the density of biogenic structures and light conditions; (2) 

factors modulating surface SOC, including sediment physico-chemical properties, landform 

settings, seasons and species; and (3) possible correlations among the influential factors.  

 

4.2 Materials and methods 

4.2.1 Conceptual model
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Fig. 4-2 Influential drivers of sediment surface SOC stock and sediment CO2 flux identified based on priori analysis. Green and red colours are 

used to denote the influence of factors on surface SOC and sediment CO2 flux, respectively. Positive and negative effects are denoted by + and 

−, respectively. Qualitative variables were quantified in Section 4. 2.5 ‘Statistical analysis’. Species in studies reviewed are different from those 

in this study, and thus no specific effects were shown. 
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Fig. 4-3 The sampling location (28°6ʹ28.8ʺS, 153°26ʹ48.72ʺE) in Southeast Queensland, 

Australia. The coordinates of the transects are as below: (1) A. marina (creekside: 28° 

6ʹ32.85ʺS, 153°26ʹ53.56ʺE, mid: 28°6ʹ33.48ʺS, 153°26ʹ44.21ʺE, landward: 28°6ʹ33.23ʺS, 

153°26ʹ 39.74ʺE), (2) R. stylosa (creekside: 28°6ʹ26.65ʺS, 153°26ʹ53.84ʺE, mid: 28° 

6ʹ30.38ʺS, 153°26ʹ47.35ʺE, landward: 28°6ʹ32.15ʺS, 153°26ʹ45.06ʺE). 
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Based on the prior knowledge on factors influencing SOC stock and CO2 flux, a conceptual 

model was established (Fig. 4-2). From reported studies, the common factors affecting both 

SOC stock and CO2 flux in mangroves include, but not limited to, sediment particle size, 

gravitational/volumetric water content, sediment porosity, Chl a, seasons, landform settings, 

species and porewater salinity. Sediment CO2 flux is also affected by SOC stock and 

potentially by an array of other factors, i.e. sediment temperature, the densities of 

pneumatophores and burrows, as well as light conditions (dark or light). Sediments were 

categorized into gravel, sand, silt and clay particle size classes according to the Udden scale. 

The aggregated proportion of silt and clay was used to consider the influence of silt and clay 

particles.  

 

4.2.2 Sampling site 

The sampling site is located in a mangrove forest, along Tallebudgera Creek, southeast 

Queensland, Australia (Fig. 4-3). The forest is dominated by A. marina and Rhizophora 

stylosa. According to climate records from the nearest weather station at Coolangatta 8 km 

away from the sampling site, average annual rainfall is 1507.5 mm and average temperature 

is 24.7 °C (http://www.bom.gov.au/). The climate at the sampling site generally comprises a 

cool dry winter and hot wet summer. Average temperature is 21.9 °C in winter between May 

and September, but 25.3 °C in summer (October−April). The mangroves experience diurnal 

tides. According to tidal records from the nearest tidal gauge (Gold Coast Operations Base) 

15 km from the sampling site, heights of high tides range from 0.9−1.86 m in summer and 

0.94−1.92 m in winter, while heights of low tides range from 0−0.62 m in summer and 

0−0.65 m in winter. 

 

4.2.3 Sampling campaign 

Sediment CO2 flux measurements were conducted in the cool (August 2015) and warm 

seasons (January 2016) at three locations along a transect from the creekside towards the 

landward extreme of the mangrove forest. The three locations represent increasing distances 

from the creek. Sediment physico-chemical properties (e.g. salinity) and crab burrow 

densities are distinct along the transect. Elevations of the locations are similar (difference 

within 10 cm). At each location, sediment CO2 flux was measured 2 h before high tide at five 

replicate points (~3 m on average distance between each replicate) each in the A. marina and 

R. stylosa forests. The measurements were conducted either in shaded or in sunlight exposed 

areas, depending on vegetation cover. Both dark and light fluxes were measured, with opaque 
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and transparent chambers made of polycarbonate (custom built model), respectively. 60 

measurements of sediment CO2 flux was conducted in each season, i.e., 120 measurements in 

the whole survey. Sediment CO2 flux from the sediment-air interface has been measured to 

represent flux from all the contributors. The removal of surface microbial mat will modify 

sediment profiles, change the oxygen distribution and anoxic-oxic interface and result in 

increasing diffusion gradients. It still remains unknown what is the duration of the biofilm 

removal effect (Bulmer et al., 2015). Before sampling, the chambers were pushed into the 

sediment and remained so for 20 min. A SBA-5 gas analyser (PP systems, USA) was used to 

measure sediment CO2 flux for around 2.5 min in a closed loop, including a chamber (volume 

= 5.7 L) and rotary pump (200 mL min
−1

). The surface area of sediment covered by the 

chamber is 0.1 m
2

. The short incubation period (2.5 min) was selected to avoid the variation 

of micro-climatic conditions under the chambers (Jensen et al., 1996; Kabwe et al., 2002). 

Zero calibration was conducted using a soda lime canister to scrub CO2 down before each 

measurement. The operation was conducted following PP Systems (2012). Sediment CO2 

flux was calculated as per the following formula. 

𝐹 =
(
∆𝐶𝐶𝑂2

∆𝑡 )𝑉

𝑅𝑇𝐴
 

Where 𝐹 is the sediment CO2 flux, in μmol m
−2

 s
−1

; 𝐶𝐶𝑂2
 is CO2 concentration of the gases 

trapped in the closed loop and measured by the SBA-5 gas analyser (ppm);  
∆𝐶𝐶𝑂2

∆𝑡
 is the 

variation of 𝐶𝐶𝑂2
 as a function of the measurement period (2.5 min) (ppm s

−1
); 𝑉 is the 

volume of the closed loop, which consists of a chamber plus pipes connecting the SBA-5 and 

the chamber (m
3
); 𝑅 is the ideal gas constant of 8.20528 atm m

3
 K

−1
 mol

−1
; 𝑇 is in situ air 

temperature measured by temperature sensors (K); 𝐴 is the surface area of sediment covered 

by the chamber, 0.1 m
2
.  

Concurrent with the CO2 flux measurement, sediment and air temperature was recorded 

by temperature sensors at each site. After each flux measurement, the numbers of crab 

burrows and pneumatophores were counted within each chamber. Only A. marina has 

pneumatophores, which are so extensive that can be observed in R. stylosa. Subsequently, the 

upper sediment layer was collected for Chl a analysis, a proxy for the abundance of 

microphytobenthos. Intact sediment samples (top 1 cm) were placed in a jar, covered with 

aluminium foil, avoiding mixing and transported in a cool box to the laboratory, always 

protected from light and high temperatures. Sediment to a depth of 10 cm was cored to 

provide samples for other physico-chemical analysis, including loss on ignition (LOI), bulk 
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density, gravimetric and volumetric water content, porosity, sediment porewater salinity and 

grain size. We never intended to measure all possible variables. For structural equation 

modelling, the minimum ratio of sample sizes/variables is 10:1 (Hoyle, 2012), which we 

achieved in this study by limiting the variables being examined to those deemed most 

important. If more variables were included, the ratio would have been <10:1 and not justified 

for the model in this study. 

 

4.2.4 Sample analysis 

On return to the laboratory, the sediment samples for Chl a analysis were hand-stirred 

thoroughly to ensure homogeneity and around 10 g homogenised sediments were sampled 

and put in plastic tubes, covered with aluminium foil. 90% aqueous acetone was added to 

each sample and the tubes were agitated by a MSI minishaker. The samples were then placed 

in a −20 °C freezer overnight. Before analysis, the tubes were centrifuged for 10 min at 3000 

rpm, and then analysed for Chl a using a spectrophotometer (Shimadzu Corporation, Japan) 

following the procedure of Brito et al. (2009). 

Other sediment samples were kept frozen before physico-chemical analysis. A set of 

sediment samples was dried at 80 °C for 48 h in a Thermotec 2000 oven, and analysed for 

bulk density, gravimetric and volumetric water content, and porosity. After acid treatment by 

1 N HCl solution until effervescence stopped, the C content of the sediment was estimated 

using the LOI method. The dry sediment was combusted in a muffle furnace (Lenton thermal 

designs, UK) at 550 °C for 4 h. OC content in sediment was estimated from LOI by dividing 

the % weight loss by 1.73 (Schumacher, 2002). Sediment porewater salinity was analysed by 

adding MilliQ water to dried sediment samples, stirring the samples and then the salinity of 

the water was determined by a refractometer (Master series, ATAGO, Japan) (Douglas and 

McConchie, 1994). The distribution of sediment grain sizes was analysed by the wet sieving 

method with a series of sieves, i.e. 63 μm and 2000 μm, thus separated the sediment to 

different grains: silt and clay (<63 μm), sand (63−2000 μm) and gravel (>2000 μm). 

 

4.2.5 Statistical analysis 

Structural equation modelling was used to analyse the data. It is a method that can be used 

when multivariate normality is not met (Schumacker and Lomax, 2004). The relationship 

between surface SOC content or sediment CO2 flux and influential factors was defined by 

linear regression. In total, 14 variables were involved in the initial model. In addition to the 

regression model, the error covariance of sediment CO2 flux and surface SOC was considered 
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in the structural equation model to control error correlation. The sample size (120) is larger 

than 100, which has been suggested as the minimum samples for the structural equation 

model by Schumacker and Lomax (2004). Table 4-1 shows the variables included in the 

model. 

 

Table 4-1 Variables included in the initial and final structural equation models. Dependent 

variables were sediment surface SOC content and sediment CO2 flux 

 Explanatory variables for surface SOC content or 

sediment CO2 flux? 

Independent variables As independent 

variable in the initial 

model for: 

As independent variable 

in the final model for: 

Sediment water content Both Both 

Sediment porosity Both Sediment CO2 flux (NS) 

Proportion of silt and clay Both Both 

Crab burrow density Both Sediment CO2 flux (NS) 

Pneumatophore density Sediment CO2 flux Neither 

Sediment temperature Sediment CO2 flux Neither 

Sediment Chl a  Both Both 

Porewater salinity Both surface SOC content 

Landform settings Both surface SOC content 

Seasons Both surface SOC content 

Species Both Sediment CO2 flux (NS), 

surface SOC content 

Light condition Sediment CO2 flux Sediment CO2 flux 

NS denotes not significant. 

Before modelling, data exploration was undertaken between surface SOC content or 

sediment CO2 flux and individual factors, and significant outliers were removed. Overall, five 

outliers were removed before analysis. For example, one datum within the whole data set on 

the percentage of fine-grain sediment is 97.1%, and is a significant outlier since it greatly 

deviates from the others in the whole data set, which have a range of 1.1−73.3%. Data were 

then checked for univariate and multivariate normality, and multivariate outliers. As for 

multivariate outlier checking, factors were removed if variance inflation factors (VIF) were > 
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10. As the assumption of multivariate normality could not be met, the Bollen-Stine bootstrap 

was used since it can provide the correct p-values (α = 0.05) for the chi-square statistic to 

evaluate the overall model fit (null hypothesis: the best model is not different from the null 

model if p < 0.05). Significant interactions of independent variables were included in the 

initial model, but were finally excluded due to multivariate outliers. Bootstrap standard errors 

were calculated using model-based bootstrapping. The number of bootstrap draws was set as 

400, which is larger than that suggested by Hoyle (2012). Surface SOC content and sediment 

CO2 flux were square-root or third-root transformed to rescale the variables to the same levels 

as other influential factors. Landform settings, seasons, light conditions and species are 

ordinal variables, and were relevelled. The landform settings have three levels: creekside (0), 

middle (1) and landward (2). Seasons have two levels summer (0) and winter (1). The light 

conditions have two levels: dark (0) and light (1). The species have two levels: A. marina (0) 

and R. stylosa (1). 

A variety of indices was used to evaluate the model fit, including the Comparative Fit 

Index (CFI), root mean square error of approximation (RMSEA) and Tucker-Lewis Index 

(TLI). The criteria for good fit of the above indices are: CFI ≥ 0.95, TLI ≥ 0.95 and RMSEA 

≤ 0.05. The non-significant factors were dropped from the model in case the original model 

could not meet the criteria, and this step continued until the model fit was reached. When 

quantitative independent variables were correlated with ordinal independent variables, the 

differences in quantitative independent variables were further explored. For ordinal variables 

with three levels, the Kruskal-Wallis rank sum test was conducted, followed by the Mann-

Whitney test if there was a significant treatment effect. The same procedure was run for 

ordinal variables that are significant estimates for surface SOC content or sediment CO2 flux 

in the structural equation model. Linear regression was performed between sediment CO2 

flux under dark conditions and the densities of crab burrows and pneumatophores. 

R programming language (R Core Team, 2014) was used to conduct data analysis. The 

R packages ‘car’ (Fox and Weisberg, 2011), ‘lavaan’ (Rosseel, 2012), ‘MVN’ (Korkmaz S et 

al., 2014) and ‘psych’(Revelle, 2015) were used to conduct assumption checking and 

structural equation modelling. ‘semPlot’ (Epskamp, 2014) was used to plot the structure 

equation model.  

 

4.3 Results 

4.3.1 Drivers of sediment CO2 flux and surface SOC variation 
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Both components of blue carbon show spatial and seasonal changes, and vary with species. 

Sediment CO2 flux was found to increase with seasons changing from winter (184 ± 34 mmol 

m
−2

 d
−1

, mean + SD) to summer (313 ± 46 mmol m
−2

 d
−1

), whereas surface SOC content 

shows the opposite trend,  higher in winter (2771 ± 192 g m
−2

) than in summer (2599 ± 211 g 

m
−2

) . Similarly, sediment CO2 flux was higher, while surface SOC was lower, in R. stylosa 

(flux 310 ± 45mmol m
−2

 d
−1

, SOC 2383 ± 209 g m
−2

) than in A. marina (flux 182 ± 35mmol 

m
−2

 d
−1

, SOC 2993 ± 186 g m
−2

) stands.  Sediment CO2 flux was higher at creekside locations 

(306 ± 64 mmol m
−2

 d
−1

) than at mid (200 ± 45 mmol m
−2

 d
−1

) and landward locations (232 ± 

37 mmol m
−2

 d
−1

), while surface SOC content was a magnitude lower at creekside locations 

(865 ± 89 g m
−2

) than at mid (3298 ± 137 g m
−2

) and landward locations (3933 ± 138 g m
−2

) 

(Table 4-2, Fig. 4-4). 

The structural equation model (see Fig. 4-5) has a close model-data fit (test statistic = 

7.57, df = 8, p (Bollen-Stine Bootstrap) = 0.603). Sediment water content, the proportion of 

silt and clay, Chl a and light condition were significant drivers of sediment CO2 flux, 

explaining 41% of its variation (R
2
 = 0.41). Sediment water content, the proportion of silt and 

clay, seasons, landform settings, mangrove species, salinity and Chl a were significant drivers 

of surface SOC content, explaining 93% of its variance (R
2
 = 0.93). 

More specifically, as common estimates of both sediment CO2 flux and surface SOC, 

water content and the proportion of silt and clay have a negative influence (the partial effect 

rα = −0.036 and −0.08) on sediment CO2 flux but a positive influence (rα = 0.414 and 0.204) 

on surface SOC content. In contrast, sediment Chl a has a positive effect on both sediment 

CO2 flux (rα = 0.043) and surface SOC (rα = 0.273). Furthermore, light condition was the 

exclusive estimate for sediment CO2 flux, and the change from dark to light conditions 

resulted in a reduction in flux (rα = −4.756, Fig. 4-4). Surface SOC content was also regulated 

by external factors, including seasons, landform settings, mangrove species and sediment 

salinity. Among the external estimates, surface SOC content increased with seasons changing 

from summer to winter (rα = 8.491, Fig. 4-4) but decreased with species shifting from A. 

marina to R. stylosa (rα = −3.531, Fig. 4-4). Surface SOC content was also significantly 

different among landform settings (χ
2
(2) = 80.2, p < 0.001), and in particular, increasing 

along the transect from creekside through mid to landward locations (Mann-Whitney test, p < 

0.01, Fig. 4-4). Surface SOC content was positively correlated with sediment salinity (rα = 

0.186).
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Table 4-2 Spatio-temporal variation of sediment CO2 flux, surface SOC, densities of biogenic structures and sediment physico-chemical 

properties (mean ± standard error). 

Variable Landform settings Seasons Species 

Creekside 

(n = 40) 

Mid 

(n = 40) 

Landward 

(n = 40) 

Summer 

(n = 60)  

Winter 

(n = 60) 

A. marina 

(n = 60) 

R. stylosa 

(n = 60) 

Sediment CO2 flux (mmol m
−2

 d
−1

) 306 ± 64 200 ± 45 232 ± 37 313 ± 46 184 ± 34 182 ± 35  310 ± 45  

Surface SOC (g m
−2

) 865 ± 89 3298 ± 137 3933 ± 138 2599 ± 211 2771 ± 192 2993 ± 186 2383 ± 209 

Pneumatophore density (m
−2

) 33.8 ± 10.6 76.7 ± 13.5 42.4 ± 12.5 67.5 ± 12.1 35.7 ± 7.7 55.2 ± 4.6 46 ± 10.5 

Crab burrow density ( m
−2

) 5.9 ± 1.4 50.5 ± 9.5 19.4 ± 3.8 38 ± 7.2 13.5 ± 2.5 33.4 ± 7.8 15.2 ± 2.8 

Sediment porewater salinity (‰) 3.7 ± 0.4 13.5 ± 1.2 18.6 ± 2.4 6 ± 0.5 17.3 ± 1.7 13.9 ± 1.7 9.9 ± 1.2 

Gravitational water content, % 18.2 ± 1.6 64.9 ± 2.9 99.1 ± 7.2 54.2 ± 4.7 66.1 ± 6.4 67.5 ± 5.9 53.2 ± 5.4 

Volumetric water content (%) 19.9 ± 1.8 58.8 ± 1.9 62.1 ± 1.5 47.3 ± 2.8 46.3 ± 3 50.3 ± 2.3 43.3 ± 3.4 

The percentage of fine-grained 

sediment (%) 

12.6 ± 2.1 14.3 ± 1.1 13.5 ± 1.3 14.6 ± 0.9 12.4 ± 1.5 14.6 ± 1.4 12.3 ± 1.1 

Porosity (%) 59.4 ± 0.7 64.9 ± 0.8  72.4 ± 1.6 64 ± 0.9 66.9 ± 1.3 66 ± 1.3 65 ± 0.9 

Chl a (μg L
−1

) 494 ± 75 1508 ± 251 906 ± 121 1790 ± 149 205 ± 20 988 ± 163 952 ± 129 
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Fig. 4-4 The difference in sediment CO2 flux, surface SOC content and physico-chemical 

properties among seasons, species, light conditions and landform settings. Error bars labelled 

with different letters were significantly different with each other. For clarity, only Rhizophora 

is illustrated in the inset on position of the mangrove stands along the creek-land transect.
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Fig. 4-5 The final structural equation model. Green and red colours indicate positive and negative estimates, respectively. Numbers in the figure 

represent each estimate of explanatory variables for SOC or CO2 flux. The width of the arrows indicates the importance of each estimate.  
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4.3.2 Interrelationships among influential factors 

Biotic and abiotic drivers of sediment CO2 flux and surface SOC also show spatio-temporal 

variation (Table 4-2). Chl a, pneumatophore and crab burrow densities decreased along the 

transect from mid through landward to creekside locations, and seasonal transition from 

summer to winter. In contrast, sediment porewater salinity, gravitational/volumetric water 

content and porosity increased with increasing distances to the creek, and with seasonal 

transition from summer to winter except volumetric water content. 

The possible correlations among influential variables for sediment CO2 flux and surface 

SOC were further explored in the structural equation model (Table 4-3). The density of crab 

burrows was positively correlated with sediment volumetric water content (R = 0.25) and Chl 

a (R = 0.64). Sediment Chl a had a negative correlation with salinity (R = −0.27). Sediment 

porosity had a positive correlation with both sediment volumetric water content (R = 0.42) 

and salinity (R = 0.73), and a stronger correlation was found between sediment gravimetric 

water content and porosity (R = 0.85). The proportion of silt and clay was positively 

correlated with sediment volumetric water content (R = 0.23). 

 

Table 4-3 Correlation among predictors in the structural equation model. Only significant 

pairs are included. 

Effect R 

Gravimetrical water content ~ sediment porosity 0.85 

Proportion of silt and clay ~ sediment volumetric water content 0.23 

Density of crab burrows ~ sediment Chl a  0.64 

Density of crab burrows ~ sediment volumetric water content 0.25 

Sediment Chl a ~ sediment salinity −0.27 

Sediment porosity ~ sediment volumetric water content 0.42 

Sediment porosity ~ sediment salinity 0.73 

 

Moreover, the density of crab burrows was found to decrease shifting from A. marina 

to R. stylosa (rα = −0.509, Fig. 4-4). Sediment salinity increased, while Chl a decreased, as 

seasons changed from summer to winter (rα = 2.831 and −6.86, Fig. 4-4). The density of crab 

burrows, sediment Chl a, salinity and porosity varied with landform settings (χ
2
(2) = 30.6, 

17.8, 47.4 and 40.6, p < 0.001, Fig. 4-4). Further exploration indicated that sediment porosity 

and salinity generally increased along the transect from creekside through mid to landward 
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locations (Mann-Whitney test, p < 0.001), except for the non-significant difference of 

sediment salinity between the mid and landward sites (Mann-Whitney test, p > 0.05). The 

density of crab burrows and sediment Chl a generally decreased in the sequence of mid, 

landward and creekside locations (Mann-Whitney test, p < 0.01), except for the insignificant 

difference of sediment Chl a between the mid and landward sites (Mann-Whitney test, p > 

0.05). 

 

a) 

 

b) 
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Fig. 4-6 The relationship between sediment CO2 flux under dark conditions and the density of 

(a) crab burrows and (b) pneumatophores in A. marina forests. 

 

4.3.3 Sediment CO2 flux without the influence of biogenic structures 

There are significant relationships between sediment CO2 flux (including biogenic structures) 

and the densities of crab burrows (R
2
 = 0.38, p < 0.001) as well as pneumatophores (R

2
 = 

0.32, p < 0.001) for A. marina (Fig. 4-6), while no significant relationships were found for R. 

stylosa (p > 0.05). Therefore, sediment CO2 flux in R. stylosa forests, in the absence of 

biogenic structures, cannot be estimated since no statistic significant relationship is found 

between the measured sediment CO2 flux and the densities of biogenic structures. Only 

results on A. marina are therefore reported here. 

Based on the dark sediment flux data and statistically significant relationships stated 

above, sediment CO2 flux = 148 + 39.2 * crab burrow density, and sediment CO2 flux = 230 

+ 24.0 * pneumatophore density. Dark sediment CO2 flux averaged 279 mmol m
−2

 d
−1

 in A. 

marina forests. The average densities of crab burrows and pneumatophores under each 

chamber were 3.34 ± 0.78 (i.e. 33.4 ± 7.8 m
−2

) and 5.52 ± 0.46 (i.e. 55.2 ± 4.6 m
−2

). Based on 

the above relationships, sediment CO2 flux, in the absence of crab burrows and 

pneumatophores, was estimated as 15.4 mmol m
−2

 d
−1

 under dark conditions. 

 

4.4 Discussion 

4.4.1 Drivers of sediment CO2 flux and surface SOC variation 

Sediment water content and the proportion of silt and clay modulate both sediment CO2 flux 

and surface SOC but in opposite directions in the mangrove forests. This phenomenon is 

mainly associated with OC oxidation pathways. Firstly, sediment water content, as a measure 

of sediment moisture, strongly controls organic material decay (Moyano et al., 2012) and thus 

is of primary importance in predicting surface SOC and sediment flux. Much of the leached 

dissolved organic material in mangroves is labile (Kristensen et al., 2008a) and is decayed 

efficiently under oxic conditions. Even cellulose and lignin can be readily degraded in oxic 

environments but only slowly degraded under anoxic conditions (Kristensen et al., 2008a). 

Further, high sediment water content corresponds to more anoxic conditions, which dampen 

microbial respiration. The negative impact of sediment water content on sediment respiration 

is consistent with the findings in a Thailand mangrove (Poungparn et al., 2009). Conversely, 

high sediment water content, which hampers OC oxidation, facilitates sediment C storage and 



105 

 

thus high SOC content. Secondly, high percentages of fine-grained sediment (<63 μm) 

generally correlate with high OC and thus SOC stock (Bulmer et al., 2015), likely due to low 

levels of organic matter oxidation in the fine sediment and a hydrological regime favouring 

OC deposition rather than export, as well as reducing oxygenation of the sediment. Fine-

grained sediments also reduce oxygenation and thus C mineralisation rate. This inference is 

mirrored by the significant correlation between the proportion of fine-grained sediment and 

sediment volumetric water content in this study.  

Both sediment CO2 flux and surface SOC had a positive relationship with sediment Chl 

a. Firstly, the microphytobenthos are benthic primary producers that generally respire CO2 

under dark conditions and assimilate CO2 through photosynthesis under light conditions 

(Bouillon et al., 2008a). This mechanism could explain the significantly higher sediment CO2 

flux under dark conditions than light conditions. Further, the result showed that Chl a content 

was higher in A. marina (988 μg L
−1

) than in R. stylosa (952 μg L
−1

) patches, probably 

because of the lack of light stress in A. marina (Leopold et al., 2015), and contributes to the 

lower sediment CO2 flux in A. marina than in R. stylosa. The positive relationship between 

sediment Chl a and CO2 flux is attributed to respiration of the heterotrophic biofilms, as has 

been demonstrated in a study in New Zealand (Bulmer et al., 2015). Secondly, the 

microphytobenthos are a significant component of primary production in estuaries and 

shallow bays, as they can provide up to half of the total primary production and their biomass 

remains high even in low production locations (Davoult et al., 2009). Microphytobenthic 

primary production ranges between 29 and 314 g C m
−2

 yr
−1

, with variability most likely 

driven by irradiance and algae biomass (Underwood, 2010). It is their C production that 

contributes to the positive relationship between Chl a and surface SOC content observed in 

this study. Even though sediment Chl a also contributes to the increase of sediment CO2 flux, 

this effect may be more than offset by their high contribution of C production to surface SOC 

content. Conversely, dense microalgal mats may serve as a physical barrier to gas diffusion 

and thus reduce sediment CO2 flux (Leopold et al. 2013). 

Surface SOC content varied significantly with seasons, sediment salinity, mangrove 

species and landform settings, in addition to the above factors. Firstly, the relatively higher 

surface SOC content in winter may be due to higher OC oxidation in summer than in winter, 

as has been found in the subtropical mangroves in southeast Queensland, Australia, and in 

Hong Kong, China (Allen et al., 2011; Chen et al., 2012). Different factors were proposed to 

drive the seasonal variation of OC oxidation, including sediment temperature and water 
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content (Poungparn et al., 2009; Chen et al., 2012). However, in the current study, surface 

SOC content had a positive relationship with sediment salinity, which is higher in winter than 

in summer due to higher precipitation in the latter season. High salinities impede OC 

oxidation by microbes. Consequently, sediment salinity is likely to be predominantly 

responsible for the seasonal difference in sediment OC oxidation and surface SOC content in 

this study. Nevertheless, the seasonal difference in sediment OC oxidation and surface SOC 

content could also be due to increased export during the wet season, e.g., subsurface 

groundwater discharge, erosion and runoff of surface organic matter. Reduced rainfall also 

may reduce export due to erosion resulting from river flow. Secondly, the higher surface SOC 

content in the Avicennia forest is probably due to its better adaptation to high salinities, 

compared with the Rhizophora forest. This kind of adaptation is considered to exert a positive 

impact on OC accumulation in sediment (Deborde et al., 2015). Although oxygen can be 

released through pneumatophores of Avicennia and promotes OC decomposition, this effect 

may be more than counteracted by the effect of salinities. Lastly, surface SOC content 

increased along the transect from creekside through mid to landward locations, supporting the 

expectation that infrequent inundation reduces tidal export; as has been demonstrated by 

findings in a Micronesian mangrove (Kauffman et al., 2011). Even though water-logging 

conditions, as mentioned in the context, may facilitate OC storage along the transect from 

creek side to landward locations, their effect may be outweighed by inundation periods, 

which explain more OC export at creekside than landward locations. Sediment salinity shows 

a parallel trend with surface SOC content, and may account for the variation of surface SOC 

content along the transect. 

 

4.4.2 Sediment CO2 flux without the influence of biogenic structures 

Sediment CO2 flux, if not considering the influence of crab burrows and pneumatophores, 

averaged at 15.4 mmol m
−2

 d
−1

 in A. marina forests under dark conditions. This value falls 

within the range of reported sediment CO2 flux (6−241 mmol m
−2

 d
−1

), but lower than the 

average flux (61 mmol m
−2

 d
−1

) under dark conditions for global mangroves (Bouillon et al., 

2008a). When the effect of biogenic structures was considered, the increase in CO2 flux 

resulting from average densities of crab burrows and pneumatophores was 2.5 and 1.6× those 

of CO2 flux from the sediment-air interface, respectively, and are comparable to the increase 

resulting from crab burrows (1.9−4.7×) and pneumatophores (3−3.9×) in a Tanzanian 

mangrove (A. marina) forest (Kristensen et al., 2008b). The enhancement of sediment CO2 
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flux by crab burrows results from the increase of gas transportation from the sediment-air 

interface via burrows, as well as open lenticels on pneumatophores, which promote CO2 

release from the plant and sediment (Kristensen et al., 2008b).  

 

4.4.3 Interrelationships among influential factors 

The density of crab burrows demonstrate positive correlations with both sediment volumetric 

water content and Chl a, and to vary with species and landform settings. The increase of 

sediment water content with the density of crab burrows in this study is in agreement with a 

study in Argentina, probably due to the bioturbation effect of crabs of loosening sediment 

structure, increasing hydraulic connectivity, porewater flow, and decreasing sediment 

firmness (Lee, 1999b; Botto and Iribarne, 2000; Call et al., 2015). Estuarine macrobenthos, 

including crabs, appear to be more abundant in sediment rich in organic matter (Tolhurst et 

al., 2010). Isotopic analyses (δ
13

C) suggested that microphytobenthos were likely one of the 

food sources of crabs, although mixed C sources were possible, in a mangrove forest in 

southeast Queensland, Australia (Guest and Connolly, 2004). Further, crabs seem to forage 

(and defecate) in close proximity to their burrows (Guest and Connolly, 2004). These 

evidences could explain the positive correlation between the density of crab burrows and 

sediment Chl a. Additionally, crab burrows increase oxygenation of the sediment and thereby 

facilitate the decomposition of OC, releasing available CO2 for the surface 

microphytobenthos and increasing [Chl a]. Crab processing of mangrove OC also accelerates 

nutrient recycling (Werry and Lee, 2005). Meanwhile, the change in sediment Chl a is 

generally in agreement with the change of burrow density along the transect from creekside 

to landward locations. The higher burrow density in A. marina than R. stylosa forests may be 

related to a preference for leaf litter among crabs. Nitrogen content was higher in the 

senescent leaves of A. marina than those of R. stylosa (0.65% vs 0.41%) (Werry and Lee, 

2005), which may promote the use by crabs for the more nutritious leaves of A. marina. 

Further, leaves of A. marina have a low condensed tannin content (Zhou et al., 2010), which 

is relatively high in R. stylosa (Lin et al., 2010). High condensed tannin in R. stylosa leaves 

may deter detritivores, such as crabs. In addition, low levels of condensed tannin in A. marina 

leaves also facilitate microbial or meiofaunal colonisation (Zhou et al., 2010), which in turn 

increases the nutrient content of leaves and their value to crabs. Some local crab species, 

however, are able to utilise fresh R. stylosa leaves (Harada and Lee, 2016). 
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Sediment Chl a had a negative correlation with sediment salinity and varied with 

seasons and landform settings. The higher Chl a in summer than in winter is in line with 

another study in southeast Queensland, Australia (Dunn et al., 2012), and is probably due to 

the high photosynthesis of microphytobenthos in summer than in winter. The negative impact 

of sediment salinity on Chl a may be attributable to the downward motility of 

microphytobenthos under the elevated salinity (Underwood, 2002), while Chl a measurement 

was focused on the upper 1 cm of biofilm in this study. The significantly higher Chl a in mid 

mangroves than other locations is likely a reflection of shading, which is highest in the 

flourishing mid forests. The increase in shading is claimed to give rise to microphytobenthic 

populations (Tolhurst et al., 2010), due to avoidance of photo-inhibition. 

This study provides clues on facilitating blue C management from the perspective of 

SOC content and CO2 efflux. Initiatives on mangrove restoration and rehabilitation should be 

cautious when habitats are dominated by high proportions of coarse particles (e.g. sand and 

gravels), which promote sediment CO2 efflux and hamper SOC storage, as does low sediment 

water content. Sediment surface microphytobenthos may enhance both SOC content and CO2 

efflux, and is neutral to blue C management. Future studies are expected to involve more 

belowground processes in the structural equation modelling, such as decomposition of roots 

and leaf litter. 
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Chapter 5 Using isotope labelling to partition sources of CO2 efflux in 

newly established mangrove seedlings   

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5-1 A. marina seedlings grow in chambers. 
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5.1 Introduction 

Mangroves contain variably thick organic sediments and are the most carbon (C) rich forests 

(Donato et al., 2011; Sanders et al., 2016). The high C accumulation capacity of mangroves 

has been recognized, and termed ‘blue C’, along with saltmarsh and seagrasses (Mcleod et al., 

2011; Duarte et al., 2013; Ouyang and Lee, 2014). However, studies of mangrove carbon 

dioxide (CO2) flux vary in the precision of their partitioning. CO2 flux in mangroves may 

originate from the canopy, woody debris, root, litter and sediment organic matter (SOM), and 

is collectively called ecosystem respiration (Ee), which has been usually studied separately as 

canopy (above-ground parts, Ec) and sediment respiration (the other components, Es). 

 Mangrove organic material such as leaf litter, if not exported, becomes incorporated 

in the sediment through decay and chemically modified by microbes inhabiting the mangrove 

forest floor (Kristensen et al., 2008a). In contrast to the intensively studied and relatively 

established pattern of C exchange between mangroves and nearshore ecosystems (Lee, 1995), 

the pattern of C gas flux released from mangrove sediment is less clear, although there is an 

increasing interest in this topic and C gas flux at the ecosystem scale (Lovelock, 2008; Barr et 

al., 2010; Chen et al., 2010; Chen et al., 2012; Livesley and Andrusiak, 2012; Barr, 2013; 

Leopold et al., 2013; Bulmer et al., 2015; Leopold et al., 2015; Leopold et al., 2016). A key 

but poorly known aspect is the partitioning of Es attributable to various components, i.e. root, 

litter and SOM (including the microphytobenthos).  

Laboratory microcosms have been used effectively in studies of mangrove energy 

pathways. For example, Bui and Lee (2014) evaluated relative contributions of organic matter 

from mangrove leaf litter and sediment to crab’s diet via laboratory microcosms. Zhu et al. 

(2014)  conducted a microcosm study to investigate the fate of two abundant congeners in 

polluted mangrove sediment. We use laboratory microcosms to partition different sources of 

Ee, and in particular Es. The microcosms emulate field conditions with seedlings and 

sediments collected from mangrove forests, and then growing seedlings in the sediments. The 

study expands the horizon of current studies (e.g. Lovelock et al., 2015), which measure the 

portions of Ee in mature mangroves and do not completely partition Es.  

Isotopic (δ
13

C) values can be used to distinguish photosynthetic pathways, shifts of 

vegetation and C sources supporting food chains (O'Leary, 1981; Ouyang et al., 2015a). 

Further, there is evidence that δ
13

C values can differ among mangrove tissues, although no 

consistent patterns of variation has yet been demonstrated (Bouillon et al., 2008b). There is 

also evidence that the SOM pool in mangroves was consistently enriched in 
13

C in relation to 
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the mangrove litter in sites where litter was expected to be the sole input (Lallier-Verges, 

1998). This difference is likely due to a rise in microbial and fungal residues (Ehleringer, 

2000). However, the δ
 13

C values of mangrove live tissues and litter are usually not 

distinguished. Boon et al. (1997) documented that the δ
13

C values of the pneumatophores of 

Avicennia, a widely distributed species, were on some occasions depleted in δ
13

C in relation 

to leaves by up to 3.1‰, while Vane et al. (2013) stated that the difference between leaves 

and pneumatophores was < 2‰. Rao and Dehairs (1994) noted little difference in δ
13

C values 

(< 1‰) between fresh and senescent leaves for five tree species of Kenyan mangroves, but 

for four other species, senescent leaves were significantly depleted in relation to fresh ones. 

However, Lee (2000) suggested that the direction and magnitude of this difference was 

opposite. Natural C isotope signals, therefore, may not be able to differentiate sources from 

roots and litter, suggesting that isotopic labelling might be preferable.  

The enriched
 13

C isotope technique has been used to identify food sources with similar 

13
C signatures in food web research to overcome the drawback of natural 

13
C (Lee et al., 

2011), and been used in other ecosystems (Galván et al., 2008; Luo and Zhou, 2010; Lee et 

al., 2012; Oakes et al., 2012). Similarly, it may be applicable in partitioning the sources of 

CO2 flux if combined with the closed chamber technique (Luo and Zhou, 2010; Ouyang et al., 

2017), which has been used to measure CO2 flux. The microcosms outweigh field 

experiments, for which it is difficult to perform isotopic enrichment in leaf litter and 

sediments under field conditions. 

It is suggested that a relatively low proportion of the organic matter in leaves of 

Avicennia is lost by leaching, while most of the labile portion is present as non-leachable but 

easily decayed organic material. Avicennia leaves tended to be decayed through microbial 

action relative to crab consumption (Robertson, 1988). Although decomposition rates of 

mangrove litter vary (Lee, 1999a), much of the important biochemical action occurs 

relatively quickly, with half-life period of just 10.5 days for Avicennia (Sessegolo and Lana, 

1991). The relatively short half-life period for Avicennia has been attributed to lower tannin 

content and higher initial N concentrations (Alongi, 2009). Hence, it takes a short time to 

investigate the composition of Es, attributable to leaf litter and their incorporated fraction into 

sediment for Avicennia. 

This study aims to distinguish Ec and Es, and focuses on partitioning Es attributable to 

different components using laboratory microcosms. As Es occurs at the sediment-air interface, 

tides were not set as a controlling factor in our laboratory microcosms. 
13

C enrichment 
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combined with the closed chamber technique was used to partition different sources of CO2 

efflux in microcosms with Avicennia marina seedlings simulating newly established stands. 

Our proposed method has the advantage of partitioning Es without disturbing the sediment 

compared with directly measuring different components of Es, e.g., the measurement of root 

respiration from detached roots (Lovelock et al., 2015b). 

 

5.2 Experimental materials and methods 

5.2.1 Laboratory microcosms  

Seeds of Avicennia marina (a cryptoviviparous species) and sediments were collected in June 

2015 from the mangrove forest on Tallebudgera Creek (28°6’22’’S, 153°26’49’’E) in 

southeast Queensland, Australia. The developing seedlings comprise cotyledons with fine 

roots at one side but no branching stems. Ninety healthy seeds were picked and planted in six 

glass chambers (40 × 30 × 50 cm) containing local sediment of 10 cm depth (see Fig. 5-2) 

and maintained at 24°C (~ mean local ambient temperature) under fluorescent lighting in a 

constant temperature room. Another chamber just contained sediment without seedlings, 

established for the measurement of ESOM. From the mangrove forest where the seedlings grew, 

sediments were collected, mixed and then put in the chambers. The initial volumetric water 

content of sediment is 32.6±4.1% (mean ± SD), and sediment chlorophyll a concentration is 

845.7±212.4 μg L
-1

 (mean ± SD). Seawater was collected near the mangrove forest and 

injected in each chamber in equal quantities every two days to keep the sediment moist but 

not flooded. After injection, water either evaporated, or percolated through the sediment and 

could be absorbed by the seedlings for growth. After one month when leaves grew out of the 

cotyledons, polypropylene nets (1 cm mesh size) were hung in three of the chambers (over 

the sediment but under the cotyledons) to collect leaf litter. The netting was not set in the 

other three chambers. This net design prevented incorporation of leaf litter into the sediment, 

thus allowing separation of the contribution of leaf litter from Es. When seedlings had 4 to 6 

leaves by August 2015, they were  enriched with 
13

C using methods modified from Bui and 

Lee (2014) and Bromand et al. (2001).  A bottle containing 25 ml of 1 M NaH
13

CO3 (99 atom% 

13
C, Cambridge Isotope Laboratories) was put in each chamber before the chamber lid was 

tightly sealed. One ml of 1 M HCl acid was added to the bottle every two days for 45 days 

through a glass pipette passing through the lid of the chamber to generate 
13

CO2 in situ. A 

small fan (D = 8 cm) was turned on for 30 minutes after the addition of acid to promote even 

dispersion of 
13

CO2 within the growth chamber. At the end of the experiment, the seedlings 
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grew to near the top of the chambers and were ~40 cm height and the diameter of stems was 

0.5 cm. After sampling at the end of the experiment, the plots were dug up and the roots were 

found to grow to the bottom of the chambers and some roots continued to extend horizontally 

in the sediments. 

 

Fig. 5-2. Experimental setup in the three stages of the experiment. 

 

5.2.2 Sample collection and analysis 

In October 2015, samples were collected from the chambers to partition Ec and Es, and to 

partition different sources of Es. A SBA5 gas analyzer (PP system, USA) was employed to 

measure CO2 efflux with a rotary pump, allowing air circulation within the closed loop. To 

begin with, CO2 from the closed chambers was collected by 12 ml borosilicate vacutainers 

(Labco Limited, UK), followed by CO2 efflux measurement. Likewise, CO2 from two plots 

(replicates) of sediment in each chamber was collected with 200 ml containers. The 

containers were inserted into sediment and remained for 10 minutes before gas collection. Es 

from each replicate was measured before a closed container was inserted in the sediment 

where it remained for 20 minutes. Then a pooled sample of new live roots from the seedlings 

was collected and frozen immediately. A pooled sample of leaf litter from the chambers 

without nets was collected and sealed in 5 ml polystyrene screw-cap vials. Similarly, a pooled 

sample of the top sediment from 0 to 5 cm below the bottom of the litter layer was collected 

from the chambers. The root samples were dried at 70 °C for 48 h and then ground to pass 

through a 0.86 mm sieve. δ
13

C value of CO2 were measured by Cavity Ring-Down 

Spectrometry (DS−CRDS) at James Cook University, Queensland, Australia. The dried litter 

and sediment samples were individually ground to pass through a 20-mesh sieve for 
13

C 

isotopic analysis. Sediment samples were acidified by 1M HCl until there was no 
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effervescence to remove carbonate matter. The δ
13

C values of mangrove roots, litter and 

sediment were analyzed by the Stable Isotope Laboratory, Griffith University. 

 

5.2.3 Methods and principles of CO2 efflux partitioning  

Ee is composed of Ec and Es.  Es consists of CO2 efflux from root respiration (Er) and 

decomposition of litter (El) and SOM (ESOM) (Fig. 5-3). The closed chamber technique was 

used to partition Ec and Es, with Ee = Ec + Es. Nets were set in three of the six chambers to 

collect leaf litter, allowing δ
13

C to partition sediment CO2 into Er and ESOM. The difference of 

CO2 efflux from sediments in chambers with and without nets, measured by the closed 

chamber technique, estimated El. 
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Fig. 5-3. A conceptual diagram describing the components of Ee and Es. The net prevents leaf 

litter from accumulating on the sediment surface and contributes to efflux in the with−net 

treatment. Ee – ecosystem respiration, Ec – canopy respiration, Es – sediment respiration, Er – 

CO2 efflux from root respiration, El – CO2 efflux from decomposition of litter, ESOM – CO2 

efflux from decomposition of SOM. 

The labeling experiment exposed the above-ground portion of seedlings to the 
13

C-

labeled tracer inside the glass chambers. Photosynthesis incorporates 
13

C-labeled CO2 into 

carbohydrate immediately following exposure. The labeled carbohydrate within labile C 

pools is utilized for respiration over time, assimilated by structural substances of plant tissues 

via growth, then allocated to the rhizosphere, and transferred to SOM. Samples of mangrove 

tissues, sediment, and respired CO2 were collected for the analysis of δ
13

C to trace the fate of 

labeled C. Relative quantities of 
13

C were employed to show partitioning of 

photosynthetically fixed C into various functional processes on the grounds of the mass 

conservation principle.  

Ee and Es of each chamber were combined to partition Ec. Meanwhile, an isotope 

mixing model was used to estimate average 𝛿 13
C of Ec. 

𝛿13𝐶𝑒𝑛 = 𝑓𝑠𝑛𝛿13𝐶𝑠𝑛 + 𝑓𝑐𝑛𝛿13𝐶𝑐𝑛……………………………. (1) 

                                                          𝑓𝑠𝑛 =
𝐸𝑠𝑛

𝐸𝑒𝑛
………………………………...…………. (2) 

                                     𝑓𝑠𝑛 + 𝑓𝑐𝑛=1………………………………………… (3) 

Where 𝐸𝑠𝑛 and 𝐸𝑒𝑛 are CO2 efflux from sediment and chambers with nets, 𝛿13𝐶𝑒𝑛, 𝛿13𝐶𝑠𝑛 

and 𝛿13𝐶𝑐𝑛 are the 𝛿13𝐶 values of Een, Esn and Ecn in chambers with nets, 𝑓𝑠𝑛 and 𝑓𝑐𝑛 are the 

fraction of Esn and Ecn contributing to Een. 

                                            𝛿13𝐶𝑒 = 𝑓𝑠𝛿13𝐶𝑠 + 𝑓𝑐𝛿13𝐶𝑐………………….………………. (4) 

                                                    𝑓𝑠 =
𝐸𝑠

𝐸𝑒
……………………………………..…………... (5) 

                                                  𝑓𝑠 + 𝑓𝑐=1…………….………..………………………… (6) 

Where 𝛿13𝐶𝑒 , 𝛿13𝐶𝑠 and 𝛿13𝐶𝑐 are the 𝛿13𝐶 values of Ee, Es and Ec in chambers without 

nets, 𝑓𝑠 and 𝑓𝑐 are the fraction of Es and Ec contributing to Ee, 𝐸𝑠 and 𝐸𝑒 are CO2 efflux from 

sediment and chambers without nets. 

The 𝛿 13
C of Er, El, ESOM and Es were quantified to partition sediment Es into 

autotrophic (plant respiration) and heterotrophic (decomposition) sources. The mixing model 

below was applied to estimate the proportion of Er versus Es. 

𝛿13𝐶𝑠𝑛 = 𝑓𝑟𝑛𝛿13𝐶𝑟𝑛 + 𝑓𝑆𝑂𝑀𝑛𝛿13𝐶𝑆𝑂𝑀𝑛…………………………………. (7) 
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𝑓𝑟𝑛 + 𝑓𝑆𝑂𝑀𝑛 = 1…………………………………………… (8) 

where 𝛿13𝐶𝑠𝑛 , 𝛿13𝐶𝑟𝑛 and 𝛿13𝐶𝑆𝑂𝑀𝑛 are the 𝛿13𝐶 values of Es, Er and ESOM in chambers 

with nets, 𝑓𝑟𝑛 and 𝑓𝑆𝑂𝑀𝑛 are the fraction of Er and ESOM contributing to Es.  

𝛿13𝐶𝑠 = 𝑓𝑟𝛿13𝐶𝑟 + 𝑓𝑆𝑂𝑀𝛿13𝐶𝑆𝑂𝑀 + 𝑓𝑙𝛿13𝐶𝑙……………………………. (9) 

                                                     𝑓𝑙 =
𝐸𝑠−𝐸𝑠𝑛

𝐸𝑠
……………………………….…………... (10) 

                                     𝑓𝑟 + 𝑓𝑆𝑂𝑀 + 𝑓𝑙=1……………………………………… (11) 

where 𝛿13𝐶𝑠 , 𝛿13𝐶𝑟 , 𝛿13𝐶𝑆𝑂𝑀 and 𝛿13𝐶𝑙 are the 𝛿13𝐶 values of Es, Er, ESOM and El in 

chambers without nets; 𝑓𝑟 ,𝑓𝑆𝑂𝑀 and 𝑓𝑙 are the fraction of Er, ESOM and El contributing to Es. 

The sampling strategy is described in Fig. 5-4. 

The aforementioned mixing models are based on assumptions that δ
13

C values of 

plant canopy, SOM, root and litter may approximate those of each component of Ec and Es. 

The assumptions lie in the fact that: (1) there is no C isotopic fractionation during 

heterotrophic microbial respiration (Lin and Ehleringer, 1997); (2) there is little C isotopic 

fractionation during the early decomposing stage of fallen plant substances (Balesdent et al., 

1993; Dehairs et al., 2000). Based on published litter turnover times, we limited the study 

period to 2 − 3 months such that only the first litterfall contributes to El, and afterwards there 

was little new litter formation and decay in the chamber; and (3) there was a negligible 

difference between δ
13

C values of sediment organic C in the surface layer and that of 

sediment released CO2, and little difference of δ
13

C values among different soil size fractions 

as suggested by Bird et al. (1996). 

 

5.2.4 Data analysis 

One-way analysis of variance (ANOVA) was used to examine (1) the difference in Ec, Es and 

ESOM with or without nets hanging over sediment; and (2) the difference in source 

contribution to Es from chambers with nets. Before ANOVA, the assumptions of normality 

and variance homogeneity were verified by the Shapiro-Wilk normality test and Bartlett test, 

respectively. Tukey’s HSD test was applied when a significant treatment effect was found. 

Linear regression analysis was conducted to examine the relationship between δ
13

C values of 

Es and both Er and ESOM. Paired-sample t test was used to compare litter δ
13

C values from 

chambers with and without nets. Student’s t test was performed to compare the contribution 

of ESOM and Er to ES from all the samples.   
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Fig. 5-4. A conceptual diagram describing sampling strategy of the labelling experiment.          represents natural δ
13

C samples,                       

represents δ
13

C enriched samples. 
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Some previous studies investigated Ec and Es via CO2 efflux measurement or synthesis 

of different portions of Ee (Alongi, 2009; Lovelock et al., 2015b; Troxler et al., 2015) . This 

prior information on the proportion of Ec to Es was incorporated into a Bayesian framework 

to estimate the likely range of canopy or sediment contribution to δ
13

C of Ee. Model fitting  

was undertaken by the Markov chain Monte Carlo (MCMC) method, which generated 

simulations of plausible values of isotopic source contribution to Ee in consistence with the 

data. Before running MCMC, δ
13

C of Ee was assumed to be normally distributed (Moore and 

Semmens, 2008) and verified for the normality assumption. The number of iterations of the 

Bayesian model was set at 5000. 

R programming language was used to perform data analysis (R Core Team, 2014). R 

package ‘SIAR’ was applied to conduct Bayesian modelling of uncertainties in isotopic 

source contribution to total chamber respiration (Parnell and Jackson, 2013). Data were 

expressed as mean ± standard error (SE). 

 

5.3 Results 

5.3.1 Carbon dioxide efflux from chambers and sediment 

There was a highly significant difference among Ee, Es and ESOM (ANOVA, p < 0.01, Fig. 5-

5). Furthermore, Ee (785.0 ± 185.2 (SD) mmol m
−2

 d
−1

 with nets, 1160.8 ± 323.9 mmol m
−2

 

d
−1

 without nets) was significantly higher than both Es (170.1 ± 19.8 mmol m
−2

 d
−1

 with nets, 

174.7 ± 22.8 mmol m
−2

 d
−1

 without nets) and ESOM (79.8 ± 17.8 mmol m
−2

 d
−1

) (Tukey’s 

HSD test, p < 0.05). However, there was no significant difference between Es and ESOM 

(Tukey’s HSD test, p > 0.05). 

Fig. 5-6 shows the result of Bayesian inference in terms of the posterior distribution of 

source contribution to Ee. Contribution of the two sources had different probability densities; 

the higher probability density occurs at > 50% contribution from Ec, but at < 50% 

contribution from Es. 
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Fig. 5-5. Ee, Es and ESOM of Avicennia marina mangrove seedlings. Bars labelled with 

different letters have significantly different CO2 effluxes. 

 

a) 
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b) 

 

Fig. 5-6. A matrix of histogram from the Bayesian model describing uncertainties in the δ
13

C 

source contributions of Es (a) and Ec (b) to Ee. 

 

5.3.2 The sources of CO2 efflux from the sediment surface  

For both chambers with and without nets, ESOM contributed 61.8 ± 9.2% and was the main 

component of Es, followed by Er (31.8 ± 9.7%). The difference between ESOM and Er was 

significant (Student’s t test, p < 0.05). El contributed the least to Es. For chambers without 

nets, there was significant difference in the contribution of different components to Es 

(ANOVA, p < 0.05). In particular, the contribution of ESOM was significantly higher than that 

of both Er and El  (Tukey’s HSD test, p < 0.05) but no significant difference was found 

between the contribution of Er and El (Tukey’s HSD test, p > 0.05) (Fig. 5-7). Additionally, 

there was a highly significant relationship between the δ
13

C values of Es and root (R
2

 = 0.59, 

p < 0.01), as well as SOM (R
2

 = 0.62, p < 0.01) (Fig. 5-8). 
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Fig. 5-7. Relative contributions of different components to Es. Bars with different letters are 

significantly different. Relative contributions of different components were compared in 

chambers without nets (lower case letters) and all samples (upper case letters), including 

chambers with and without nets. 

 

a) 
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b) 

 

 

Fig. 5-8. Relationship between δ
13

C values of Es and Avicennia marina roots (a), as well as 

SOM (b). The regression equation in (a):  sediment CO2 log10δ
13

C = 0.43*root respiration 

log10δ
13

C + 2.12 (R
2
 = 0.59, p < 0.01). The regression equation in (b):  sediment CO2 

log10δ
13

C = 0.62*SOM decomposition log10δ
13

C + 2.36 (R
2
 = 0.62, p < 0.01). 

 

5.3.3 Isotopic 
13

C values of litter  

Table 5-1 shows the δ
13

C values of Ee, Es and different components. There was no significant 

difference in litter δ
13

C values between chambers with and without nets (paired-sample t test, 

p > 0.05).  

 

Table 5-1 δ
13

C values of chamber CO2, sediment CO2, SOM decomposition and root 

respiration. 

Sources Components Number of  samples δ
13

C values (‰) 

Chamber CO2 Ee 6 245.3 ± 77.7 

Sediment CO2 Es 12 154.5 ± 30.0 

SOM decomposition ESOM 12 59.7 ± 13.4 

Root respiration Er 12 815.7 ± 211.8 

Litter decomposition El 12 13.9 ± 9.9 
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5.4 Discussion 

5.4.1 Partitioning ecosystem CO2 efflux  

Es contributes a minor proportion (20.9 ± 4.1%) to Ee, as is confirmed by the Bayesian 

inference. This suggests that Ec is the main component of Ee, generally in agreement with the 

global synthesis of mangrove C flow (Ec : Es = ~ 10 : 1). Seedlings of Avicennia marina were 

found to have a root/shoot ratio of ~ 0.5 under freshwater treatment (Burchett et al., 1984), 

which may support a relatively higher contribution from Ec since higher shoot biomass 

respires more CO2 (i.e. Ec) than lower root biomass (i.e. Er). Moreover, part of the 

decomposed C in sediment may be mineralized as inorganic C (e.g. DIC) in porewater 

(Maher et al., 2013), and thus gives rise to the difference between Ec and Es; a global 

synthesis of mangrove C budget suggested that much of the C sinks in mangroves are still 

unaccounted for, and dissolved inorganic C in porewater may be a significant contributor to 

the unaccounted C (Bouillon et al., 2008a). 

Further, the contribution of Es reported herein (mean: 20.9%) is about double that in 

mature forests (~10%) (Alongi, 2009). Aboveground biomass of the newly established 

mangrove seedlings is very low compared to mature forests. The aboveground biomass of 

Avicennia marina seedlings growing for less than one year was found to be rather low (14.4 − 

58.2 g) (Downton, 1982). However, for example, the aboveground biomass of mature 

Avicennia marina trees may reach 39.7 – 557.9 kg (tree diameter at breast height 10 − 35 cm), 

estimated from the allometric equation of biomass proposed by Komiyama et al. (2008). The 

significantly lower aboveground biomass of mangrove seedlings may account for the lower 

contribution of Ec to Ee and thus higher Es to Ee, in contrast to mature mangroves. 

 

5.4.2 Partitioning sediment CO2 efflux 

This study suggests that Er of young Avicennia marina is low compared with ESOM. This 

result is in contrast with the finding that generally Er was higher than ESOM in mature 

mangrove forests (Troxler et al., 2015). Er comprises CO2 respired by roots as well as that 

released in the process of microbial degradation of roots. The root biomass of Avicennia 

marina seedlings growing for less than one year was found to be rather low (14.8 − 51.2 g) 

(Downton, 1982). However, for example, the root biomass of mature Avicennia marina trees 

may reach 18.9 − 82.0 kg (tree diameter at breast height 10 − 35 cm), estimated from the 

allometric equation of biomass proposed by Komiyama et al. (2008). The high biomass of 

root systems of mature trees definitely respire more CO2 than the less-developed fine roots of 
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establishing seedlings. In addition, mature A. marina has pneumatophores and contributes to 

CO2 flux from the sediment-air interface. Furthermore, the high substrate supply of mature 

trees provides more energy for microbial communities to decompose roots, in comparison 

with the low substrate supply of seedlings. 

This study also highlights the lower contribution of litter (12.8%) relative to roots to 

Es in systems dominated by young trees. During the control experiment, litter production was 

very low, since isotopic fractionation must be minimised during the measurement period and 

thus the short incubation period did not allow significant accumulated litterfall. The small 

isotopic fractionation of litter is confirmed by the fact that there is little C isotopic difference 

of Avicennia marina litter that fell on the sediment surface in chambers without nets, 

compared with litter segregated from sediments in chambers with nets. Therefore, the low 

litter production leads to low El, thereby contributing a lower portion than Er to Es. This is in 

agreement with published data showing that Er contributed to approximately half of Es (Luo 

and Zhou, 2010). 

In addition, our result implies that the δ
13

C of Es (154.5 ± 30.0‰) is closely related to 

δ
13

C of Er (815.7 ± 211.8‰) and ESOM (59.7 ± 13.4‰). In our laboratory microcosms, 

mangrove seedlings took up enriched 
13

C from CO2 generated by the reaction between HCl 

and NaH
13

CO3. Subsequently, the assimilated 
13

C was allocated to roots, the portion exuded 

by which was subsequently incorporated into SOM. Thus part of 
13

C in SOM is derived from 

the 
13

C of roots, explaining the close association between δ
13

C of Es and both Er and ESOM. 

The incorporation of 
13

C from roots into the sediment is also mirrored by the highly enriched 

sediment δ
13

C in chambers with seedlings, while sediment δ
13

C values are significantly lower 

in chambers just containing sediment. This is consistent with earlier findings that mangrove 

roots can stimulate sediment sulfate reduction via root exudates (Alongi et al., 1998; 

Kristensen and Alongi, 2006). 

This study has implications for understanding the sources of ecosystem CO2 efflux 

and CO2 efflux from the sediment-air interface in global mangroves, especially those 

subjected to restoration after dieback or deforestation. When mature mangroves are replaced 

by monospecific mangrove plantations, the contributions of Es to Ee and ESOM to Es increase 

while the contributions of Ec to Ee and Er to Es decrease in the short term. This study 

highlights the necessity to construct a temporal trajectory of ecosystem CO2 efflux and CO2 

efflux from the sediment-air interface in mangrove ecosystems. Future studies may separate 

the contribution of microphytobenthos from ESOM to further partition the role of 
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microphytobenthic respiration from sediments (Leopold et al., 2013; Bulmer et al., 2015; 

Grellier et al., 2017; Ouyang et al., 2017). 

The developed technique offers a safe and simple alternative to the 
14

C isotope and 

dual stable isotope techniques proposed by Luo and Zhou (2010). It may be applied to the 

investigation of sources of CO2 efflux from other vegetation and mature forests. 
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Chapter 6 General discussion 

 

The thesis explores carbon dynamics in coastal wetlands, with a focus on belowground 

processes including C accumulation and mineralization, via a systematic quantitative review 

of published data, field surveys and a laboratory microcosm experiment. Chapter 2 

synthesizes sediment carbon accumulation rates (CAR) in saltmarshes and provides estimates 

of CAR at a global scale; specifically, for different geographic regions and halophyte genera. 

The relationship between CAR and environmental and biotic drivers is examined by multiple 

regression analysis. Chapter 3 reviews root decomposition rates in mangroves and 

saltmarshes, globally, and then analysed potential climatic, geographic, temporal, 

biogeochemical and biotic drivers for the fate of mangrove and saltmarsh root C production. 

In Chapter 4, the thesis investigates how biogeochemical, spatio-temporal and biotic factors 

affect sediment organic C content and CO2 efflux, using structural equation modelling based 

on field data collected in a subtropical mangrove forest. In Chapter 5, the results of a 

laboratory microcosm experiment partitioning the sources of ecosystem and sediment CO2 

efflux in establishing mangrove seedlings are presented. 

 

6.1 Carbon accumulation rate in global saltmarshes and influential factors 

With sediment CAR averaged at 244.7 ± 26.1 g C m
−2

 yr
−1

, my global estimate indicates that 

saltmarshes rank among the most effective ecosystems in carbon sequestration. The highest 

CAR was in the north Mediterranean, whereas Arctic systems have the lowest CAR. 

Regarding the five major saltmarsh halophyte genera, Spartina-dominated marshes have the 

highest CAR, whereas the CAR of Distichlis-dominated habitats is the lowest. Owing to the 

comparatively small areal extent of saltmarshes, total global carbon buried in saltmarshes is 

approximately 10.2 Tg C yr
−1

, which is far lower than those of other coastal ecosystems and 

terrestrial forest ecosystems. The accuracy of this estimate, however, is potentially 

compromised by large data gaps in CAR for some regions, e.g. Africa, Australasia and Sino-

Japan. 

My analysis suggests that the CAR of saltmarshes changes with latitude, tidal range, 

halophyte genera and habitat elevation. CAR of saltmarshes varied significantly at latitude 

intervals of 10° from 28.4°N to 69.7°N. These factors drive CAR variation through physical 

and biotic control on belowground biomass productivity, microbial decomposition and litter 

input. Furthermore, it is clear that the CAR of the low marsh was higher than that in the high 
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marsh, whereas the capacity of carbon sequestration in the mid marsh was lower than that of 

the high marsh. Further field studies and experiments are needed to investigate the underlying 

forces driving carbon sequestration with respect to marsh elevation. 

The findings of this study confirm saltmarshes as significant coastal hotspots in 

sequestering carbon. However, with an annual habitat loss rate of 1% to 2% between 1980 

and 2000 (Duarte et al., 2008), and with loss continuing, similar to the mangroves (Kristensen 

et al., 2008), this trend seriously compromises the capacity of saltmarshes for carbon storage 

unless proper management and rehabilitation is implemented. There are significant data gaps 

in saltmarsh CARs. Further research on CAR of saltmarshes in South America and South 

Asia (no data available) as well as inclusion of the full range of the halophyte flora in the 

analysis is strongly recommended.  

 

6.2 The role of root decomposition in global mangrove and saltmarsh carbon budgets 

Root decomposition rates in mangrove and saltmarsh sediments vary with climatic, biotic, 

temporal and local factors, and may also be affected by anthropogenic effects. Root 

decomposition rates are phased since the decay process follows a sequence from readily 

decomposed to recalcitrant matter. Biotic drivers modulate root decomposition and are 

reflected by species difference in rates. Root decomposition rates peak at mid-latitudes and 

decline towards the pole or the equator, owing to the impact of temperature and salinity. 

Furthermore, variations of root decomposition rate is subjected to local factors. Root 

decomposition rates are highest in riverine mangroves while lowest in overwash mangroves 

due to the limited substrate supply. 

Global decayed root C is estimated to range from 10 (Confidence limits: 0.9−42.4) 

Tg/yr in mangroves and 31 (0.5−395.5) Tg/yr in saltmarshes. This portion of decayed C 

presents as DIC, DOC exported to nearshore or C gases released to air. The remaining C 

productivity of 8 Tg/yr in mangroves and 40 Tg/yr in saltmarshes is buried in sediments and 

leads to sediment accretion. Globally, root C contributes 24.1−25.5% (27.4−29.1%) and 

77.9% to C burial in mangrove and saltmarsh sediments, respectively, based on sediment 

CAR of saltmarshes in Chapter 2 and of mangroves by Alongi et al. (2014). 

 

6.3 Drivers of sediment organic carbon content and CO2 efflux in a subtropical 

mangrove 
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Both sediment organic carbon (SOC) and sediment CO2 flux show spatial and seasonal 

variations due to species and landform settings, but in opposite directions. The structural 

equation model suggests that different combinations of factors drive the variation of SOC and 

sediment CO2 flux. Sediment water content, the proportion of silt and clay, Chl a and light 

condition were significant drivers of sediment CO2 flux, explaining 41% of its variation. 

Sediment water content, the proportion of silt and clay, seasons, landform settings, mangrove 

species, salinity and Chl a were significant drivers of surface SOC content, explaining 93% of 

its variance. Water content and the proportion of silt and clay are the common estimates of 

both sediment CO2 flux and surface SOC but show opposite trends. These findings are useful 

for ‘blue C’ management. 

There are significant relationships between sediment CO2 flux (including biogenic 

structures) and the densities of crab burrows as well as pneumatophores for the mangrove A. 

marina. Based on the dark sediment flux data and statistically significant relationships, 

sediment CO2 flux was estimated as 15.4 mmol m
−2

 d
−1

 under dark conditions in the absence 

of crab burrows and pneumatophores. This value falls within the range of reported sediment 

CO2 fluxes but is lower than the global average flux (61 mmol m
−2

 d
−1

) under dark conditions 

for mangroves. 

 

6.4 Sources of CO2 efflux in Avicennia marina seedlings  

This component of my study develops the combined 
13

C isotope and closed chamber 

technique to partition the sources of ecosystem CO2 efflux, with a focus on sediment CO2 

efflux, in establishing mangrove seedlings using a laboratory microcosm experiment. This is 

the first study partitioning CO2 efflux in mangroves without disturbing the sediment but with 

a segregation of the different sources. My results demonstrated that canopy respiration 

contributed to most of the total CO2 efflux in Avicennia marina seedlings, as suggested by the 

Bayesian inference of stable isotope data. Furthermore, the magnitude of different 

components of sediment respiration is SOM > root > litter. It is also highlighted that δ
13

C of 

CO2 from sediment was associated with δ
13

C of root respiration and SOM degradation.  

This experiment highlights the urgency to construct a temporal trajectory of C cycling 

regarding CO2 emission in mangroves. The developed technique is preferred over the 
14

C 

isotope and dual stable isotope techniques reported in Luo and Zhou (2010) because of 

reduced safety concerns as well as lower costs. It may be applied in investigating sources of 

CO2 efflux from other vegetation types. In addition, there is an opportunity to use the isotope 
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labelling to investigate the influence of varying inundation (i.e. tides) or sediment water 

content on partitioning the sources of CO2 efflux in mangroves. 

 

6.5 Conclusions and future research 

The results of this thesis underscore the significance of coastal wetlands – mangroves and 

saltmarshes in the global C budget, with implications for ‘blue C’ habitat restoration as well 

as future research on C cycling. Saltmarshes contribute a disproportionately high proportion 

of sediment C accumulation, along with mangroves (Alongi 2014), although globally their 

habitats are much smaller in area than terrestrial ecosystems and, regrettably, substantial 

areas are still being lost. Sediment CAR varies among biogeographic regions (from the Arctic 

to the Mediterranean) and latitudinal bands, and is also regulated by tidal range, halophyte 

genera and habitat elevation in saltmarshes. The average CAR (218 g C m
-2

 yr
-1

) synthesized 

in Mcleod et al. (2011) was found to be underestimated by my review (244.7 g C m
-2

 yr
-1

), 

which had greater spatial coverage of saltmarshes. I argue that the lower value reported by 

McLeod et a. (2011) led to > 10% underestimation in studies such as Duarte et al. (2013) that 

estimate saltmarsh carbon budgets from it. Halophyte roots of coastal wetlands contribute a 

significant component of sediment C accumulation via root decomposition, also leading to 

sediment accretion. Root decomposition rates in coastal wetlands are driven by climatic, 

biotic, temporal and local factors. The budget of carbon flow pathways described in Alongi 

(2014) also had an underestimate, in this case of the contribution of root production to 

sediment carbon burial. At 5 Tg C yr
-1

, Alongi’s estimate is well below mine of 8 Tg C yr
-1

, 

which derived from the first synthesis of all empirical data, globally. The opposite processes 

– sediment SOC storage and emission, are influenced by different combinations of factors, 

including biogeochemical, spatial, seasonal, halophyte genera and landform settings, as 

revealed from measurements in a subtropical mangrove. In particular, the water content and 

the proportion of fine-grained sediments drive sediment SOC and CO2 efflux but in opposite 

directions, a finding that should be emphasized in ‘blue C’ management, such as coastal 

wetland restoration. The source contributions of ecosystem and sediment CO2 efflux in 

establishing mangrove seedlings are different from those in mature mangrove forests. When 

mature mangroves are replaced by young plantations, the contributions of canopy to 

ecosystem CO2 efflux and roots to sediment CO2 efflux will drop, whereas the contributions 

of sediment to ecosystem CO2 efflux and sediment organic matter to sediment CO2 efflux 

will rise. Therefore, any attempt to quantitatively describe mangrove C cycling processes 
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should take into account the difference in source contributions of CO2 efflux between young 

plantations and mature mangroves. 

The findings of this thesis have significant implications for future research in coastal 

wetlands. First, the geographic scope of investigations on sediment CAR in saltmarshes needs 

to extend to South America and South Asia, where no sediment CAR studies have been 

reported for saltmarshes. Second, the estimate of global coastal wetland area needs to be 

improved to provide a more precise estimation of C budgets in coastal wetlands using GIS 

data, particularly for saltmarshes. Many studies estimate the area of coastal wetlands using 

2000 or pre-2000 as the reference year (e.g. FAO (1997)) but  the deforestation rate of coastal 

wetlands witnesses significant changes from the past century to the current century. For 

example, Hamilton and Casey (2016) showed that mangroves deforestation continues but 

only at a rate of between 0.16% and 0.39% per year in the current century, and is much 

slower than pre-2000 at a rate of ~2% (Giri et al., 2011). Third, more belowground processes, 

such as root and litter decomposition, may be included in structural equation modelling 

analyses to provide a comprehensive perspective of factors influencing C cycling in coastal 

wetlands. Last but not least, the construction of a temporal trajectory of CO2 release is critical 

to refining the mangrove C budget, which is only based on mature forests to date. The major 

science gaps and potential research projects to fill them are summarized in Table 6-1. 

 

Table 6-1. Summary of major science gaps and potential research projects to fill them. 

Science gap Potential future research project 

Gap 1: current mangrove C budgets are 

predominantly for CO2 efflux from mature 

mangroves and overlook flux from the 

establishing mangroves. 

Broaden investigation of CO2 efflux to 

developing mangrove forests and incorporate a 

temporal trajectory of CO2 release into current 

mangrove C budget. 

Gap 2: investigations have tended to work 

on factors influencing individual C cycling 

processes in coastal wetlands. 

Combine multiple belowground processes, such 

as root and litter decomposition, with CO2 

efflux and C stock in structural equation 

modelling analyses to comprehensively describe 

factors influencing C cycling in coastal 

wetlands. 

Gap 3: current reported estimates of global Improve the estimate of global coastal wetland 
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Science gap Potential future research project 

coastal wetland area are highly variable. area to provide a more precise estimation of C 

budgets in coastal wetlands using GIS data at 

higher spatio-temporal resolution, particularly 

for saltmarshes. 

Gap 4: sediment CAR in saltmarshes is 

entirely lacking for substantial geographic 

regions.  

Extend the geographic scope of studies on 

sediment CAR in saltmarshes to South America 

and South Asia, where no data are available. 
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Appendix A Supplementary Information (Chapter 2) 

We also followed the ‘uncertainty propagation’ approach used by Donato et al. (2011) to 

estimate global CAR in saltmarshes. In terms of the uncertainty propagation, the global CAR 

was scaled up to 40.7 g C m
−2 

yr
−1

, using data from the extreme low end (5
th 

percentile,), and 

to 753.5 g C m
−2 

yr
−1

, using data from the extreme high end (95
th 

percentile) of all the 

individual sites in the collated literature. All percentile values were calculated using the 

‘Frequencies’ routine in SPSS version 22. the area-averaged CAR was 244.7 ± 26.1 g C m
−2 

yr
−1

.  

Then we propagated the uncertainty by extrapolating the total global CAR estimates 

using the lower value of 22 000 km
2
 (Chmura et al. 2003) and the global areal estimates for 

saltmarshes, i.e. 41 657 km
2
. Specifically, the low-end estimate of total global CAR was the 

combination of the low-end global saltmarsh area and 5
th

 percentile CAR, while the high-end 

estimate of total CAR was combined by the high-end global saltmarsh area and 95
th

 

percentile CAR. Total CAR of saltmarsh sediments was estimated to be varied between 0.9 

Tg C yr
−1

 and 31.4 Tg C yr
−1

. the total CAR 10.2 ± 1.1 Tg C yr
−1

 (calculated using region-

specific CAR and regional saltmarsh areal extent) lies within this range.  

Ideally we could estimate the range of the values calculated using this region-specific 

method through the same uncertainty propagation approach (i.e. obtaining 5
th

 and 95
th

 

percentile region-specific CAR and area values). However, the number of studies available 

for obtaining the percentile values were <20 in all but three regions, making the estimation 

unreliable.
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Appendix B Data sources (Chapter 4) 

Table S1 Root decay rates and pertinent variables from collated literature and websites 

Ecosystem Latitude 

(°N) 

Root decay 

rate (% day
−1

) 

Species Decay period 

(year) 

Ecosystem 

 type 

Buried 

depth 

Precipitation 

 (mm day
−1

)
a 

Air temperature 

(°C)
b 

Sources 

 

mangrove 21.437 0.035 R. mangle 5.41 riverine buried 2.28 24.32 1 

mangrove 21.383 0.099 R. mangle 2.00 fringe buried 8.82 23.25 2 

mangrove 21.458 0.033 R. mangle 6.00 fringe buried 2.23 24.43 2 

mangrove −4.417 0.205 A. marina 1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.147 B. gymnorrhiza 1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.121 C. tagal 1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.110 A. marina  1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.140 A. marina  1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.218 A. marina 1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.157 B. gymnorrhiza 1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.141 C. tagal 1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.097 A. marina  1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.154 A. marina  1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.220 A. marina 1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.147 B. gymnorrhiza 1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.137 C. tagal 1.00 fringe buried 3.19 26.28 3, 4 
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Ecosystem Latitude 

(°N) 

Root decay 

rate (% day
−1

) 

Species Decay period 

(year) 

Ecosystem 

 type 

Buried 

depth 

Precipitation 

 (mm day
−1

)
a 

Air temperature 

(°C)
b 

Sources 

 

mangrove −4.417 0.094 A. marina  1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.163 A. marina  1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.206 A. marina 1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.117 B. gymnorrhiza 1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.117 C. tagal 1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.184 A. marina  1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.171 A. marina  1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.194 A. marina 1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.101 B. gymnorrhiza 1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.106 C. tagal 1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.133 A. marina  1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.178 A. marina  1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.207 A. marina 1.00 overwash buried 3.19 26.28 3, 4 

mangrove −4.417 0.103 B. gymnorrhiza 1.00 overwash buried 3.19 26.28 3, 4 

mangrove −4.417 0.105 C. tagal 1.00 overwash buried 3.19 26.28 3, 4 

mangrove −4.417 0.076 A. marina  1.00 overwash buried 3.19 26.28 3, 4 

mangrove −4.417 0.119 A. marina  1.00 overwash buried 3.19 26.28 3, 4 

mangrove −4.417 0.160 B. gymnorrhiza 1.00 overwash buried 3.19 26.28 3, 4 
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Ecosystem Latitude 

(°N) 

Root decay 

rate (% day
−1

) 

Species Decay period 

(year) 

Ecosystem 

 type 

Buried 

depth 

Precipitation 

 (mm day
−1

)
a 

Air temperature 

(°C)
b 

Sources 

 

mangrove −4.417 0.181 B. gymnorrhiza 1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.121 B. gymnorrhiza 1.00 overwash buried 3.19 26.28 3, 4 

mangrove −4.417 0.158 B. gymnorrhiza 1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.160 mixed species 1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.162 mixed species 1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.177 mixed species 1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.152 mixed species 1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.089 mixed species 1.00 fringe buried 3.19 26.28 3, 4 

mangrove −4.417 0.078 mixed species 1.00 overwash buried 3.19 26.28 3, 4 

mangrove −4.417 0.121 B. gymnorrhiza 1.00 overwash buried 3.19 26.28 3, 4 

mangrove −4.417 0.066 B. gymnorrhiza 1.00 overwash buried 3.19 26.28 3, 4 

mangrove 16.833 0.108 A. germinans 1.64 fringe buried 3.90 25.96 5 

mangrove 16.833 0.104 A. germinans 1.64 overwash buried 3.90 25.96 5 

mangrove 16.833 0.108 R. mangle 1.64 fringe buried 3.90 25.96 5 

mangrove 16.833 0.092 R. mangle 1.64 overwash buried 3.90 25.96 5 

mangrove 25.917 0.079 A. germinans 0.89 riverine buried 4.06 23.38 6 

mangrove 25.917 0.112 A. germinans 0.89 basin  buried 4.06 23.38 6 

mangrove 26.117 0.107 A. germinans 0.89 basin  buried 4.04 23.41 6 
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Ecosystem Latitude 

(°N) 

Root decay 

rate (% day
−1

) 

Species Decay period 

(year) 

Ecosystem 

 type 

Buried 

depth 

Precipitation 

 (mm day
−1

)
a 

Air temperature 

(°C)
b 

Sources 

 

mangrove 26.117 0.133 A. germinans 0.89 basin  buried 4.04 23.41 6 

mangrove 25.917 0.175 L. racemosa 0.89 riverine buried 4.06 23.38 6 

mangrove 25.917 0.122 L. racemosa 0.89 basin  buried 4.06 23.38 6 

mangrove 26.117 0.085 L. racemosa 0.89 basin  buried 4.04 23.41 6 

mangrove 26.117 0.101 L. racemosa 0.89 basin  buried 4.04 23.41 6 

mangrove 25.917 0.078 R. mangle 0.89 riverine buried 4.06 23.38 6 

mangrove 25.917 0.129 R. mangle 0.89 basin  buried 4.06 23.38 6 

mangrove 26.117 0.141 R. mangle 0.89 basin  buried 4.04 23.41 6 

mangrove 26.117 0.163 R. mangle 0.89 basin  buried 4.04 23.41 6 

mangrove −36.317 0.219 A. marina 0.42 fringe buried 2.53 17.81 7 

mangrove −36.317 0.260 A. marina 0.41 fringe buried 2.22 18.67 7 

mangrove −36.317 0.145 A. marina 0.41 fringe buried 2.22 18.67 7 

mangrove −36.317 0.205 A. marina 0.42 fringe buried 2.53 17.81 7 

mangrove −36.317 0.273 A. marina 0.41 fringe buried 2.22 18.67 7 

mangrove −36.317 0.213 A. marina 0.41 fringe buried 2.22 18.67 7 

mangrove −36.317 0.344 A. marina 0.42 fringe surface 2.53 17.81 7 

mangrove −36.317 0.188 A. marina 0.42 fringe surface 2.53 17.81 7 

mangrove −38.333 0.089 A. marina 0.75 fringe buried 1.85 16.25 8 
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Ecosystem Latitude 

(°N) 

Root decay 

rate (% day
−1

) 

Species Decay period 

(year) 

Ecosystem 

 type 

Buried 

depth 

Precipitation 

 (mm day
−1

)
a 

Air temperature 

(°C)
b 

Sources 

 

mangrove −38.333 0.092 A. marina 0.64 fringe buried 1.79 17.30 8 

mangrove −38.333 0.213 A. marina 0.75 fringe buried 1.85 16.25 8 

mangrove 16.833 0.173 R. mangle 1.00 scrub buried 5.52 26.25 9 

mangrove 16.833 0.186 R. mangle 1.00 scrub buried 5.52 26.25 9 

mangrove 16.833 0.170 R. mangle 1.00 scrub buried 5.52 26.25 9 

mangrove 16.833 0.173 R. mangle 1.00 overwash buried 5.52 26.25 9 

mangrove 16.833 0.173 R. mangle 1.00 overwash buried 5.52 26.25 9 

mangrove 16.833 0.173 R. mangle 1.00 overwash buried 5.52 26.25 9 

mangrove 16.833 0.167 R. mangle 1.00 fringe buried 5.52 26.25 9 

mangrove 16.833 0.178 R. mangle 1.00 fringe buried 5.52 26.25 9 

mangrove 16.833 0.170 R. mangle 1.00 fringe buried 5.52 26.25 9 

mangrove 16.833 0.079 R. mangle 1.00 scrub buried 5.52 26.25 9 

mangrove 16.833 0.077 R. mangle 1.00 scrub buried 5.52 26.25 9 

mangrove 16.833 0.066 R. mangle 1.00 scrub buried 5.52 26.25 9 

mangrove 16.833 0.079 R. mangle 1.00 overwash buried 5.52 26.25 9 

mangrove 16.833 0.063 R. mangle 1.00 overwash buried 5.52 26.25 9 

mangrove 16.833 0.104 R. mangle 1.00 overwash buried 5.52 26.25 9 

mangrove 16.833 0.066 R. mangle 1.00 fringe buried 5.52 26.25 9 
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Ecosystem Latitude 

(°N) 

Root decay 

rate (% day
−1

) 

Species Decay period 

(year) 

Ecosystem 

 type 

Buried 

depth 

Precipitation 

 (mm day
−1

)
a 

Air temperature 

(°C)
b 

Sources 

 

mangrove 16.833 0.088 R. mangle 1.00 fringe buried 5.52 26.25 9 

mangrove 16.833 0.068 R. mangle 1.00 fringe buried 5.52 26.25 9 

mangrove 25.203 0.123 R. mangle 0.68 scrub buried 4.54 26.05 10, 11 

mangrove 25.203 0.085 R. mangle 0.68 scrub buried 4.54 26.05 10, 11 

mangrove 25.203 0.180 R. mangle 0.68 scrub buried 4.54 26.05 10, 11 

mangrove 25.203 0.255 R. mangle 0.68 scrub buried 4.54 26.05 10, 11 

mangrove 25.203 0.152 R. mangle 0.68 scrub buried 4.54 26.05 10, 11 

mangrove 25.203 0.116 R. mangle 0.68 scrub buried 4.54 26.05 10, 11 

mangrove 25.37 0.236 mixed species 0.68 riverine buried 4.75 26.53 10, 11 

mangrove 25.37 0.289 R. mangle 0.68 riverine buried 4.75 26.53 10, 11 

mangrove 25.37 0.280 mixed species 0.68 riverine buried 4.75 26.53 10, 11 

mangrove 25.37 0.312 R. mangle 0.68 riverine buried 4.75 26.53 10, 11 

mangrove 25.37 0.232 mixed species 0.68 riverine buried 4.75 26.53 10, 11 

mangrove 25.37 0.299 R. mangle 0.68 riverine buried 4.75 26.53 10, 11 

mangrove −37.179 0.179 A. marina  0.98 fringe buried 3.09 15.45 12 

mangrove −37.179 0.145 A. marina  0.98 fringe buried 3.09 15.45 12 

mangrove −37.179 0.189 A. marina  0.98 fringe surface 3.09 15.45 12 

mangrove −37.179 0.196 A. marina  0.98 fringe surface 3.09 15.45 12 
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Ecosystem Latitude 

(°N) 

Root decay 

rate (% day
−1

) 

Species Decay period 

(year) 

Ecosystem 

 type 

Buried 

depth 

Precipitation 

 (mm day
−1

)
a 

Air temperature 

(°C)
b 

Sources 

 

mangrove −37.178 0.172 A. marina  0.98 fringe buried 3.09 15.45 12 

mangrove −37.178 0.177 A. marina  0.98 fringe buried 3.09 15.45 12 

mangrove −37.178 0.121 A. marina  0.98 fringe surface 3.09 15.45 12 

mangrove −37.178 0.173 A. marina  0.98 fringe surface 3.09 15.45 12 

mangrove −18.336 0.110 R. spp. 1.57 fringe buried 3.30 23.32 13 

mangrove −18.336 0.123 R. spp. 1.57 fringe buried 3.30 23.32 13 

mangrove −18.336 0.066 Ceriops 1.57 fringe buried 3.30 23.32 13 

saltmarshes 34.21 0.074 S. alterniflora 1.00 low buried 5.47 17.66 14, 15, 16 

saltmarshes 34.317 0.075 S. alterniflora 1.00 mid buried 5.60 17.06 14, 15, 16 

saltmarshes 34.317 0.069 S. alterniflora 1.00 mid buried 5.60 17.06 14, 15, 16 

saltmarshes 34.317 0.071 S. alterniflora 1.00 mid buried 5.60 17.06 14, 15, 16 

saltmarshes 34.317 0.109 S. alterniflora 1.00 mid surface 5.60 17.06 14, 15, 16 

saltmarshes 37.443 0.065 S. alterniflora 1.11 low buried 4.04 13.94 17 

saltmarshes 37.443 0.106 J. roemerianus 1.11 low buried 4.04 13.94 17 

saltmarshes 37.443 0.056 S. alterniflora 1.11 mid buried 4.04 13.94 17 

saltmarshes 37.443 0.098 J. roemerianus 1.11 mid buried 4.04 13.94 17 

saltmarshes 37.443 0.045 S. alterniflora 1.11 high buried 4.04 13.94 17 

saltmarshes 37.443 0.099 J. roemerianus 1.11 high buried 4.04 13.94 17 
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Ecosystem Latitude 

(°N) 

Root decay 

rate (% day
−1

) 

Species Decay period 

(year) 

Ecosystem 

 type 

Buried 

depth 

Precipitation 

 (mm day
−1

)
a 

Air temperature 

(°C)
b 

Sources 

 

saltmarshes 38.333 0.149 mixed species 0.75 low buried 2.57 16.81 18 

saltmarshes 38.333 0.169 mixed species 0.75 low buried 2.57 16.81 18 

saltmarshes 38.333 0.179 mixed species 0.75 low buried 2.57 16.81 18 

saltmarshes 43.417 0.248 S. maritima 0.98 low buried 4.58 14.26 19, 20 

saltmarshes 30.275 0.043 J. roemerianus 1.05 low buried 6.20 17.92 21 

saltmarshes 30.275 0.070 J. roemerianus 1.05 low buried 6.20 17.92 21 

saltmarshes 30.275 0.059 J. roemerianus 1.05 low buried 6.20 17.92 21 

saltmarshes 30.275 0.011 J. roemerianus 1.05 low buried 6.20 17.92 21 

saltmarshes 30.275 0.079 S. cynosuroides 0.99 high buried 6.37 19.18 21 

saltmarshes 30.275 0.026 S. cynosuroides 0.69 high buried 6.69 18.93 21 

saltmarshes 30.275 0.052 J. roemerianus 0.99 low buried 6.37 19.18 21 

saltmarshes 30.275 0.012 J. roemerianus 0.99 low buried 6.37 19.18 21 

saltmarshes 51.383 0.114 S. anglica 1.26 low buried 2.61 9.32 22 

saltmarshes 51.383 0.094 S. anglica 1.27 low buried 2.60 9.32 22 

saltmarshes 51.383 0.076 S. anglica 1.26 low buried 2.61 9.32 22 

saltmarshes 51.383 0.088 S. anglica 1.26 mid buried 2.61 9.32 22 

saltmarshes 51.383 0.083 S. anglica 1.27 mid buried 2.60 9.32 22 

saltmarshes 51.383 0.069 S. anglica 1.26 mid buried 2.61 9.32 22 
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Ecosystem Latitude 

(°N) 

Root decay 

rate (% day
−1

) 

Species Decay period 

(year) 

Ecosystem 

 type 

Buried 

depth 

Precipitation 

 (mm day
−1

)
a 

Air temperature 

(°C)
b 

Sources 

 

saltmarshes 51.383 0.145 S. anglica 1.26 low buried 2.61 9.32 22 

saltmarshes 51.383 0.144 S. anglica 1.27 low buried 2.60 9.32 22 

saltmarshes 51.383 0.144 S. anglica 1.26 low buried 2.61 9.32 22 

saltmarshes 51.427 0.054 S. anglica 0.58 low buried 2.42 11.76 23 

saltmarshes 51.427 0.014 S. anglica 0.58 low buried 2.42 11.76 23 

saltmarshes 51.427 0.161 mixed species 0.58 mid buried 2.42 11.76 23 

saltmarshes 51.427 0.210 mixed species 0.58 mid buried 2.42 11.76 23 

saltmarshes 51.427 0.114 H. portulacoides 0.58 low buried 2.42 11.76 23 

saltmarshes 51.427 0.091 H. portulacoides 0.58 low buried 2.42 11.76 23 

saltmarshes 37.443 0.133 S. alterniflora 2.03 low buried 4.10 14.71 24 

saltmarshes 37.443 0.118 S. alterniflora 2.03 high buried 4.10 14.71 24 

saltmarshes 37.443 0.107 S. alterniflora 2.03 low surface 4.10 14.71 24 

saltmarshes 37.443 0.126 S. alterniflora 2.03 high surface 4.10 14.71 24 

saltmarshes 38.402 0.150 J. roemerianus 0.32 high buried 6.46 21.53 25, 26 

saltmarshes 38.402 0.126 J. roemerianus 0.60 high buried 4.11 7.09 25, 26 

saltmarshes 38.402 0.087 S. patens 0.32 low buried 6.46 21.53 25, 26 

saltmarshes 38.402 0.088 S. patens 0.60 low buried 4.11 7.09 25, 26 

saltmarshes 38.402 0.248 S. alterniflora 0.32 low buried 6.46 21.53 25, 26 
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Ecosystem Latitude 

(°N) 

Root decay 

rate (% day
−1

) 

Species Decay period 

(year) 

Ecosystem 

 type 

Buried 

depth 

Precipitation 

 (mm day
−1

)
a 

Air temperature 

(°C)
b 

Sources 

 

saltmarshes 38.402 0.137 S. alterniflora 0.60 low buried 4.11 7.09 25, 26 

saltmarshes 30.167 0.238 S. alterniflora 0.97 high buried 3.49 18.57 27 

saltmarshes 30.167 0.234 S. alterniflora 0.46 high buried 3.48 11.94 27 

saltmarshes 30.167 0.338 Sc. mariqueter 0.46 high buried 3.48 11.94 27 

saltmarshes 30.167 0.267 P. australis 0.97 high buried 3.49 18.57 27 

saltmarshes 30.167 0.219 P. australis 0.46 high buried 3.48 11.94 27 

saltmarshes 38.833 0.271 S. maritima 0.50 NA buried 1.90 20.02 28 

saltmarshes 38.64 0.192 S. maritima 0.50 NA buried 1.90 20.02 28 

saltmarshes 40.131 0.299 S. maritima 0.50 NA buried 2.60 18.77 28 

saltmarshes 40.088 0.238 S. maritima 0.50 NA buried 2.60 18.77 28 

1. Siple and Donahue (2013). 2.  Sweetman et al. (2010). 3. Huxham et al. (2010).  4. Middelburg et al. (1996b). 5. Middleton and McKee 

(2001). 6. McKee and Faulkner (2000). 7. Albright (1976). 8. Van der valk and Attiwill (1984).  9. McKee et al. (2007).  10. Poret et al. (2007). 

11. Ewe et al. (2006).  12. Gladstone-Gallagher et al. (2014). 13. Robertson and Alongi (2015). 14. Hackney (1987). 15.  Yelverton (1986). 16. 

Padgett (1986). 17. Blum and Christian (2004). 18. Van der valk and Attiwill (1983). 19. Pozo and Colino (1992). 20. Madariaga and Orive 

(1989). 21. Hackney and de La Cruz (1980). 22. Hemminga et al. (1988). 23. Buth (1987). 24.Blum (1993). 25. Elsey-Quirk et al. (2011). 26. 

Silberhorn (1982). 27. Liao et al. (2007). 28. Sousa et al. (2010a). 

a,b
 Rainfall and mean air temperature come from http://www.ncdc.noaa.gov, and http://www.wmo.int. Data are generally collected from 

meteorological stations within 100km away from the sampling sites.

http://www.ncdc.noaa.gov/
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Fig. S1 raw data of saltmarsh root decay rate versus individual variables  
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Fig. S2 raw data of mangrove root decay rate versus individual variables
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