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Abstract Mangrove forests and saltmarshes are important
habitats for carbon (C) sequestration in the coastal zone but
variation in rates of C sequestration and the factors controlling
sequestration are poorly understood. We assessed C sequestra-
tion in Moreton Bay, South East Queensland in mangrove
forests and tidal marshes that span a range of environmental
settings and plant communities, including mangrove forests
and tidal marshes on the oligotrophic sand islands of the
eastern side of Moreton Bay and on the nutrient enriched,
western side of the bay adjacent to the city of Brisbane. We
found that rates of C sequestration in sediments were similar
amongmangrove forests over the bay, despite large differences
in the C density of sediments, because of different rates of
vertical accretion of sediments. The C sequestration on the
oligotrophic sand island tidal marshes, dominated by Juncus
kraussii , had the highest rate of C sequestration in the bay
while the western saltmarshes, which were dominated by
Sarcocornia quinqueflora , had the lowest rate of C sequestra-
tion. Our data indicate C sequestration varies among different
tidal wetland plant community types, due to variation in sed-
iment characteristics and rates of sediment accretion over time.
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Introduction

Mangrove forests and saltmarshes have large amounts of
carbon (C) stored within their sediments (Chmura et al.
2003; Mcleod et al. 2011). High levels of C accumulate in
these tidal wetland habitats because sediments accrete over
time (add volume) in response to rising sea levels due to inputs
of sediments and detritus (e.g., McKee et al. 2007; McKee
2011). The detritus in mangrove forest and saltmarsh sedi-
ments can be autochthonous, comprised predominantly of
roots (Middleton and McKee 2001) but also allochthanous,
with contributions from seagrass, terrestrial soils and
macroalgal sources (Middelburg et al. 1997; Bouillon et al.
2003; Adame et al. 2012). Decomposition of material is
impeded by flooded, anoxic sediment conditions thereby fa-
cilitating C sequestration (Mcleod et al. 2011).

The large stocks of carbon within sediments and the po-
tential for its emission once these habitats are disturbed
(Lovelock et al. 2011) has resulted in proposals to introduce
mangrove forests for their C values into conservation schemes
such as Reducing Emissions from Deforestation and Degra-
dation (REDD+) (Siikamaki et al. 2012). Additionally, the
accumulation of C within sediments of mangrove forests is a
means of mitigating increasing carbon dioxide concentrations
in the atmosphere, thereby providing an incentive for restora-
tion and improvedmanagement of coastal wetlands in order to
increase C sequestration.

Most estimates of C stocks and rates of accumulation have
come from work with sediment cores, where rates of accumu-
lation are estimated based on dating of accumulated sediment
C over long periods of time (e.g., Chmura et al. 2003). While
knowledge of past rates are essential for establishing the
potential of mangrove forests and salt marshes to sequester
C they do not inform us of current rates of sequestration
because over time, vegetation, hydrology and levels of
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nutrient availability may change, all of which will affect rates
of C sequestration (Alongi 2012). Current rates of C seques-
tration in coastal habitats can be estimated from restoration or
natural chronosequences (e.g., Alongi et al. 2008; Lovelock
et al. 2010; Osland et al. 2012). Additionally, measures of
sediment surface elevation change in conjunction with C
density of sediments can be used to estimate rates of C
sequestration (e.g., Howe et al. 2009; Rogers et al. 2013).

Some of the main factors that are likely to influence C
sequestration in coastal wetland habitats are geomorphic set-
ting, plant species composition and nutrient availability. Geo-
morphic settings influence mangrove forests and saltmarsh
through their effects on a range of factors, including the type
and abundance of sediments and nutrient availability. Estua-
rine systems often have a higher availability of fine sediments,
nutrients and allochthonous materials that can be incorporated
into tidal wetland sediments compared to other settings (e.g.,
oceanic) (Kristensen et al. 2008; Adame et al. 2010; Adame
et al. 2012). In estuarine settings, fine sediments and nutrients
lead to high rates of primary production of mangrove forests
(Lovelock et al. 2007; Reef et al. 2010) which can lead to
stimulation of root growth and increased rates of deposition of
root detritus to sediments (McKee 2011), but sediments may
also dilute autochthonous C additions (Mcleod et al. 2011;
Smoak et al. 2013). Additionally, high contributions of alloch-
thonous organic matter may prime decomposition pathways
(Bianchi 2011), which may increase microbial oxidation of
organic matter and thus reduce C sequestration. High nutrient
concentrations may also reduce allocation of C to roots and
root detritus and stimulate decomposition (McKee et al. 2007;
Reef et al. 2010).

In non-estuarine systems, such as those in oceanic settings,
associated with reefs or sand cays and islands, mineral sedi-
ments may also contribute to sediment volume (e.g., Lovelock
et al. 2011; McKee et al. 2007). But organic matter composi-
tion of mangrove sediments in oceanic settings has been
observed to be largely comprised of plant roots, indicating
that plant production, even if it is low compared to estuarine
systems, can be the most important contributor to sediment C
sequestration (McKee et al. 2007; McKee 2011; Adame et al.
2013). Extremely low nutrient availability in hydrologically
isolated karstic settings, for example landward scrub forests,
may result in such low levels of primary production that C
sequestrationmay be low compared to areas withmore regular
tidal flushing (McKee et al. 2007; Adame et al. 2013).

The plant species composition may also strongly influence
C sequestration in coastal vegetation. In Caribbean peat
sediments in mangrove forests are comprised of roots of
Rhizophora mangle with limited contributions from
Avicennia germinans (McKee et al. 2007). The highly organic
sediments in the Indo-West Pacific are also associated with
species within the family Rhizophoraceae (Donato et al. 2011;
Kauffman et al. 2011). Some saltmarsh species with highly

developed rhizomes are associated with highly organic sedi-
ments, for example Spartina alternifora in the USA (Chmura
et al. 2003) and Juncus kraussii in Australia (Congdon and
McComb 1980) while others, for example communities of
chenopods that occupy hypersaline sediments, may provide
limited contributions to sediment C. Additionally, different
species of mangrove trees with their varying root morphol-
ogies lead to different rates of increases in sediment volume,
reflecting their belowground root growth and also their capac-
ity to trap and bind sediments (Krauss et al. 2003).

In this study, we used an array of surface elevation tables
that measure increases in sediment volume over time in con-
junction with measurements of C density of surface sediments
to estimate current rates of C sequestration in a large subtrop-
ical embayment, Moreton Bay, South East Queensland. The
Bay has both mangrove forests and saltmarsh communities
over a gradient in nutrient availability. We tested the following
hypotheses:

1. Rates of C sequestration differ among habitat types (man-
grove vs. saltmarsh) and with variation in plant commu-
nities (mangrove and saltmarsh species).

2. Rates of C sequestration are sensitive to nutrient supply,
with declining rates of C sequestration at high levels of
nutrient enrichment.

Materials and Methods

Site Description

Moreton Bay is a large semi-open embayment on the east
coast of Australia. It is bound on the eastern side by sand
islands that reach approximately 200 m in elevation and by a
deltaic coast on the western side in which five rivers flow from
their catchments to the bay. The city of Brisbane (population
3.5 million) resides on the western side of Moreton Bay. The
climate is sub-tropical and thus the bay is fringed by man-
grove forests low in the intertidal zone with tidal marshes and
cyanobacterial mats in the high intertidal zone (Lovelock et al.
2011).

The mangrove forests of Moreton Bay are dominated by
Avicennia marina on the western side of the Bay, but have a
high abundance of Rhizophora stylosa in the eastern Bay
(Dennison and Abal 1999). Tidal marsh communities are
more variable in composition than mangrove forests. Where
fresh water is abundant in the high intertidal, as it is in the
eastern bay and in some locations in the west, the rush Juncus
kraussii dominates while on the hypersaline high intertidal
salt flats of the western bay communities are dominated by
chenopod species from the genus Sarcocornia and Suaeda .

South East Queensland is subtropical and has annual var-
iations in climate. The mean air temperature is highest from
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October to April (mean minimum temperature is 18°C, mean
maximum temperature 26°C) and low in May–September
(mean minimum temperature is 8°C, mean maximum temper-
ature 21°C). Rainfall is highest in the warmer summer months
from November to March (150 mm/month), with another
smaller peak in rainfall in May (200 mm/month). Rainfall
influences river flows, while wind speed affects resuspension
of sediments in the bay through wave action (You 2005).

Experimental Design

Three sites were chosen on both the eastern and western bay
that comprised both mangrove and tidal marsh habitats
(Fig. 1). On the western bay, the three sites were located within
the Tinchi Tamba Wetlands Reserve (Brisbane City Council),
Nundah Creek (Boondall Wetlands Park) and in the south at
Halloran Reserve (Redlands Shire Council). At Tinchi Tamba
and Nundah Creek, the mangrove forest was comprised of A.
marina of about 10–13 m in height. At Halloran Reserve A.
marina was dominant but Rhizophora stylosa was also abun-
dant. The saltmarsh in all sites was dominated by Sarcocornia
quinqueflora with Suaeda australis also being present in most
plots. In the eastern bay three sites were chosen along the
western side of North Stradbroke Island. Two sites were north
of the town of Dunwich, between Myora Light and Amity
Point (Amity North and Amity South), while one was south of
Dunwich, to the south of Adams Beach. The mangrove forests
were approximately 10–15 m in height and were comprised of
both A. marina and R. stylosa . The eastern tidal marsh was
dominated by J. kraussii .

At each of the sites, three plots at least 30 m apart, were
established and rod surface elevation tables and marker hori-
zons (RSET-MH) were installed.Within the mangrove forests,
plots were within 20–50 m of the creek bank or seaward edge.
An additional three plots with RSET-MH were installed in the
adjacent landward tidal marsh. In total, 36 RSET-MHs were
installed throughout Moreton Bay. Detailed description of
increment in surface elevation and local rate of sea level rise
within Moreton Bay are available in the report of Lovelock
et al. (2011). The position of each RSET-MH in the mangrove
forests were determined by measuring the depth of the water
covering the site at high tide using dyed cotton strips (English
et al. 1997). Sites on the eastern bay were lower in the
intertidal than those on the western bay with a position of
1.36±0.01 m relative to the lowest astronomical tide (LAT) in
the eastern bay compared to 1.87±0.06 m relative to LAT in
the western bay. Tidal marsh sites are all infrequently inun-
dated and are positioned more than 2.25 m above LAT.

Measurements of Surface Elevation Increments

Changes in the surface elevation of wetlands were measured
using the RSET-MH approach developed by Cahoon et al.

(2002a, b). RSETs were installed between February and June
of 2007. The depth of the benchmark varied between 4 and
17 m, with a mean of 12 m. A portable aluminum plank was
used to access the benchmark rod, attach the RSET and
measure the surface elevation without disrupting surface sed-
iments. Once the plank is in place and the RSET is attached to
the base, the measuring arm is leveled horizontally. Nine fibre
glass pins are then lowered to the surface. Elevation is mea-
sured as the amount of pin protruding above the measuring
arm using a ruler with precision of 1 mm, where the change
throughout the measurement interval is the change in pin
length with reference to the base depth. The device has a range
of fixed measurable positions around the rod. In this study, we
used four measuring positions at 90° to each other to give 36
measurements for each plot. A mean of 36 measurements was
calculated for each replicate RSET. For the first 18 months of
the study, RSET-MHs were measured every 3–4 months, after
which sampling intervals were lengthened to approximately
6 months to cover the winter dry (April–November) and
summer wet seasons (November–April). Rates of surface
elevation change (in mm year−1) are the slopes from the
regression of surface elevation versus time from June 2007
until November 2011.

Sediment Sampling

A known volume of surface sediments was sampled to 5-cm
depth in July 2011 using a modified 50-ml plastic syringe.
Three replicate sediment samples were collected from each
experimental plot. To determine the bulk density, known vol-
umes of sediment were dried at 60 °C until samples reached a
constant weight and then weighed. Dry bulk density was
calculated as dry weight/volume. Samples were ground in a
ball mill and then analysed for total C and nitrogen by com-
bustion (LECO). Total sediment phosphorus was analysed
using ICPMS. All analyses were performed at the Analytical
Services Laboratory at the University of Queensland.

Data Analyses

The C sequestration (g C m−2 year−1) was calculated as the
rate of surface elevation change (mm year−1) multiplied by the
C density of the sediment. Analysis of the variation in %C of
sediments, bulk density, C sequestration and sediment nutri-
ents was by generalized linear models where side of the bay
(east/west) and habitat (mangrove/saltmarsh) were fixed fac-
tors in the model and where site was nested (and random) in
eastern/western side of the bay. The relationship between C
sequestration and sediment nutrient concentrations and molar
ratios was tested using regression analysis. Data was log-
transformed prior to analysis to normalize the variance of
the data. Normality was assessed by inspecting residual plots.
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Analyses were performed using Data Desk (version 6.3; Data
Descriptions, Ithaca, NY, USA).

Results

In the eastern bay %C per dry mass of sediment was highest in
the Juncus tidal marsh habitat (mean±SE, 15.1±3.0 %) com-
pared to mangrove sediments (1.3±0.3 %) (Fig. 2). In con-
trast, in the western bay mangrove sediments had higher %C

(8.4±0.5%) than the Sarcocornia dominated saltmarsh (mean
2.2±0.7 %). These opposing patterns of %C in mangrove
forest and saltmarsh sediments on either side of Moreton
Bay gave rise to a highly significant bay × habitat interaction
in the statistical model (F1,4=96.2, P=0.0006).

Dry bulk density also varied between mangrove forests and
saltmarsh, but in different ways depending on the location
within the bay (Fig. 3; bay × habitat, F1,4=76.12, P=0.0001).
Bulk density was higher in the mangrove forests on the eastern
side of the bay (0.98±0.02 g cm−3) compared to the Juncus

Fig. 1 Location of study sites
within Moreton Bay, Queensland,
Australia (a). An example of the
location of the mangrove forest
and saltmarsh plots within a study
site, in this case Nundah Creek
(b). M1, M2 and M3 are within
the mangrove forest (stippled),
while SM1, SM2 and SM3 are
located within the saltmarsh
(open)
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saltmarsh (0.33±0.09 g cm−3). In the western side of the bay,
mangrove forest sediments had lower BD (0.49±0.02 g cm−3)
than Sarcocornia saltmarsh (1.12±0.08 g cm−3).

The density of C (product of BD and %C) was highest in
Juncus saltmarsh habitats in the eastern bay (bay × habitat
interaction F1,24=32.4, P=0.005) and lowest in the mangrove
forests in the eastern side of the bay (Fig. 4). Mangrove forest
sediments on the western side of the bay had a C density that
was approximately double that of mangrove forests in the
eastern side of the bay.

Surface elevation change per year varied significantly
among sites (F 4,21=5.72, P =0.003) (Table 1). Surface

elevation gains tended to be higher on the eastern side of the
bay than the western side of the bay (F1,4=7.42, P=0.053)
and higher in the mangrove forests compared to the saltmarsh
(F1,4=6.91, P=0.058). The difference between mangrove and
saltmarsh surface elevation varied over sites (site × habitat
interaction, F1, 21=5.59, P=0.0029). Surface elevation gains
in saltmarsh on the eastern side of the bay were higher at
Adams Beach than at Amity North and South, and in the
western bay were higher at Nundah Creek than in saltmarsh
at Tinchi Tamba or Halloran Reserve.

The C sequestration rates, calculated from changes in sur-
face elevation over time (Table 1) and C density (Fig. 4) was
significantly different among sites (F4,23=5.98, P=0.0019)
with C sequestration particularly high in Juncus saltmarsh at
Amity North and Adams Beach in the eastern side of the bay
(Fig. 5). In contrast, C sequestration was very low in the
Sarcocornia dominated marshes of the western bay (Fig. 5).
Rates of C sequestration in mangrove forest sediments were
fairly homogenous over all sites (grand mean 76±16 g C m−2

year−1), although rates were low at Tinchi Tamba.
There was no significant relationship between rates of C

sequestration and P (g per sediment volume), N/P molar ratio
or C/N molar ratio. Carbon sequestration varied significantly
with N and C/P of sediments, but the relationships were highly
variable (data not shown). Carbon sequestration was low with
low C/P molar ratio and increased as C/P increased before
declining at very high C/P ratios (F 2,33=3.59, P=0.039,
R2=0.179). Rates of C sequestration increased with N of
sediments, although the relationship was also variable
(F1,33=6.66, P=0.014, R2=0.143). However, assessment of
the mean sediment nutrient characteristics over the different
vegetation communities indicated that while P and N were
particularly low in the eastern mangrove forest sediments, C/P
and N/P ratios were highest in the eastern saltmarsh, where C
sequestration was also high (Table 2). N/P ratios were lower
than or similar to the Redfield ratio (<16:1) in mangrove
forests and western saltmarsh indicating N limitation to
growth, but were significantly higher (40) in eastern
saltmarsh. C/P ratios were between 170–576 in the mangrove
forests and western saltmarsh but were over 1,500 in the
eastern saltmarsh (Table 2).

Discussion

Rates of C sequestration in mangrove forests were within the
range of those estimated from sediment cores, although on the
low end of the range (global range of 20–949 g C m−2 year−1,
mean of 163 g C m−2 year−1; Breithaupt et al. 2012; Chmura
et al. 2003; Mcleod et al. 2011; Ruiz-Fernández et al. 2011).
The rates of C sequestration were similar to those observed in
riverine, mineral sediment-rich settings in tropical Australia
(mean 180 g C m−2 year−1, Brunskill et al. 2002) and in
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southern Australia (105 g C m−2 year−1, Howe et al. 2009;
256 g C m−2 year−1; Saintilan et al. 2013). The rates are low
compared to those from the Caribbean region (Mexico and
Florida) where sediments are highly organic (Chmura et al.
2003).

Our estimates of C sequestration in mangrove sediments
may be low due a range of physical and ecological processes,
including lower primary productivity in subtropical forests,
low inputs of allochthanous carbon sources and high rates of
export (Twilley et al. 1992), but may also be due to limitations
to our approach for estimating C sequestration based on C
concentrations in surface sediments. Using C in the surface
sediments may underestimate C sequestration because root
detritus contributes to sediment C throughout the sediment
profile. For example, mangrove roots tend to growwithin older
decomposing root structures (McKee 2001). Assessment of the

amount of contemporary C sequestration throughout the sedi-
ment profile will require the development of new tools that can
differentiate accumulation of contemporary C from prior forest
(or saltmarsh) contributions. More likely our approach may
give rise to overestimates because C concentrations in the top
sediment surface layer may be higher than that incorporated
into the sediment profile (Breithaupt et al. 2012) as a large
proportion of organic matter may be lost through diagenesis
within the first year of deposition (Duarte and Cebrián 1996).
We sampled sediments that represent more than 1 year of
sediment deposition (top 5 cm, or 5–50 years of accumulation)
to account for this potential problem, but overestimation may
still occur if C mineralization rates are high. Additionally, C
can be lost from deep in the sediment profile in porous, sandy
sediments which could also lead to overestimates of long term
C storage (Rogers et al. 2013).

Rates of C sequestration in saltmarsh sediments were high-
ly variable. Marshes dominated by Juncus had higher rates of
sequestration than the hypersaline saltmarshes dominated by
Sarcocornia (Fig. 5). The rates of C sequestration in the
Juncus marshes in our study were similar to those reported
for more southern Juncus marshes in Australia (207 g C m−2

year−1; Saintilan et al. 2013) and higher than rates observed in
other salt marshes in North America and Europe (mean 105±
55 g C m−2 year−1; Chmura et al. 2003). The high rates of C
sequestration in Juncus marshes may reflect the important
role of plants with perennial rhizomes in promoting C seques-
tration in coastal marshes. In contrast, C sequestration in
Sarcocornia marshes was very low (mean 8.6±4.0 g C m−2

year−1). Values for C sequestration in Sarcocornia marshes in
Moreton Bay were much lower than those reported for similar
vegetation at a more southern site (137 g C m−2 year−1; Howe
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Table 1 Mean rates of surface elevation change (±standard error, N =3)
for mangrove forest and saltmarsh sites in Moreton Bay, Queensland,
Australia

Surface elevation change (mm year−1)

Mangrove Saltmarsh

Eastern Moreton Bay

Amity North 5.89±0.95 −0.08±0.18

Amity South 7.05±0.82 0.18±0.61

Adams Beach 6.23±1.11 5.92±0.35

Western Moreton Bay

Tinchi Tamba Reserve 0.41±0.57 0.45±0.32

Nundah Creek 2.34±0.56 1.22±0.92

Halloran Reserve 2.42±1.21 0.11±0.09

Negative elevation change indicates a loss of elevation over time
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et al. 2009), but within the range of that reported for a number
of south eastern Australian sites (mean of 46 g C m−2 year−1;
Saintilan et al. 2013). In the study of Howe et al. (2009),
vertical accretion rates of sediments were 10-fold higher in
the saltmarsh in the Hunter River than they are in Moreton
Bay. High vertical accretion in the Hunter River may be
because of high sediment availability and also that the
saltmarsh is lower in the tidal frame at this site than it occurs
in Moreton Bay, thereby favoring high sedimentation rates. In
Moreton Bay mangrove forests sediment accretion is higher
lower in the intertidal zone (Lovelock et al. 2011). Addition-
ally, in the study of Howe et al. (2009), root contributions of
rhizomes of the grass Sporobolus virginicus may have also
contributed to high rates of C sequestration. Although S.
virginicus is an important component of saltmarsh in South
East Queensland (Traill et al. 2011), it did not occur in our
plots.

Across the bay, opposing patterns of variation in %C and
bulk density of sediments gave rise to a high level of homo-
geneity in rates of C sequestration in mangrove forests despite
vastly different sediment characteristics (Figs. 3 and 4). While
mangrove sediments in the east had low%C and high dry bulk
density due to high contributions of sand, those in the west
had higher %C but lower dry bulk density. Additionally,
surface elevation changes were lower in the west compared
to the east (Table 1) largely because of subsidence or compac-
tion of the sediments in the western bay (Lovelock et al.
2011), which may be related to differences in the species
composition of the forests and their differences in root pro-
duction and root structural traits (Krauss et al. 2003), as well
as due to differences in sediment characteristics. In the west
there are few R. stylosa and A. marina is dominant, while the
eastern bay has a higher abundance of R. stylosa .

Carbon sequestration was not strongly correlated with
nutrient concentrations of sediments or molar ratios of ele-
ments, although there was weak evidence for increasing C

sequestration with increasing %N and non-linear trends with
C/P ratios of sediments. These highly variable trends likely
reflect the multiple factors that influence root production,
trapping of allochthanous C and decomposition of organic
matter in tidal wetlands. Low rates of plant production and
root contributions to sediments may limit C sequestration in
low nutrient habitats (McKee et al. 2007; Castaneda-Moya
et al. 2011; Adame et al. 2013). But low levels of nutrient
availability may also favour plant species that allocate a high
proportion of fixed carbon to roots and that have tissues that
decompose slowly (Chapin 1980). Although high nutrient
environments increase plant production, decomposition of
organic matter can also be enhanced (Quall and Richardson
2000), which may lead to reductions in C sequestration.
Across our study sites in Moreton Bay the lowest rates of C
sequestration occurred at Tinchi Tamba where C/P and C/N
ratios were very low, indicating nutrient enrichment. Extreme-
ly high sediment P concentrations that are caused by pollution
from agriculture and urban development are likely to be
detrimental to C sequestration in tidal wetland ecosystems.

The highest rates of C sequestration of sediments in
Moreton Bay occurred where plants have rhizomes, sediments
are highly organic with relatively low bulk density, where
rates of elevation change are moderate and where sediment
C/P ratio and C/N ratios are high. Our study indicated factors
that reduce surface elevation gains or C inputs, e.g., reduced
sediment availability and nutrient pollution are likely to
reduce rates of C sequestration within Moreton Bay,
while moderate rates of sea level rise and reductions in
nutrient pollution in Moreton Bay are likely to increase C
sequestration.
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Table 2 The dominant plant species and growth form and the mean sediment nutrient characteristics (± standard error, N=9) for mangrove forests and
saltmarshes on the eastern and western side of Moreton Bay, Queensland, Australia

Eastern Bay Western Bay

Mangrove Saltmarsh Mangrove Saltmarsh

Dominant species Avicennia marina,
Rhizophora stylosa

Juncus krausii Avicennia marina Sarcocornia
quinqueflora

Plant form tree rush tree herb

Total phosphorus (mg cm−3) 63±7 a 222±74 a 356±51 b 363±49 b

Total nitrogen (g cm−3) 0.0157±0.0032 a 0.272±0.139 b 0.204±0.027 b 0.196±0.057 b

C/P 576±45 a 1898±512 b 392±60 a 170±35 c

N/P 6.35±1.0 a 40.4±6.7 b 15.5±1.7 c 12.1±2.5 c

C/N 120±28 a 65±21 b 25±3 c 16±3 c

Carbon/phosphorus (C/P), nitrogen/phosphorus (N/P) and carbon/nitrogen (C/N) ratios are expressed as molar ratios. Different letters after the means
indicate significant differences at P <0.05

Estuaries and Coasts (2014) 37:763–771 769



References

Adame, M.F., D. Neil, S.F. Wright, and C.E. Lovelock. 2010.
Sedimentation within and among mangrove forests along a gradient
of geomorphological settings. Estuarine Coastal Shelf Science 86:
21–30.

Adame,M.F., S.F.Wright, A. Grinham, K. Lobb, C.E. Reymond, and C.E.
Lovelock. 2012. Terrestrial–marine connectivity: Patterns of terres-
trial soil carbon deposition in coastal sediments determined by anal-
ysis of glomalin-related soil protein. Limnology and Oceanography
57: 1492–1502.

Adame, M.F., J.B. Kauffman, I. Medina, J.N. Gamboa, O. Torres, J.P.
Caamal, M. Reza, and J.A. Herrera-Silveira. 2013. Carbon stocks of
tropical coastal wetlands within the karstic landscape of theMexican
Caribbean. PLoS ONE 8(2): e56569. doi:10.1371/journal.pone.
0056569.

Alongi, D.M. 2012. Carbon sequestration in mangrove forests.
Carbon Management 3: 313–322.

Alongi, D.M., L.A. Trott, F. Rachmansyah, A.D. Tirendi, andM.C. Undu
McKinnon. 2008. Growth and development of mangrove forests
overlying smothered coral reefs, Sulawesi and Sumatra, Indonesia.
Marine Ecology Progress Series 370: 97–109.

Bianchi, T.S. 2011. The role of terrestrially derived organic carbon in the
coastal ocean: A changing paradigm and the priming effect.
Proceedings of the National Academy of Sciences, USA 108:
19473–19481.

Bouillon, S., F. Dahdouh-Guebas, A.V.V.S. Rao, N. Koedam, and F.
Dehairs. 2003. Sources of organic carbon in mangrove sediments:
Variability and possible implications for ecosystem functioning.
Hydrobiologia 495: 33–39.

Breithaupt, J. L., J. M. Smoak, T. J. Smith III, C. J. Sanders, A. Hoare
(2012), Organic carbon burial rates in mangrove sediments:
Strengthening the global budget, Global Biogeochem. Cycles, doi:
10.1029/2012GB004375, in press (available online)

Brunskill, G.J., I. Zagorskis, and J. Pfitzner. 2002. Carbon burial rates in
sediments, and a carbonmass balance, of the Herbert River region of
the Great Barrier Reef continental shelf, north Queensland,
Australia. Estuarine, Coastal and Shelf Science 54: 677–700.

Cahoon, D.R., J.C. Lynch, P. Hensel, R. Boumans, B.C. Perez, B. Segura,
and J.W. Day. 2002a. High-precision measurements of wetland
sediment elevation: I. Recent improvements to the sedimentation–
erosion table. Journal of Sediment Research 72: 730–733.

Cahoon, D.R., J.C. Lynch, B.C. Perez, B. Segura, R.D. Holland, C. Stelly,
G. Stephenson, and P. Hensel. 2002b. High-precision measurements
of wetland sediment elevation: II. The rod surface elevation table.
Journal of Sedimentary Research 72: 730–733.

Castaneda-Moya, E., R.R. Twilley, V.H. Rivera-Monroy, B.D. Marx, C.
Coronado-Molina, and S.M.L. Ewe. 2011. Patterns of root dynamics
in mangrove forests along environmental gradients in the Florida
Coastal Everglades, USA. Ecosystems 14: 1178–1195.

Chapin, F.S. 1980. Mineral nutrition of wild plants. Annual Review of
Ecology and Systematics 11: 233–260.

Chmura, G.L., S.C. Anisfeld, D.R. Cahoon, and J.C. Lynch. 2003.
Global carbon sequestration in tidal, saline wetland soils. Global
Biogeochemical Cycles 17: 1111. doi:10.1029/2002GB001917.

Congdon, R.A., and A.J. McComb. 1980. Nutrient pools of an estuarine
ecosystem—The Blackwood River Estuary in south-western
Australia. Journal of Ecology 68: 287–313.

Dennison, W.C., E.G. Abal. 1999. Moreton Bay Study. A scientific basis
for the Healthy Waterways Campaign. Brisbane, SE Queensland
Regional Water Quality Management Strategy, Brisbane City
Council, 245pp.

Donato, D.C., J.B. Kauffman, D. Murdiyarso, S. Kurnianto, M. Stidham,
and M. Kanninen. 2011. Mangroves among the most carbon-rich
forests in the tropics. Nature Geoscience 4: 293–297.

Duarte, C.M., and J. Cebrián. 1996. The fate of marine autotrophic
production. Limnology and Oceanography 41: 1758–1766.

English, S., C. Wilkenson, V. Baker. 1997. Survey manual for tropical
marine resources. Australian Institute of Marine Science.

Howe, A.J., J.F. Rodríguez, and P.M. Saco. 2009. Surface evolution and
carbon sequestration in disturbed and undisturbed wetland soils of
the Hunter estuary, southeast Australia. Estuarine, Coastal and Shelf
Science 84: 75–83.

Kauffman, J.B., C. Heider, T. Cole, K.A. Dwire, and D.C. Donato.
2011. Ecosystem carbon pools of Micronesian mangrove forests:
Implications of land use and climate change. Wetlands 31: 343–
352.

Krauss, K.W., J.A. Allen, and D.R. Cahoon. 2003. Differential rates of
vertical accretion and elevation change among aerial roots types in
Micronesian mangrove forests. Estuarine, Coastal Shelf Science 56:
251–259.

Kristensen, E., S. Bouillon, T. Dittmar, and C. Marchand. 2008. Organic
carbon dynamics in mangrove ecosystems: A review. Aquatic
Botany 89: 201–219.

Lovelock, C.E., I.C. Feller, J. Ellis, N. Hancock, A.M. Schwarz, and B.
Sorrell. 2007. Mangrove growth in New Zealand estuaries: The role
of nutrient enrichment at sites with contrasting rates of sedimenta-
tion. Oecologia 153: 633–641.

Lovelock, C.E., B. Sorrell, N. Hancock, Q. Hua, and A. Swales. 2010.
Mangrove forest and soil development on a rapidly accreting shore
in New Zealand. Ecosystems 13: 437–451.

Lovelock, C.E., V. Bennion, A. Grinham, and D.R. Cahoon. 2011. The
role of surface and subsurface processes in keeping pace with sea-
level rise in intertidal wetlands of Moreton Bay, Queensland,
Australia. Ecosystems 14: 745–757.

McKee, K.L. 2001. Root proliferation in decaying roots and old root
channels: a nutrient conservation mechanism in oligotrophic man-
grove forests? Journal of Ecology 89: 876–887.

McKee, K.L. 2011. Biophysical controls on accretion and elevation
change in Caribbean mangrove ecosystems. Estuarine, Coastal
Shelf and Science 91: 475–483.

McKee, K.L., D.R. Cahoon, and I.C. Feller. 2007. Caribbean mangroves
adjust to rising sea level through biotic controls on change in soil
elevation. Global Ecology and Biogeography 16: 545–556.

Mcleod, E., G.L. Chmura, S. Bouillon, R. Salm, M. Bjork, C.M.
Duarte, C.E. Lovelock, W.H. Schlesinger, and B. Silliman.
2011. A Blueprint for Blue Carbon: Towards an improved
understanding of the role of vegetated coastal habitats in
sequestering CO2. Frontiers in Ecology and the Environment 9:
552–560.

Middelburg, J.J., J. Nieuwenhuize, R.K. Lubberts, and O. van de
Plassche. 1997. Organic carbon isotope systematics of coastal
marshes. Estuarine, Coastal Shelf and Science 45: 681–687.

Middleton, B.A., and K.L. McKee. 2001. Degradation of mangrove
tissues and implications for peat formation in Belizean island forests.
Journal of Ecology 89: 818–828.

Osland, M.J., A.C. Spivak, J.A. Nestlerode, J.M. Lessmann, A.E.
Almario, P.T. Heitmuller, M.J. Russell, K.W. Krauss, F. Alvarez,
D.D. Dantin, J.E. Harvey, A.S. From, N. Cormier, and C.L. Stagg.
2012. Ecosystem development after mangrove wetland creation:
Plant–soil change across a 20-year chronosequence. Ecosystems
15: 848–856.

Qualls, R.S., and C.J. Richardson. 2000. Phosphorus enrichment affects
litter decomposition, immobilization, and soil microbial phosphorus
in wetland mesocosms. Soil Science Society of America Journal 64:
799–808.

Reef, R., I.C. Feller, and C.E. Lovelock. 2010. Nutrition of mangroves.
Tree Physiology 30: 1148–1160.

Rogers, K., N. Saintlian, C. Copeland. 2013. Managed retreat of saline
coastal wetlands: Challenges and opportunities. Estuarine, Coastal
and Shelf Science, in press.

770 Estuaries and Coasts (2014) 37:763–771

http://dx.doi.org/10.1371/journal.pone.0056569
http://dx.doi.org/10.1371/journal.pone.0056569
http://dx.doi.org/10.1029/2012GB004375
http://dx.doi.org/10.1029/2002GB001917


Ruiz-Fernández, A.C., J.L. Marrugo-Negrete, R. Paternina-Uribe, and
L.H. Pérez-Bernal. 2011. 210Pb-derived sedimentation rates and
Corg fluxes in Soledad Lagoon (Cispatá Lagoon System, NW
Caribbean Coast of Colombia). Estuaries and Coasts 34: 1117–
1128.

Saintilan, N., K. Rogers, D. Mazumder, and C.D. Woodroffe. 2013.
Allochthonous and autochthonous contributions to carbon accumu-
lation and carbon store in southeastern Australian coastal wetlands.
Estuarine, Coastal and Shelf Science: 128: 84–92.

Siikamaki, J., J.N. Sanchirico, and S.L. Jardine. 2012. Global economic
potential for reducing carbon dioxide emissions from mangrove
loss. Proceedings of the National Academy of Science, USA 109:
14369–14374.

Smoak, J.M., J.L. Breithaupt, T.J. Smith, and C.J. Sanders. 2013.
Sediment accretion and organic carbon burial relative to sea-level
rise and storm events in two mangrove forests in Everglades
National Park. Catena 104: 58–66.

Traill, L.W., K. Perhans, C.E. Lovelock, A. Prohaska, J.R. Rhodes, and
K.A. Wilson. 2011. Managing for global change: Wetland transi-
tions under sea level rise and outcomes for threatened species.
Diversity and Distributions 17: 1225–1233.

Twilley, R.R., R.H. Chen, and T. Hargis. 1992. Carbon sinks in man-
groves and their implications to carbon budget of tropical coastal
ecosystems. Water Air and Soil Pollution 64: 265–288.

You, Z.J. 2005. Fine sediment resuspension dynamics in a large semi-
enclosed bay. Ocean Engineering 32: 1982–1993.

Estuaries and Coasts (2014) 37:763–771 771


	Contemporary...
	Abstract
	Introduction
	Materials and Methods
	Site Description
	Experimental Design
	Measurements of Surface Elevation Increments
	Sediment Sampling
	Data Analyses

	Results
	Discussion
	References


