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1 School of Biological Sciences, The University of Queensland, St Lucia, QLD, Australia, 2Department of Biological Sciences,
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The sediments of coastal wetlands contain large stores of carbon which are vulnerable to

oxidation once disturbed, resulting in high levels of CO2 emissions that may be avoided

if coastal ecosystems are conserved or restored. We used a simple model to estimate

CO2 emissions from mangrove forests, seagrass beds, and tidal marshes based on

known decomposition rates for organic matter in these ecosystems under either oxic

or anoxic conditions combined with assumptions of the proportion of sediment carbon

being deposited in either oxic or anoxic environments following a disturbance of the

habitat. Our model found that over 40 years after disturbance the cumulative CO2 emitted

from tidal marshes, mangrove forests, and seagrass beds were ∼70–80% of the initial

carbon stocks in the top meter of the sediment. Comparison of our estimates of CO2

emissions with empirical studies suggests that (1) assuming 50% of organic material

moves to an oxic environment after disturbance gives rise to estimates that are similar

to CO2 emissions reported for tidal marshes; (2) field measurements of CO2 emissions

in disturbed mangrove forests were generally higher than our modeled emissions that

assumed 50% of organic matter was deposited in oxic conditions, suggesting higher

proportions of organic matter may be exposed to oxic conditions after disturbance in

mangrove ecosystems; and (3) the generally low observed rates of CO2 emissions from

disturbed seagrasses compared to our estimates, assuming removal of 50% of the

organic matter to oxic environments, suggests that lower proportions may be exposed to

oxic conditions in seagrass ecosystems. There are significant gaps in our knowledge of

the fate of wetland sediment carbon in the marine environment after disturbance. Greater

knowledge of the distribution, form, decomposition, and emission rates of wetland

sediment carbon after disturbance would help to improve models.

Keywords: blue carbon, organic matter, sediment, soil, disturbance, decomposition, anoxia

INTRODUCTION

CO2 fluxes to the atmosphere from loss of blue carbon ecosystems are equivalent to 3–19% of
the annual rates attributed to terrestrial land use—land cover change, and worth potentially US$
6–42 billion (Pendleton et al., 2012). These values make fluxes from these ecosystems relevant
at a global scale in climate change mitigation schemes (Pendleton et al., 2012), but rates of CO2
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release need to be quantified to improve on Pendleton et al.’s
order-of magnitude calculations and other recent estimates
of CO2 emissions from land-use transitions (e.g., Thompson
et al., 2014). Here we develop a simple model to support
improved estimates of rates of CO2 fluxes from tidal marshes,
mangrove forests and seagrass beds after habitat disturbances
using published rates for decomposition of organic matter.

Coastal marine ecosystems contain large stocks of organic
carbon stored in both biomass and sediment. Carbon stocks in
the sediments of tidal marshes, mangrove forests and seagrass
beds are especially large, often greatly exceeding carbon in live
biomass (Morris et al., 2002; Donato et al., 2011; McLeod et al.,
2011; Fourqurean et al., 2012). Under steady-state conditions,
CO2 is lost from coastal marine systems due to respiration
of the vegetation and through decomposition of deposited
organic matter, but these losses tend to be smaller than the
accumulation of organic carbon as a result of net autotrophy
of these environments and sediment accumulation (Kennedy
et al., 2010; Breithaupt et al., 2012; Alongi, 2014). Large carbon
stocks are built up over thousands of years (Chmura et al., 2003;
McKee et al., 2007) because of deposition of roots and other plant
detritus (Mateo et al., 1997; McKee, 2011) and through inputs
of mineral sediments and organic material that are trapped by
the structure of the vegetation and incorporated into sediments
(Baustian et al., 2012), and because anoxic conditions in saturated
sediments slow decomposition processes (Moodley et al., 2005;
Lallier-Vergès et al., 2008).

Disturbance of these ecosystems may lead to significant
carbon losses and emissions of CO2 as carbon in the biomass
and sediment is oxidized. Disturbances to tidal marsh, mangrove
forests, and seagrass beds have been extensive (Valiela et al.,
2001; Alongi, 2002; Gedan et al., 2009; Waycott et al., 2009).
Losses of mangrove forests and seagrass beds are estimated at
∼30% of original area (Alongi, 2002; Waycott et al., 2009).
While there are no global estimates of tidal marsh losses, losses
of tidal marshes has occurred over centuries, and within the
world’s 12 largest estuaries 67% of marshes have been lost due
to land-use change (Gedan et al., 2009; Silliman et al., 2009).
In mangrove forests, losses of forests have largely been due
agriculture and aquaculture (shrimp and fish ponds; Alongi,
2002) where forests are cleared, wood burned, or otherwise
used and sediments are drained and excavated, often increasing
the exposure of sediments to air. In seagrass beds, losses have
occurred due to direct disturbances such as dredging, as well as
reductions in water quality associated with increased sediment
supply and nutrient enrichment which reduces light reaching
the benthos (Short and Wyllie-Echeverria, 1996; Waycott et al.,
2009). Loss of seagrass vegetation increases the potential for
erosion and sediment resuspension in the water column, which
increases the exposure of seagrass sediment organic matter to
oxic conditions, compared to conditions within intact sediments.
Tidal marshes have been drained, converted to agricultural lands,
used for peat extraction, salt works, and settlements (Gedan et al.,
2009). Similar to disturbance of seagrass and mangrove forests,
disturbance of tidal marshes is likely to expose sediments to
conditions that enhance decomposition of organic matter leading
to CO2 emissions.

Following a disturbance that destroys the aboveground
vegetation, the loss of the primary production of the plant
community likely leads to a switch to net heterotrophy, as
decomposers continue to mineralize organic carbon stores; but
rates of in-situ decomposition are likely to remain low if anoxic
conditions prevail in the remaining sediments (Moodley et al.,
2005). However, the loss of the vegetation in these ecosystems
alters sediment properties, potentially exposing sediments to
enhanced erosion, particularly at the margins of the vegetation,
due to wave energy and tidal flows (Feagin et al., 2009; Anthony
and Gratiot, 2011; Ganthy et al., 2011; Gedan et al., 2011;
Coverdale et al., 2014). The rate of decomposition of the organic
carbon in these eroded sediments could be much higher than
in-situ rates if they are redeposited in oxic environments such
as the surface of intertidal flats. The rapid release of carbon
stores that have been built up over thousands of years has the
potential to greatly surpass the annual rate of sequestration
from undisturbed ecosystems; and these rapid flux rates are
large enough to have high values in carbon mitigation schemes
(Pendleton et al., 2012; Siikamäki et al., 2012; Thompson et al.,
2014).

A wide range of factors are known to influence rates
of decomposition of organic matter (Enríquez et al., 1993;
Zonneveld et al., 2010; Bianchi, 2011). Decomposition rates
of organic matter in coastal wetland ecosystems vary with the
type of organic matter (e.g., whether leaves or roots, Middleton
and McKee, 2001) and biological processes (Kristensen et al.,
2008), but the environment in which decomposition occurs
also strongly influences the rate of the process (Baldock et al.,
2004; Blair and Aller, 2012). Fungi, especially the white-rot
fungi, are the primary degraders of lignin in terrestrial systems
(Sinsabaugh and Follstad Shah, 2012), while bacteria often
dominate in anoxic aquatic systems (Benner et al., 1986) where
decomposition is less efficient compared to carbon oxidation
under oxic conditions (Kristensen et al., 1995; Baldock et al.,
2004; Dai et al., 2009; Blair and Aller, 2012). Most fungi are
obligate aerobes capable of degrading lignin to CO2, but are
incapable of growing on lignin as a sole carbon and energy
source (Griffin, 1994). Fungal dependence on oxygen partially
explains the high accumulation rate of organicmatter observed in
anoxic sediments of blue carbon ecosystems. During disturbance
of coastal wetlands one of the largest changes that can occur is the
exposure of carbon previously in anoxic environments (buried)
being exposed to conditions where oxidation of organic matter is
enhanced (Moodley et al., 2005). Here we model CO2 emissions
with variation in the quality of organic matter in different C
pools (leaves, stems, sediment C) and the proportion of sediment
carbon exposed to oxic conditions following disturbance in order
to provide estimates, based on decomposition rates obtained
from the published literature, of potential CO2 emissions with
disturbance of coastal wetlands. We compare our model outputs
with CO2 emissions which have been reported in the literature
after ecosystem disturbance. Our goal was to assess whether
modeling the proportion of organic matter exposed to oxic and
anoxic conditions could provide reasonable estimates of CO2

emissions from degraded and damaged mangrove, seagrass, and
tidal marsh ecosystems.

Frontiers in Marine Science | www.frontiersin.org 2 May 2017 | Volume 4 | Article 143

http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive


Lovelock et al. CO2 Emissions from Blue Carbon Ecosystems

RATES OF DECOMPOSITION OF ORGANIC
MATTER IN TIDAL MARSH, MANGROVES,
AND SEAGRASS ECOSYSTEMS

In order to parameterize our CO2 emissions models we reviewed
rates of decomposition of organic matter reported for blue
carbon ecosystems. In our review we assessed decay rates for
the major components of organic matter including leaf litter,
and roots or rhizomes for all ecosystems and for wood in
mangrove ecosystems. In addition, we also assessed decay rates
for sediment organic matter. We identified decomposition rates
for each component under both oxic and anoxic conditions.
Although, many studies do not report oxygen availability during
incubations when assessing rates of decomposition, we assumed
that decomposition on the sediment surface was largely under
oxic conditions while subsurface deployment of litter was under
anoxic conditions.

For tidal marshes, differences in decay rates of organic matter
among different Corg pools have been assessed. Morris and Lajtha
(1986) fitted an empirical model with labile and refractory pools
to the decay of leaf litter of four marsh species deployed in litter
bags on the marsh surface and found decay constants of the labile
fraction of between 0.0066 and 0.0093 d−1. Kirwan and Blum
(2011) reported decay rates of 0.0041–0.0162 d−1 from surface
litter bags of Spartina alterniflora. From a review by Hemminga
and Buth (1991), decay rates of belowground material from a
variety of species on the sediment surface ranged between 0.0012
and 0.0036 d−1. Kirwan et al. (2014) reported decay rates ranging
from 0.003 to 0.0071 d−1 for roots and rhizomes deployed within
sediments, presumably anoxic, while a review by Christian (1984)
reported a range of rates averaging 0.0077 d−1. We conclude that
rates of decay of leaf and root material in tidal marshes is greater
under oxic conditions, probably by a factor of two or more, and
that the decay of labile material is rapid with decay constants on
the order of 0.003–0.0082 d−1 for material on the surface (oxic;
Table 1).

For mangrove ecosystems rates of decay of leaf litter was
reviewed by Middleton and McKee (2001) who found a mean
rate of 0.0064 d−1 for 17 studies. Poret et al. (2007) observed a
mean decay rate of roots of∼0.002 d−1, but two-fold lower rates
were observed under anoxic conditions (0.0015 d−1) compared
to rates under oxic conditions (0.0028 d−1). Root decay rates
reported by Poret et al. (2007) are similar to those reviewed in
Middleton and McKee (2001) and Morrisey et al. (2010) which
had a mean decay rate of 0.0035 d−1. No significant difference
was observed for rates of decomposition among fine and coarse
roots (Poret et al., 2007). However, in the study of Middleton
and McKee (2001) fine roots (<2.5mm diameter) decayed more
slowly (0.001 d−1) than coarse roots (>2.5mm diameter, 0.002
d-1) probably reflecting the high levels of aerenchyma in coarse
roots compared to fine roots, which may enhance rates of
decomposition. For mangrove wood, decay was more rapid on
the sediment surface, approximately double compared to wood
buried and therefore under more anoxic conditions (Romero
et al., 2005). Labile components of wood were observed to decay
relatively rapidly, while the slow decay components decayed at
rates of ∼0.0007 d−1, similar to those observed in Australia

TABLE 1 | Initial organic carbon density in different ecosystem

components and the decomposition constants for each component under

oxic and anoxic conditions, see text for rate justifications.

Component Initial carbon stock

Mg C ha−1
Koxicd

−1 Kanoxicd
−1

ECOSYSTEM

Tidal marsh

Aboveground biomass 6.8 0.01 0.005

Belowground biomass 21.6 0.007 0.0032

Sediment Corg 390 0.0005 0.00005

Mangrove

Leaves 20 0.06 0.03

Wood 200 0.0007 0.0004

Coarse roots 80 0.0007 0.0004

Fine roots 20 0.0007 0.0004

Sediment Corg 700 0.0005 0.00005

Seagrass

Aboveground biomass 0.8 0.02 0.01

Belowground biomass 1.8 0.002 0.001

Sediment Corg 140 0.0005 0.00005

Initial standing stock estimates were based on Chmura et al. (2003), Tripathee and Schäfer

(2014), Fourqurean et al. (2012) for seagrasses and Donato et al. (2011) for mangroves.

(Robertson and Daniel, 1989). From these studies we conclude
that decay rates of all plant components would be approximately
half the rate in anoxic conditions compared to oxic conditions
(Table 1).

In an early review of seagrass decomposition rates (Harrison,
1989), the mean reported rate of seagrass leaf decomposition
in situ was 0.02 d−1; and more recent measurements of decay
rates of leaves fall in the same general range [e.g., 0.017 d−1 for
Thalassia testudinum (Fourqurean and Schrlau, 2003), 0.0112–
0.0152 d−1 for Zostera muelleri (Nicastro et al., 2012); and
0.011 d−1 for Thalassia hemprichii Chiu et al., 2013]. Given that
decomposition rates of organic matter are faster when nitrogen
and phosphorus content are higher (Enríquez et al., 1993) and
that belowground plant parts generally have lower nutrient
content than leaves, it is not surprising that decomposition of
belowground parts is much slower than that of leaves (Holmer
and Olsen, 2002; Fourqurean and Schrlau, 2003), but there are
few reports of decay rates of belowground biomass. In Posidonia
oceanica, rhizomes decayed at a rate of 0.0001 d−1 and below-
ground leaf sheaths at a rate of 0.0002 d−1, which was two orders
of magnitude slower than the decomposition of leaves at the same
location (Romero et al., 1992). Similarly, decomposition rates
of T. testudinum rhizomes ranged from 0.0006 d−1 (Kenworthy
and Thayer, 1984) to 0.0032 d−1 (Fourqurean and Schrlau,
2003) which are 1–2 orders of magnitude slower than for
leaf decomposition (0.006–0.045 d−1, Fourqurean and Schrlau,
2003; Morrisey et al., 2010); however the more metabolically-
active roots decomposed faster than rhizomes (0.0065 d−1,
Kenworthy and Thayer, 1984). When there is little difference
in the nutrient content of leaves and belowground components,
as in the small, fast-growing species Halophila decipiens, the
belowground components decompose at rates similar to leaf
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tissue (Josselyn et al., 1986). Thus for this study, we have chosen
to model the decomposition rates of belowground seagrass
tissues as an order of magnitude slower than leaves of seagrass
(Table 1).

The decomposition of refractory sediment organic matter has
been rarely reported. Rybczyk et al. (1998) in saltmarsh reported
rates of 0.0004 d−1 for surface sediment and 0.00011 d−1 for
within the sediment (anoxic). These are higher rates than those
assumed by Kirwan andMudd (2012) for saltmarsh (0.00055 and
0.000027 d−1 for oxic and anoxic conditions, respectively). With
few other data available we chose rates of 0.0005 d−1 under oxic,
surface conditions, and 0.00005 d−1 for anoxic conditions for
sediment organic matter in all three habitats (Table 1), although
it may be an order of magnitude lower (Kirwan and Mudd,
2012).

MATERIALS AND METHODS

We assume that we can allocate the total organic carbon stored
(TCorg) in a coastal ecosystem into a number of component pools
(Corg(i)) (Equation 1):

TCorg =

∑n

i = 1
Corg(i) (1)

Where:
i= type of carbon (leaves, wood, stem, sediment)
For the herbaceous tidal marsh and seagrass ecosystems

we used three component pools: aboveground biomass,
belowground biomass, and sediment organic carbon. For
mangroves we used five components: leaves, aboveground wood,
coarse roots, fine roots, and sediment organic carbon. The size of
the initial pools was estimated from the literature (Table 1). We
also assumed that during disturbance of mangrove forests all the
above ground biomass may be burned or otherwise converted to
CO2 (IPCC, 2006).

For the belowground components and sediment Corg we
assumed that during disturbance some fraction (α) of each
component pool is deposited in two types of environments: either
anoxic or oxic (Equation 2). We represented the fraction of each
component deposited in oxic environments as the parameter α,
with the fraction deposited in anoxic environments as 1- α. An
α of 1 indicates all the component was deposited in the oxic,
fast decomposing pool. An α of close to 0 would occur if Corg

was deposited in an anoxic environment (e.g., intact, anoxic
sediments, or deep in the ocean). In our models we vary α from
0 to 1 in order to assess the rates of decomposition of organic
matter over a range of environmental conditions.

Corg(i) (t) = αCorg(0)e
k1t + (1− α)Corg(0)e

−k2t (2)

Where:
k1 is decomposition rate in oxic environments, k2 is

decomposition in anoxic environments, t is time and α =

fraction of Corg deposited in oxic environments. Decomposition
constants for different components were obtained from the
literature based on our review of decomposition rates, above
(Table 1).

In our model, similar to the IPPC methods (IPCC, 2006) we
assumed that disturbance alters the carbon balance of only the
first meter of sediment. We assessed CO2 emissions for the first 3
years post disturbance and also assess potential emissions over a
40 year time frame, consistent with tier 1 and 2 methods of IPCC
(2006) for organic sediments (IPCC, 2006).

RESULTS

The fraction of the original carbon pool emitted in the first 3
years after disturbance was highly sensitive to α (the proportion
of carbon deposited in an oxic environment). For seagrass and
tidal marsh with α of 1 (all Corg exposed to oxic environments),
about 40% of the original ecosystem carbon was lost in 3 years
(Figure 1), while with an α of 0.5 only approximately 25%
was lost in 3 years. Slightly more of the Corg stocks were lost
from tidal marshes (Figure 1B) compared to seagrass meadows
(Figure 1A), owing to the larger living, labile Corg pools in tidal
marshes. For mangroves (Figure 2) with no biomass burning,
Corg is lost at a slightly faster rate than from tidal marshes or
seagrasses, such that about 30% of the original Corg is emitted
after 3 years with α = 0.5 (Figure 2A). However, if we assume
that the aboveground biomass is burned upon land clearing, with
an α = 1, more than 50% of the original ecosystem carbon is lost
in 3 years (Figure 2B). At α = 0.5, ∼45% of original sediment
Corg is lost in 3 years.

Using α = 0.5 we assessed trajectories of Corg remaining
in the disturbed ecosystems and CO2 emissions over time.
Because of the larger relative contribution of labile, living Corg

stocks in mangrove ecosystems compared to tidal marshes or
seagrass meadows, a smaller fraction of the original Corg stocks
remain in disturbed mangrove ecosystems compared to the other
ecosystems, which displayed a similar patterns in Corg remaining
with time following disturbance (Figure 3). However, the 15-
fold higher Corg in living biomass for an average tidal marsh
compared to an average seagrass bed (Table 1), and the roughly
2x higher average Corg density in the soils underlying tidal
marshes, leads to large differences in the modeled CO2 efflux
from disturbed seagrass meadows and tidal marshes (Figure 4A).
Our model indicates that CO2 emissions from seagrass beds are
reduced from initial values of ∼65 to 30 Mg CO2 ha−1y−1 after
3 years, with further reductions in emissions to 2–3 Mg CO2

ha−1y−1 from 30 to 40 years after disturbance (Figure 4A). For
mangroves where no burning of biomass occurs, emissions are
initially 685 Mg CO2 ha−1y−1 immediately after disturbance,
decreasing to 266 Mg CO2 ha−1y−1 at 3 years and reaching
rates between 10 and 15 Mg CO2 ha−1y−1 for the period
30–40 years after disturbance (Figure 4B). The combustion of
aboveground biomass in mangroves greatly increases initial
emissions, although lower rates are reached at∼10–20 years after
forest loss.

DISCUSSION

Our estimates of potential CO2 emissions from disturbance of
tidal marsh, mangrove forests, and seagrass are within the range
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FIGURE 1 | Fraction of the original organic carbon contained in the biomass and top meter of sediment in a seagrass bed (A) or tidal marsh (B), emitted

as a function of time and α, the fraction deposited in oxic environments. More than 40% of the original organic matter will be remineralized in 3 years if all of the

organic matter is deposited in oxic environments.

of observations of organic matter losses and CO2 emissions
from ecosystems after disturbance. In Table 2 we summarize
literature reporting CO2 emissions after disturbances based on
observations of stock change and also, in mangroves, measures
of gas fluxes. To facilitate comparison across studies of differing
durations we have expressed CO2 emissions as a mean annual
value and as a proportion of the loss of the C stock from the top
1m of sediment per year over the duration of the study. For tidal
marshes annual rates of CO2 emissions varied between 0.7 and
54 Mg CO2 ha−1 y−1 and were between 0.8 and 8% y−1 of the C
stock to 1 m, with a higher rate observed in the shorter duration
experiment of Macreadie et al. (2013). Our model, with α = 0.5
gave an average emission over 30 years of 10.1 Mg CO2 ha−1 y−1

or 4.3% per year of the original stock, similar to estimates of CO2

emissions from Macreadie et al. (2013) who assessed changes in
sediment carbon in surface layers of the sediment. CO2 emissions
were on the low end of the range of CO2 emissions estimated
from (Coverdale et al., 2014) for marsh edge erosion which we
would expect to have an α close to 1. CO2 emissions estimated
from stock change reported in Bu et al. (2015) where marsh
sediments were covered with fill (reclaimed), and which would
be expected to be anoxic, were similar to the model values where
α would approach zero.

For mangroves, our model at α = 0.5 gave mean CO2

emissions over 30 years that were on the low end (27.2 Mg
CO2 ha−1 y−1 or 5.4% per year of the original stock) of the
observed range reported in the literature (16–106 Mg CO2

ha−1 y−1, Table 2). Although, high rates of CO2 emissions are
expected when sediments are exposed to more oxic conditions
as occurs with the construction of aquaculture ponds (Kauffman
et al., 2014), forest mortality without sediment disturbance gave
equivalently high estimates of CO2 emissions (e.g., Cahoon
et al., 2003; Sidik and Lovelock, 2013; Lang’at et al., 2014)
that often exceeded the model estimates even at α = 1. High
rates of CO2 emissions in converted mangrove ecosystems may
reflect the importance of additional factors that stimulate carbon
remineralization under disturbed conditions (e.g., Bianchi, 2011,
discussed below).

The loss of seagrass vegetation was observed to have resulted
in emissions of 2.41 Mg CO2 ha−1 y−1 (0.67%y−1) within 38
years in south West Australia (Marbà et al., 2015). However,
in an experimental study where small patches of seagrass were
removed no losses in sedimentary C were observed (Macreadie
et al., 2014). Our model predicted rates of CO2 emissions at α of
0–0.5 from seagrass that were broadly similar to those reported
in the literature (i.e., 2–4 Mg CO2 ha−1 y−1, 2–4% y−1). Low
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FIGURE 2 | (A) Fraction of the original organic carbon contained in the biomass and top meter of sediment in a mangrove forest emitted as a function of time and α,

the fraction deposited in oxic environments. More than 40% of the original organic matter will be mineralized in 3 years if all of the organic matter is deposited in oxic

environments. (B) The fraction of the original organic carbon emitted if all aboveground biomass is burned upon land clearing of mangroves.

levels of estimated CO2 emissions suggest that seagrass Corg may
be less vulnerable to oxidation after disturbance than Corg within
mangrove and tidal marsh ecosystems, as may be expected from
their often lower stocks, their relative position in the intertidal
zone and lower levels of exposure to air.

In our model CO2 emissions are highly sensitive to the
parameter α (Figure 1), which specified the proportion of the
carbon pool that is exposed to oxic conditions. In coastal
wetlands the proportion of organic matter that is deposited in
oxic environments is likely to vary with the type and extent
of sediment disturbance and the habitat type. For example,
drainage of peat deposits results in exposure of sediment
organic matter to concentrations of oxygen sufficient to stimulate
rapid decomposition (Couwenberg et al., 2010). The clearing
of mangroves (without excavation) results in CO2 emissions
from sediments probably due to changes in both the structure
of sediments and microbial processes as roots die and redox
conditions and nutrient availability changes (Lovelock et al.,
2011; Lang’at et al., 2014). Excavation of mangrove and tidal
marsh sediments to construct ponds for aquaculturemay result in
high initial emissions as a larger portion of the sediment carbon
may be exposed to air (Kauffman et al., 2014). Additionally, the
final fate of the excavated sediment can also vary giving rise

to heterogeneous CO2 emissions (e.g., CO2 emissions from the
walls of shrimp ponds were higher than those of pond floors,
Sidik and Lovelock, 2013).

Temperature has a well-documented influence on
decomposition rates of labile organic matter and release of
CO2 to the atmosphere (Davidson and Janssens, 2006) and
recent work in the temperate mangrove forests of New Zealand
has measured an order-of-magnitude slower decomposition rate
of mangrove leaves and roots than from some tropical locations,
suggesting that climate can play a large role in determining the
release of CO2 from disturbed mangrove forests (Morrisey et al.,
2010; Gladstone-Gallagher et al., 2013). Similarly, decomposition
rates and net C fluxes in seagrasses (e.g., Pedersen et al., 2011)
and saltmarshes (e.g., Kirwan and Blum, 2011) are sensitive to
temperature. Taken together, these observations suggest that
temperature variation over latitude as well as future climate
change could have a large effect on the rate of CO2 released from
the labile carbon fraction of Blue Carbon ecosystems, disturbed
or not. However, sensitivity of decomposition to variation in
temperature may be mediated by other factors. For example,
Philben et al. (2014, 2015) reported that peat formed at equatorial
latitudes during the Holocene Climatic Optimum did not appear
to be any more decomposed than peat formed at higher, cooler
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latitudes, or during subsequent cooler periods in more recent
sections of the peat cores. They suggested that decomposition in
peatlands was regulated primarily by oxygen-exposure time, and
not by temperature.

In all three ecosystems, loss of vegetation and disturbance of
sediments could lead to increases in particulate organic matter
and dissolved organic matter within tidal waters which may
influence CO2 emissions. Enhanced rates of C mineralization
could occur due to increases the surface area of organic matter
particles and thus exposure to physical (e.g., temperature, UV
radiation) and biological (e.g., bacterial) agents of decomposition
(Hargrave, 1972). If sediments are rich in calcium carbonate,
as some seagrass sediments are (Mazarrasa et al., 2015), and
calcium carbonate undergoes dissolution in the water column,
then emissions may be lower since the dissolution of calcium
carbonate consumes CO2 and produces bicarbonate, raising
the alkalinity. Additionally, the binding of organic matter to

FIGURE 3 | Model output of the fraction of the original organic carbon

remaining in Blue Carbon ecosystems in the 40 years following

disturbance, assuming that half of the organic carbon gets deposited

in an oxic environment following disturbance (i.e., α = 0.5). Seagrasses

in blue, tidal marshes in orange, mangroves where all above-ground biomass

was burned (red) or the aboveground biomass was left to decompose in situ

(green).

the mineral fraction within sediments may also influence the
probability of CO2 emissions (Miyajima et al., 2017).

We assumed in our model that mineralized sediment carbon
is eventually emitted to the atmosphere, but this may not be
the fate of all carbon that is eroded from disturbed wetlands
and suspended in tidal waters. While a wide range of evidence
suggests that a high proportion of the organic carbon that
enters the marine environment is remineralized and that high
concentration of CO2 in coastal waters, and associated degassing,
is due to rapid mineralization of C derived from coastal plant
communities, some proportion of this sediment carbon may be
transported to deep water, offshore environments, and thus may
be returned to anoxic conditions (Baldock et al., 2004; Cai, 2011;
Blair and Aller, 2012; Miyajima et al., 2017). Additionally, re-
fixation of CO2 by other primary producers (e.g., phytoplankton,
macroalgae), which may depend on the level of nutrients and
light available to support production, are also likely to be
important factors determining CO2 emissions (Maher and Eyre,
2012). There are still many uncertainties as to the fate of
carbon lost from disturbed wetland sediments, but evidence
from the studies of terrestrial organic matter delivered to the
marine environment suggest the majority of organic carbon is
mineralized and emitted to the atmosphere with some proportion
(25–50%) being buried in ocean sediments (Baldock et al., 2004;
Cai, 2011; Blair and Aller, 2012). There are significant gaps in
our knowledge of the processes that occur after disturbance of
sediments and how wetland sediment carbon is distributed and
decomposed over time in the marine environment. Increasing
knowledge of these processes would help to constrain estimates
of α and allow improved estimates of CO2 emissions from
disturbing coastal wetlands.

The quality of organic matter is important to determining
rates of decomposition. Fresh material (biomass) is rapidly
decomposed (within days to weeks) leaving more recalcitrant
compounds that decompose more slowly (Table 1; e.g.,
Zonneveld et al., 2010). Much of the sediment organic matter
liberated during disturbance of wetlands is ancient and may
be composed of mainly recalcitrant material. For example, C

FIGURE 4 | (A) Modeled CO2 emission rates from disturbed seagrass beds (blue) and tidal marshes (orange), with the assumption that half of the organic carbon was

deposited in oxic environments (i.e., α = 0.5). (B) Modeled CO2 emission rates from disturbed mangroves where all above-ground biomass was burned (red) or the

aboveground biomass was left to decompose in situ (green). The model was run with half of the sediment organic carbon deposited in an oxic environment

(i.e., α = 0.5). Note the change of scale of the Y axis to accommodate very high initial CO2 emissions associated with burning of above-ground mangrove biomass.
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TABLE 2 | CO2 emissions from degraded coastal wetlands reported from the literature compared to modeled results.

Disturbance Method for estimating

CO2 emission

Time elapsed since

disturbance (years)

CO2 eq emission

Mg ha-1 year-1

k year−1(d−1) References

TIDAL MARSH

Reclamation Change in stock of soil

organic matter (top 1 m)

9 0.73 0.022 (0.000059) Bu et al., 2015

Dieback due to wrack

accumulation

Change in stock of soil

organic matter after 1 year

I 4.4 0.093 (0.00026) Macreadie et al., 2013

Bioturbation and erosion of

banks

Loss of soil volume

(horizontal)

30 13–54 NA Coverdale et al., 2014

Model α = 1.0 30 13.9 0.184 (0.0005) This study

Model α = 0.5 30 10.1 0.043 (0.0001) This study

Model α = 0.0 30 6.4 0.021 (0.00006) This study

MANGROVE

Tree mortality Change in soil volume and

gas flux

2 25.3–35.6 0.075 (0.00025) Lang’at et al., 2014

Conversion to aquaculture Change in soil organic matter 29 82 0.063 (0.00017) Kauffman et al., 2014

Conversion to aquaculture Gas flux chambers (pond

floors, anoxic)

25 16 NA Sidik and Lovelock, 2013

Conversion to aquaculture Gas flux chambers (pond

walls, oxic)

25 44 NA Sidik and Lovelock, 2013

Clearing Gas flux chambers 1 106 NA Lovelock et al., 2011

Clearing Gas flux chambers 20 30 NA

Clearing Gas flux chambers 0.1-8 21.4 NA Bulmer et al., 2015

Hurricane damage Change in soil volume 2 18.7 0.011 (0.00003) Cahoon et al., 2003

Model α = 1.0 30 33.9 0.193 (0.0005) This study

Model α = 0.5 30 27.2 0.054 (0.0001) This study

Model α = 0.0 30 20.4 0.030 (0.00008) This study

SEAGRASS

Loss due to declining water

quality

Change in soil organic matter

(top 15 cm)

38 2.41 0.022 (0.00006) Marbà et al., 2015

Experimental clearing Change in soil organic matter

(top 5 cm)

2 0 0 Macreadie et al., 2014

Seismic testing Change in soil organic matter

(top 50 cm)

50 1.9 0.026 (0.00007) Macreadie et al., 2015

Loss due to erosion by

boat moorings

Change in soil organic matter

(top 30 cm)

80 4.4–8.8 0.017 (0.00005) Serrano et al., 2016

Model α = 1.0 30 4.72 0.183 (0.0005) This study

Model α = 0.5 30 3.39 0.042 (0.0001) This study

Model α = 0.0 30 2.05 0.018 (0.00005) This study

We estimated a mean annual CO2 emission as the total stock lost divided by the time since disturbance. An effective decomposition constant k was calculated as the [ln (initial carbon

stock) – ln(final stock)]/time for the top 1m of the sediment for both the literature observations and the model runs.

deposits beneath saltmarsh in Rhode Island are 2,000 years old
(Donnolly and Bertness, 2001), those in Belizean mangroves
up to 10,000 year old (McKee et al., 2007), and seagrass
deposits in the Mediterranean up to 3,000 years old (Mateo
et al., 1997). However, experiment evidence suggests that even
though C stored in these sediments is old it may remain highly
reactive when oxidized (Moodley et al., 2005). Thus, our use
of decomposition constants for more recalcitrant carbon pools
(Table 1) may underestimate rates of CO2 emissions after
disturbance of wetland sediments comprised of old organic
matter. Varying carbon concentrations of organic matter may
also influence rates of decomposition (Enríquez et al., 1993;
Romero et al., 2005) and give rise to varying potential levels of

CO2 emissions after disturbance. In our model we have used
mean global carbon concentration for each ecosystem, but
ecosystems with high sediment carbon concentrations (e.g.,
Posidonia in the Mediterranean) may have higher rates of CO2

emissions after disturbance than those with mineral sediments
(e.g., Halophila in the Pacific Ocean).

Our modeling approach may also under-estimate the rate
of organic matter oxidation because we have assumed constant
oxic conditions once sediment organic matter is disturbed.
However, there is experimental evidence that oxic/anoxic
transitions in muddy sediments that arise due to tidal flows
may increase rates of organic matter decomposition (Abril
et al., 2010). Additionally, decomposition is enhanced when
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higher plant material is combined with other more labile
marine organic material (e.g., diatoms, Dai et al., 2009).
Enhanced decomposition of organic matter after disturbance
is possible where additional microbial pathways have been
“primed” by altered conditions (Bianchi, 2011). The “priming”
of sediment carbon decomposition pathways in the marine
environment has been proposed to explain the low levels of
terrestrial carbon found inmarine sedimentary deposits (Bianchi,
2011). The importance of “priming” has yet to be assessed
in the decomposition of coastal wetland sediment carbon
in marine environments, but could increase organic matter
decomposition and thus CO2 emissions in nutrient-enriched
marine environments (where marine production is high). An
enhanced understanding of factors that can prime decomposition
of coastal wetland sediment organic carbon would also increase
confidence in the decomposition rates used in our model and
thus confidence in the CO2 emissions estimated for coastal
wetland transitions.

CONCLUSIONS

Based on known decomposition rates of organic matter and
a simple model we find that emissions of CO2 following
disturbance of blue carbon ecosystems has the potential to be
a large and valuable, particularly if biomass is burned (for
mangroves) and if sediment organic matter is eroded and
deposited in oxic environments. Our model for α = 0.5 in
conjunction with documented blue carbon ecosystem loss rates

over the last 20 years (McLeod et al., 2011) gives a potential
global C emission of between 0.1 and 1.46 Pg C year−1, which is
approximately four-fold higher than that estimated by Pendleton
et al. (2012, 0.04–0.28 Pg C year−1), but similar to the shifts in
the C balance documented for temperate peat lands (Armentano
and Menges, 1986). CO2 emissions may be lower than estimated
if organic matter is maintained in anoxic conditions (α ∼ 0),
if dissolution of carbonates occurs (as may occur in some
seagrass sediments) or biological CO2 fixation occurs, and if
organic matter is transported off-shore and reburied in anoxic
environments, but if these processes are relatively limited, then
CO2 emissions due to coastal wetland losses are a significant
proportion of CO2 emissions associated with land-use change.
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