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Mangrove forests, seagrass meadows and tidal saltmarshes are vegetated coastal
ecosystems that accumulate and store large quantities of carbon in their sediments.
Many recent studies and reviews have favorably identified the potential for such
coastal “blue carbon” ecosystems to provide a natural climate solution in two ways:
by conservation, reducing the greenhouse gas emissions arising from the loss and
degradation of such habitats, and by restoration, to increase carbon dioxide drawdown
and its long-term storage. The focus here is on the latter, assessing the feasibility
of achieving quantified and secure carbon removal (negative emissions) through the
restoration of coastal vegetation. Seven issues that affect the reliability of carbon
accounting for this approach are considered: high variability in carbon burial rates; errors
in determining carbon burial rates; lateral carbon transport; fluxes of methane and nitrous
oxide; carbonate formation and dissolution; vulnerability to future climate change; and
vulnerability to non-climatic factors. Information on restoration costs is also reviewed,
with the conclusion that costs are highly uncertain, with lower-range estimates unrealistic
for wider application. CO» removal using coastal blue carbon restoration therefore has
questionable cost-effectiveness when considered only as a climate mitigation action,
either for carbon-offsetting or for inclusion in Nationally Determined Contributions. Many
important issues relating to the measurement of carbon fluxes and storage have yet to be
resolved, affecting certification and resulting in potential over-crediting. The restoration
of coastal blue carbon ecosystems is nevertheless highly advantageous for climate
adaptation, coastal protection, food provision and biodiversity conservation. Such action
can therefore be societally justified in very many circumstances, based on the multiple
benefits that such habitats provide at the local scale.

Keywords: negative emissions, carbon dioxide removal, blue carbon, mangroves, saltmarsh, seagrass,
restoration, carbon offset
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INTRODUCTION

The overall desirability of large-scale protection and restoration
of coastal vegetated coastal ecosystems (primarily mangrove
forests, saltmarshes, and seagrass meadows) and their carbon-
rich sediments is now well-accepted. Although their global role
in carbon storage has only relatively recently been identified
(Duarte et al., 2005; Laffoley and Grimsditch, 2009; Nellemann
et al., 2009), such “blue carbon” ecosystems have subsequently
attracted considerable scientific attention, with >1,000 papers
on their biogeochemical and socio-economic importance (2009-
2021; Web of Science, with “blue carbon” as search term).
The many services provided by coastal blue carbon ecosystems
(hereafter CBCEs) include contributions to climate mitigation
and adaptation (McLeod et al., 2011; Alongi, 2018; Bindoff et al.,
2019; Windham-Myers et al., 2019), thereby providing a nature-
based solution that could contribute to the Paris Agreement and
the Glasgow Climate Pact (UNFCCC, 2015, 2021). The potential
of those contributions is considered sufficiently large to justify the
substantive use of CBCE:s in climate policy by many studies and
reviews (e.g., Herr and Landis, 2016; Crooks et al., 2018; Hoegh-
Guldberg et al., 2019; Seddon et al., 2020; UNESCO, 2020; Hilmi
et al., 2021; Macreadie et al., 2021; UNEP and IUCN, 2021), with
the associated concepts of blue carbon farming (Duarte de Paula
Costa et al., 2022) and blue carbon markets (Claes et al., 2022).
The further development of such approaches has been prioritized
for US research on CO, removal (NASEM, 2019).

Until recently, coastal vegetation management has not
been separately considered as a mitigation lever in IPCC
climate assessments, being subsumed within afforestation and
reforestation in Integrated Assessment Models (IPCC, 2018).
It has also been omitted from several comparative assessments
of negative emissions (e.g., Minx et al., 2018; GESAMP, 2019),
or grouped with freshwater wetland and peatland restoration
(McLaren, 2012; Royal Society Royal Academy of Engineering,
2018), or considered as a soil or land-based mitigation technique
(Bossio et al., 2020; Roe et al., 2021). The IPCC AR6 cycle
does, however, specifically discuss CBCEs in all three Working
Group reports, with WG II coverage emphasizing their co-
benefits (Parmesan et al., 2022) and vulnerability to climate
change and direct anthropogenic impacts (Cooley et al., 2022).
The AR6 WG III report considers “blue carbon management in
coastal wetlands” and “peatland and coastal wetland restoration”
as separate approaches in a NET summary table, assessing their
status and role in mitigation pathways. However, costs (USD
tCO;, ! removed) are not given in the table for these approaches,
due to “insufficient data” (Babiker et al., 2022). In other syntheses,
the restoration of coastal vegetation has been considered to have
low effectiveness in reducing global warming and its impacts,
providing a “low regret” or “no regrets” mitigation action
(Gattuso et al., 2018, 2021; Bindoff et al., 2019).

To resolve the varying opinions on the usefulness of CBCEs
in meeting climate policy goals, there is recognized need
for “robust scientific evidence along with accountability of
the contribution [of blue carbon options] to greenhouse gas
mitigation, including meeting the requirements of additionality
and permanence of this benefit” (Macreadie et al, 2021).

Here we review the issues (primarily biogeochemical) affecting
the reliability of carbon accounting for CBCE restoration,
considered broadly, and the implications of these constraints,
uncertainties and risks in determining climatic benefits—and
hence the cost-effectiveness of this approach for CO; removal,
acknowledging that there are many non-climatic benefits. The
scope for emission avoidance, by protection of coastal blue
carbon stores, is not assessed (notwithstanding its importance),
nor is any evaluation made of the considerable benefits that
CBCE restoration can undoubtedly provide through improved
climate adaptation (e.g., coastal protection) and through other
ecosystem services (e.g., fisheries and biodiversity conservation).
Comprehensive valuation estimates for the very many ecosystem
services provided by CBCEs are given elsewhere (e.g., Vegh et al.,
2019; Laffoley, 2020), with the wider socio-economic challenges
associated with CBCE restoration reviewed by Thomas (2014),
Abelson et al. (2020), and Macreadie et al. (2022).

Long-term carbon accumulation and storage primarily occurs
in the sediment of CBCEs, rather than their above-ground
biomass (that, once established, is not expected to significantly
increase). CBCE restoration can involve actions of three kinds,
each potentially providing negative emissions through increased
carbon burial fluxes and storage. First, by resource management
to improve local environmental conditions and promote natural
functioning. For example, by restoring natural hydrodynamics
to increase freshwater flows, tidal exchanges and sediment
supply; by reducing pollution, particularly by nutrients; and by
reinstating natural predatory control of bioturbators (Kroeger
et al, 2017; Macreadie et al., 2017a). Second, by re-establishing
such habitats where they had previously been lost as a result
of land-use change or other coastal developments. This action
involves planting seagrass or mangrove seedlings in subtidal or
intertidal sediments; many such initiatives have already been
carried out (van Katwijk et al., 2016; Lopez-Portillo et al., 2017).
Third, by the creation of entirely new habitats, such as purposeful
coastal flooding to stimulate saltmarsh formation (Adam, 2019).
This is not strictly a “restoration” process, but has been widely
considered as such in terms of policy action.

In all cases, it is the combination of sustained photosynthesis
and long term carbon storage that provides the climatic benefits
of CBCE restoration. The aerial vegetation of mangroves
and saltmarshes removes CO, directly from the atmosphere;
for continually-submerged seagrasses, the mitigation effect is
indirect, mediated through seawater CO; uptake (subsequently
affecting air-sea CO, fluxes).

ACCOUNTING ISSUES

For CBCE restoration to provide net carbon removal (negative
emissions) that are valid contributions to national climate
strategies (Herr and Landis, 2016; Hilmi et al., 2021) and/or used
for carbon trading purposes (Ullman et al.,, 2013; Vanderklift
et al,, 2019), it is necessary for there to be additional carbon
uptake and storage by such systems that is the unequivocal
consequence of management action. It is also necessary for the
expected magnitude of that climatic benefit to be forecast with
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reasonable confidence (preferably & 10%), and for those benefits
to be verifiable. Thus the projected extra CO, removal from the
atmosphere has to be initially estimated, together with any other
associated climatic effects (e.g., changes in fluxes of non-CO,
greenhouse gases), and then reliably determined according to
internationally-agreed standards (IPCC, 2014; Needelman et al.,
2019; Eger et al., 2022). Furthermore, the additional carbon
sequestered should be securely stored, and therefore monitored,
for many decades, preferably “permanently” (CEC, 2014; Brander
etal,, 2021). From a climatic perspective, permanence is generally
considered as >100 years (Fearnside, 2002). Whilst shorter
storage may help meet near-term policy targets (Ruseva et al.,
2020), it does not contribute to the UNFCCC goal of long-term
climate stabilization and may actually be counter-productive
(Kirschbaum, 2006).

These requirements are extremely challenging for CBCE
restoration. To provide confidence that they are achievable,
a Verified Carbon Standard (VCS) for Tidal Wetlands and
Seagrass Restoration has been developed (Needelman et al., 2018;
Verra, 2021), primarily in a US context. The VCS methodology
is complex and technically demanding, with >30 parameters
involved. To facilitate its operational application, a range of
alternative sources can be used to obtain many of the basic
datasets: proxies, published values, default factors, models, field
measurements and historical (chrono-sequenced) data (Verra,
2021). These alternative data sources have different qualities
and involve different assumptions; as a result, the intended
standardization would seem compromised. The most reliable
estimates for carbon removal are those directly derived from
in situ measurements, ideally including comprehensive baseline
data collected up to 4 years before the start of restoration (Verra,
2021). It may then take a further 10-20 years after the start of
the restoration project before its carbon burial rates match those
of adjacent mature ecosystems (Carnell et al., 2022), and the
magnitude of sustained removal of additional carbon can then
be determined.

The main unresolved uncertainties and risks that jeopardize
the reliability of carbon accounting (and hence the associated
climatic benefits of CBCE restoration) are discussed below.
Although these issues are presented separately, there are many
potential interactions between them. For example, much of the
variability in reported carbon burial rates seems likely to be a
consequence of the variability in sedimentation rates and the
relative importance of bioturbation effects and of microbial
decomposition. Similarly, the rate at which recalcitrant carbon
increases in deeper sediments is a function of the composition
(and decomposition) of recently-deposited organic carbon.

High Variability in Carbon Burial Rates

Multiple biological, chemical and physical factors strongly
influence CBCE carbon burial rates through their interacting
effects on primary production, sedimentation, decomposition
and preservation (McLeod et al.,, 2011; Macreadie et al., 2019;
NASEM, 2019). As a result, there is very high variability in site-
specific estimates of natural carbon burial rates: for saltmarshes,
there is a 600-fold range between lowest and highest reported
burial rates (7.7-4,693mg C m~2 day~!); for seagrasses, the

BOX 1 | Low confidence in blue carbon confidence limits?

The literature review by MclLeod et al. (2011) calculated global mean carbon
burial rates and their standard errors to be 226 4+ 39 gC m=2 yr~' for
mangroves, 218 + 24 gC m=2 yr~' for saltmarshes and 138 + 38 for
seagrasses, based on 34, 96 and 123 sites respectively. This study has been
highly influential (~2,400 citations) and was used by Griscom et al. (2017)
for their coastal wetland synthesis, including associated confidence limits.
Breithaupt’s et al. (2012) used a closely similar primary dataset for mangrove
carbon burial, and found a closely similar arithmetic mean: 231 gCm=2 yr—'.
However, their uncertainty (standard error) estimate was considerably higher,
at £+ 209, as a result of high skewness (a long right tail of extreme values)
in the dataset; i.e., a non-normal distribution. When recalculated from log-
transformed values, Breithaupt et al.’s geometric mean for carbon burial was
~30% lower, at 163 gC m~2 yr—', with 95% confidence range of 131-203
gCm=2yr ',

The frequency distribution of Breithaupt’s et al. (2012) dataset and its basic
statistics are shown in Figure 1. Whilst we are unaware of equivalent
statistical analyses for saltmarsh and seagrass data, or of more up-to-
date compilations for mangroves, the problem of non-normal distributions
in carbon burial rates was recognized relatively early (Duarte et al., 2005)
and seems deep-seated, strongly favoring the use of geometric means
or medians to determine the central tendency. This data skewness may
genuinely reflect the global reality; however, the occurrence of “anomalous”
high values could also arise from unrepresentative geographical sampling
(Breithaupt’s et al., 2012), and/or from methodological errors, potentially of
more than an order of magnitude (Johannessen and Macdonald, 2016).
Such issues contribute to the high variability, and possible overestimation, of
the global mitigation potential of CBCE restoration (see Table 1), frequently
calculated using the arithmetic mean values of Mcleod et al. (2011).

A

0 250 500 750 1000

Frequency

0 250 500 750 1000
Organic carbon burial rate (g C m™ yr™")

FIGURE 1 | (A) Box-and-whisker plot of 65 reported estimates of the
burial rates of organic carbon in mangroves compiled by Breithaupt’s
et al. (2012). The box represents the middle 50% of the data,
between the 1st and 3rd quartiles. The median, represented by the
vertical line across the box, is the middle value of the data set; half the
values are greater than the median and half are less. The whiskers
represent the “minimum” and “maximum” values, based on the
inter-quartile range and excluding reported data considered as
outliers. The red triangle and square represent the arithmetic and
geometric means respectively, for all the data. (B) Histogram of the
frequency distribution summarized in (A).

range between lowest and highest is 76-fold (6.9-521 mg C m~2
day~!), and for mangroves, 19-fold (155-2,940 mg C m~2day!)
(Rosentreter et al., 2021, updated to include Hatje et al., 2021).
Ranges rather than means and their confidence limits are given
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TABLE 1 | Global mitigation potential estimates for CBCE restoration (excluding emission reductions through conservation).

Source Annual mitigation potential Percent annual mitigation potential Cumulative mitigation potential
(Gt CO, yr") (compared to 2020 emissions) (2025-2100)
(Gt CO,)
Griscom et al. (2017):
“Cost effective” 0.202 0.6% 15.2*
“Maximum potential” 0.841 2.4% 63.1*
Gattuso et al. (2018) 1.27* 3.9% 95.4
NASEM (2019): “safe” 0.13 0.4% 9.8*
Hoegh-Guldberg et al. (2019):
Rate by 2030 0.064-0.11 0.02-0.3% 13.6-22.6™*
Rate by 2050 0.20-0.33 0.6-0.9%
Macreadie et al. (2021): 0.621-1.064 ~3% (abstract) 46.6-79.8*
Annual mitigation range based on 95% 2.3-2.5% (text)
confidence limits from Griscom et al. (2017)’s 1.8-3.1%
“maximum potential” estimates
UNEP and IUCN (2021) 1.22-2.14* 3.8-6.6% 91.7-160.3

The percent annual mitigation potential is scaled to 2020 emissions of CO, (34.8 Gt yr-1; Friedlingstein et al., 2022), and is assumed to be achievable by 2025. Also note that: 2020 CO»
emissions were temporarily decreased by ~5% as a result of Covid-19, and annual mitigation potential could take up to a decade to achieve, by which time current annual emissions
ought to be greatly reduced through UNFCCC goals and national commitments. Conversion factor: C/CO, mass ratio of 0.27 (12/44).

“Yearly mitigation potential assumed to be constant between 2025 and 2100.
“Cumulative potential has been equally distributed across 75 years.

“"Based on 10 years at 2030 rate and 65 years at 2050 rate, for lowest and highest values of the range.
Values in bold are reported figures, others are derived estimates. Estimates that are derived from, or closely similar to, the sources provided here (e.g., those in IPCC reports: Bindoff

et al., 2019, Babiker et al., 2022) are not included.

here because of unresolved statistical problems relating to data
distributions; see Box 1.

Much effort is currently being made to account for this
high variability in carbon burial through process-based research
and multi-factorial modeling (e.g., Morris and Callaway, 2019;
Kim et al., 2022), with increasing focus on rates and time-
scales rather than standing stocks—as discussed in greater detail
below. However, comprehensive understanding of its causality
has yet to be achieved, and progress on this front is likely to
require the collection of much more site-specific environmental
data, with significant cost implications for CBCE restoration
projects. Until then, mean or median values derived from the
global literature provide a highly uncertain default estimate
for the projected outcome of any new restoration initiative.
Whilst national or regional data would seem inherently more
acceptable (by limiting the influence of large-scale environmental
and biogeographic factors), local variability in carbon burial rates
can also be very high. For example, Hatje et al. (2021) found that
the variability in measured burial rates for six intertidal transects
of mangrove forest in a single Brazilian estuary was as great as the
global range.

Errors in Determining Carbon Burial Rates

Most estimates of carbon burial rates in CBCEs to date have
been indirect, based on the sediment carbon inventory (soil
carbon stock) in near-surface layers, typically the top 1m,
rather than using direct flux measurements. However, inventory-
based approaches can result in order-of-magnitude errors in
carbon burial rates (Johannessen and Macdonald, 2016), unless
there is also reliable information on sediment accumulation
rates, derived directly or using isotopic tracers (Arias-Ortiz

et al., 2018a; Callaway, 2019; Jennerjahn, 2020). Such accretion
rates may have changed markedly in recent decades due to
anthropogenic and climatic influences on local water flows
and sediment delivery (Ladd et al,, 2019). In estuaries, these
parameters will be strongly influenced by upstream land-use and
water quality changes at catchment-wide scale. Since restoration
projects are almost always located at sites that have been subject
to substantive anthropogenic disturbance, interpretation of their
sediment core data (and also from nearby “control” sites)
requires particular care.

Bioturbation (sediment mixing by burrowing fauna) can
significantly compromise tracer-based measurement of sediment
accumulation, and hence carbon burial rates, resulting in the
linked over-estimation of these parameters (Silverberg et al,
1986). Microbial decomposition of organic carbon can also
continue, albeit slowly, in more recently-deposited sediment
layers. In seagrass sediments, both these processes can occur
to ~40cm depth. If not measured or otherwise allowed for
(Gardner et al., 1987), each effect can result in an over-estimation
of carbon burial rates by 50-100% (Johannessen and Macdonald,
2016).

When restoration is carried out, initial measurements of
organic carbon in sediment profiles will primarily provide
information on carbon deposition, rather than long-term
carbon burial. This effect is similar to the achievement
of steady state conditions for above-ground biomass;
both processes may take several years, if not decades, to
(re-)establish the sustained carbon dynamics of the mature
system. The time-dependence of such processes should,
ideally, be determined on a site-specific basis (Carnell et al.,
2022).
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Lateral Carbon Transport

For CBCE-based climate mitigation, it is necessary to know
the source of the carbon buried in coastal sediments, with
subsequent exclusion of most, if not all, of the allochthonous
(non-local) carbon originating from terrestrial or atmospheric
sources, or other marine ecosystems. That is because the CBCE
did not remove allochthonous carbon from the atmosphere
(neither directly nor indirectly), and its long-term storage may
have occurred anyway. The contributions of different organic
materials to long-term carbon burial in a CBCE restoration
site can be estimated by identifying their taxonomic origins
using “fingerprinting” techniques (Geraldi et al., 2019), thereby
determining the proportion of the total that can be ascribed
to the restoration action. The criteria for inclusion can be
wider than just material arising from the dominant, habitat-
structuring species; for example, benthic microalgae can be
considered as part of a mangrove ecosystem, and therefore their
contribution to carbon storage is autochthonous rather than
allochthonous. Even for non-local carbon, full exclusion may
not be necessary if it can be shown that its decomposition has
been significantly slowed or prevented by the anoxic conditions
of CBCE sediments. However, this factor introduces additional
site-specific uncertainties that cannot easily be resolved.

The proportion of carbon buried in CBCE sediments that is
allochthonous is highly variable. For mangroves, allochthonous
carbon has been estimated as 24-55% of the total for a range of
mangrove sites in Vietnam (Hieu et al., 2017), 3-73% in China
(Xiong et al.,, 2018), and 59-79% in Ecuador (Suello et al., 2022).
For seagrasses, the allochthonous contribution to carbon burial
can be as high as 70-90% in Australian estuaries (Ricart et al.,
2020). For saltmarshes, allochthonous sources may also dominate
(Saintilan et al., 2013; Van de Broek et al., 2018), although again
with high variability. For example, the relatively low proportions
of 12 and 39% were estimated for two saltmarsh sites in Germany
(Mueller et al., 2019), and of 11-27% in undisturbed and 58-68%
in restored US saltmarsh sites (Drexler et al., 2020).

Recalcitrant black carbon, including soot from burning
biomass or fossil fuels, can be an important component of
allochthonous carbon, comprising 9-25% of total carbon burial
in a range of deltaic CBCEs in China (Li et al., 2021) and up
to 43% in sandy seagrass environments in Australia (Chew and
Gallagher, 2018).

Most of the above values are depth-averaged, including
near-surface layers. Such measurements are, however, likely
to underestimate the contribution of allochthonous carbon to
long-term carbon storage (and hence further overestimate the
climatic effectiveness of CBCE restoration). That is because the
locally-derived organic carbon can be expected to be fresher
and more labile, decomposing more rapidly than material from
elsewhere, likely to be mostly land-derived (at least in estuaries)
and either recalcitrant or already partly re-mineralized (Van de
Broek et al., 2018). Thus a typical 50:50 ratio of allochthonous
to autochthonous carbon in near-surface saltmarsh deposits
may change to a 80:20 ratio for more deeply-buried buried
carbon (Leorri et al, 2018; Van de Broek et al, 2018).
Similar effects can be expected for mangrove and seagrass
sediments, but have not to our knowledge been investigated.

The rate at which allochthonous carbon proportionally increases
with sediment depth can be expected to vary between sites,
since it will affected by site-specific sedimentation rates and
bioturbation processes.

A counteracting consequence of lateral carbon transport (that
would result in an underestimation of climatic benefits) is that
there is also likely to be significant carbon export from CBCEs,
a proportion of which may be subject to long-term storage,
either as dissolved inorganic or organic carbon in deep ocean
water, or as particulates that are buried in other depositional
systems. The scale of these export processes may be as great as,
or exceed, direct carbon burial (Maher et al., 2018; Santos et al.,
2019, 2021). However, export cannot be directly equated with
long-term sequestration, and the decomposition rates and fate
(on decadal time-scales) of carbon transported from the coast to
very large areas of the open ocean is poorly constrained, spatially
heterogeneous and difficult to quantify (Legge et al., 2020).
Furthermore, it is relevant to note that the initial identification
of the importance of CBCE:s in the global carbon cycle was based
on the estimate that around 50% of carbon burial in the global
ocean occurred in their sediments (Duarte et al., 2005).

Cost considerations mean that it is very unlikely that the
scale of the potential benefits arising from carbon export and
subsequent long-term sequestration from restored CBCEs could
be reliably determined through their routine monitoring.

Fluxes of Methane and Nitrous Oxide

The anaerobic conditions in CBCE sediments that are responsible
for long-term carbon storage also favor the production and
emissions of two potent greenhouse gases of increasing climatic
concern: methane (CHy4) and nitrous oxide (N,Oj; Rosentreter
etal., 2021). Contrary to previous indications (Poffenbarger et al.,
2011) and assumptions (IPCC, 2014), saline conditions do not
fully inhibit CHy4 production in coastal sediments (Conrad, 2020;
Marchand et al., 2022). Such emissions can show high temporal
variability (Roth et al., 2022); furthermore, biogenic structures
such as bioturbation burrows can enhance CHy fluxes by an order
of magnitude (Kristensen et al., 2022), and CHy can be released
directly to the air from plant stems (Zhang et al., 2022).

Total global CH4 emissions from CBCEs have been estimated
at >5 million tons yr~! (Al-Haj and Fulweiler, 2020). This total
has the potential to fully counteract the climatic benefits of
carbon burial by these ecosystems. However, statistical methods
affect these estimates and comparisons, with lower global values
for CH4 emissions obtained when based on the median, rather
than the arithmetic mean, of site-specific studies (Rosentreter and
Williamson, 2020). As discussed in Box 1, the arithmetic mean is
best avoided for highly skewed distributions.

Further methodological uncertainties relate to the timescales
and assumptions used to estimate the global warming potential
(GWP) of CHy, for comparison of its warming effects to those
of CO,. Because of the relatively short atmospheric lifetime of
CHy, higher GWP values apply when considering medium-term
mitigation targets (e.g., Nationally Determined Contributions
by 2030, or net zero by 2050) rather than global radiative
flux budgets in 2100. For long-established natural CBCEs,
their CHy emissions (even if high) can have neutral radiative
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balance, since such emissions are counteracted by steady-state
atmospheric removal processes, i.e., they do not result in any
further atmospheric accumulation (Neubauer and Verhoeven,
2019).

Key issues for CBCE restoration is therefore whether that
action increases CHy and N,O emissions (likely from new
habitat formation, e.g., saltmarsh creation) or decreases them,
and the magnitude of those changes. Decreases could occur when
pre-restoration conditions are strongly methanogenic, e.g., rice
paddies, shrimp ponds or wet pastures (Chauhan et al., 2017;
Yang et al, 2017; Iram et al., 2021) or might be achieved if
restoration involves increasing water flows to existing habitat
(Kroeger et at., 2017). Nevertheless, it is invalid to assume that
restoration will necessarily reduce CHy4 emissions, or to assume
there will be no effect, since there is also potential for increased
CH4 emissions to significantly offset future climate benefits
(Rosentreter et al., 2021).

Emissions of N,O from CBCEs seem climatically less
important than CHy, and uptake can also occur as a result
of denitrification when nitrate availability is low (Foster and
Fulweiler, 2016). However, the net global N, O efflux from CBCEs
is not well-constrained (Wilson et al., 2020; Rosentreter et al.,
2021), with high spatial and temporal variability resulting in a 40-
fold range between upper and lower quartiles for estimated global
values for the three ecosystems combined (Murray et al., 2015).
Although N,O and CHjy have similar radiative forcing effects on
a weight-for-weight basis, N,O has a much longer atmospheric
lifetime, resulting in a 100 year GWP (for a pulse emission, with
feedbacks) around 9 times higher than CHy, and nearly 300 times
higher than CO, (Myhre et al., 2013). As a result, relatively small
changes in N,O emissions can significantly affect the climatic
benefits of CBCE restoration.

Long-term site-specific monitoring of both CH4 and N,O
fluxes would therefore seem necessary for CBCE restoration
for climate mitigation purposes, with sufficient baseline data
to determine the changes arising from restoration. Site-specific
knowledge of previous land-use changes (i.e., when the historical
habitat degradation or loss occurred) is also relevant to CHy
emissions, since associated “switchover times” (Neubauer and
Verhoeven, 2019) affect the scale of net radiative warming
or cooling prior to the restoration, and hence the magnitude
and direction of the change arising from management action.
Proxy measurements (salinity, hydrology, and plant community
composition) have been proposed as alternatives to direct
measurements of CHy and N,O fluxes at restoration sites to
reduce costs (Derby et al., 2022); their reliability and wider
effectiveness have yet to be demonstrated.

Carbonate Formation and Dissolution
Calcium carbonate (CaCOs) precipitation (including the
biological process of calcification by corals, many other benthic
invertebrates and coralline algae) releases CO,, whilst its
dissolution has the opposite effect. Both these processes can
occur in CBCEs (Macreadie et al., 2017b; Howard et al., 2018;
Kennedy et al., 2019), and there is ongoing debate regarding
the overall direction and magnitude (and hence climatic
consequences) of such effects.

Uncertainties are greatest for mangrove and seagrass habitats
that accumulate relatively high levels of biogenic CaCOj; in
their sediments. If the initial stage of calcium carbonate
formation occurred centuries earlier or took place elsewhere,
e.g., adjacent coral reefs, the CO, emissions associated with
calcification cannot be ascribed to the CBCE, whether natural
or restored. Under those circumstances, calcium carbonate
dissolution occurring within CBCE sediments has the potential
to significantly enhance their climate mitigation role (Saderne
et al., 2019). In Red Sea mangroves with relatively low organic
carbon burial rates, such mitigation enhancement is estimated
to be as much as 23-fold (Saderne et al., 2021). The opposite
effect has been reported for one of the largest seagrass-dominated
ecosystems in the world, in Florida Bay, USA. At that site,
local calcification apparently exceeds dissolution; as a result,
CO, emissions are estimated to be around three times >CO,
removal through the burial of organic carbon (Van Dam et al,,
2021). This unexpected outcome was shown by an atmospheric
eddy covariance technique that directly measures air-water CO;
exchanges; it contradicts earlier evidence for net carbonate
dissolution, based on water sampling and benthic chambers, with
less extensive spatial and temporal coverage (Van Dam et al,
2019). However, there may be a contribution to CO, emissions
from high-CO; groundwater discharge, that has been shown to
be important elsewhere (Sadat-Noori et al., 2016).

Whilst both the Red Sea and Florida sites may be considered
untypical, for different reasons, they show that the calcium
carbonate dynamics can potentially override the climatic role
of organic carbon burial in CBCEs. Such effects have been
neglected to date by standard blue carbon accounting, such
as the VCS methodology (Verra, 2021). There is now urgent
need to determine their wider applicability and implications for
CBCE restoration.

Vulnerability to Future Climate Change

The effects on CBCEs of future warming (including marine
heatwaves), sea level rise, increased storminess and ocean
acidification have been assessed by IPCC (Bindoff et al., 2019;
Cooley et al, 2022) and elsewhere (Macreadie et al,, 2019;
Lovelock and Reef, 2020; Williamson and Guinder, 2021). Overall
effects are considered to be damaging, threatening the continued
viability of such ecosystems (Bindoff et al., 2019). Nevertheless,
Macreadie et al. (2019) identified 11 potentially positive climate
change effects for mangrove, saltmarsh and seagrass ecosystems
considered separately, in addition to 11 potentially negative
effects and 11 effects where the outcome was uncertain. The
main factor that could result in beneficial effects is landward
range expansion, with a potential increase of 1.5 GtC in net
global carbon storage by 2100 (Lovelock and Reef, 2020) for the
high emissions scenario, RCP 8.5. If such landward movement
is not possible, losses of 3.4 GtC by 2100 were estimated as the
worst-case scenario.

Seagrasses are considered the CBCE that is most sensitive to
higher temperatures (Nguyen et al., 2021), particularly episodic
extremes: their ecological structure and functioning are already
subject to moderate impacts, attributed to warming with medium
confidence (Bindoff et al., 2019). High impacts for seagrasses
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are projected if global mean surface temperatures increase by >
~2.3°C relative to pre-industrial, likely to involve the loss of their
carbon stores (Arias-Ortiz et al., 2018b; Chefaoui et al., 2018). For
saltmarshes, the thresholds for moderate and high impacts are
estimated to be global temperature increases of ~1.2 and 3.1°C,
respectively; for mangroves, ~2.0 and 3.7°C (Bindoff et al., 2019).
Although mangroves therefore seem relatively resilient, severe
and widespread mortalities have already occurred in Australia,
linked to drought conditions, unprecedented high temperatures
and a temporary drop in sea level (Duke et al., 2017).

The possibility of range expansion provides a counteracting
effect, with expansion of mangroves into saltmarsh habitat
already occurring on several continents (Saintilan et al., 2014;
Cavanaugh et al, 2019). For CBCE restoration sites, the
consequences of climate-driven species replacements are difficult
to predict. Whilst they might be either increase or decrease
carbon burial rates, the latter would seem inherently more
likely. Future warming impacts for restored CBCEs could
however be minimized, although not completely averted, if
restoration effort is focused on the higher latitude (i.e., cooler)
parts of the distributional ranges of the species that structure
such ecosystems.

The implications of future changes in sea level rise, storm
events, wave energy, and sea level rise for CBCEs are not well-
understood, and are likely to show greater local and regional
variability. Thus, vulnerability—and resilience—will also be
affected by sediment erodibility and sediment resupply, as well
as by vegetation type, the frequency of extreme events, the rate
of local sea level rise, and whether there is space for landward
relocation (Schuerch et al., 2018; Valiela et al., 2018; Rogers et al.,
2019; Hanley et al., 2020). The possibility of landward migration
would seem inapplicable to most CBCE restoration projects,
unless land suitable for such re-location is either initially included
or can be added later; either option would have significant
cost implications.

Vulnerability to Non-climatic Factors
Assuming (optimistically) that climate change impacts can be
minimized by limiting global warming to ~1.5°C, then would
still be many non-climatic factors that might adversely affect
the viability and long-term survival of restored CBCEs. The
success of such restoration projects has been variable to date
(Cunha et al,, 2012; van Katwijk et al., 2016; Zhao et al., 2016;
Kodikara et al., 2017; Duarte et al., 2020). A key issue is whether
the (human) factors causing original loss/degradation or land
use conversion have been properly addressed. The concept of
social-ecological restoration (Abelson et al., 2020) is applicable
here, taking account of all relevant anthropogenic drivers and
decision-making processes, from local to international level.
These include “opportunity costs” (not usually included in the
restoration costs discussed below); i.e., the potential economic
benefits that are lost when CBCE restoration excludes other
uses of the coastal land, for agriculture, aquaculture, industry,
or settlement (Stewart et al., 2003; Herr et al,, 2019; Zeng et al.,
2020).

Other causes for CBCE restoration failures include poor site
selection or poor choice of species introduced, particularly for

saltmarshes (Konisky and Burdick, 2004; Berck and Gustafson,
2012). Larger-scale plantings, natural regeneration, and strong
local stakeholder engagement all increase the likelihood of long-
term survival for the restored system (Bayraktarov et al., 2016;
van Katwijk et al., 2016). Additional “lessons learnt” from greater
implementation of CBCE restoration projects can be expected
to increase their future success (Wylie et al., 2016). There is
also evidence for natural recovery of CBCEs due to reduced
anthropogenic pressures, at least at the local and regional scale
(Almeida et al., 2014; Jia et al, 2018; de los Santos et al.,
2019; Duarte et al, 2020). Nevertheless, adequate resourcing
for long-term monitoring and strong protection of restored
CBCE habitats will be needed, to ensure that they function
as intended, for long enough to deliver their expected climate
mitigation benefits.

CLIMATIC COST-EFFECTIVENESS AND
SCALABILITY

The cost-effectiveness of using CBCEs for climate mitigation
through carbon removal is considered here in terms of US$
per ton of COze removed from the atmosphere as a result of
restoration action carried out for climate mitigation purposes,
either as an integral part of national climate policy (Gallo
et al, 2017; Kelleway et al, 2020) or primarily for carbon
trading purposes (Vanderklift et al., 2019; Sapkota and White,
2020). The cost-effectiveness for CBCE restoration can also
be determined more holistically, based on both climatic and
non-climatic benefits; that wider context is briefly considered
in Discussion and Conclusions below. Whichever approach
is taken, many uncertainties affect the determination of cost-
effectiveness, limiting the usefulness of CBCE restoration as a
reliable and significant component of climate policy.

These uncertainties not only relate to the accounting issues
discussed above, but also due to the very high variability in
restoration costs, both between and within the three main
vegetation types. Based on 91 studies of CBCE restoration
(environmental improvements, re-planting and new habitat
creation, as considered here), Bayraktarov et al. (2016) estimated
that median total restoration costs for mangroves were US$
2,500 ha~!; for saltmarsh, US$ 151,100 ha~! and seagrasses,
US$ 383,700 ha—! (2010 prices). The wide range of costs within
each CBCE is shown by their arithmetic mean values being 2-
7 times higher than their medians, at US$ 15,000 ha=!, US$
1,042,100 ha=!, and US$ 699,500 ha~!, respectively. Causes
for cost variability included: whether or not monitoring costs
were included; the differences in labor costs between developed
and developing countries (responsible for a ~30-fold difference
in median values for mangroves); and the planting method
(responsible for an 8-fold difference for saltmarshes).

Taillardat et al. (2020) combined data on CBCE restoration
costs (expressed annually) with estimated CO; removal and CHy
emission rates: they estimated global median costs of US$ 469,100
t™! COse for climate mitigation using saltmarsh restoration
and US$ 560 t~! CO,e for mangrove restoration. There was
insufficient data to estimate equivalent values for seagrasses. Very
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TABLE 2 | Summary of biogeochemical issues affecting the reliability of using CBCE restoration for climate mitigation.

Issues and factors Potential effect on realized Relative cost to resolve = Comments

climate mitigation

Decrease Increase
Carbon burial rates
Large range of global data << >> $ Need for site-specific data
Inappropriate statistics < - Data skewness effects
Indirect C flux estimates << $ Reliable methods are complex and demanding
Lateral carbon transport
C imports (allochthony) < $ Need for site-specific data
C exports > $$
Other greenhouse gases
CHy4 and N>O << > $ Need for site-specific data
Carbonate dynamics
CaCOg3 formation << $ Need for site-specific data
CaCOgz dissolution >> $
Climate change impacts
Direct temperature effects << $ Need for long-term monitoring; effects are
Sea level rise < > $ scenario-dependent
Other factors affecting restoration success
Range of direct and indirect human << $$ Need for long-term site protection

pressures

The direction and relative magnitude of the potential effects of specific factors on realized climate mitigation over the next 20-50 years are based on information given in text. Two
categories are given for magnitude: low-to-medium (single chevron) and high (double chevron). For increases, high includes the possibility that site-specific specific climatic benefits
might be more than doubled; for decreases, that they may be reduced by an order of magnitude relative to what might be expected from global estimates, e.g., MclLeod et al. (2011)

and derived analyses. The potential cost to resolve these uncertainties is also indicated on a relative basis, as low-to-medium ($) or high ($$).

large differences in median costs were confirmed for mangrove
restoration between developing and developed nations (at US$
990 ha=! yr~=! and US$ 100,860 ha=! yr~!, respectively); global
cost estimates should therefore not be used as site-specific
default values.

Griscom et al. (2017) applied a different approach for their
cost-effectiveness analysis, using a Marginal Abatement Cost
(MAC) curve to estimate that 24% of lost or degraded coastal
wetlands could be restored at a target cost of less than US$ 100
t~! CO, (quoted as COse to indicate C to CO, conversion, but
without allowing for CH4 emissions). Their Supplementary Data
showed that this proportion was based on 30% of “maximum
restoration with safeguards” for the area of lost mangrove habitat
and 60% of the area of lost saltmarsh, but no seagrass restoration
(since the MAC-assessed cost of seagrass restoration was unable
to meet the <US$ 100 criterion). There could, however, be bias
in Griscom et al.’s estimates, that are based on the reported cost
range of CBCE restoration projects to date. These initiatives
are highly likely to have favored relatively straightforward and
successful situations (Bayraktarov et al., 2016), thus their costs
are likely to be unrepresentative (and lower) than average for
the total restorable area where CBCE losses have occurred.
The “safeguards” used by Griscom et al. (2017) did not seem
to address this issue: their exclusions for cropland and timber
production are generally inapplicable to CBCEs, where habitat
losses are frequently due to mariculture, major hydrological
changes, pollution, the construction of hard sea defenses and
coastal development related to tourism, port infrastructure and

human settlement. For most coastal development, restoration
costs are prohibitively high; as a result, such data are not included
in the reported cost range.

In South East Asia, the region often considered as a
coastal blue carbon “hotspot” with high restoration potential
for mangroves (Thorhaug et al., 2020), a combination of
financial, land-use and operational factors were estimated to
limit reforestation (of all kinds) to 0.3-18% of the maximum
theoretically possible (Zeng et al., 2020). Macreadie et al. (2021)
recognized this scalability problem: “The scope for global-
scale coastal wetland restoration is constrained by multiple
socio-economic considerations. This constraint is especially
important in countries where a large proportion of the
restorable habitat is on small agricultural land holdings, where
restoration efforts could conflict with livelihoods and food
security of local communities.” Nevertheless, Macreadie et al.
(2021) used Griscom et al’s (2017) values for maximum
restoration, without any cost considerations, as the basis for their
estimates of the potential climatic benefits of CBCE restoration
(see Table 1).

DISCUSSION AND CONCLUSION

All IPCC pathways that limit global warming to 1.5°C with
limited or no overshoot use negative emissions with a cumulative
total of 100-1,000 Gt CO; over the twenty-first century (IPCC,
2018). Coastal and ocean-based CO, removal has attracted
attention because there are multiple feasibility and sustainability
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constraints for land-based mitigation (Williamson, 2016), and
the ocean has a very large potential for carbon uptake and storage
due to its huge surface area and volume as well as distinct
chemical characteristics.

Nature based solutions involving marine processes, such as
CBCE restoration, are attractive not only for climate mitigation
but also in the context of their other benefits, that include
improved food security, reduced coastal erosion, and rebuilding
marine biodiversity. They also enjoy stronger public support than
ocean-based technological measures regarded as geoengineering
(Bertram and Merk, 2020), although the natural/artificial
distinction is arguably over-simplistic (Osaka et al., 2021).
Table 1 gives estimates by different studies of the potential
climatic effectiveness of CBCE restoration, considered as the
additional CO; that might be removed and stored per year with
a ramp-up time of a few years. The range of these estimates is
large, from 0.06 to 2.1 Gt CO; per year, equivalent to 0.02 to 6.6%
of 2020 CO; emissions (Friedlingstein et al., 2022), reflecting the
key uncertainties reviewed above.

Several of the effectiveness estimates are upper theoretical
limits that are wunrealistic for policy planning and
implementation. For example, the relatively high estimate
of Gattuso et al. (2018) assumes that historic losses of blue
carbon ecosystems (Waycott et al, 2009; McLeod et al,
2011; estimated as 50% for mangroves since the 1940’s, 29%
for seagrass since 1879, 25% for saltmarsh since the 1800’)
can all be restored or compensated for elsewhere, and uses
arithmetic mean values for global carbon burial rates (McLeod
et al., 2011). The former assumption is not feasible, since
a large fraction of surface area of lost CBCEs, particularly
mangrove and saltmarsh habitats, has been developed in
ways that would make restoration prohibitively expensive
and/or societally unacceptable (e.g., for settlement, port
facilities or tourism infrastructure). Furthermore, as discussed
above, carbon burial rates seem likely to be overestimated;
fluxes of other greenhouse gases and carbonate dynamics
are not taken into account; and the long-term security of
storage may be jeopardized by future climate change or direct
anthropogenic impacts.

Table 2 summarizes the specific uncertainties discussed in this
paper that affect carbon accounting and wider effectiveness of
using CBCE restoration for climate mitigation. On the basis of
the groupings given, most effects are directional: six decrease and
two increase the potential for CBCE-based climate mitigation,
whilst three could have effects in either direction.

The above concerns do not mean that CBCE restoration
cannot be worthwhile, and do not contradict Gattuso et al.’s
(2018, 2021) assessments that CBCE restoration is a “low
regret” measure. The underlying rationale of that conclusion
is that, despite low effectiveness in increasing carbon removal
(cumulative removal of, at most, 2-3 years of current CO;
emissions by 2100; Table 1), CBCE restoration has a high
level of technological readiness, high governability at the local
scale, high-to-very-high levels of co-benefits, and a low-to-very-
low level of disbenefits (Gattuso et al., 2021; Babiker et al.,
2022). Measures from the “low regret” cluster were therefore
recommended by Gattuso et al. (2021) as high priority for

BOX 2 | Caution needed for blue carbon comparisons.

Comparisons of CBCE carbon stocks (that are relatively easy to measure)
with their carbon burial rates (that are not) can be misleading (Jennerjahn,
2020). An inadvertent example is provided by Macreadie et al. (2021), where
the accumulation of sediment carbon resulting from widespread mangrove
restoration in the Mekong Delta is stated as being climatically equivalent to
three times Vietnam’s 2013 greenhouse gas emissions. That claim is based
on Dung et al. (2016), who measured depth-profiled carbon stock in 2.5m
sediment cores at a single cluster of sites in 2013.

However, sediment accretion rates were not determined, and the
“accumulation” value would only be valid if there was zero carbon before
restoration began (in 1978). Initial sediment carbon stocks do not seem to
have been measured, but nearby unforested mudflats might reasonably be
considered to provide “control” values for comparative purposes. On that
basis, the carbon increase, and associated climate benefit, would be reduced
to 7.1% of claimed values over the 35 years of the restoration project—hence
0.20% when expressed as an annual rate. Further scaling-down would seem
necessary due to: the presence of non-local (allochthonous) carbon in the
sediment; the non-permanent storage of organic carbon in upper layers; and
the possibility of enhanced CH, and NoO emissions. Taking account of just
the first factor could result in the actual annual benefit being 0.12% of the
amount claimed (assuming the proportion of allochthonous carbon is 0.4, a
mid-range value as measured at another Vietnamese mangrove restoration
site; Hieu et al., 2017). Overall, these considerations could therefore reduce
the climatic benefits of the mangrove restoration by as much as two orders
of magnitude, from three times Vietnam’s 2013 emissions to around 0.3% of
those emissions, when both rates are expressed annually (although subject
to several unresolved uncertainties).

Nevertheless, wetland habitat restoration in the Mekong Delta, and its long-
term protection, can be considered worthwhile for a wide range of other
reasons.

implementation, recognizing that they may prove to be more
advantageous at the national, rather than global, level (Herr et al.,
2018; Taillardat et al., 2018).

Yet caution is clearly needed, even at the national level
(Box 2). The many uncertainties associated with using CBCE
restoration for carbon removal (Table 2) mean that there is a very
real risk of non-delivery of the expected climatic benefits. For that
reason, and because of the well-recognized seriousness of failure
to meet national and global mitigation targets in the near future,
we consider that it is premature to “operationalize” marketable
blue carbon (Macreadie et al., 2022) with associated effort to
include CBCE restoration in carbon offset trading (Claes et al.,
2022). CBCE restoration should therefore be in addition to, not
as a substitute for, near-total emission reductions. Where CBCE
restoration projects are carried out primarily for their intended
climatic benefits, they need to include comprehensive long-term
monitoring and protection, involving additional costs.

Additional governance precautions are also likely to be
necessary (Jakovac et al., 2020). Such precautions include the
avoidance of loopholes, mis-reporting and perverse incentives
(Climate Analytics, 2017), as have widely occurred when
complex financial incentives have been used as part of
UNFCCC’s REDD+ mechanism under the Kyoto Protocol
(Correa et al, 2019; Badgley et al, 2021) with its goal of
reducing emissions from deforestation and forest degradation in
developing countries.
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