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An Australian blue carbon method to estimate climate
change mitigation bene�ts of coastal wetland restoration
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Valerie Hagger1 , Sharyn M. Hickey6 , Lindsay B. Hutley7 , Alice Jones8,9 ,
Jeffrey J. Kelleway10 , Paul S. Lavery11 , Peter I. Macreadie12 , Damien T. Maher13 ,
Soraya McGinley4, Alice McGlashan14, Sarah Perry4, Luke Mosley8 , Kerrylee Rogers10 ,
James Z. Sippo13

Restoration of coastal wetlands has the potential to deliver both climate change mitigation, called blue carbon, and adaptation
bene�ts to coastal communities, as well as supporting biodiversity and providing additional ecosystem services. Valuing carbon
sequestration may incentivize restoration projects; however, it requires development of rigorous methods for quantifying blue
carbon sequestered during coastal wetland restoration. We describe the development of a blue carbon accounting model
(BlueCAM) used within the Tidal Restoration of Blue Carbon Ecosystems Methodology Determination 2022 of the Emissions
Reduction Fund (ERF), which is Australia’s voluntary carbon market scheme. The new BlueCAM uses Australian data to esti-
mate abatement from carbon and greenhouse gas sources and sinks arising from coastal wetland restoration (via tidal restora-
tion) and aligns with the Intergovernmental Panel for Climate Change guidelines for national greenhouse gas inventories.
BlueCAM includes carbon sequestered in soils and biomass and avoided emissions from alternative land uses. A conservative
modeled approach was used to provide estimates of abatement (as opposed to on-ground measurements); and in doing so, this
will reduce the costs associated with monitoring and veri�cation for ERF projects and may increase participation in blue car-
bon projects by Australian landholders. BlueCAM encompasses multiple climate regions and plant communities and therefore
may be useful to others outside Australia seeking to value blue carbon bene�ts from coastal wetland restoration.

Key words: blue carbon, carbon credits, climate change mitigation, coastal wetlands, tidal restoration

Implications for Practice

• Restoration of coastal wetlands (mangroves, seagrass,
saltmarsh, and supratidal forests) through removal and
modi�cation of tidal barriers can result in signi�cant
greenhouse gas mitigation bene�ts.

• Modeled approaches for estimating carbon sequestration
and greenhouse gas emissions with restoration of coastal
wetlands are available for a range of climate regions in
Australia.

• The Australian modeled approaches may be broadly
applicable in similar climatic regions globally.

Introduction
Restoration of coastal wetlands provides climate change mitiga-
tion bene�ts through enhancing carbon sequestration in soils
and biomass, and by avoiding greenhouse gas (GHG) emissions
associated with prior land uses (Crooks et al. 2018; Macreadie
et al. 2021). Restoration provides additional bene�ts including
support of �sheries and biodiversity, enhancements in water qual-
ity, climate change adaptation, and sustaining community liveli-
hoods (Barbier et al. 2011; Huxham et al. 2017). While the
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bene�ts of restoring coastal wetlands are clear, the costs of coastal
wetland restoration can be high (Bayraktarov et al. 2016). There-
fore, payments for ecosystem services have the potential to
increase uptake of coastal wetland restoration. Payments for car-
bon sequestration services through international voluntary carbon
trading schemes have supported management of coastal wetlands
in many countries (Wylie et al. 2016; Kuwae et al. 2022).

Australia has a national voluntary carbon market scheme, the
Emissions Reduction Fund (ERF) under the Carbon Credits
(Carbon Farming Initiative) Act 2011 (https://www.legislation.
gov.au/Details/C2020C00281), that has carbon accounting
methods for restoring natural forest vegetation and soil organic
carbon (SOC) stocks. In 2019 the Australian Government began
work on developing a blue carbon accounting methodology for
restoration of coastal wetlands where Australian Carbon Credit
Units (ACCUs) could be issued. Scoping of potential restoration
activities that involved stakeholder engagement, indicated that
restoration of tides onto land where tidal in�uences have been
reduced to facilitate land use change, through construction of
bund walls, tidal gates, or other barriers, was a restoration activ-
ity that had high potential for abatement and thus method devel-
opment (Kelleway et al. 2020). The Clean Energy Regulator of
the Australian Government developed the Tidal Restoration of
Blue Carbon Ecosystems Methodology Determination 2022,
which legislated the method a proponent must use to gain
ACCUs (which can be sold) for these activities.

To register a blue carbon project under Australia’s ERF, pro-
ponents must describe the management activity undertaken to
increase carbon storage and reduce GHG emissions from resto-
ration of tidal �ows (i.e. tidal restoration activity that removes or
modi�es structures that restricts tidal �ows), and estimate and
verify how much carbon has been accumulated in soils and bio-
mass, and GHG emissions reduced over time in a manner con-
sistent with the ERF offset integrity standards (Kelleway
et al. 2020). In the ERF carbon abatement from land use activi-
ties is estimated (often using models) based on changes in the
area of different land uses and vegetation types over time.
ACCUs generated under an ERF method can be sold or used
as offsets, e.g. for achieving carbon neutral certi�cation. Under
the ERF, estimates of changes in carbon pools and GHG emis-
sions over time considers the difference between carbon stocks
and emissions under baseline business-as-usual conditions
(i.e. prior to tidal restoration taking place), and the carbon accu-
mulated and abated emissions following restoration of tidal
�ows. Prior to project commencement, anticipated carbon abate-
ment can be modeled to assess the economic feasibility of com-
mencing a project, and as the project progresses, carbon
abatement can be calculated and veri�ed at prescribed intervals
(e.g. up to 5-year intervals for ERF sequestration projects).

Here we describe the blue carbon accounting model
(“BlueCAM”) approach for estimating carbon abatement under
the Australian Government’s ERF for the Tidal Restoration of Blue
Carbon Ecosystems Methodology Determination 2022. This new
approach along with previous methods (e.g. Verra VM0033;
Needelman et al. 2018; Kuwae et al. 2022) can inform method
development for other activities in other nations and jurisdictions.

Methods

Components of Estimated Abatement

The restoration of tidal �ows to coastal land can increase carbon
sequestration through creating conditions that favor the growth
and development of blue carbon ecosystems such as mangroves,
saltmarshes, seagrasses, and supratidal forests. Supratidal for-
ests are forests that are in�uenced by interactions among tidal
water, groundwater, and rainfall, comprised of Melaleuca,
Casuarina, and other plant genera (Lovelock & Duarte 2019).
Tidal restoration can also decrease methane emissions from land
through changes in soil water content, increases in soil and water
salinity, and changes in biogeochemistry that in�uence micro-
bial processes (e.g. changes in iron availability), which can
decrease rates of methanogenesis and increase rates of sulfate
reduction (Poffenbarger et al. 2011; Al-Haj & Fulweiler 2020;
Iram et al. 2021). The method we developed considers changes
in organic carbon stocks and GHG emissions (carbon dioxide,
methane, and nitrous oxide) following a management interven-
tion to restore tidal �ows (Table 1).

Strati�cation of Sites to Establish Carbon Estimation Areas

Australian carbon accounting methods divide project areas into
multiple carbon estimation areas (CEAs; https://data.gov.au/
data/dataset/erf_project_mapping) for which abatement is cal-
culated and then summed. Individual CEAs have homogenous
levels of carbon abatement re�ecting similarities in land use
and soil and vegetation types. The rules for de�ning CEAs are
developed for each ERF method, and thus we devised an
approach to strati�cation of land into CEAs based on data
sources that are typically available, information on the distribu-
tion of coastal wetland plant communities in the literature, and
consistent with the hydrological assessment of project sites that
must be provided at project registration (part C, Carbon Farming
Initiative, Supplement to the Carbon Credits [Carbon Farming
Initiative—Tidal Restoration of Blue Carbon Ecosystems]
Methodology Determination 2022). Brie�y, the hydrological
assessment uses maps of features of the project area, including
elevation and tidal data, to model inundation of land at the level
of the highest astronomical tide at the start of the project, at
25 and 100 years, incorporating sea-level rise.

Regional Approach to Modeling Abatement

Over the Australian continent, variation in climate, including
variation in temperature, humidity, precipitation, groundwater,
and river �ows in�uences the type (species and community
composition) and biomass of coastal wetland communities,
and therefore affects organic carbon stocks and �uxes and
GHG emissions (Serrano et al. 2019; Young et al. 2021). Land
uses in the pretidal restoration baseline conditions, as well as
their carbon stocks and �uxes also vary regionally (Viscarra
Rossel et al. 2014; Roxburgh et al. 2019). Climatic regions used
in BlueCAM follow previous climatic classi�cations used by the
Australian Government in their policies in order to facilitate
alignment with environmental planning and the delivery of
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environmental programs, and for projecting the in�uence of cli-
mate change on ecosystems (Fig. 1).

Carbon Accumulation Biomass and Soils

The general approach devised for BlueCAM for estimating
abatement from biomass accumulation in woody communities
(mangrove forests and supratidal forests) was similar to other
ERF methods, where biomass accumulation is modeled using
an exponential curve that reaches an asymptote when the vege-
tation is mature (Paul et al. 2015). BlueCAM does not include
carbon in dead organic matter and litter because litter carbon
stocks are often small compared to other pools and they may
be exported in tidal �ows, and data on dead wood (and other
necromass) were limited and therefore we used earlier
approaches that presumed those pools were included in esti-
mates of aboveground biomass (Lasco et al. 2006; Kennedy
et al. 2014).

The approach for estimating changes in SOC stocks was
based on the mass of organic carbon and accumulation rates in
soils from a national collation of SOC sequestration rates in
coastal wetlands (Serrano et al. 2019) updated to include recently
published and unpublished datasets, including those for suprati-
dal forests (Adame et al. 2020; Jones et al. 2019; Kelleway
et al. 2021) and sparsely vegetated saltmarshes or salt �ats
(Brown et al. 2021) (Table S1).

Carbon in the Baseline Land Uses

SOC stocks from baseline land uses were extracted from the
Australian SOC map (Viscarra Rossel et al. 2014) for grazing
and sugarcane land uses on coastal lands in different climatic
regions. Coastal land was delineated using the Smartline Coasts
Sediment Compartment and Realms data (https://coastadapt.
com.au/coastadapt-interactive-map).

Assessment of available published and unpublished soil
organic carbon accumulation rate (CAR) data from locations
where wetlands have been created due to restrictions to tidal

�ows (tidal-restricted wetlands; Fennessy et al. 2019) were used
to estimate soil CAR in tidally restricted wetlands in Australia
(Table S2). These values were derived from estimates of soil
CAR in hydrologically modi�ed mangrove forests, saltmarshes,
and other herbaceous communities, and are therefore applicable
to a range of baseline tidally restricted wetland scenarios.

Annual SOC stock change factors for agriculture (grazing and
sugarcane) were from IPCC (2019) for different land use (FLU),
inputs of fertilizers, and other amendments (FI) and manage-
ment (FMG) over a 20-year period, which is then converted to
an annual SOC loss rate by dividing the estimated stock change
by 20 (IPCC 2019). Further details are provided in Table S3.

Non-CO2 Emissions from Restored Coastal Wetlands and
Baseline Land Uses

We assembled CH4 and N2O emissions data from a range of
coastal land uses and for Australian coastal wetlands from the lit-
erature and unpublished data. Methane (CH4) and nitrous oxide
(N2O) from soil and water bodies were assigned global warming
potentials of 25 and 298 times that of CO2, respectively (Forster
et al. 2007; consistent with values used in the Australian
Greenhouse Gas Inventory). These data were used in BlueCAM
to estimate emissions from baseline and coastal wetland tidal res-
toration project scenarios. Methane emissions from drains and
ditches, aquaculture ponds (in production), cropland, forest land,
and grazing land were not included in BlueCAM because these
GHG emissions are not part of the mandatory inventory reporting
categories under the IPCC and are not included in Australia’s
National Greenhouse Accounts. As the GHG emissions data
used in BlueCAM typically have a log normal distribution,
abatement in BlueCAM is calculated using the median values,
which avoids overestimating emissions.

Uncertainty Analyses

We assessed the uncertainty using Monte-Carlo simulations
(1,000 simulations) using the RISKAmp Excel add-in
(Structured Data LLC, New York, NY, USA), where the mean,

Table 1. Carbon pools and greenhouse gases (GHGs) considered in BlueCAM.

Relevant Carbon Pool or Emission Source Greenhouse Gas IPCC Guidance

Carbon pool Living aboveground biomass Carbon dioxide (CO2) 2013 Wetland Supplement
Carbon pool Living belowground biomass Carbon dioxide (CO2) 2013 Wetland Supplement
Carbon pool Soil Carbon dioxide (CO2) 2013 Wetland Supplement

2019 Re�nement of 2006 Guidance
Emission source Fuel use Methane (CH4) 2019 Re�nement of 2006 Guidance

Nitrous oxide (N2O)
Carbon dioxide (CO2)

Emission source Flooded land Methane (CH4) 2019 Re�nement of 2006 Guidance
Nitrous oxide (N2O)

Emission source Aquaculture Nitrous oxide (N2O) 2019 Re�nement of 2006 Guidance
2013 Wetland Supplement

Emission source Agricultural lands Nitrous oxide (N2O) 2019 Re�nement of 2006 Guidance
Carbon dioxide (CO2)

Emission source Ecosystem transitions (vegetation death) Carbon dioxide (CO2) 2013 Wetland Supplement
Emission source Excavation Carbon dioxide (CO2) 2013 Wetland Supplement
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variation in the input parameters, and the form of the distribution
of the data for each data input were included. These analyses
were done for 225 different combinations of baseline land uses
(nine land uses), restored coastal wetlands (�ve ecosystem
types) for different climate regions (�ve regions) for abatement
over 25 years.

Results
The net abatement (Fig. 2A) in BlueCAM is estimated based on
the difference in carbon stocks and GHG emissions between the
existing land use (the business-as-usual baseline) compared to
the carbon sequestered and stored in the vegetation (living
aboveground and belowground biomass) and the soil, and
GHG emissions that occur after tidal introduction. In BlueCAM,
all carbon pools or GHG emission sources are estimated for
baseline (i.e. existing land uses) and as a consequence of project
activities using equations that are consistent with Intergovern-
mental Panel on Climate Change (IPCC) guidance (Kennedy
et al. 2014). An advantage of the BlueCAM for project propo-
nents is that no measurements of carbon pools or GHGs are
required, beyond assessment of changes in extent of different

vegetation types (Table S4 for links to the BlueCAM tool and
supporting documentation; Fig. 2).

Strati�cation of Sites to Establish CEAs

CEAs are homogenous land units, which are delineated in Blue-
CAM by different land uses, vegetation types, and levels of land
elevation (relative to the Australian height datum [AHD]—with
zero AHD approximating mean sea level [MSL] in 1972 across
30 tide gauges). For example, within a project area that is grazing
land behind a tidal barrier, CEA1 may occur at the level of mean
high tide and likely to be restored to mangrove within the �rst
reporting period; CEA2 may occur at highest astronomical tide
and likely to be restored to saltmarsh within the �rst reporting
period; CEA3 may be at land elevations predicted to be inundated
by tides in 20 years, while the remaining grazing land on the high-
est elevation land within the project area, is unlikely to be inun-
dated by the tide within the crediting period of the project
(Fig. 3). If the project area land is a homogenous land use
(e.g. grazing land) in the baseline, but different vegetation types
develop as the project progresses, then for each reporting period
different CEAs are established based on the coastal wetlands that

Figure 1. Map of the climatic regions used in the Tidal Restoration of Blue Carbon Ecosystems Methodology Determination 2022. Regions are modi�ed from
https://www.climatechangeinaustralia.gov.au/en/overview/methodology/nrm-regions/, Department of Environment, Australian Government. Areas of coastal
grazing (gray) and sugarcane land (black) from which baseline soil organic carbon data extracted (from the Australian soil organic carbon map; Viscarra Rossel
et al. 2014) are also indicated.
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have developed in the project area following removal of the tidal
barrier. For example, mangrove forests and/or saltmarshes may
occupy the lower intertidal zone positions, depending on climatic
region. Sparsely vegetated saltmarshes (salt �ats), supratidal for-
ests (e.g. Melaleuca and Casuarina spp.) or saltmarsh vegetation

may occupy the upper intertidal and supratidal zones (climatic
region dependent). Seagrass typically occupy sub-tidal and lower
intertidal (lower half of the tidal range) positions.

In addition to land use and vegetation type, CEAs are also char-
acterized by tidal range and elevation, which are components

(A)

(B)

Figure 2. (A) Blue carbon projects aim to achieve net abatement through increased carbon stocks and reducing GHG emissions for an area of land where the tide
is restored (project start, red dashed line). Project abatement (green area) is estimated for a 25 year time period (blue) against a business-as-usual scenario (black
dashed line) using BlueCAM. Abatement must be permanent for 25 or 100 years with the permanence period starting when the project �rst receives carbon
credits, or when an area of land is added to the project (up to 7 years after project registration, or longer if no credits are issued after the �rst reporting period).
(B) Description of the components of BlueCAM used to estimate net abatement in each carbon estimation area (CEA).

(Figure continues on next page.)
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