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GLOSSARY
Above ground storage/stock

Carbon stored in above-ground biomass (e.g. trunks, stems, leaves)
or other above-ground carbon sinks.

Accumulation rate

The rate at which atmospheric CO2 is sequestered. Usually reported
as a mass per unit area per year.

Activity

An action undertaken to reduce anthropogenic GHG emissions; or
an action undertaken to increase anthropogenic GHG removals by
sinks.

Additional/additionality

The effect of a project activity to reduce anthropogenic GHG
emissions below the level that would have occurred in the absence
of the project activity; or
The effect of a project activity to increase actual net GHG removals
by sinks above the sum of the changes in carbon stocks in the
carbon pools within the project boundary that would have occurred
in the absence of the project activity.

Approved methodology

A methodology for undertaking a project activity that has been
approved by the appropriate authority for projects or activities.

Autochthonous carbon

Carbon (organic or inorganic) formed at a site distant to that where
it is found.

Below ground storage

Carbon stored below ground level as biomass (e.g. roots and
rhizomes) or sedimentary/soil carbon.

Biomass

The total quantity (usually weight) of organisms in a given area or
volume.

Blue carbon

The carbon stored and sequestered in coastal ecosystems such as
mangrove forests, seagrass meadows or tidal marshes.

Carbon pools

Above-ground biomass, below-ground biomass, litter, dead wood
and soil/sediment organic carbon.

Corg

Organic carbon

CO2

Carbon dioxide, a gas composed of one carbon and two oxygen
atoms. It is a major component of the global carbon cycle and a key
greenhouse gas

CO2-eq

A measure of the environmental impact of one tonne of any
greenhouse gases in comparison to that of one tonne of CO2.

Dating methods

The various methods used to age sediments/soils or carbon within
sediments/soils, thereby allowing the accumulation rate to be
determined. The most common methods involve the use of the
radioisotopes Carbon-14 or Lead-210.

Emissions

An amount of a substance (usually a gas) that is released into the
environment (usually the atmosphere). Here, the most commonly
considered emissions are CO2, CH4, N20.
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GHG (greenhouse gas)

A greenhouse gas listed in Annex A to the Kyoto Protocol, unless
otherwise specified in a particular methodology. With respect to
blue carbon ecosystems, the most commonly considered GHGs are
carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O)

Kyoto Protocol

The protocol to the Convention adopted in Kyoto, Japan on 11
December 1997, which entered into force on 16 February 2005. The
Kyoto Protocol, among other things, sets binding targets for the
reduction of GHG emissions by Annex I Parties.

Labile carbon

Forms of carbon relatively easily degraded or remineralised.

Organic carbon

Carbon, both particulate and dissolved, found in an organic
compound, including living organisms, detritus, litter, and dissolved
compounds

Project

A coordinated action by a private or public entity which coordinates
and implements any policy/measure or stated goal (i.e. incentive
schemes and voluntary programmes) that leads to GHG emission
reductions or net anthropogenic GHG removals by sinks that are
additional to any that would occur in the absence of the
coordinated action.

Project boundary

The physical delineation and/or geographical area of a project
activity and the specification of GHGs and sources under the control
of the project participants that are significant and reasonably
attributable to the project activity, in accordance with the applied
methodologies and, where applicable, the applied standardized
baselines

Remineralization

The process in which organic carbon is transformed into inorganic
forms, such as carbon dioxide (CO2)

SAR

Sediment accumulation rate – the net rate of vertical accumulation
of sediment at a site.

Sediment

Naturally occurring material broken down by weathering and
erosion, and subsequently transported to a place where it
accumulates. In contrast to solids, sediments are relatively
unstructured and are not formed by interaction of biological,
physical and chemical processes.

Sedimentary carbon

Organic and inorganic carbon stored within sediments

Sequestration

The capture and long-term storage of atmospheric carbon dioxide.

Sink

A reservoir that accumulates and stores carbon-containing chemical
compounds. Use of the term sink usually implies that the storage is
long-term (or semi-permanent).

Soil

A complex, structured mixture of organic matter, minerals gases,
liquids and living organisms formed by the interaction of the parent
material, organisms, climate and relief.

Soil carbon

Organic and inorganic carbon stored within soils

Stocks (of carbon)

The total amount of, in this case, carbon stored in an area or
volume. Used interchangeably with ‘store’.
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Verification

The periodic independent evaluation and retrospective (ex post)
determination of monitored GHG emission reductions that have
occurred as a result of a project activity; or
The periodic independent evaluation and retrospective (ex post)
determination of monitored net anthropogenic GHG removals by
sinks achieved by a project activity.

Units used this this report
Mt

Megatonne

106 tonnes

Tg

Teragram

1012 g = 1 Mt

ha

Hectare

10,000 m2 = 0.01 km2

km2

Square kilometre

106 m2 = 100 ha

Mg ha-1

Megagrams per hectare

106 g ha = 0.1 kg m-2
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Executive summary
The South Australian Government has established policy objectives around a Carbon Neutral Adelaide (2020)
and Net Zero Emissions by 2050 targets. Existing information suggest that South Australia’s coastal
ecosystems have the potential to contribute significantly to achieving those policy objectives. However,
before that potential can be explored in detail, a number of significant knowledge gaps need to be addressed,
in particular:
•

Regionally relevant data on organic carbon (Corg) stocks and sequestration rates from blue carbon
(BC) ecosystems, to parameterise models for carbon offsets and crediting systems; and

•

Information on the impact of ecosystem health and restoration on Corg sequestration and storage
into South Australian BC ecosystems.

The ‘Coastal Opportunities Project’ was commissioned by the Goyder Institute to generating data that fill
critical knowledge gaps around BC. This report presents the findings of one work package within the Project,
Work package 1: Estimating below-ground carbon storage at three case study locations (seagrass and
mangrove/tidal marsh). The work package was designed to help in filling knowledge gaps related to issues of
carbon accounting and sequestration rates in natural and restored BC ecosystems. This was achieved through
the collection of data at case-study sites for seagrass and mangrove/tidal marsh ecosystems to assess the
potential for carbon gains and achieving carbon offsets through BC ecosystem conservation, restoration and
creation. Because the collection of these data added to the database on Corg stocks and sequestration rates
in South Australian BC ecosystems, the review of known information on carbon dynamics in South Australian
coastal ecosystems has also been embedded in this report.

Approach
In 2017, two seagrass and one mangrove/tidal marsh case study sites were sampled (Figure i). In all cases,
we sampled disturbed and undisturbed habitats to compare the below ground Corg stocks and sequestration
rates, allowing an assessment of carbon abatement potential (i.e. avoided emissions or enhanced
sequestration) through the conservation or restoration of BC ecosystems. Seagrass ecosystems were
sampled at Port Broughton (PB) and at Semaphore (AS), where there had been historical disturbance due to
dredging and sewage discharge, respectively. For the mangrove case study, an undisturbed mangrove site at
Torrens Island (TI) was compared against Mutton Cove (MC), where mangroves had been lost following the
construction of a levy which disconnected the site from tidal inundation. Additional information was
gathered from sampling of BC ecosystems undertaken in 2014 to extend the knowledge base of BC
ecosystems in South Australia (SA).

Key findings
The key findings were:
•

South Australian mangrove and tidal marsh ecosystems have higher organic carbon stocks than
seagrasses on a per unit area basis (Figure ii), but seagrasses contain the largest total stocks at the
State level due to their greater area. The top 100 cm of seagrass soil had a mean Corg stock of 6.1±2.5
kg Corg m-2, compared with 14.5±7.0 kg Corg m-2 in mangroves and 13.95±8.35 kg Corg m-2 in tidal
marshes.
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Figure i. Locations of blue carbon study sites sampled in South Australia in 2014 and 2017.

•

SA is estimated to contain up to 6.8% (0.99-1.5 Mha) of the total area of BC ecosystems in Australia,
of which seagrass accounts for 92%. The mean soil Corg stocks in South Australian BC ecosystems are,
on average, lower than those recorded elsewhere in Australia (Figure ii), possibly due to:
−

Environmental conditions in the South Australian coastal zone, which is generally arid to
semi-arid, compared to other regions and may therefore have lower rates of primary
production (i.e. organic carbon supply); and

−

A bias in the sampling of South Australian BC ecosystems towards low carbon locations.
Consequently, the estimates presented here likely under-estimate the stocks in South
Australian BC ecosystems.
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•

The mean soil Corg accumulation rates for South Australian BC ecosystems followed a similar trend to
stocks, with mangroves and tidal marshes having higher rates than seagrasses per unit area, but
seagrasses accounting for 80% of the total annual sequestration in the State due to their extent
(Table i).
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Figure ii. Mean Corg stock in the top 100-cm of soil (a) and organic carbon accumulation rates (b) per unit area of
coastal carbon habitats in South Australia. For seagrass, only Posidonia sites are included. Australian averages are
from Kelleway et al. (2017).

Table i. Total area of blue carbon ecosystems in South Australia, their estimated total soil C org stocks and short-term
accumulation rates.
Ecosystem

Area
(km2)
Lower

Seagrass

9612*

Accumul.
rate
(g Corg m-2 y-1)

Upper

Total accumulation
(Mt Corg y-1)
Lower

Upper

Stock
kg Corg m-2

Total stock
(Mt Corg)
Lower

Upper

10809

10.9±8.4

0.105

0.118

6.10±2.50

58.6

65.9

Tidal marsh

198

481#

31.1±11.2

0.006

0.015

13.95±8.40

2.8

6.7

Mangrove

164

293#

38.8±9.7

0.006

0.011

14.35±7.01

2.4

4.2

0.117

0.144

63.7

76.8

TOTAL

9,974

10,584

Area estimates: * Edyvane (1999), #Kelleway et al. 2017 and references therein, all others from Foster et al. 2019. For accumulation
rates and stocks, lower and upper estimates reflect the difference due to the uncertainties in the area of each ecosystem type.
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•

At the case studies sites we investigated, disturbance resulted in lower Corg carbon stocks and
accumulation rates (Figure iii, Table ii). In seagrass ecosystems, the stocks were about 50–100%
higher in undisturbed meadows than disturbed meadows. In mangrove ecosystems, the soil stocks
were about 30–50% higher in undisturbed sites.
12
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Figure iii. Mean ± SD soil Corg stocks in the top 20-, 50- and 100-cm of seagrass and mangrove ecosystems at
undisturbed control sites and matched disturbed sites. For mangroves, Torrens Island is undisturbed and Mutton
Cove disturbed.

Table ii. Short term (since 1950) soil Corg accumulation rates in disturbed and undisturbed seagrass and mangrove
case study sites.
Ecosystem

Site

Condition

Seagrass

Port Broughton

Undisturbed
Disturbed (dredging)

Seagrass

Adelaide Semaphore

Undisturbed
Disturbed (sewage)

Mangrove

Soil Corg accumulation rate
(since 1950s)
17.6 ± 4.1
2.7 ± 1.1
-

Torrens Island

Undisturbed

34.4 ± 18.6

Mutton Cove

Disturbed with 1 yr regrowth

17.9 ± 1.1

Mutton Cove

Disturbed with 14 yr regrowth

12.2 ± 5.1
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•

The differences in soil Corg stocks between disturbed and undisturbed sites for both seagrass and
mangrove ecosystems indicate a potential for avoided greenhouse gas abatement through their
conservation or restoration of both ecosystems. Restoration of South Australian BC ecosystems could
enhance the Corg sequestration by between 1 and 97 t CO2-eq km2 yr-1.

•

The potential avoided emissions associated with conservation of South Australian BC habitats could
be as high as 40,000 t CO2-eq km-2 for seagrass, 92,000 t CO2-eq km-2 for tidal marshes and 83,000 t CO2-2
eq km for mangrove habitat, without considering the above-ground biomass carbon in mangroves.
There is currently no method for BC ecosystems in Australia’s Climate Solutions Fund, though the
Commonwealth is currently considering their inclusion. If BC were eligible for inclusion, then at the
current trading price of around $12 t-1 CO2-eq, these avoided emissions would equate to about
$12,000 - $1.1 mill Km-2 (or $120 to $11,000 ha-1).

Recommendations:
•

It is recommended that a strategic assessment of blue carbon stocks and accumulation rates in
South Australia be undertaken, targeting currently under-represented habitat types and
identifying areas known to have suffered historical disturbances or which are likely to experience
future disturbance.
This study was restricted to three case studies, which have confirmed the potential for greenhouse
gas abatement through restoration or conservation of blue carbon habitat. The next step in the
pathway towards implementing a blue carbon strategy is to obtain a better understanding of the
State-wide opportunity. The State-wide opportunity for blue carbon will be a function, in part, of the
extent of blue carbon habitat that is potentially available for crediting activities, specifically BC
habitat that have either been disturbed, and which therefore represent an opportunity for
rehabilitation, or areas threatened by future development which represent opportunities for
conservation. A strategic assessment would identify priority candidate areas for potential abatement
projects.

•

It is recommended that future assessments of blue carbon accumulation rates use a combination
of radio-isotope and surface elevation table (SET) techniques.
Our case studies revealed methodological issues associated with determining soil and carbon
accumulations rates, which are a necessary component of most carbon crediting methodologies. The
two common approaches to determining soil carbon accumulation rates rely on either radio-isotope
based approaches or surface elevation tables (SETs). Here, radio-isotope dating yielded carbon
accumulation rates at about 50% of the sites studied. SETs yielded highly variable accumulation rates.
Using a combination of the methods is likely to provide greater certainty of obtaining accumulation
rates, in a reasonable time period, and understanding the sediment accumulation processes
occurring at a site.
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1 Introduction and aims
Coastal carbon, also known as blue carbon (BC), refers to the atmospheric carbon dioxide (CO2) which is
captured and stored in coastal vegetated ecosystems, either as plant biomass or in the soils as sedimentary
organic carbon. In particular, mangrove, tidal marsh and seagrass ecosystems make a significant contribution
to the global carbon cycle (Nellemann, Corcoran, Duarte, Valdes, et al. 2009), with organic carbon (Corg)
sequestration rates and storage periods that are orders of magnitude higher than in many terrestrial
ecosystems (McLeod et al. 2011). Interest in BC intensified following the release of two reports in 2009
(Laffoley & Grimsditch 2009, Nellemann, Corcoran, Duarte, Valdes, et al. 2009), which highlighted the
exceptional capacity of these ecosystems to sequester atmospheric carbon. This, together with the high rates
of loss of BC ecosystems globally, make them of significant interest for national and regional climate change
mitigation strategies. While degradation and loss of BC ecosystems decreases the carbon storage capacity of
the coastal carbon sink and results in CO2 emissions, their conservation, restoration and creation have the
potential to increase carbon capture and storage, mitigate climate change, support a carbon crediting system
and provide numerous co-benefits.
The South Australian Government has established policy objectives around a Carbon Neutral Adelaide (2020)
and Net Zero Emissions by 2050 targets (DEWNR 2018). Existing information suggest that South Australia’s
coastal ecosystems have the potential to contribute significantly to achieving those policy objectives, as well
as providing financial opportunities in the national Emissions Reduction Fund (ERF). While there is not
currently an ERF pathway for coastal carbon – in SA or elsewhere – the Commonwealth Government is
currently investigating options for this. However, before that potential can be explored in detail, a number
of significant knowledge gaps need to be addressed. Under the existing frameworks for carbon crediting (e.g.
the Verified Carbon Standard - VERRA, 2019), there is a requirement to demonstrate ‘additionality’, that is
there must be a demonstrable increase in either the sequestration of carbon or a reduction in the emissions
of greenhouse gases (GHG) relative to the baseline or ‘business as usual’ scenario. Most crediting projects
act to restore or create coastal carbon habitats, in order to enhance CO2 sequestration, or conserve these
ecosystems in order to avoid emissions. Implicit in these projects is the assumption that the disturbed state
will sequester less carbon than the restored or conserved state, and disturbance will result in a net emission
of CO2. Understanding whether these assumptions are valid is a prerequisite to assessing the potential of any
blue carbon project. There is a clear need for regionally relevant data on Corg stocks and sequestration rates
from different South Australian BC ecosystems, which can then be used to parameterise models for carbon
offsets and crediting systems. Information on the impact of ecosystem health and restoration on Corg
sequestration and storage into South Australian BC ecosystems is also not available.
Blue carbon ecosystems store Corg in two main pools: the above-ground pool, mainly comprising living
biomass and litter; and the below-ground pool, comprising roots and rhizomes, dead below-ground plant
organs and soil (or sedimentary) Corg. The majority of the Corg stocks in blue carbon ecosystems are found in
this below-ground pool (Duarte et al. 2013a), typically around 90% of total Corg stocks in tidal marshes and
seagrasses and in the order of 75% in mangroves (Nellemann, Corcoran, Duarte, Valdés, et al. 2009, Alongi
2014). This predominant storage of Corg within the below-ground pool (hereafter referred to as soil Corg)
makes this pool of primary interest in blue carbon initiatives (Sutton-Grier et al. 2014). The capacity of
different BC ecosystems to trap and store carbon in their soils varies, with up to 18‐fold differences among
seagrass habitats (Lavery et al. 2013), and up to 4‐fold in mangroves and tidal marshes (Pendleton et al.
2012). Geomorphological settings, soil characteristics, and biological features all interact to control the soil
Corg storage in BC ecosystems (Adame et al. 2013, Ouyang & Lee 2014a, Serrano, Ricart, et al. 2016).
Understanding this variability and the factors that control the stocks and accumulation rates is key to
identifying opportunities to enhance Corg stocks or avoid emissions of GHG, thereby contributing to the
mitigation of GHG emissions and forming the basis for potential inclusion of BC activities within programs
such as the ERF.
A national review of blue carbon opportunities (Kelleway et al. 2017) found little data for South Australian
coastal wetlands; yet we know that the South Australian climate and coastal vegetation communities differ
from those in other states. For example, South Australia (SA) has a high proportion of Posidonia seagrass
ecosystem and these have been shown to contain higher stocks of Corg than most other Australian seagrass
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ecosystems (Lavery et al. 2013, Serrano, Lavery, et al. 2016). The national average Corg stocks for seagrasses
derived from the CSIRO Coastal Carbon Cluster (Kelleway et al. 2017) are currently informing the
Commonwealth government on incorporating BC into the ERF, yet these averages are lower than the values
for most Posidonia seagrass ecosystems. Determining region-specific values for Corg stocks and sequestration
rates will allow tier 2 or tier 3 estimates (i.e. estimates based on regional data or modelling as opposed to
tier 1 global default values) to be applied in any future ERF methods. Similarly, there is a paucity of case
studies to inform the potential carbon enhancement following specific management actions, such as coastal
rehabilitation. The potential opportunities for BC ecosystems in carbon mitigation strategies is based on the
presumption that restoration can return the Corg sequestration rates to those of undisturbed ecosystems, yet
this remains to be tested.
The ‘Coastal Opportunities Project’ was commissioned by the Goyder Institute to generate data that fills
critical knowledge gaps related to BC, thus supporting the development of the State Carbon Sequestration
Strategy. The project had 3 work packages:
−
−
−

Work package 1: Estimating below-ground carbon storage at three case study locations (seagrass and
mangrove/tidal marsh)
Work package 2: Vegetation dynamics and above-ground biomass assessment in mangrove and tidal
marsh ecosystems; and
Work package 3: Review of knowledge around South Australian coastal carbon ecosystems and a
meta-analysis of the value of associated co-benefits.

This report presents the findings of Work package 1, which was designed to help fill identified knowledge
gaps related to issues of carbon accounting and sequestration rates in natural and restored BC ecosystems.
This was achieved through case-studies of degraded seagrass and mangrove/tidal marsh ecosystems. These
case studies focused on Corg storage and sequestration in both natural and restored systems to demonstrate
the potential for carbon gains and achieving carbon offsets through BC ecosystem conservation, restoration
and creation. Because the collection of these data added to the database on Corg stocks and sequestration
rates in South Australian BC ecosystems, the review of known information on carbon dynamics in South
Australian coastal ecosystems (part of Work package 3) is also included in this report.

2 Methods
2.1 Sampling design
To estimate the below-ground Corg storage of South Australian BC ecosystems, two separate sampling
programs were undertaken. In 2017 three case studies were undertaken to assess the effects of disturbance
on below-ground Corg stocks and sequestration rates. Earlier, in 2014, a separate project had sampled BC
ecosystems in South Australia to establish initial estimates of below-ground Corg stocks and sequestration
rates.

2017 case-studies
In 2017, we undertook three case studies (two seagrass and one mangrove) comparing the soil C org stocks
and accumulations rates in disturbed and undisturbed habitats, to assess the opportunity that conservation
or restoration may provide for avoided emissions or enhanced sequestration activities. At Port Broughton
(PB) (Figure 1Error! Reference source not found.), a mixed meadow of Posidonia australis/P. sinuosa had
historically been lost due to physical disturbance through dredge-mining in the 1900s which removed the
fibrous rhizome matte (Irving 2013). At Semaphore (AS), seagrass (mixed Posidonia australis/P. sinuosa) had
been lost through direct sewage-sludge discharges in the 1980s (Bryars & Neverauskas 2004). For the
mangrove case study, we sampled a disturbed mangrove site at Mutton Cove and compared this with an
undisturbed mangrove site at Torrens Island (TI). At Mutton Cove (MC), mangroves had been lost following
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the construction of a levy which disconnected the site from tidal inundation and led to widespread drying
and subsidence. Subsequent restoration attempts involved reconnection to controlled tidal flow through
pipes in the levy wall in 2005, resulting in the partial recovery of mangroves in the south-west of the site. We
sampled an area of recent (1 year) mangrove regrowth (MCD) and a second site with about 14 years of
mangrove regrowth (GMD) (see Jones et al. 2019 for the vegetation history at the site). The comparison of
the three sites was intended to provide information on both the differences in below-ground carbon stocks
resulting from disturbance as well as the rate of recovery of stocks and sequestration potential following
controlled re-inundation of mangrove sites.
For the two seagrass case studies, three replicate sediment cores were collected from random locations in
each of the disturbed and undisturbed sites in June 2017, all within 10 m of each other, a total of 12 cores.
For the mangrove case study, three sediment cores were collected from random locations within each of the
TI, MCD and GMD sites, in June 2017. Because some of the GMD cores were unsuitable for dating with 210Pb,
we sampled a further three cores at this site in December 2017. Five of the GMD cores were suitable for
further analysis and are reported here.

2014 baseline sampling
In 2014, Edith Cowan University, SA Water and the EPA of South Australia, sampled seagrass, mangrove and
tidal marsh sites (37 soil cores) in the Adelaide coastal waters, Port Broughton, Port Pirie, Port Augusta and
Whyalla. The focus of this project was to obtain initial baseline estimates of the variability in stocks and
accumulation rates within and between the different coastal carbon habitats. These sites were classified as
‘undisturbed’ in that we were unaware of any significant habitat loss at the sites.

Total sample size
From both sampling campaigns, a total of 39 cores were collected in seagrass ecosystems (14 from P. australis
meadows, seven from P. sinuosa meadows, three from mixed P. australis + P. sinuosa meadows, two from
Zostera nigracaulis meadows, one from Amphibolis griffithii meadows and 12 from unvegetated but former
meadows; Table 1). A further 13 cores were collected from mangrove (Avicennia marina) habitat and 8 from
tidal marsh ecosystems (Sarcocornia quinqueflora). Samples of the dominant macrophyte species in each of
the three BC ecosystems were collected for stable isotope analysis and are reported for completeness, but
otherwise are not dealt with further in this report (Appendix D, Table D. 1). Summary details of all 60 baseline
and case study cores are provided in Appendix 1.

Table 1. Coordinates and core identification code for each sampling location in the 2014 and 2017 blue carbon
surveys. SG = seagrass, MG = mangrove, TM = tidal marsh. Full details of all sampling locations and cores collected at
each site are presented in Appendix A.
Latitude Longitude
(S)
(E)

Core ID

Ecosystem

Generic location

Barker Inlet

SG

A1, A2, A3, A4, A5

34° 43'

138° 27'

West Beach

SG

A6, A7, A8, A9, A11

34° 55'

138° 29'

Port Pirie

SG

A12, A13, A15

33° 8’

137° 57’

Adelaide Semaphore (AS)

SG

AS1 to AS6

34° 52'

138° 28'

Port Augusta

MG, TM

A16, A17, A18, A19

32° 28'

137° 45'

Whyalla

SG, MG, TM

A20, A21, A28, A39

33° 2'

137° 34'

Port Broughton (PB)

SG, MG, TM

A22 to A27, PB1 to PB6

33° 37'

137° 47'

Torrens Island (TI)

MG

TI1, TI2, TI3

34° 47'

138° 31'

Mutton Cove (MC)

MG

MCD1 to MCD3, GMD1 to GMD6

34° 46'

138° 30'
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135°30'0"E

32°30'0"S

136°0'0"E

136°30'0"E

137°0'0"E

137°30'0"E

138°0'0"E

138°30'0"E

139°0'0"E

±

32°30'0"S

33°0'0"S

33°0'0"S

33°30'0"S

135°30'0"E

136°0'0"E

136°30'0"E

137°0'0"E

137°30'0"E

±

32°30'0"S

34°0'0"S

34°30'0"S

33°30'0"S

139°0'0"E33°30'0"S

138°30'0"E

PA

32°30'0"S

PPa
PA = Port Augusta
PPa = Port Paterson
W = Whyalla
PPi = Port Pirie
PB = Port Broughton
C = Clinton
PW = Port Wakefield
PG = Port Gawler
BI = Barker Inlet
AS = Adelaide Semaphore
WB = West beach
TI = Torrens Island
MC = Mutton Cove

33°0'0"S

138°0'0"E

35°0'0"S

32°30'0"S

136°0'0"E

136°30'0"E

137°0'0"E

W

±

137°30'0"E

138°0'0"E

138°30'0"E

139°0'0"E

33°0'0"S

32°30'0"S

PPi
34°30'0"S

33°0'0"S

33°0'0"S

PB

33°30'0"S

see
Port Broughton map

33°30'0"S

33°30'0"S

35°0'0"S

2014 cores
surface sediment
unvegetated
seagrass
mangrove
tidal marsh

34°0'0"S
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139°0'0"E
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see
Adelaide map
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0
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Gulf of Vincent
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0
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±
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33°32'0"S

2014 cores
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mangrove
tidal marsh
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138°30'0"E
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±
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Figure 1. Locations of blue carbon study sites sampled in Spencer Gulf and Gulf St. Vincent (South Australia) in 2014
and 2017. See Error! Reference source not found.Table 1 for site coordinates and number of cores in each location.
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2.2 Core collection
The cores were sampled using PVC pipes (ranging from 6.3 – 10.5 cm inner diameter) by manual percussion
and rotation. Compression during coring was assessed by measuring the length of the core protruding from
the soil surface inside and outside the core (Glew et al. 2001). All results presented in this study refer to the
decompressed depths (cm), unless otherwise indicated. Following retrieval, the cores were sealed at both
ends, transported vertically and stored at 4°C until processing in the laboratory.

2.3 Core processing and analyses
The cores collected in 2017 case studies were sliced at 0.5 cm-thick resolution for the top 20 cm, and at 1
cm-thick intervals for the remainder (High Resolution, HR). For the 2014 cores we choose one core from each
site and sliced it at high resolution (as above) while the remaining cores were sliced at 1 cm intervals in the
top 20 cm and at 4 cm intervals after that (Low Resolution, LR). For each soil slice, the wet weight (WW) was
recorded prior to drying at 60°C until constant dry weight (DW) to estimate dry bulk density (DBD). The dried
samples were homogenised and divided into sub-samples by quartering. The sub-samples were used for Corg,
Organic Matter (OM) and 13C analyses as well as analysis for 210Pb and 14C (radiocarbon) dating.
Organic carbon (Corg), organic matter and 13C
In the HR cores, Corg and 13C were analysed in every second 1 cm-thick slice for the top 20 or 50 cm
(compressed) and every fourth slice for the remainder of the cores. For the LR cores, % Corg and 13C were
analysed in every second 1 cm-thick slice for the top 20 cm and in every sample (4 cm-thick slices) from 20
cm to the bottom (compressed). One sub-sample of each soil slice was ground in a ball mill grinder and
analysed for organic carbon (Corg, as % weight), 13C and OM contents. For Corg and  13C analysis, about 1 g
of ground sample was acidified with 4% HCl to remove inorganic carbon, centrifuged (3,400 rpm during 5
min), and the supernatant with acid residues carefully removed by pipette, avoiding resuspension. The soil
sample was then washed with Milli-Q water, centrifuged and the supernatant again removed. The residual
samples were re-dried (60°C until constant weight) and encapsulated in tin capsules. All plant material was
rinsed with deionised water and epiphytes removed from seagrass leaves, dried at 60°C and then ground in
a mill grinder and encapsulated for Corg and 13C analyses, without pre-treatment as for the soil samples. The
Corg and 13C were determined using a Costech Elemental Analyzer interfaced to a Thermo-Finnegan Delta V
Isotope Ratio Mass Spectrometer at UH-Hilo Analytical Facilities. The accuracy of the analysis of the Standard
reference material NIST 8704 (Buffalo River Sediment) was 1%. The Corg content (%) is reported for the bulk
(pre-acidified) samples. The soil δ13C signature is expressed as δ values in parts per thousand relative to the
Vienna PeeDee Belemnite. Replicate assays and standards indicated measurement errors ± 0.1‰ for δ13C.
The OM content of the ground soil samples was estimated in each slice of every core, with the intention of
using the relationship between %OM and %Corg to interpolate the Corg values for slices along the core which
had not been analysed for %Corg content, in order to calculate the accumulated Corg stocks (Fourqurean et al.
2012, Howard et al. 2014). OM content was estimated using the loss on ignition (LOI) method (Heiri et al.
2001, Kendrick & Lavery 2001) at Edith Cowan University facilities by combusting 4 g of dry sample for 4
hours at 550 °C. All combustions included reference samples of pure glucose to correct for incomplete
combustion of OM.
Age-depth chronology
All of the cores collected in 2017 were dated by means of 210Pb (last ~100 years) and radiocarbon (long-term).
To determine recent soil and Corg sequestration rates, the concentrations of 210Pb were determined in the soil
of 13 of the cores collected in 2014 and in all the cores collected in 2017 (Table A. 1, Table A. 2).
Concentrations of 210Pb in the upper 20 cm were determined through the quantification of its granddaughter
210
Po activity by alpha spectrometry, assuming radioactive equilibrium between the two radionuclides
(Sanchez-Cabeza et al. 1998). When sand content was high (in most seagrass scores), the soil samples were
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sieved (0.125 mm), and <0.125 mm fraction was analysed for 210Pb. 200 mg aliquots of each sample were
spiked with a known amount of 209Po and microwave digested with a mixture of concentrated HNO3 and HF.
Boric acid was then added to complex fluorides. The resulting solutions were evaporated and diluted to 100
mL with 1 M HCl and polonium isotopes were auto-plated onto pure silver disks. Polonium emissions were
measured by alpha spectrometry using Passivated Implanted Planar Silicon (PIPS) detectors. Reagent blanks
were run in parallel and found to be comparable to the detector backgrounds. Supported 210Pb (226Ra) was
analysed by ultra-low background liquid scintillation counting (Masque et al. 2002). The concentration profile
of excess 210Pb was determined by subtraction of 226Ra from total 210Pb concentrations along the core
(Appleby & Oldfield 1978, Masque et al. 2002).
Selected depths for each core were radiocarbon dated at AMS Direct Laboratory after acid-base-acid
treatment, following ISO 17025 and ISO 9001. For cores collected in 2017, 14C analyses of bulk soil were
performed at 3-5 depths in one core per site (Appendix B, Table B. 1). For cores collected in 2014, shells or
plant debris were analysed from several depths in the HR cores and in the bottom sample of LR cores. All raw
radiocarbon dates were calibrated with CALIB software v.7.1 (Stuiver et al. 2018), corrected for the marine
reservoir effect by subtracting 71 years (Bowman 1985), and expressed as radiocarbon dendrocalibrated
years before present (BP, present being AD 2014 or AD 2017 depending on the year of sampling).

2.4 Surface elevation tables (SETs)
Seven surface elevation tables (SETs) were deployed, four in seagrass sites (one in each disturbed and
undisturbed sites at Adelaide Semaphore and Port Broughton) and one in each of the three mangrove sites
(undisturbed site in Torrens Island, and disturbed sites in Mutton Cove). Each SET comprised four aligned
stainless rods (18 mm-thick) driven into the soils until refusal, which occurred at 1 to 3 m soil depth in
seagrass and at 6 to 8 m depth in mangroves. Surface elevation measurements were taken after deployment
and at regular intervals afterwards, by suspending a metal platform with 9 holes between pairs of rods (Figure
2). The platform sat horizontal on top of two rods (checked using a spirit level) and in a known position and
direction to ensure that consecutive measurements corresponded to the same exact point. Carbon-fibre
arrows were used to take the measurements between the top of the platform and the soil surface. The SET
design allows a total of 27 measurement at each site (nine per metal platform deployed three times among
the four rods). The measurements were taken by the same diver to diminish inter-observer error.

Figure 2. Surface elevation tables in seagrass (left) and mangrove (right) ecosystems. The photos show the metal
platform suspended on two stainless steel rods and the 9 measuring rods used to measure the distance from the top
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of the platform to the sediment surface. On the right, the four rods can be seen, allowing 3 sets of measurements to
be made by relocating the platform between different pairs of rods.

2.5 Numerical procedures
The CF:CS model (Krishnaswamy et al. 1971) was used to estimate the average soil accumulation rates (SAR)
for the last century, where possible (see Appendix F for details). For the cores collected in 2017, ages for the
last 100 years were extrapolated from the model when 14C ages were not available to build an age-depth
model with rBacon package combining 210Pb and 14C ages (see below for more details). When good chronostratigraphy of both the radiocarbon-aged section of a core and the 210Pb-derived ages were available , we
combined the ages using the rBacon package, which applies Bayesian statistics as an approach to age-depth
modelling to reconstruct accumulation histories (Blaauw & Christen 2011).
Long-term soil accumulation rates (g cm-2 yr-1) were calculated averaging the accumulation rates of each
depth of the core when an age-depth model was built with rBacon. For cores where only the bottom sample
was analysed for 14C, the long-term soil accumulation rate was calculated for that specific depth. Long-term
soil accumulation rates were standardised at >700 cal yr BP.
For cores where accumulation rates (short-term or long-term) could not be determined (i.e. the core was
mixed or radioisotopes were not analysed; Table A. 1, Table A. 2) we applied the accumulation rate of the
replicate core, if available, or an average accumulation rate (Mean  SE) for that specific habitat (Table A. 1,
Table A. 2). When 210Pb analyses revealed no net accumulation of soil (i.e. no excess 210Pb) an accumulation
rate was not applied to that particular core.
Accumulated soil Corg stocks in each core were calculated for 20 cm-, 50- and 100 cm-thick soil deposits using
the DBD (g cm-3) and the %Corg. Because Corg was not analysed in every sample along the depth of the cores,
the missing Corg values were interpolated using the Corg content of the two adjacent analysed samples in order
to calculate the accumulated soil Corg stocks. The relationship between %OM and %Corg was inconsistent
among cores and, in some cases, among sections of the same cores (Figure 4), therefore, we did not apply
the relationship to estimate %Corg.
For cores shorter than 100 or 50 cm we extrapolated the soil Corg stock up to 100- and/or 50- cm-thick using
a linear correlation between depth and Corg stock of the section of the core where the change in soil Corg stock
with depth was constant. We validated this approach on a number of long (>1 m) cores; for these cores we
used the data from the top 50 cm only and then extrapolated the carbon stocks to 1 m using the above
approach. We then compared the measured (real) stocks to 1 m with those estimated by extrapolation. In all
cases, the correlation between extrapolated and measured Corg stocks was significant (p<0.001; r2 = 0.96)
Total soil Corg stocks in SA were calculated by multiplying the average ± SD soil Corg stocks for each BC
ecosystems (seagrass, mangrove and tidal marsh) by the specific ecosystem area in SA. Area estimates for
each habitat type were based on (Foster et al. 2019) supplemented by Kelleway et al. (2017) for mangrove
and tidal marsh and Edyvane (1999) for seagrasses.
Sediment Corg accumulation rates (g Corg m-2 yr-1) were calculated by multiplying the Corg concentration by the
mass accumulation rates (g m-2 yr-1). Short-term Corg accumulation rates were calculated for the last 70 years
(since 1950s) of accumulation, while the long-term accumulation rates were calculated for accumulation
periods older than 700 cal yr BP (Table A. 1, Table A. 2,

Table 5).
We tested for statistically significant differences in %Corg, δ13C, DBD and soil Corg stocks (in 20- and 100 cmthick soil deposits) among BC ecosystems (combining both sets of cores from 2014 and 2017 collection, and
for the cores collected in 2017 only). Because the data were not normally distributed, had outliers and/or
the sample size was not homogeneous among groups we applied a Kruskal–Wallis test followed by Dunn's
multiple post-hoc test. To test for differences in the soil Corg stocks among disturbed and undisturbed sites
for mangrove and seagrass ecosystems, we applied a one-way ANOVA (one test for seagrass and a separate
Stocks and accumulation rates of organic carbon in South Australian blue carbon ecosystems – Technical report |
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test for mangroves), because the data were normally distributed, outliers were absent, and the variances
were homogeneous.

3 Results
3.1 Soil Corg stocks
Generally, the soil Corg stocks in mangrove and tidal marsh ecosystems were higher than in seagrasses (Figure
3, Table 2). In the top 100 cm, seagrasses had a mean soil Corg stock of 6.1±2.5 kg Corg m-2 (range: 2.3−10.9 kg
Corg m-2), significantly lower than mangroves (14.5±7.0 kg Corg m-2; range: 2.7−22.7 kg Corg m-2) and tidal
marshes (13.95±8.35 kg Corg m-2; range: 0.6−25.0 kg Corg m-2). For the top 50 cm of soils, they were significantly
lower in seagrasses (3.2±1.2 kg Corg m-2, range: 1.5−5.4 kg Corg m-2) than in mangroves (8.7±5.0 kg Corg m-2;
range: 1.5−13.4 kg Corg m-2; p=0.02), with tidal marshes intermediate (6.2±4.6 kg Corg m-2; range: 0.4−11.2 kg
Corg m-2). For the top 20 cm of soils, Corg stocks were again significantly lower in seagrasses (1.2±0.6 kg Corg m2
; range: 0.3−2.4 kg Corg m-2) compared to mangroves (4.0±1.9 kg Corg m-2; range: 0.7−5.2 kg Corg m-2) and tidal
marshes (2.7±1.7 kg Corg m-2; range 0.2−4.6 kg Corg m-2; p<0.0001).
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Figure 3. Mean±SD soil Corg stock, % Corg, 13C and dry bulk density (DBD) in the top 20-, 50- and 100-cm of soil for blue
carbon ecosystems in South Australia. Data include all vegetated cores collected in 2014 and 2017. For seagrass, only
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Posidonia cores were included. Letters of the same colour indicate pairwise comparisons among habitats for the same
soil thickness (non-parametric Kruskal-Wallis test; p<0.05. Post–hoc test; p<0.05).

Table 2. Outcomes of Kruskal-Wallis (K-W) test for significant differences among blue carbon ecosystems (seagrasses,
SG; tidal marshes, TM; and mangroves, MAN) for soil Corg content (%), 13C (‰), dry bulk density (DBD) and soil Corg
stocks in the top 20-, 50- and 100- cm of soils.
Parameter

Soil Corg content (%)

13C (‰)

DBD (g/cm3)

Soil Corg stock (kg m-2)

K-W Test

Top 20 cm

Top 50 cm

MAN SG

TM

Top 100 cm

SG

TM

MAN SG

TM

N

300

123

176

536

192

268

760

240

358

Mean rank

194

355

442

348

615

716

502

909

904

H-value

243.9

331.4

355.3

p-value

< 0.0001

< 0.0001

< 0.0001

MAN

N

300

123

176

534

192

268

760

240

358

Mean rank

446

189

129

722

280

206

964

355

295

H-value

436.6

713.5

909.7

p-value

< 0.0001

< 0.0001

< 0.0001

N

586

214

323

1069

414

613

1566

672

Mean rank

655

611

361

1209 1064

759

1765 1446 1558

H-value

176.4

215.6

63.5

p-value

< 0.0001

< 0.0001

< 0.0001

N

21

8

Mean rank 15.0 30.5

1030

8

21

8

8

21

8

8

33.8

16.2

29.3

31.6

16.3

32.3

29.9

H-value

20.5

7.861

5.7

p-value

<0.0001

0.02

0.058

3.2 Relationship between %OM and %Corg
Overall, we found positive correlations between Corg and LOI contents in both seagrass and mangrove soil
samples (p<0.05; R2= 0.64 and 0.78, respectively) (Figure 4). The uncertainties associated with estimating Corg
based on LOI were large, in particular for seagrass soils, with the correlation coefficients (and slopes) highly
variable among study sites and treatments. For example, we found a strong relationship between LOI and
Corg in Port Broughton seagrass cores alone (R2=0.78, slope of 0.42), but a weak relationship in the Semaphore
seagrass cores (R2=0.32) and a 3-fold lower slope (0.11) compared to the cores from Port Broughton. A similar
situation was found for disturbed and undisturbed seagrass cores (R2 ranging from 0.54 to 0.71; slope ranging
from 0.12 to 0.23) and for mangrove study sites and treatments (R2 ranging from 0.47 to 0.91; slope ranging
from 0.25 to 0.55).
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Figure 4. Relationships between organic carbon (Corg, %) and organic matter (LOI, %) contents in a) mangrove and b)
seagrass cores.

3.3 Sediment and Corg accumulation rates
For the seagrass cores, short-term soil accumulation rates (based on 210Pb) could be determined in one core
from Port Broughton (PB5), one core from Semaphore (AS4), one core from Whyalla (A39), and in three cores
from Port Pirie (Table 3). Thus, from a total of 13 seagrass cores analysed with 210Pb, it was only possible to
estimate short-term soil accumulation rates in six cores due to mixing or lack of excess 210Pb accumulation.
For mangroves, in five out of the 13 cores analysed it was possible to estimate short-term soil accumulation
rates based on 210Pb, while only in two of the eight tidal marsh cores analysed. For all remaining cores, there
was either an absence of excess 210Pb (indicating a lack of soil accumulation at the site) or the concentrations
were constant with depth, indicating mixing at the site. Short-term soil (reported as mass accumulation rate,
MAR) and Corg accumulation rates are reported in Table 3 and Table 4 for all cores where it was possible to
determine rates. The results of the 210Pb analysis and age-depth model determinations are presented in
Appendix F.
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Table 3. Soil Corg stocks and accumulation rates for individual core samples in South Australian seagrass ecosystems
from the 2014 and 2017 surveys. Italics are mean±SD for the preceding site. P.a. = Posidonia australis; P.s. = P. sinuosa;
A.a. = Amphibolis antarctica; Z.n. = Zostera noltii.
Ecosystem Location

Seagrass

Species

Soil Corg stock
(kg Corg m-2)

Soil Corg acc. rate
(g Corg m-2 yr-1)

20 cm

50 cm

100 cm

Barker Inlet

P. s.

0.32

2.70

7.13

Barker Inlet

P.s.

0.61

2.35

6.08

Barker Inlet

P.s.

0.75

2.81

6.73

Barker Inlet (mean±SD)

Short-term

0.56±0.22 2.62±0.24 6.65±0.53

Barker Inlet

Z.n.

1.58

3.35

7.44

Adelaide Semaphore

P.s.

0.34

2.03

2.49

Adelaide Semaphore

P.s.

1.13

3.29

4.39

4.0±0.3

Adelaide Semaphore

P.s.

0.77

2.46

4.05

1.8±0.3

Adelaide Semaphore

P.s.

1.39

3.47

4.72

2.3±0.2

Semaphore (mean±SD)

0.91±0.46 2.81±0.68 3.91±0.99

2.7

West Beach

Z.n.

0.27

1.63

3.17

West Beach

A.a.

0.54

1.25

2.42

Port Pirie

P.a.

2.28

5.40

10.90

17.6±4.3

Port Pirie

P.a.

1.38

3.58

6.30

12.6±1.5

Port Pirie

P.a.

2.29

5.39

10.57

11.95±2.08

Port Pirie (mean±SD)

1.98±0.52 4.79±1.05 9.26±2.57

Whyalla

P.a.

1.52

4.34

6.88

Whyalla

P.a. + P.s.

0.53

1.52

3.51

Whyalla

P.a. + P.s.

0.99

2.89

5.61

Whyalla

P.a.

0.70

1.77

2.30

Whyalla

P.a.

1.04

1.95

3.36

Whyalla

P.a.

0.56

1.59

3.22

Whyalla

P.a.

0.71

2.02

3.75

Whyalla

P.a.

1.49

3.53

6.67

Whyalla

P.a. + P.s.

1.43

3.80

7.47

Whyalla (mean±SD)

14.84±8.48

1.00±0.40 2.60±1.07 4.75±1.91

Port Broughton

P.a.

1.51

3.09

4.88

Port Broughton

P.a.

2.45

4.99

8.86

Port Broughton

P.a.

1.31

3.96

8.36

13.04±3.42

Port Broughton

P.a.

1.60

3.81

10.35

21.03±5.51

Port Broughton

P.a.

0.82

4.09

8.50

18.89±4.95

Pt Broughton (mean±SD)

1.54±0.59 3.99±0.68 8.19±2.01

All Locations (mean±SD)

Posidonia. 1.16±0.60 3.20±1.15 6.13±2.55

17.65
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Table 4. Soil Corg stocks and accumulation rates for individual core samples in South Australian mangrove and tidal
marsh ecosystems from the 2014 and 2017 surveys. Data are for vegetated sites showing no ongoing disturbances.
Italics are average ± SD for the preceding site if n≥3. A.m. = Avicennia marina. S.q. = Sarcocornia quinqueflora.
Ecosystem

Location

Species

Soil Corg stock
(kg Corg m-2)

Soil Corg acc. rate
(g Corg m-2 yr-1)

20 cm

50 cm

100 cm

Short-term

Tidal marsh Port Augusta

S.q.

2.85

7.65

15.68

Port Augusta

S.q.

0.23

0.38

0.63

Whyalla

S.q.

4.57

11.23

12.99

Port Broughton

S.q.

1.91

2.55

3.26

Port Broughton

S.q.

4.08

9.35

14.38

Mutton Cove (MCD)

S.q.

2.72

7.74

20.49

Mutton Cove (MCD)

S.q.

1.78

5.56

19.23

Mutton Cove (MCD)

S.q.

2.35

8.09

24.97

2.56±1.74

6.23±4.60

13.95±8.35

Mean ±SD All Tidal marsh

Mangrove

39.6±1.9

16.3±3.1

Torrens Island

A.m.

4.60

13.43

18.86

29.9±1.5

Torrens Island

A.m.

4.10

11.59

16.35

18.4±0.9

Torrens Island

A.m.

4.90

12.20

22.68

54.9±4.2

19.3±3.18

34.4

Mean ±SD Torrens Is.

4.54±0.41 12.41±0.94

Pt Augusta

A.m.

1.67

2.59

3.64

Pt Augusta

A.m.

0.71

1.45

2.74

Whyalla

A.m.

6.57

15.31

20.23

Pt Broughton

A.m.

3.99

9.93

16.43

Pt Broughton

A.m.

5.16

11.04

15.33

3.96±1.90

8.69±5.01

14.53±7.40

Mean ±SD All Mangroves

Table 5. Estimates of mean±SD short-term (since 1950) and long-term soil (>700 cal yr BP) Corg accumulation rates per
unit area (m2) for the South Australian seagrasses, tidal marshes and mangroves. Means may differ to Tables 3 & 4
because they include estimated accumulation rates for cores with mixed 210Pb profiles (see methods).
Ecosystem

Soil Corg Accumulation rate (g Corg m-2 yr-1)
Short-term (since 1950)

Seagrass

Mean

Min.

Max.

10.9±8.4

0.9±0.1

30.7±3.1

Long-term (>700 cal yr BP)
Mean

38.8  9.7 9.3±1.3

97.1±16

Max.

4.2  0.6 0.26±0.01 10.6±0.5

Tidal marsh 31.1±11.2 4.3±3.6 94.1±77.7 5.1  1.4
Mangrove

Min.

5.8  1.3

0.4±1.3

10.8±0.2

1.8±0.1

15.6±1.6
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The SETs generally indicated net erosion at the sites, though the data were highly variable at small spatial
scales (Figure 5, Figure 6). At PB, the undisturbed site had a net erosion of 0.8 ± 9.3 mm yr-1, while the
disturbed site showed a slight accumulation of 0.16 ± 8.1 mm yr-1 (Table 6). At AS, the undisturbed site
showed net erosion (0.5 ± 5.7 mm yr-1) and the disturbed site had erosion of 15.7 ± 8.8 mm yr-1. With the
exception of the AS impacted site, the variability within sites was large, with coefficients of variation of 60–
1000% (Table 6). The mangrove sites displayed net erosion: the undisturbed site and GMD (14 years of
regrowth) had similar SARs (4-6 mm yr-1) while MCD (1 years of regrowth) had a SAR of 14 ± 6 mm yr-1).
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Figure 5. Sediment elevation table (SET) readings for disturbed and undisturbed seagrass sites at Port Broughton (PB)
and Adelaide Semaphore (AS). Measurements indicate net accumulation (positive values) or erosion (negative values)
calculated between Nov. 2017 and Feb. 2019 (PB unimpacted, AS impacted) and Jun. 2017 and Feb. 2019 (PB
impacted, AS unimpacted). Positions refer to each of the separate 27 measurement poles deployed at each location.

Table 6. MeanSD soil accumulation rates (SAR) determined from surface elevation tables deployed at seagrass and
mangrove sites. Negative values indicate a net erosion of soil.
Ecosystem

Site

Seagrass

Port Broughton (PB) Control

-0.89±9.3

1,046

Port Broughton (PB) Impacted

0.16±8.1

5,201

Adelaide Semaphore (AS) Control

-0.52±5.7

1,088

Adelaide Semaphore (AS) Impacted

-15.7±8.8

56

Torrens Island (TI) Control

-6.35±4.3

68

Mutton Cove (MC) 14 yr recovery

-4.5±5.3

119

Mutton Cove (MC) 1 yr recovery

-14.3±6.2

44

Mangrove

Mean SAR±SD Coefficient of variation
(mm yr-1)
(%)
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Figure 6. Sediment elevation table (SET) readings for impacted and unimpacted mangrove sites at Torrens island
(unimpacted), Mutton Cove (14 yr re-growth) and Mutton Cove (1 yr re-growth). Measurements indicate net
sediment accumulation (positive values) or erosion (negative values) calculated between Jun. 2017 and Nov. 2018
(unimpacted) and Jun. 2017 and Feb. 2019 (14 yr and 1 yr re-growth). Positions refer to each of the separate 27
measurement poles deployed at each location.

Total soil Corg stocks and accumulation rates in South Australian blue carbon ecosystems
The total soil Corg stocks and accumulation rates for South Australia have been estimated by scaling up the
mean Corg stock in the top meter of soil for each BC ecosystem type to the total area occupied by each
ecosystem in the state (Table 7). Allowing for the range of estimates in BC ecosystem area, the estimated
total BC stock in SA is 64 – 70 Mt Corg (or 234 – 255 Mt CO2-eq) and the annual accumulation rate is estimated
at 0.12 – 0.14 Mt Corg m-2 yr-1 (or 0.43 – 0.53 Mt CO2-eq m-2 yr-1). While the average stock on an areal basis in
seagrass ecosystems is less than half that of mangroves and tidal marshes, the large area of seagrass habitat
in SA results in seagrass accounting for about 86-92% of the total BC soil Corg stock, while tidal marshes
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contribute about 4 - 9% and mangroves 4 - 5%. Similarly, seagrass accounts for about 82-89% of the total soil
Corg sequestration, while tidal marshes contribute about 5 - 10% and mangroves 5 - 8%.

Table 7. Total area of blue carbon ecosystems (seagrasses, tidal marshes and mangroves) in South Australia and their
estimated total soil Corg stock and short-term accumulation rates. Area estimates: seagrass and upper values are from
Edyvane (1999), Kelleway et al. (2017) and references therein); lower estimates for tidal marsh and mangrove from
(Foster et al. 2019) using SA Landcover data.
Corg STOCKS
Ecosystem

Corg ACCUMULATION RATES (CAR)

Area
(km2)

Soil Corg
stock
(kg Corg m2)

Total soil
Corg stock
(Mt Corg)

Total Soil
stock
(kg CO2-eq m2)

Soil CAR
(short-term)
(g Corg m-2 yr-1)

Total soil CAR
(Mt yr-1)

Total CAR
(Mt CO2-eq yr-1)

9612 – 10809

6.1±2.5

58.6 – 65.9

215 – 242

10.9±8.4

0.105 – 0.118

0.385 – 0.433

Tidal marsh

198 – 481

13.95±8.4

2.8 – 6.7

10.3 – 24.6

31.1±11.2

0.006 – 0.015

0.022 – 0.055

Mangrove

164 – 293

14.35±7.0

2.4 – 4.2

8.8 – 15.4

38.8±9.7

0.006 – 0.011

0.022 – 0.040

63.8 – 76.8

234 – 255

0.117 – 0.144

0.429 – 0.528

Seagrass

TOTAL

9,974 – 11,583

3.4 Effects of disturbance on soil Corg stocks and accumulation rates
Seagrasses
At both seagrass sites, the surface soils at impacted sites had lower and less variable Corg content than at the
control sites (Figure 7). At AS, the Corg content in the top 20 cm was less than 0.1% while at the undisturbed
control sites values were between 0.1 and 1.1% Corg. At the PB impacted site, the Corg content in the top 20
cm was generally 0.3–0.7% while at the undisturbed control sites values ranged between 0.5 and 2.5%Corg.
In the disturbed sites, the Corg content increased with soil depth at AS but remained low throughout the entire
profile at PB.
At Port Broughton, the mean soil Corg stocks in the top 1 m of the undisturbed control site was 9.11.1 kg Corg
m-2 and was significantly higher than that in the impacted site (4.20.89 kg Corg m-2; p<0.0001; Figure 8, Table
8). The soil Corg stocks in the top 50 cm were also significantly higher in the control sites compared to the
impacted sites, but not for the top 20 cm. Port Broughton was dredged in the 1900s (Irving 2013) and
therefore has had close to a century to recover, perhaps explaining the similarity between the control and
impact cores in the top 20 cm. Since dredging was done to mine the fibrous matte, the removal of the matte
likely explains the larger difference within the top 1 m of soil.
At the AS site, the mean Corg stocks in the top 1 m of soil were again significantly higher in the undisturbed
site (4.40.29 kg Corg m-2) than in the impacted site (3.00.66 kg Corg m-2; p<0.0001), and likewise for the top
50 cm and 20 cm stocks (Figure 8, Table 8). At Semaphore, the impact to seagrass, resulting from a break in
the sludge discharge pipeline, occurred in the 1980s, much more recent than the disturbance at Port
Broughton, possibly explaining the difference in the top 20 cm stocks which was not apparent at Port
Broughton. The impact also did not directly affect the organic-rich matte of soil, although some of it is likely
to have been lost by erosion, possibly explaining the smaller difference in the top 1 m stocks than at Port
Broughton.
The mean 13C value of the soils at Port Broughton were higher in the undisturbed control site (-11.7 to 12.7‰ over the different soil depths) than in the control site than in the impact site (-16.0 to -16.3‰), and
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for all soil depths these differences were statistically significant (p<0.001). A similar trend was observed at
Semaphore where the undisturbed control site had 13C values of -13.9 to -14.4‰ significantly higher (p <
0.001) than the disturbed site (-18.9 to -21.6‰).
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Figure 7. Soil Corg profiles (%) along the cores studied in impacted and control seagrass sites at Port Broughton (PB)
and Adelaide Semaphore (AS).
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Figure 8. Mean±SD (n=3) soil Corg stocks (kg Corg m-2) in the top 20-, 50- and 100- cm of seagrass ecosystems (control
vs disturbed) at Port Broughton (PB) and Adelaide Semaphore (AS). Shared letters above the bars indicate no
significant difference and shared colours of letters indicate means compared in the test.

At both seagrass sites, the lower carbon stocks and the lower 13C values of the soils in the disturbed sites
indicate both a loss of organic carbon and a change in the source of carbon. The 13C value of the soils at the
undisturbed seagrass sites, about -12 to -14‰ are similar to the values observed for seagrasses in the region
(-7 to -13‰; Appendix D). Those at the disturbed seagrass sites (-16 to -21.6‰) are closer to the values
observed for algae and epiphytes in the region (-18.6 to -22‰; Appendix D), indicating a lower contribution
of seagrass carbon and higher sestonic or macroalgal contribution at the disturbed sites, consistent with the
loss of seagrass and inputs of allochthonous carbon.
At Port Broughton, in the undisturbed site, the 210Pb profile allowed the CS:CF model to be applied to core
PB5 (Appendix F), and this yielded a short-term (since 1950s) MAR of 0.12±0.03 g cm-2 yr-1 and a short-term
soil Corg accumulation rate (CAR) of 21.0 ± 5.5 g Corg m-2 yr-1 (Table 3, Table A. 1). The remaining two cores
displayed constant concentrations of 210Pb through the surface layer indicating mixing and so the short-term
MAR from PB5 was assumed to be representative for these cores and was applied to estimate short-term
CAR of 13.0 ± 3.4 and 18.9 ± 5.0 g Corg m-2 yr-1. Thus, the mean short-term soil CAR for these undisturbed
seagrass meadows was estimated to be 17.7 ± 4.1 g Corg m-2 yr-1 (Table 9). At the disturbed PB site, there was
no excess 210Pb in the surface layers of the core, indicating an absence of sedimentation and Corg accumulation
at this site, due to a lack of deposition, erosion or both. These findings contrast the accumulation rates
derived from the SETs, which showed net erosion at the control site and a slight accumulation at the
disturbed site. However, the 210Pb models are integrating over longer time periods and are therefore less
sensitive to the short-term variability that is being detected in the SETs. Based on radiocarbon dating, the
mean long-term (>700 cal yr BP) CAR was estimated to be 7.9±0.5 g Corg m-2 yr-1 in the undisturbed site and
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could not be determined in the disturbed site due to the insufficient Corg in bulk sediments to determine 14C
dates (Table 9).

Table 8. One-way ANOVA testing for significant differences in soil Corg stocks of undisturbed and disturbed sites for
the top 20-, 50- and 100-cm of soil. (A) Port Broughton seagrass; (B) Adelaide Semaphore seagrass; and (C) comparison
of mangroves in Torrens Island (undisturbed) and Mutton Cove (disturbed with 1 yr and 14 yr re-growth). Significance
values in bold (p<0.05).
Core section

Source

Sum of squares df Mean Square

F

p-value

1.734

0.258

67.303

0.001

34.243

0.004

38.094

0.003

37.605

0.004

12.452

0.024

13.128

0.006

15.212

0.004

2.712

0.145

A) Seagrass – Port Broughton (PB)
top 20 cm

top 50 cm

top 100 cm

Impact

0.029

1

0.029

Residual

0.067

4

0.017

Total

0.097

5

Impact

3.987

1

3.987

Residual

0.237

4

0.059

Total

4.224

5

Impact

35.102

1

35.102

Residual

4.1

4

1.025

Total

39.202

5

B) Seagrass – Adelaide Semaphore (AS)
top 20 cm

top 50 cm

top 100 cm

Impact

1.508

1

1.508

Residual

0.158

4

0.04

Total

1.666

5

Impact

5.442

1

5.442

Residual

0.579

4

0.145

Total

6.021

5

Impact

3.236

1

3.236

Residual

1.039

4

0.26

Total

4.275

5

C) Mangrove – Torrens Island (TI) v Mutton Cove (MC)
top 20 cm

top 50 cm

top 100 cm

Impact

7.781

2

3.89

Residual

1.778

6

0.296

Total

9.559

8

Impact

58.17

2

29.085

Residual

11.472

6

1.912

Total

69.642

8

Impact

94.235

2

47.117

Residual

104.241

6

17.374

Total

7.781

2

At Semaphore, in the undisturbed site, the 210Pb profile allowed the CS:CF model to be applied to a single
core AS4, yielding a short-term (since 1950s) MAR of 0.100.01 g cm-2 yr-1 and CAR of 4.00.3 g Corg m-2 yr-1
(Table 3, Table A. 1). It should be noted, however, that the upper 20 cm of this core were mixed, and the
MAR (and CAR) are based on applying the CS:CF model below 20 cm in the core, which typically results in an
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upper estimate. The remaining two cores had constant concentration profiles of excess 210Pb through the
surface layer indicating mixing and so the MAR from AS4 was applied to estimate Corg accumulation rates of
1.8 ± 0.3 and 2.30.2 g Corg m-2 yr-1 in cores AS5 and AS6, respectively, yielding a mean short-term CAR for
the undisturbed seagrass meadows of 2.71.1 g Corg m-2 yr-1, 6-fold lower than for the PB seagrass site (Table
9). At the disturbed AS site, there was no excess 210Pb in the surface layers of the core, indicating an absence
of soil and Corg accumulation at this site, due to a lack of deposition, erosion or both. As with Port Broughton,
the 210Pb-derived MARs for the control site do not converge with those of the SET, which showed erosion.
Again, this likely reflects the very short time period over which the SETs have been established compared to
the time period integrated by the 210Pb model. Based on radiocarbon dating, the mean long-term (>700 cal
yr BP) CAR at the undisturbed AS seagrass sites was 2.500.37 g Corg m-2 yr-1, more than twice the rate
estimated for the disturbed sites, 1.120.22 g Corg m-2 yr-1 (Table 9).
In summary, at both seagrass case study sites, there was a measurable short-term CAR at the control sites,
with higher rates at Port Broughton than at Semaphore. In contrast, at both sites the adjacent disturbed
seagrass areas had no measurable short-term MAR. Long-term Corg accumulation was measurable at both
control and disturbed sites, but again the rates were higher in the undisturbed meadows.

Table 9. Mean±SD short-term (since 1950) and long-term (> 700 cal yr BP) mass accumulation rates (MAR) and soil
Corg accumulation rates (CAR) in control (undisturbed) and disturbed seagrass and mangrove sites in South Australia.
– indicates that rate could not be determined due to lack of detectable MAR at the site, or unreliable radiocarbon
dating. Full data set showing rates for individual cores is presented in Appendix F.
Ecosystem

Seagrass

Seagrass

Site

Port Broughton (PB)

Condition

Short-term
(since 1950s)

Long-term
(>700 cal yr BP)

Control (undisturbed)

17.65±4.13

7.91±0.48

Disturbed (dredging)

-

-

2.70±1.145

2.50±0.37

-

1.12±0.22

Adelaide Semaphore (AS) Control (undisturbed)
Disturbed (sewage)

Mangrove

Torrens Island (TI)

Soil Corg accumulation rate
(Mt yr-1)

Control (undisturbed) 34.41±18.623

10.48±4.44

Mutton Cove (MCD)

Disturbed
with 1 yr regrowth

17.87±1.145

5.482±1.12

Mutton Cove (GMD)

Disturbed
with 14 yr regrowth

12.21±5.110

3.82±1.76

Mangroves
Soil Corg content in the undisturbed mangrove soils (TI) ranged from 0.6–18% Corg, with higher concentrations
in the upper 50 cm, in the order of 3–18% Corg and concentrations of less than 2% Corg below 50-70 cm (Figure
9). At MC, the sites which had been disturbed but then experienced either 1 year of mangrove regrowth
(MCD) or 14 years of regrowth (GMD) showed contrasting profiles. The soil Corg content in GMD was similar
to the TI control site, with higher concentration in the upper 10 cm (1–12%Corg) which declined with depth
and by 40 cm varied between 0.5–3%Corg. The site with 1 year of apparent mangrove regrowth (MCD) had
low Corg concentrations in the upper soils, in the order of 1–2%Corg for the top 30 cm, and then gradually
increasing with depth to 2–15% Corg by 80 cm depth.
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Figure 9. Soil Corg content (%) along soil depth in control (Torrens Island), 1 yr re-growth and 14 yr re-growth (Mutton
Cove) mangrove sites.

The mean soil Corg stocks at TI, the control mangrove site, was 19.33.2 kg Corg m-2 for the top 100 cm, which
was not significantly different to the stock in either of the disturbed mangrove sites at Mutton Cove, where
the 14 years recovery site had a stock of 13.85.4 kg Corg m-2 and 1 year recovery site had a stock of 21.63.01
kg Corg m-2 (Figure 10). However, when the soil Corg stocks were compared over the top 50 cm and the top 20
cm of soil, then those in the TI control sites were significantly higher than either of the impacted sites.
At TI, the 13C values of the soil Corg ranged from -22.3‰ to -23.3‰ over the different soil depths. At the
Mutton Cove disturbed sites, the site with 14 years of mangrove recovery (GMD) had similar values to TI (23.2 to -23.3‰), while the site with only 1 year of recovery (MCD) had significantly lower values (-21.1–
21.9‰) than the other two mangrove sites (p<0.01).
For the undisturbed mangrove site, Torrens Island, the excess 210Pb concentration profiles indicated soil
accumulation in all three cores and allowed the CS:CF model to be applied (Appendix F). The mean shortterm MAR was 0.07±0.02 g m-2 yr-1 and the mean soil Corg accumulation rate was 34.4±19.0 g Corg m-2 yr-1,
which was significantly higher than at either of the disturbed mangrove sites, which were not significantly
different to each other (Table 4, Table A. 2). At the disturbed mangrove site GMD, which had 14 years of
recovery, the MAR could be determined for two cores (GMD1 and GMD2; mean = 0.04±0.01 g m-2 yr-1). This
mean accumulation rate was applied to the three cores GMD4,5 and 6 to yield a mean Corg accumulation rate
of 12.2±5.1 g Corg m-2 yr-1, about one-third that of the control site. For the disturbed site which had shown
recovery for the past one year, only one core (MCD2) was suitable for dating and yielded a short-term MAR
of 0.160.03 g Corg m-2 yr-1. The remaining two cores had excess 210Pb but were mixed so the accumulation
rate from MCD2 was applied to them, yielding a mean short-term CAR of 17.9±1.7 g Corg m-2 yr-1, about half
that of the undisturbed site (Table 9).
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Figure 10. Means±SD (n=3) soil Corg stocks (kg Corg m-2) in the top 20-, 50- and 100-cm of mangrove ecosystems at
control (Torrens Island) and disturbed (Mutton Cove) sites. Shared letters above the bars indicate no significant
difference and shared colours of letters indicate means compared in the test (p<0.05).

For long-term (>700 cal yr BP) MAR in mangroves, reliable radiocarbon dating could only be determined for
core TI2, from the TI control site (Table B. 1). For the other two cores, we assumed that the same radiocarbon
age from TI2 could be applied to them and combined this with the reliable 210Pb dates for the surface layers
to produce separate age-depth profiles for each core. For the disturbed Mutton Cove sites there were no
reliable radiocarbon dates, so MAR had to be based on those measured for other sites. For the GMD site
(which had 14 years old mangroves stands) we applied the average MAR from undisturbed mangroves. For
the MCD site, which until one year earlier had been tidal marsh vegetation, we applied the average if
undisturbed tidal marsh sites from the 2014 sampling. Based on applying these MARs, the mean long-term
CAR for the TI control site was 10.5±4.4 g Corg m-2 yr-1, about 2–3 fold greater than either the 14 year recovery
or 1 year recovery sites, with rates of 3.8±1.8 and 5.5±1.1 g Corg m-2 yr-1, respectively (Table 9).
In summary, for the mangrove case study sites, the short-term CAR in the disturbed sites were about 35–
50% of the rate at the undisturbed TI site. The long-term CAR showed similar trends, with the disturbed sites
about 36–52% of those at the undisturbed site.

4 Discussion
4.1 Soil Corg stocks and accumulation rates in South Australian and
Australian blue carbon ecosystems
Australia’s blue carbon resource
The CSIRO led the most comprehensive assessment of Australia’s blue carbon resources, in its Marine and
Coastal Carbon Biogeochemistry Cluster (the Coastal Carbon Cluster) with the findings summarised by
Kelleway et al. (2017). Even with inherent uncertainties in the global estimates of blue carbon ecosystems
extent, Australia is among the countries that hold the largest area of blue carbon ecosystems (9–32% of
extent worldwide), including ~3–37% (1.4–1.5 Mha) of global tidal marshes (Geoscience Australia 2005,
McLeod et al. 2011, Ouyang & Lee 2014b), ~2–8% of mangroves (0.3–1.1 Mha; Geoscience Australia 2005,
McLeod et al. 2011, Hamilton & Casey 2016, Sanderman et al. 2018) and ~15–43% of seagrass meadows (9.3–
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12.8 Mha; Geoscience Australia 2005, Mount et al. 2008, Duarte et al. 2013b, Lavery et al. 2013, Coles et al.
2014). Indeed, Australia is amongst the countries with the largest BC storage capacity and the largest
potential to benefit from developing blue carbon‐focussed climate change mitigation schemes. The total Corg
stocks in the upper 1 metre of soils of Australian BC ecosystems was estimated to be 1,053–1,542 Tg Corg,
while the total annual soil Corg sequestration rates for Australia were estimated at up to 5.5 Tg Corg yr-1 (Table
10).
Australian mangroves contain about 62% of their total Corg stock in their soils, the remainder in above-ground
biomass, while most Corg stocks in seagrass and tidal marsh ecosystems are found in their soils (98% and 93%,
respectively) (Kelleway et al. (2017); Table 10). Australian mangroves have up to 6– and 65–fold higher Corg
stocks in aboveground biomass per unit area compared to tidal marshes and seagrasses, respectively, while
mangrove soil Corg stocks and sequestration rates are 2– and 3–fold higher compared to both Australian tidal
marshes and seagrass meadows, respectively (Table 10; Kelleway et al. 2017). The soil Corg stocks in
Australian tidal marshes are 1.5–fold higher than in seagrass meadows. These trends agree with global
estimates, highlighting the relatively higher Corg storage and sink capacity of mangroves compared to tidal
marshes and seagrasses on an aerial basis (McLeod et al. 2011, Duarte et al. 2013).
The extent, geographic distribution and biological characteristics of the BC ecosystems determine the
distribution of Corg stocks and sequestration rates over the continent. For tidal marshes, the total soil Corg
stocks and sequestration rates were 3– to 13–fold higher in tropical Australia than in other climate regions
while mangrove soil Corg stocks and sequestration rates were up to 60–fold higher in tropical compared to
other climate regions, owing to their larger habitat extent in the tropics (Donato et al. 2011). Subtropical
seagrasses within Australia hold 2– to 6–fold higher Corg stocks than seagrasses from other Australian climate
regions, though knowledge of Australian seagrass extent in both shallow and deep waters is incomplete due
to challenges in mapping this habitat.

Table 10. Total area of blue carbon ecosystems (Mha) in Australia and their estimated total Corg stock in living biomass,
soil Corg stock and soil Corg accumulation rates for seagrasses, tidal marshes and mangroves (reproduced from
Kelleway et al. 2017).
Ecosystem

Area
(Mha)

Soil accumulation rates
(Mt Corg yr-1)

Stock – Soil
(Mt Corg)

Stock – Biomass
(Mt Corg)

Stock - Total
(Soil+Biomass)
(Mt Corg)

Seagrass

12.6

3.5

1000

22

1057

Tidal marsh

1.5

0.5

230

17

251

Mangrove

1.1

1.4

260

160

415

TOTAL

15.1

5.5

1500

200

1700
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Table 11. Estimates mean areal (per ha) Corg stock in living biomass, soil Corg stock and soil Corg accumulation rates for
Australian seagrasses, tidal marshes and mangroves (reproduced from Kelleway et al. 2017).
Ecosystem

Accumulation rates Stock – Soil (0-1 m) Stock – Biomass Total stock – (Soil+Biomass)
(Mg Corg ha-1 yr-1)
(Mg Corg ha-1)
(Mg Corg ha-1)
(Mg Corg ha-1)

Seagrass

0.36

112

1.9

114

Tidal marsh

0.39

168

19.6

188

Mangrove

1.26

251

125.0

376

TOTAL

2.01

531

147.0

678

South Australia’s blue carbon resource

The total soil Corg stocks and accumulation rates for South Australia have been estimated by scaling up the
mean Corg stock in the top meter of soil for each blue carbon ecosystem type to the total area occupied by
each ecosystem in the state (Table 12). South Australia is estimated to contain 6.5 - 7.6% (0.99 - 1.16 Mha)
of the total area of blue carbon ecosystems in Australia (Kelleway et al. 2017, Foster et al. 2019), of which
seagrass accounts for 93-96% of the area. The blue carbon habitat in SA was estimated to contain between
4.3 and 5.2% (64 - 77 Mt) of the nation’s soil Corg stocks, of which 86-92% is in seagrass ecosystems, 4-9% in
tidal marshes and 4-5% in mangroves.
SA blue carbon ecosystems accumulate 0.11 – 0.14 Tg Corg y-1 (Table 12), with seagrasses accounting for 82 89% of this annual accumulation, tidal marshes 5-10% and mangroves 5-8%. The annual sequestration in
South Australia is about 2-3% of the Australia’s annual blue carbon sequestration.

Table 12 Comparison of Australian and South Australian Soil Corg stocks and accumulations rates.
Ecosystem

Seagrass

Measure

South Australia as
% of Australia

Max.

12.61#

0.96*

1.08b

7.6

8.6

3.5

0.105

0.118

3.0

3.4

1000

58.6

65.9

5.9

6.6

1.5#

0.02a

0.048#

1.3

3.2

Accumulation rates (Mt Corg y-1)

0.5

0.006

0.015

1.2

3.0

Total stock (Soil, Mt Corg)

230

2.8

6.7

1.2

2.9

Area (M ha)

1.1#

0.016a

0.029#

1.5

2.7

Accumulation rates (Mt Corg y-1)

1.4

0.006

0.011

0.4

0.8

Total stock (Soil, Mt Corg)

260

2.4

4.2

0.9

1.6

Area (M ha)

15.2#

0.99

1.16

6.5

7.6

5.4

0.117

0.144

2.2

2.7

1490

63.7

76.8

4.3

5.2

Area (M ha)

Total stock (Soil, Mt Corg)
Tidal marsh Area (M ha)

TOTAL

South Australia
Min.

Accumulation rates (Mt Corg y-1)

Mangrove

Australia

Accumulation rates (Mt Corg y-1)
Total stock (Soil, Mt Corg)

Min.

Max.

Area estimates: *Edyvane (1999); #Kelleway et al. 2017 and references therein; aFoster et al., 2019; Jones et al. 2019;
bDept. Environment, Water and Natural Resources’ SA Land Cover database.
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The stocks and accumulation rates of carbon in South Australian blue carbon ecosystems are lower than the
averages reported from Australia as a whole (Table 13), and the total stocks and accumulation rates are lower
than those previously reported for South Australia (Kelleway et al. 2017). The mean Corg stocks in South
Australian blue carbon ecosystems were about 6, 14 and 14 kg Corg m-2 for seagrass, mangrove and tidal
marshes, respectively, or about 54%, 57% and 83% of the national averages, respectively. The mean
sequestration rates in South Australian blue carbon ecosystems were about 11, 39 and 31 g Corg m-2 yr-1 for
seagrass, mangrove and tidal marshes, respectively, or about 30%, 31% and 80% of the national averages.
The lower values in South Australia appears to be due to:
•

•

•
•

Naturally lower carbon concentration in SA soils, possibly reflecting the generally lower nutrient
status, and thus productivity, of the SA coastal zone, which, in the areas we sampled, is semi-arid.
Previous studies reinforce the hypothesis of relatively lower blue carbon storage in arid regions
compared to temperate, sub-tropical and tropical regions (Campbell et al. 2014, Atwood et al. 2017,
Macreadie et al. 2017);
A historical bias towards sampling blue carbon habitats in SA with low carbon stocks. The 2014
seagrass sampling focussed on open water locations for seagrasses (e.g. False Bay in Whyalla and the
Adelaide coastline) which has since been shown to have very low Corg accumulation rates, possibly
due to erosion, as reflected in the 210Pb data for these locations. Little of the sampling focussed on
sheltered embayments which are likely to have much higher Corg stocks due to less erosion. The 2017
sampling was for case studies specifically designed to target disturbed (and matched undisturbed)
locations for comparison, and this resulted in exposed seagrass sites, subject to potential erosion
effects, while the mangrove sites were dominated by the disturbed Mutton Cove site;
Previous over-estimation of the area of blue carbon habitats in South Australia, which have now been
revised downwards based on newer mapping products (Foster et al. 2019); and
Possible over-estimation of previous South Australian stocks by Kelleway et al. (2017) because they
were obliged to use compressed core lengths, as many of the soil cores that study had access to were
sampled prior to a standardised method being developed and had not been corrected for
compression during collection. The effect of compression is to overestimate soil Corg stocks (and
accumulation rates) in any given length of core.

While the compilation of existing data and the addition of the data collected in the current study sites
has increased the knowledge of South Australian blue carbon resources, the values presented here are
not representative of all locations in the State. Deriving a reliable estimate of the State’s blue carbon
stocks and accumulation rates will require a strategic, state-wide sampling program, and/or spatial
modelling based upon known drivers of variability, of all blue carbon habitats across a representative
range of locations and environmental settings.

Table 13. Comparison of mean soil Corg stocks and accumulation rates per unit area (m-2) for the Australian and South
Australian blue carbon ecosystems (data for Australia from Kelleway et al. 2017).
Soil Corg stock (top 1 m)
(kg Corg m-2)
Ecosystem

Soil Corg Accumulation rate
(g Corg m-2 yr-1)

South Australia
mean

Australia
mean (range)

South Australia
mean

Australia
mean (range)

6.1±2.5

11.2 (0.09 – 60.9)

10.9

36 (2 – 141)

Mangrove

14.4±8.35

25.2 (2.67 – 99.7)

38.8

126 (17 – 336)

Tidal marsh

14.0±7.03

16.8 (1.39 - 96.3)

31.1

39 (3 – 221)

Seagrass
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4.2 Disturbance and opportunities for avoided emissions and enhanced
sequestration
The differences in soil Corg stocks between disturbed and undisturbed sites for both seagrass and mangrove
ecosystems indicate a potential for both avoided GHG emissions and enhanced CO2 sequestration activities
in South Australian blue carbon ecosystems. The historical losses of blue carbon ecosystem extent in South
Australia have been reported for specific impacts and locations. These include estimates of 84 km2 for tidal
marsh (Macreadie et al. 2017 and refs therein), 2.73 km2 for mangroves (SWG 2011 and references therein)
and 187 km2 for seagrass (Seddon et al. 2000, Tanner et al. 2014). It should be noted that most of these losses
appear to have occurred prior to the 1990s and the extent of both mangrove and saltmarsh in South Australia
have increased over the period 1987 – 2015, in the order of 5% and 8%, respectively (Foster et al. 2019),
though there have been losses in some regions/sites.
In addition to the loss of a number of ecosystems services, the historical losses of South Australian BC
ecosystems would have resulted in a loss of their future CO2 sequestration potential, the remineralisation of
Corg stocks in aboveground biomass as CO2, and a risk that erosion and remineralization of soil Corg
accumulated over millennia contributes to GHG emissions (Pendleton et al. 2012). Restoration of these
ecosystems can enhance Corg sequestration and/or avoid GHG emissions following disturbance, falling
outside business-as-usual scenarios, and thus have the potential to be eligible for crediting under, for
example, the Australian Government’s ERF. For example, the re-introduction of tidal flow in drained areas
has been identified as a feasible activity for restoring BC ecosystems (Kelleway et al. 2017).
Assuming full recovery of Corg sequestration after rehabilitation, and using the full range of CARs we observed
in South Australian BC ecosystems, we estimate that the restoration of South Australian BC ecosystems would
enhance Corg sequestration by between 1 and 97 t Corg km-2 yr-1, the lower estimate being for the lowest CAR
observed in a seagrass ecosystems and the upper for the highest observed mangrove CAR (Table 14). These
values equate to total estimates for SA of about 2,000 – 50,000 t CO2-eq yr-1. This value does not include aboveground Corg (plant biomass), which could add as much again in mangrove ecosystems.

Table 14. Estimated enhanced CO2 sequestration potential in South Australia based on restoration of estimated
current losses of blue carbon habitat in Australia.
Ecosystem

Short–term accumulation
(t Corg km-2 y-1)
Mean
range

Losses
(km2)

Lost annual accumulation
t Corg y-1
t CO2-eq y-1
Min.
Max.
Min.
Max.

Seagrass

10.9

0.9 – 30.7

187

168

5,741

618

21,069

Tidal marsh

31.1

4.3 – 94.1

84

361

7,904

1,326

29,009

Mangrove

38.8

9.3 – 97.1

3

28

291

102

1,069

557

13,937

2,046

51,147

Total

The potential of BC ecosystem conservation for climate change mitigation mainly relies on the preservation
of their millenary soil Corg stocks, in particular for tidal marsh and seagrass that hold >90% of Corg stocks in
their soils. Conservation actions preserve the soil carbon, thereby avoiding emissions that might otherwise
occur. Estimating the potential blue carbon opportunity through conservation action is difficult, however, as
it requires an estimate of the potential losses that will occur under a ‘business-as-usual’ or baseline scenario,
and often this is not known without making significant assumptions about future development and
associated habitat losses. Here, we have taken two approaches. First, we present the potential avoided
emissions on a per unit area basis, avoiding the need to make any predictions about future habitat loss. We
also present an estimate based on current estimates of Australia-wide BC ecosystem loss rates.
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On a per unit area basis, the potential avoided emissions associated with conservation of blue carbon habitats
could be between 4,000 and 40,000 t CO2-eq km-2 for seagrass, 1,000 and 91,000 t CO2-eq km-2 for tidal marsh
habitat and 5,000 and 83,000 t CO2-eq km-2 for mangrove habitat, before considering any above-ground
biomass carbon for mangroves (Table 15). The large range of values reflects the natural variability in carbon
stocks within the BC habitats and the uncertainties regarding the emissions factors following disturbance.
Were BC ecosystems included in Australia’s ERF (now Climate Solutions Fund; CSF) these potential avoided
emissions would have a value of between $12,000 and $1.1 m per km2 (or $120 - $11,000 per ha.) at the most
recent trading price of around $12 per t CO2eq.
Table 15. Estimated avoided CO2 emissions per unit area based on conservation of blue carbon habitat in South
Australia. Estimates are based on either 50% or 100% of the disturbed soil C org being remineralised, and the Lower
and Upper estimates account for the range of ecosystem area estimates.
Ecosystem
Mean

Stock
(t Corg km2)
Range

Potential avoided emissions
(t CO2-eq km-2)
50% remineralised
100% remineralised
Lower
Upper
Lower
Upper
estimate
estimate
estimate
estimate

Seagrass

6.1

2,300– 10,900

4,221

20,002

8,441

40,003

Tidal marsh

14.0

600 – 25,000

1,101

45,875

2,202

91,750

Mangrove

14.5

2,700 – 22,700

4,955

41,655

9,909

83,309

To estimate the potential for state-wide avoided emissions we applied the existing rate of BC ecosystem
losses in Australia to South Australia (Table 16). Recent coastal development in Australia results in a net
decline in Corg ecosystems extent, estimated at a minimum 0.03% yr-1 for mangroves (DoEE 2015). The decline
of tidal marsh extent in Australia remains unknown, but it is likely similar or higher than in mangroves
(Macreadie et al. 2017). Similarly, current decline in seagrass extent in Australia has not been estimated, and
here we assume a loss of 0.1% yr-1 largely resulting from dredging, water quality deterioration and shoreline
modification, to estimate potential CO2 emissions resulting from habitat loss (Larkum et al. 2018). This
assumption for seagrass is conservative relative to global estimates, which are one order of magnitude
higher. Assuming that the rates of losses reported for Australia apply to SA, and that 50%–100% of the soil
Corg in the top meter are remineralized after disturbance (Pendleton et al. 2012, Lovelock et al. 2017), we
estimate emissions of 0.11 – 0.23 Mt CO2-eq yr-1 as a result of current losses of South Australian coastal carbon
ecosystems (Table 16). Conservation actions resulting in avoided losses of coastal carbon ecosystems in
Australia, falling outside business-as-usual scenarios, could result in avoidance of these CO2 emissions, with
a potential carbon trading value of $1.3 – 2.8 mill y-1, if BC ecosystems were included in the ERF.
Table 16. Estimated avoided CO2 emissions associated with conservation of South Australian blue carbon ecosystems.
Area estimates: seagrass and upper values are from Edyvane (1999), Kelleway et al. (2017) and references therein;
lower estimates for tidal marsh and mangrove from Jones et al. (2019) using SA Landcover data. Estimated proportion
of soil Corg ultimately remineralized is 50–100% (Pendleton et al. 2012, Lovelock et al. 2017).
Ecosystem

Soil Corg stock Loss rate
(Mt Corg)
% yr-1

Soil Corg at risk of remineralization
(Mt)

Potential emissions
(Mt CO2 yr-1)

Lower estimate* Upper estimate* Lower estimate* Upper estimate*
Seagrass

58.6

0.1

0.0293

0.059

0.108

0.215

Tidal marsh

2.8-6.7

0.03

0.0004

0.002

0.002

0.007

Mangrove

2.4-4.2

0.03

0.0004

0.001

0.001

0.005

0.0301

0.062

0.110

0.227

TOTAL

* Lower estimate based on 50% remineralisation of soil Corg after disturbance and smallest area estimate; Upper estimate
based on 100% remineralisation and largest area estimate
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It is stressed that the above estimates are based on the Corg stocks measured at a limited number of locations
in SA, and which are include a number of locations likely to have unrepresentatively low soil Corg stocks and/or
accumulation rates. Also, they do not include above ground biomass, which can be a significant Corg pool in
mangrove ecosystems, nor potential net methane (CH4) or nitrox oxide (NOx) emissions resulting from
management of BC ecosystems. Therefore, the estimates of potential abatement following restoration of
disturbed sites presented in this report are likely conservative.

Remaining uncertainties
A number of uncertainties remain which could significantly affect the estimates of blue carbon stocks and
accumulation rates in South Australia. It is possible that any future approved methodology for blue carbon
crediting in the ERF could require these uncertainties to be addressed. Two important uncertainties that
could affect the estimated abatement associated with potential South Australian blue carbon projects are:
•

Calcification rates in blue carbon ecosystems - the precipitation of carbonate in blue carbon
ecosystems through the action of calcifying organisms can result in a net emission of CO 2. In blue
carbon ecosystems with high rates of calcification t
his may offset some of the net
sequestration of CO2 (Saderne et al. 2019) and so may need to be accounted for in any method; and

•

The fate of the OC following habitat loss - estimating the abatement potential in blue carbon projects
requires an assumption about the amount of the carbon that will be remineralised following
disturbance (i.e. the emission factor). It is assumed that actions to prevent carbon losses will reduce
these emissions and be eligible for crediting. This may not be the case if some of the lost carbon is
either highly refractory and cannot be remineralised or if it is re-buried before it can be
remineralised. Currently emissions factors have not been determined for South Australian
ecosystems. In this study we used two estimates of the potential emissions following disturbance
(50% and 100% of the lost carbon is remineralised). Any future projects would need to validate these
assumptions or determine site/project-specific emission factors. Applying assumed emissions factors
will generally result in a discounting of the carbon crediting, to offset uncertainties associated with
the estimates.

4.3 Methodological issues for blue carbon assessments and methods
The case studies have provided valuable insights into two methodological issues associated with determining
Corg stocks and accumulation rates (CAR), which could affect the capacity to implement blue carbon projects.
These relate to the determination of sediment, and therefore, carbon, accumulation rates using either
radioisotope methods or SETs, and the second relates to the use of organic matter as a proxy for determining
the organic carbon content of soils. Below we outline the findings and consider their implications for future
BC assessments and method development.

Determining carbon accumulation rates
Most carbon crediting schemes and inventories require a measure of the change in Corg content of a soil
(and/or biomass) over time. This can be done in a number of ways, but most typically it involves either dating
the soil using radioisotope techniques or directly measuring accumulation using surface elevation tables (SET)
or a similar method (Cahoon & Turner 1989, Webb et al. 2013). Radioisotope dating methods (e.g. 210Pb and
14
C) are used to determine the soil accumulation rate over a period of time and then, using this in combination
with the soil Corg content, to determine a carbon accumulation rate (Arias-Ortiz et al. 2018). These methods
have the advantage that they can be applied to a soil profile to determine the past accumulation rates and,
subject to the rate of soil accumulation, may allow relatively rapid assessment of the carbon accumulation
rate. In addition, the radioisotope profile can reveal important information on the sedimentation processes
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occurring at a site, such as erosion or mixing due to hydrodynamics or bioturbation. However, these methods
are very much dependent on the steady accumulation of radioisotopes within the soil to determine
accumulation rates, which does not always occur in dynamic coastal environment. On the other hand, SET or
horizon marker rods are used to directly measure the change in soil height relative to a fixed depth marker.
These have the advantage that there is no dependence of radioisotope accumulation and even in situation
where the soil is mixed a net soil accumulation rate can still be determined. On the other hand, small scale
variation in soil topography can be significant in soils requiring multiple measurements in order to gain a
good appreciation of soil accumulation rates within blue carbon project boundaries. In addition, soils can
undergo regular periods of accumulation and erosion, so that it may require long time periods (often
decades) to gain a reliable estimate of the soil accumulation rates. Furthermore, while SETs have been used
in mangrove and tidal marsh ecosystems, they are rarely applied in seagrass habitats where soil movement
can be significant, causing the loss of the soil markers, and where it is difficult for divers to take the soil
measurements without themselves disturbing the surface.
Here we were able to apply radio-isotope (210Pb or 14C) methods to determine soil accumulation rates in
about 50% of the cores we collected. The remaining cores could not be dated for one of three reasons. First,
there was no excess 210Pb in the samples, indicating that at that site there was no net accumulation of soil
occurring, either because soil particles were not accumulating, or because they were accumulating but were
being eroded at an equal or faster rate, or reworked from adjacent sites. Second, the soil profile showed
excess 210Pb but the concentration was constant throughout the surface layers, indicating mixing of the soils,
and precluding the application of models to estimate accumulation rates. Third, when attempting to
determine long-term accumulation rates using 14C, several cores had insufficient organic carbon to allow
reliable dating.
The 210Pb data, in particular, indicate erosion at the unvegetated Adelaide Semaphore site and that mixing
occurred at the unvegetated Port Broughton site (see Appendix F). This is likely reflecting the hydrodynamic
exposure of the Adelaide Semaphore site on the Adelaide coastline which is causing soil to be moved away
from the site. Significant losses of seagrass in this region between the 1950s and early 2000s are thought to
have led to altered soil dynamics leading to significant offshore erosion in this region (Tucker et al. 2005). At
PB, it appears as though the loss of seagrass has allowed increased hydrodynamic mixing of the soils but
without complete erosion. At the mangrove sites, the radioisotope data are indicating complex soil
accumulation dynamics at the sites. At the undisturbed control site there is an accumulation of soil with rates
varying over different periods of time, possibly related to differences in hydrological regimes over time. In
contrast, the Mutton Cove (disturbed) sites, where mangrove cover was lost for several decades, show
significant discontinuities in the 210Pb profiles, indicating some periods of mixing and erosion and other
periods of soil accumulation. In many cores, it appears that there is a deeper layer showing soil accumulation,
possibly reflecting earlier periods with mangrove cover, and then above this a deep surface layer which is
mixed, possibly indicating periods without mangrove cover, when hydrodynamic mixing could affect the soils.
It is generally accepted that SETs require several years to yield useful integrated soil accumulation data, due
to the highly variable nature of soil accumulation at small temporal and spatial scales. Our findings support
this. Only one site showed significant soil accumulation over the study period, the Port Broughton impacted
site. All other sites showed net erosion of soils, with the most severe being the Adelaide Semaphore impacted
site. This is, again, consistent with the understanding that this site has experienced soil erosion and
movement following the loss of seagrasses since the 1950s (Tucker et al. 2005), also supported by the
exceptionally high variability in soil accumulation rates at the seagrass sites. The remaining sites showed soil
erosion in the order of 0.5–6 mm per year. Importantly however, the coefficients of variation at all these sites
were very large, from 50% to 5000%. This reflects a naturally extremely variable sedimentation regime at
very small spatial scales and indicates that a longer integrating period is required to determine an appropriate
mean soil accumulation rate to apply at the sites. It was expected that the duration of this project would be
too short for the SET to yield reliable data, and this seems to be the case. This is the reason why SET data was
not used to derive CAR at the study sites. However, with time the variability with the measurements appears
to be stabilising, indicating that it is worth persisting with monitoring the SET to determine whether they will
be an appropriate measurement method for both mangrove and seagrass locations.
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Our findings lead to two important conclusions. First, the use of radioisotope techniques can provide useful
information on the processes affecting soil and Corg accumulation at coastal sites which are being considered
for carbon crediting projects. Second, our findings also indicate that not all sites are suited to the use of
radioisotope techniques for estimating carbon sequestration rates. Current carbon accounting and crediting
methods (VERRA, Hiraishi et al. 2013) require demonstration that the GHG emission reductions are real,
measurable and permanent, and the inability to calculate rates of carbon accumulation or to date soils can
make it difficult to this. Consequently, careful assessment of potential sites should include an assessment of
the soil accumulation dynamics to determine whether the site is suitable for the intended project method
and thereby, management actions can result in carbon abatement.

Methodological issues with determining % organic carbon using % loss on ignition
Loss on Ignition (LOI) is commonly used to estimate the organic content of a soil. It is not uncommon in BC
studies to use the relationship between LOI and Corg to estimate the Corg content of a soil when only LOI data
are available, commonly the situation when financial constraints limit the number of Corg analyses that can
be performed. In order to estimate soil Corg content in the cores based on LOI (e.g. Fourqurean et al. 2012
and Howard et al. 2014), we analysed LOI in all samples from the mangrove and seagrass cores, and Corg in
40% of these samples. While the positive relationships between Corg and LOI contents in both mangrove and
seagrass soil samples could allow the use of LOI to estimate Corg (Figure 4), the uncertainties associated with
this estimate were large, in particular for seagrass soils. Indeed, the correlation (and slope) was highly
variable among study sites and treatments, which precluded the use of LOI vs Corg relationships to estimate
soil Corg across ecosystems, study sites and/or treatments.
The reasons behind the lack of consistency in LOI vs Corg relationships among ecosystems, sites and/or
treatments is likely due to differences in soil organic matter content and composition and carbonate content,
together with the limitations of the LOI method and the acid-treatment methods used prior to Corg analyses.
For example: 1) the loss of acid-soluble organic matter and the heat generated during carbonate reaction
with acid, i.e. hydrolysing organic matter, during acidification can lead to an underestimation of Corg content
(Roberts et al. 1973, Heath et al. 1977, Froelich 1980); and 2) the loss of inorganic compounds (e.g.
carbonates) during the LOI combustion can lead to an overestimation of organic matter, hence C org content
(Wang & Li 2011).
Our findings indicate that the inclusion of LOI–Corg correlations in a BC methodology should be done with
caution. The appropriateness of using such relationships should be determined on a site-by-site basis.

4.4 Conclusions and recommendations
Based on the findings of this study, the follow conclustions have been reached:
•

SA is estimated to contain up to 7.6% (1.16 Mha) of the total area of BC ecosystems in Australia, of
which seagrass accounts for at least 92%. The mean soil Corg stocks in South Australian BC ecosystems
are, on average, lower than those recorded for elsewhere in Australia. The estimates of total SA
stocks and CAR are based on a limited data set which is biased toward sites likely to have relatively
low Corg stocks and CAR and, consequently, the values presented here should not be interpreted as
fully representative.

•

As in other parts of Australia, South Australian mangrove and tidal marsh ecosystems have higher
stocks than seagrasses on a per unit area bass, but seagrasses contain the largest total stocks at the
State scale due to their greater area.

•

The mean soil carbon accumulation rates for South Australian BC ecosystems followed a similar trend
to stocks, with mangroves and tidal marshes having higher CAR than seagrasses, but the total annual
Corg sequestration for the State being greatest in seagrasses due to their extent. Seagrasses account
for more than 80% of the total annual sequestration.
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•

South Australian BC ecosystems are estimated to contain 63 - 76 Mt of the nation’s soil Corg stocks ,
of which 86-92% is in seagrass ecosystems, reflecting the large extent of seagrasses.

•

SA blue carbon ecosystems sequester 0.11 – 0.14 Tg Corg y-1, of which 82 – 89% is sequestered by
seagrasses, reflecting the large extent of seagrasses.

•

At the case study sites we investigated, disturbance, due to eutrophication, dredging or alteration to
tidal regimes, resulted in lower Corg carbon stocks and accumulation rates. In seagrass ecosystems,
the Corg stocks were approximately 50–100% higher in the top 1 m of soil at undisturbed meadows
than disturbed meadows. In mangrove ecosystems, the soil Corg stocks were about 30–50% higher in
undisturbed sites than disturbed sites, in the top 50 cm of soil.

•

The clear differences in soil Corg stocks between disturbed and undisturbed sites for both seagrass
and mangrove ecosystems indicate a potential for both avoided GHG emissions and enhanced CO2
sequestration activities in South Australian blue carbon ecosystems. Restoration of SA BC ecosystems
could enhance Corg sequestration by between 1 and 97 t CO2-eq km2 yr-1.

•

The potential avoided emissions associated with conservation of South Australian blue carbon
habitats could be as high as 40 t CO2-eq km-2 for seagrass, 92 t CO2-eq km-2 for tidal marsh habitat and
83 t CO2-eq km-2 for tidal marsh habitat which does not include the above-ground mangrove carbon
in biomass.

•

The assessment of the potential state-wide stocks and accumulation rates are highly conservative,
because: 1) they are based on a limited data set that was collected for other purposes, and which is
biased towards locations likely to have unrepresentatively low carbon stocks and/or accumulation
rates; and 2) they do not include above ground biomass, which can be a significant carbon stock for
mangroves. A modest, but carefully designed sampling program targeting representative blue carbon
habitats would significantly improve the estimates of South Australian blue carbon resources.

Recommendations
Based on the findings of this study, the following recommendations have been made:
•

It is recommended that a strategic assessment of blue carbon stocks and accumulation rates in
South Australia be undertaken, targeting currently under-represented habitat types and
identifying areas known to have suffered historical disturbances or which are likely to experience
future disturbance.
This study was restricted to three specific case studies of potential blue carbon CO2 abatement
potential. The case studies confirm the potential of restoration of conservation of blue carbon habitat
to enhance carbon sequestration rates or to avoid emissions of greenhouse gases. The next step in
the pathway towards implementing a blue carbon strategy is to obtain a better understanding of the
State-wide opportunity for blue carbon activities and the financial tools by which these could be
implemented.
The State-wide opportunity for blue carbon will be a function of the extent of blue carbon habitat
that is potentially available for crediting activities. Under possible future financial mechanisms (e.g.
should the ERF extend to include a blue carbon method), this will be, primarily, areas of blue carbon
habitat that have either been disturbed, and so represent an opportunity for enhanced carbon
sequestration through rehabilitation, or areas which are threatened by future development and
represent an opportunity for avoided emissions through conservation. The viability of such projects
will depend on the extent of these areas, development of government blue carbon financing
mechanisms, and the future price of carbon credits.
The next step in a ‘road-map’ for the assessment and development of blue carbon opportunities in
South Australia is to assess the distribution of the blue carbon habitats and their condition, in order
to identify priority areas or ‘hot-spots’ for potential abatement projects. A sampling program is
recommended, which should:
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•

•

Map and classify the BC ecosystems, specifically identifying not only the presence of the
habitat but also its condition (undisturbed, previously disturbed, currently disturbed) and
the depositional nature of the habitat (sheltered/depositional v unsheltered/erosional);

•

In representative sites of the above mapping categories, assess the organic carbon stocks
and accumulation rates, stratified by:
- Previously disturbed versus undisturbed;
- Sheltered/depositional versus exposed/erosional (especially for seagrass);
- Different seagrass habitats – particularly, enhancing the database on Amphibolis spp.

•

From the above, map the blue carbon resource, identifying the priority areas for blue carbon
project opportunities (that is, areas with the potential to meet additionality requirements),
and estimate the magnitude of abatement they could provide. This may be best achieved
through a combination of geomorphic-based modelling at State or sub-State level (e.g.
Rogers et al. 2019) coupled with overlays of known historical and planned land-use.

It is recommended that future assessments of blue carbon accumulation rates use a combination
of radio-isotope and surface elevation table techniques.
Carbon crediting methods require some form of verification of the carbon accumulation in a project
site, and this requires an estimate of the carbon sequestration rate. Typically, a higher price is paid
when site-based measurements are used, but these cost more to collect. The alternative is to use
modelled values or values estimated from similar sites in the region, but the carbon credits will be
discounted relative to using site-based measurements. Despite this discounting, the relatively high
costs of determining site-specific sediment and carbon accumulation rates can make the use of
models appealing. At this time, FULCAM (the national inventory model) does not include a method
for blue carbon ecosystems. More data are required, at least initially, to produce a robust model of
soil carbon accumulation rates. Carbon prices reduce with increasing uncertainty, so a poorly
validated model do not necessarily help, as they provide low levels of confidence in the carbon
estimates, especially for South Australia which appears to have conditions and accumulation rates
quite different to those places where most of the available data are derived from. Therefore, any
future blue carbon assessment in South Australia might be best served by continuing to include direct
measurements of carbon accumulation rates.
The two common approaches to determining soil carbon accumulation rates are either radio-isotope
based approaches or SETs. In this study, radio-isotope (210Pb dating) technique yielded carbon
accumulation rates at about 50% of the sites studied. At the remaining sites, mixing of the sediment
prevented reliable estimates being developed, though the method did provide insights into the
sedimentation processes occurring at the sites. SETs have the advantage of not being susceptible to
soil mixing, but they do not reveal long-term processes at a site beyond the timescale the SETs have
been monitored. In our study, SETs provided highly variable accumulation rates, both spatially and
temporally, indicating that longer (possibly decadal) timescales and/or greater replication may be
needed to generate reliable estimates of carbon accumulation rates. Using a combination of the
methods is likely to provide greater certainty of obtaining accumulation rates, in a reasonable time
period (i.e. years), but also understanding whether longer-term processes (decadal) may be occurring
at a site which could threaten the accumulated stocks.

•

It is recommended that, subject to the release of an approved blue carbon method within the ERF,
appropriate studies be undertaken to determine the emissions factors associated with disturbance
of South Australian blue carbon ecosystems.
The case studies reported here confirm that there is a loss of sedimentary organic carbon following
disturbance to the seagrass and mangrove ecosystems assessed. We have used these losses to
estimate potential abatement opportunities. However, these estimates require assumptions
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regarding the baseline emissions from blue carbon habitats and the potential emissions (i.e,.
conversion of disturbed soil carbon into CO2 and other greenhouse gases) following disturbance.
Currently, there are no direct measures of the baseline emissions or post-disturbance emissions and
almost no information on emissions of methane and nitrous oxide. Improved understanding of
emissions will improve the certainty around predicted and measured abatement and will influence
the extent of credits that may be obtained for blue carbon actions and the cost-benefit analysis of
potential projects.

Stocks and accumulation rates of organic carbon in South Australian blue carbon ecosystems – Technical report |

32

5 References
Adame MF, Kauffman JB, Medina I, Gamboa JN, Torres O, Caamal JP, Reza M, Herrera-Silveira JA (2013)
Carbon Stocks of Tropical Coastal Wetlands within the Karstic Landscape of the Mexican Caribbean.
PLoS One 8
Alongi DM (2014) Carbon Cycling and Storage in Mangrove Forests. Ann Rev Mar Sci 6:195–219
Appleby PG, Oldfield F (1978) The calculation of 210Pb dates assuming a constant rate of supply of
unsuported 210Pb to the sediment. Catena 5:1–8
Arias-Ortiz A, Masqué P, Garcia-Orellana J, Serrano O, Mazarrasa I, Marbà N, Lovelock CE, Lavery P, Duarte
CM (2018) Reviews and syntheses: 210Pb-derived sediment and carbon accumulation rates in
vegetated coastal ecosystems: setting the record straight. Biogeosciences Discuss:1–47
Atwood TB, Connolly RM, Almahasheer H, Carnell PE, Duarte CM, Lewis CJE, Irigoien X, Kelleway JJ, Lavery
PS, Macreadie PI, Serrano O, Sanders CJ, Santos I, Steven ADL, Lovelock CE (2017) Global patterns in
mangrove soil carbon stocks and losses. Nat Clim Chang 7:523–528
Blaauw M, Christen JA (2011) Flexible paleoclimate age-depth models using an autoregressive gamma
process. Bayesian Anal 6:457–474
Bowman GM (1985) Oceanic reservoir correction for marine radiocarbon dates from Northwestern Australia.
Aust Archaeol 20:58–67
Bryars S, Neverauskas V (2004) Natural recolonisation of seagrasses at a disused sewage sludge outfall. Aquat
Bot 80:283–289
Cahoon DR, Turner RE (1989) Accretion and Canal Impacts in a Rapidly Subsiding Wetland II. Feldspar Marker
Horizon Technique. Estuaries 12:260
Campbell JE, Lacey EA, Decker RA, Crooks S, Fourqurean JW (2014) Carbon Storage in Seagrass Beds of Abu
Dhabi, United Arab Emirates. Estuaries and Coasts 38:242–251
Coles RG, Rasheed MA, Mckenzie LJ, Grech A, York PH, Sheaves M, Mckenna S, Bryant C (2014) The Great
Barrier Reef World Heritage Area seagrasses: Managing this iconic Australian ecosystem resource for
the future. Estuar Coast Shelf Sci 153:1–12
DEWNR (2018) South Australia’s carbon sequestration strategy. Government of South Australia. Department
of Environment, Water and Natural Resources.
DoEE (2015) National Inventory Report 2015 Vol 2. Government of Australia.
Donato DC, Kauffman JB, Murdiyarso D, Kurnianto S, Stidham M (2011) Mangroves among the most carbonrich forests in the tropics. Nat Geosci 4:1–5
Duarte CM, Losada IJ, Hendriks IE, Mazarrasa I, Marbà N (2013a) The role of coastal plant communities for
climate change mitigation and adaptation. Nat Publ Gr 3:961–968
Duarte CM, Losada IJ, Hendriks IE, Mazarrasa I, Marbà N (2013b) The role of coastal plant communities for
climate change mitigation and adaptation. Nat Clim Chang 3:961–968
Edyvane KS (1999) Conserving Marine Biodiversity in South Australia - Part 2 - Identification of areas of high
conservation value in South Australia. Primary Industries and Resources South Australia
Foster N, Jones AR, Waycott M, Gillanders BM (2019) Coastal Carbon Opportunities: Technical report on
changes in the distribution of mangrove and saltmarsh across South Australia (1987 – 2015). Goyder
Institute for Water Research Technical Report Series No. 19/23.
Fourqurean JW, Duarte CM, Kennedy H, Marbà N, Holmer M, Mateo MA, Apostolaki ET, Kendrick G a., KrauseJensen D, McGlathery KJ, Serrano O (2012) Seagrass ecosystems as a globally significant carbon stock.

Stocks and accumulation rates of organic carbon in South Australian blue carbon ecosystems – Technical report |

33

Nat Geosci 5:505–509
Froelich NP (1980) Analysis of organic carbon in marine sediments ’. Limnol Oceanogr 25:572–576
Geoscience Australia (2005) Coastal Waterways Geomorphic Habitat Map Data. Government of Australia.
Glew J, Smol J, Last W (2001) Sediment core collection and extrusion. In: Tracking Environmental Change
Using Lake Sediments. Volume 1: Basin Analysis, Coring, and Chronological Techniques. Kluwer
Academic Publishers, Dordrecht, The Netherlands, p 73–105
Hamilton SE, Casey D (2016) Creation of a high spatio-temporal resolution global database of continuous
mangrove forest cover for the 21st century ( CGMFC-21 ). Glob Ecol Biogeogr 25:729–738
Heath, Moore, Dauphin (1977) Organic carbon in deep-sea sediments. In: Anderson, Malahoff (eds) The fate
of fossil fuel CO2 in the oceans. Plenum, p 605–625
Heiri O, Lotter AF, Lemcke G (2001) Loss on ignition as a method for estimating organic and carbonate content
in sediments : reproducibility and comparability of results. J Paleolimnol 25:101–110
Hiraishi T, Krug T, Tanabe K, Srivastava N, Baasansuren J, Fukuda M, Troxler T (2013) IPCC 2014, 2013
Supplement to the 2006 IPCC Guidelines for National Greenhouse Gas Inventories: Wetlands. The
Intergovernmental Panel on Climate Change (IPCC), 2014, Switzerland
Howard J, Hoyt S, Isensee K, Pidgeon E, Telszewski M (2014) Coastal Blue Carbon: Methods for assessing
carbon stocks and emissions factors in mangroves, tidal salt marshes, and seagrass meadows. (I
Conservation International and IU for C of N Oceanographic Commission of UNESCO, Eds.). Arlington,
Virginia, USA.
Irving AD (2013) A century of failure for habitat recovery. Ecography (Cop) 36:1–3
Jones AR, Raja-Segaran R, Campbell D, Fernandes M, Gillanders BM (2019) Coastal Carbon Opportunities:
Technical report on vegetation dynamics at Mutton Cove, a site of recent tidal reconnection. Goyder
Institute for Water Research Technical Report Series No. 19/25.
Kelleway J, Serrano O, Baldock J, Cannard T, Lavery P, Lovelock CE, Macreadie P, Masqué P, Saintilan, N SA
(2017) Technical review of opportunities for including blue carbon in the Australian Government’s
Emissions Reduction Fund.
Kendrick GA, Lavery PS (2001) Assessing biomass, assemblage structure and productivity of algal epiphytes
on seagrasses. In: Short FT, Short CA, Coles RG (eds) Global Seagrass Research Methods. Elsevier B.V.,
Abi-Ghanem, C., Chiffoleau, J. F., Bermond, a., Nakhlé, K., Khalaf, G., Borschneck, D., & Cossa, D. (2009).
Lead and Its Isotopes in the Sediment of Three Sites on the Lebanese Coast : Identification of
Contamination Sources and Mobility. Applied Geochemi, p 1–24
Krishnaswamy S, Lal D, Martin JM, Meybeck M (1971) Geochronology of lake sediments. Earth Planet Sci Lett
11:407–414
Laffoley D d’A, Grimsditch G (2009) The Management of Natural Coastal Carbon Sinks. Abi-Ghanem, C.,
Chiffoleau, J. F., Bermond, a., Nakhlé, K., Khalaf, G., Borschneck, D., & Cossa, D. (2009). Lead and Its
Isotopes in the Sediment of Three Sites on the Lebanese Coast : Identification of Contamination Sources
and Mobility. Applied Geochemi
Larkum AWD, Kendrick GA, Editors PJR (2018) Seagrasses of Australia. Structure, Ecology and Conservation.
Lavery PS, Mateo M-Á, Serrano O, Rozaimi M (2013) Variability in the carbon storage of seagrass habitats and
its implications for global estimates of blue carbon ecosystem service. PLoS One 8:e73748
Lovelock CE, Atwood T, Baldock J, Duarte CM, Hickey S, Lavery PS, Masque P, Macreadie PI, Ricart AM,
Serrano O, Steven A (2017) Assessing the risk of carbon dioxide emissions from blue carbon ecosystems.
Front Ecol Environ 15:257–265
Macreadie PI, Ollivier QR, Kelleway JJ, Serrano O, Carnell PE, Ewers Lewis CJ, Atwood TB, Sanderman J,
Stocks and accumulation rates of organic carbon in South Australian blue carbon ecosystems – Technical report |

34

Baldock J, Connolly RM, Duarte CM, Lavery PS, Steven A, Lovelock CE (2017) Carbon sequestration by
Australian tidal marshes. Sci Rep 7:1–10
Masque P, Sanchez-Cabeza JA, Bruach JM, Palacios E, Canals M (2002) Balance and residence times of Pb210 and Po-210 in surface waters of the northwestern Mediterranean Sea. Cont Shelf Res 22:2127–2146
McLeod E, Chmura GL, Bouillon S, Salm R, Björk M, Duarte CM, Lovelock CE, Schlesinger WH, Silliman BR
(2011) A blueprint for blue carbon: Toward an improved understanding of the role of vegetated coastal
habitats in sequestering CO2. Front Ecol Environ 9:552–560
Mount R, Bricher P, Newton P (2008) National Intertidal/Subtidal Benthic (NISB) Habitat Map Data. Univ
Tasmania, Dep Clim Chang Audit
Nellemann C, Corcoran E, Duarte CM, Valdes L, Young C De, Fonseca L, Grimsditch G (2009) Blue Carbon - The
Role of Healthy Oceans in Binding Carbon (GRID-Arendal, Ed.). Norway
Nellemann C, Corcoran E, Duarte CM, Valdés L, Young C De, Fonseca L, Grimsditch G (2009) Blue carbon - The
role of healthy oceans in binding carbon. Abi-Ghanem, C., Chiffoleau, J. F., Bermond, a., Nakhlé, K.,
Khalaf, G., Borschneck, D., & Cossa, D. (2009). Lead and Its Isotopes in the Sediment of Three Sites on
the Lebanese Coast : Identification of Contamination Sources and Mobility. Applied Geochemi
Ouyang X, Lee SY (2014a) Updated estimates of carbon accumulation rates in coastal marsh sediments.
Biogeosciences 11:5057–5071
Ouyang X, Lee SY (2014b) Updated estimates of carbon accumulation rates in coastal marsh sediments.
Biogeosciences 11:5057–5071
Pendleton L, Donato DC, Murray BC, Crooks S, Jenkins WA, Sifleet S, Craft C, Fourqurean JW, Kauffman JB,
Marbà N, Megonigal P, Pidgeon E, Herr D, Gordon D, Baldera A (2012) Estimating Global “Blue Carbon”
Emissions from Conversion and Degradation of Vegetated Coastal Ecosystems. PLoS One 7
Roberts AA, Palacas JG, Frost IC (1973) Determination of organic carbon in modern carbonate sediments. J
Sediment Res 43:1157–1159
Rogers K, Macreadie PI, Kelleway JJ, Saintilan N (2019) Blue carbon in coastal landscapes : a spatial framework
for assessment of stocks and additionality. Sustain Sci 14:453–467
Rozaimi M, Serrano O, Lavery PS (2013) Comparison of carbon stores by two morphologically different
seagrasses. J R Soc West Aust 96:81–83
Saderne V, Geraldi NR, Macreadie PI, Maher DT, Middelburg JJ, Serrano O, Almahasheer H, Cusack M, Eyre
BD, Fourqurean JW, Kennedy H, Krause-Jensen D, Kuwae T, Lavery PS, Lovelock CE, Marba N, Masqué
P, Mateo MA, Mazarrasa I, McGlathery KJ, Oreska MPJ, Sanders CJ, Santos IR, Smoak JM, Tanaya T,
Watanabe K, Duarte CM (2019) Role of carbonate burial in Blue Carbon budgets. Nat Commun:1–9
Sanchez-Cabeza JA, Masque P, Ani-Ragolta I (1998) 210Pb and 210Pb analysis in sediments and soils by
microwave acid digestion. J Radioanal Nucl Chem 227:19–22
Sanderman J, Hengl T, Fiske G, Solvik K, Adame MF, Benson L, Bukoski JJ, Carnell P, Cifuentes-Jara M, Donato
D, Duncan C, Eid EM, Ermgassen P zu, Lewis CJE, Macreadie PI, Glass L, Gress S, Jardine SL, Jones TG,
Nsombo EN, Rahman MM, Sanders CJ, Spalding M, Landis E (2018) A global map of mangrove forest soil
carbon at 30 m spatial resolution. Environ Res Lett 13:055002
Seddon S, Connolly RM, Edyvane KS (2000) Large-scale seagrass dieback in northern Spencer Gulf, South
Australia. Aquat Bot 66:297–310
Serrano O, Lavery PS, López-Merino L, Ballesteros E (2016) Location and Associated Carbon Storage of
Erosional Escarpments of Seagrass Posidonia Mats. Front Mar Sci 3:1–7
Serrano O, Ricart AM, Lavery PS, Mateo MA, Arias-Ortiz A, Masque P, Rozaimi M, Steven A, Duarte CM (2016)
Key biogeochemical factors affecting soil carbon storage in Posidonia meadows. Biogeosciences
13:4581–4594
Stocks and accumulation rates of organic carbon in South Australian blue carbon ecosystems – Technical report |

35

Stuiver M, Reimer PJ, Reimer RW (2018) CALIB 7.1.
Sutton-Grier AE, Moore AK, Wiley PC, Edwards PET (2014) Incorporating ecosystem services into the
implementation of existing U.S. natural resource management regulations: Operationalizing carbon
sequestration and storage. Mar Policy 43:246–253
SWG (2011) The vulnerability of coastal and marine habitats in South Australia. Marine Parks, Department of
Environment, Water and Natural Resources South Australia.
Tanner JE, Irving AD, Fernandes M, Fotheringham D, Mcardle A, Murray-Jones S (2014) Seagrass
rehabilitation off metropolitan Adelaide: A case study of loss, action, failure and success. Ecol Manag
Restor 15:168–179
Tucker R, Parker J, Barnett L, Cole R, Cox S, Davis J, Deans J, Detman S, Eaton A, Fotheringham D, Hutchens
C, Johnson P, Murray-Jones S, Orchard F, Penney S, Sandercock R, Scriven L, Townsend M, Williams G
(2005) Adelaide’s Living Beaches: A Strategy for 2005–2025. Adelaide, South Australia
VERRA Verified Carbon Standard.
Wang Q, Li Y (2011) Optimizing the weight loss-on-ignition methodology to quantify organic and carbonate
carbon of sediments from diverse sources. Environ Monit Assess 174(1-4):241–257
Webb EL, Friess DA, Krauss KW, Cahoon DR, Guntenspergen GR, Phelps J (2013) A global starndard for
monitoring coastal wetland vulnerability to accelerated sea-level rise. Nat Clim Chang 3:458–465

Stocks and accumulation rates of organic carbon in South Australian blue carbon ecosystems – Technical report |

36

Appendix A – Summary data for all coastal carbon habitat cores sampled in 2014
and 2017 campaigns

Data will be publicly available after March 2020
Please contact the Goyder Institute if data is required before this date.
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Appendix B – Summary of core samples used for radiocarbon dating

Data will be publicly available after March 2020
Please contact the Goyder Institute if data is required before this date.
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Appendix C – Statistical test summary tables

Data will be publicly available after March 2020
Please contact the Goyder Institute if data is required before this date.
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Appendix D – Stable carbon isotope (13C) values for
plants and algae collected a seagrass, tidal marsh
and mangrove sampling sites in South Australia

Data will be publicly available after March 2020
Please contact the Goyder Institute if data is required
before this date.
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Appendix E – Soil Corg (%), LOI (%), 13C and dry
bulk density (g cm-3) profiles along depths
(cm) and/or ages (yr BP) for cores reported
in this study

Data will be publicly available after March 2020
Please contact the Goyder Institute if data is required
before this date.
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Appendix F – Results of
sediment cores

210Pb

dating of

Data will be publicly available after March 2020
Please contact the Goyder Institute if data is required before
this date.
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