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• Temperate Highland Peat Swamps on
Sandstone (THPSS) are poorly
recognised.

• THPSS store over 25 Mt CO2 eq. in two
regions of Eastern Australia

• 50% of peatlands are at risk of impair-
ment due to anthropogenic disturbance.

• Potential CO2 emissions from high risk
THPSS are 8.6 Mt CO2 eq.

• Pricing stocks and emissions recognise
THPSS as carbon capture and storage
systems.
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In a carbon-constrained world, global peatlands are vital carbon capture and storage systems. Here we calculate
regional carbon stocks, sequestration rates and potential carbon emissions of Temperate Highland Peat Swamps
on Sandstone (THPSS) found in low order headwater streams in eastern Australia. We find that total carbon
stocks within THPSS in two regions are 25 Mt CO2 eq. with annual carbon sequestration rates at 60.5 kt CO2

eq. A risk assessment model, based on anthropogenic activities known to impair the carbon storage functions
of THPSS is used to identify swamps most at risk of carbon loss. Potential CO2 emissions from at risk swamps
could be up to 8.6 Mt CO2 eq. When carbon stock is valued at the current carbon abatement price of
$AUD16.10 t−1 CO2 eq, the total value of THPSS is over AUD$404 million dollars (US$281 million). This makes
a strong economic case for the implementation of sustainable swamp conservation and restoration activities.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Peatlands are known to be effective carbon sinks. While they only
cover 3% of the Earth's surface, they store the equivalent of 75% of at-
mospheric carbon (Garneau et al., 2014; Gorham, 1991; Yu, 2012;).
However, globally many peatlands have been dewatered, degraded
and destroyed by agricultural activities, mining and urbanisation
(Carnell et al., 2018; Knox et al., 2015; Pemberton, 2005). These ac-
tivities can transform peatlands from carbon storage systems to
sources of carbon emissions to the atmosphere (Cowley et al.,
2018; Danevčič et al., 2010; Eickenscheidt et al., 2015). Carbon se-
questration within soils and coastal ecosystems has been identified
as one important part of biological climate change mitigation and re-
silience (Duarte et al., 2013; Hiraishi et al., 2014; Lal, 2004; Serrano
et al., 2019). By quantifying carbon stocks and sequestration rates
of ecosystems at a regional scale and identifying peatlands that are
at risk of impairment or loss, a value can be placed on peatland res-
toration and an incentive provided for peatland conservation
(Carnell et al., 2018; Department of Agriculture, Water and the
Environment, 2005).

Recent work on carbon stocks and sequestration rates of soils and
biomass of vegetated coastal ecosystems (VCE) in Australia found
that these ecosystems have sizable carbon stocks and sequestration
rates, and CO2 emissions from ecosystem loss can be considerable
(Serrano et al., 2019). While other Australian peatlands such as Tem-
perate Highland Peat Swamps on Sandstone (THPSS), located in the
valley bottoms of low order headwater streams in Eastern Australia
Fig. 1. THPSS are valley bottom swamps that occur in low order headwater streams upstream
Mountains region are often located close to anthropogenic influences associated with urbanisa
ularly underground mining. (c) an intact THPSS in the Southern Highlands region (Photo: K. F
(Fig. 1a, b, c) are not as large in area as VCE, they do have substantial
water and carbon storage capacities relative to their size. Most
THPSS are located in the Sydney water supply catchment and act as
water storage and filtering ecosystem service providers, supporting
some 4.6 million people (Fig. 2). They occur in two main regions,
the Blue Mountains 100 km west of Sydney and the Southern High-
lands 100 km southwest of Sydney (Fig. 2a, b). However, these sys-
tems are threatened by anthropogenic disturbances such as
urbanisation, underground mining, and climate change, putting at
risk both the water and carbon storage capacity of these systems
(Baird and Burgin, 2016; Cowley et al., 2016; Cowley et al., 2018;
Department of Agriculture, Water and the Environment, 2005).
Once impaired (i.e. channelised, dewatered or disturbed; Fig. 1d),
THPSS transition from carbon sinks to carbon sources (Cowley
et al., 2018).

The Intergovernmental Panel on Climate Change (IPCC) provides
methodologies for compiling national inventories of annual greenhouse
gases from direct land use and management activities occurring on im-
paired wetlands, drained soils and constructed wetlands (Hiraishi et al.,
2014). While the guidelines are useful for calculating greenhouse gas
emissions arising from anthropogenic activities within these ecosys-
tems, they provide little guidance on how to calculate emissions from
ecosystems already impaired from perturbations to biogeochemical cy-
cling by indirect anthropogenic activities. World-wide, carbon exports
and emissions from impaired swamps and peatlands are much higher
than from intact swamps and peatlands, potentially reaching 2 Gt per
annum (Joosten, 2009).
of the escarpment of the Great Dividing Range in Eastern Australia. (a) THPSS in the Blue
tion. (b) THPSS in the Southern Highlands are often impacted by mining activities, partic-
ryirs). (d) an impaired, incised THPSS in the Blue Mountains region (Photo: K. Fryirs).



Fig. 2. Location of the Blue Mountains and Southern Highlands THPSS within the Sydney Basin and water supply area.
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This paper has three aims;

1) to calculate carbon stock and sequestration rates of THPSS in two re-
gions of Eastern Australia;

2) to identify and quantify the number of swamps at risk of loss or im-
pairment due to anthropogenic disturbance;

3) to quantify the potential region-wide carbon emissions that may re-
sult from swamp degradation due to anthropogenic disturbance.

By converting carbon stock, sequestration rates and potential carbon
emissions of THPSS to CO2 equivalency (CO2 eq.) and placing a carbon
price on these, we make a case for appropriate recognition, conserva-
tion, management and rehabilitation of these important carbon capture
and storage systems. Management of these carbon capture and storage
systems is particularly relevant in mitigating anthropogenic climate
change.
2. Methods

2.1. Data acquisition

Analysis of the geomorphic condition of intact and channelised
swamp types uses the framework outlined in Fryirs et al. (2016)
and Kohlhagen et al. (2013). Carbon stocks in the Blue Mountains
were calculated using sediment analysis data from 13 THPSS docu-
mented in Cowley et al. (2016) and 15 Southern Highlands THPSS
documented in Fryirs and Hose (2016) (see Supplementary Tables 1
and 2).

Radiocarbon ages (14C) of four THPSS in the Blue Mountains and 10
THPSS in the Southern Highlandswere sourced from Fryirs et al. (2014).
All radiocarbon dates were calibrated to calendar years (see Fryirs et al.,
2014 for complete methods). Bulk density and organic matter content
(based on loss on ignition (LOI) analysis) for each sedimentary unit
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was obtained from Cowley et al., 2016 and Fryirs et al., 2014 (see Sup-
plementary Tables 1 and 2).

The physical attributes of THPSS, such as surface area and total
swamp area in the regionwere taken from theOpenAccess THPSSmap-
ping database available at https://datasets.seed.nsw.gov.au/dataset/
temperate-highland-peat-swamps-on-sandstone-thpss-vegetation-
maps-vis-ids-4480-to-4485 and reported in Fryirs and Hose (2016) and
Fryirs et al. (2019).

Data on anthropogenic disturbances for the Blue Mountains'
swamps were acquired from Blue Mountains City Council and NSW
Local Land Service shapefiles that include information on stormwater
infrastructure, groundwater bores and degree of urbanisation. For the
Southern Highlands, mining data were derived from WaterNSW
shapefiles that describe mining leases, locations, area, mining methods,
operating time and opening and closing dates.

2.2. Data analyses

Carbon stock (tC) for each study swamp was calculated using the
carbon density approach as detailed in Yu et al., 2010 as:

Cstock ¼ A� CD ð1Þ

where A is swamp area in hectares and CD is carbon density in t C ha−1.
Carbon density was calculated for each sedimentary layer as:

CDdensity ¼ BD� D�%Corg
� � ð2Þ

where BD is the bulk density in g cm−3, D is the thickness of each sed-
imentary layer in cm and %Corg is organic carbon calculated by using
loss on ignition (LOI) and total organic carbon (TOC). Data from
Cowley et al. (2016) was used to construct a TOC-LOI relationship
using linear regression which was then applied to the remaining LOI
datasets to more accurately constrain mean organic carbon (OC) per-
centages for both regions.

Carbon stock was converted to t CO2 eq. by multiplying by 3.67
(known as the Greenhouse Gas Equivalency Factor; see Carnell et al.
(2018)).

To derive an estimate of present-day carbon sequestration rates,
carbon sequestration was calculated from themost recent Holocene ac-
cumulation rates from six swamps with dates between 85 yrs. BP and
693 yrs. BP. The calculation of carbon sequestration was modified
from Page et al. (2004) and expressed as g Cm−2 yr−1 using the follow-
ing equation:

CS ¼ R � 1000ð Þ � ñ� C ð3Þ
Table 1
Anthropogenic risk rating scores for swamps in the Blue Mountains and Southern Highlands.

Blue Moun
Impervious surface area in swamp catchment b10% 1
Score 0 1
Distance to groundwater bores (m) N2000 b

Score 0 1
Number of stormwater outlets in swamps =0 =
Score 0 1
Distance to stormwater outlets N2000 b

Score 0 1

Southern Hi
Distance to mine boundary (m) N1000 b

Score 0 1
Mining method No mining within 1000 m B
Score 0 1
Time since mine was operational No mining within 1000 m N

Score 0 1
Operating time (years) No mining within 1000 m 1
Score 0 1
where CS is carbon sequestration in g Cm−2 yr−1, R is the sediment ac-
cumulation rate in mm yr−1 derived from depth (mm) divided by cali-
brated 14C age, Ñ is averaged dry bulk density for each sedimentary
layer within the date range in g cm−3 and C is organic carbon calculated
from loss on ignition values as above, expressed as g C g−1 dry weight.
Carbon dioxide (CO2) equivalency (eq.) was calculated by converting
sequestration rates per swamp to t CO2eq. by multiplying the accu-
mulation rate by swamp area, converting to t C yr−1 and multiplying
by the Greenhouse Gas Equivalency Factor of 3.67 (see Carnell et al.,
2018).

Anthropogenic riskmapswere developed to quantify potential car-
bon emissions resulting from swamp degradation caused by anthropo-
genic disturbances. Fryirs et al. (2016) identified anthropogenic
disturbances for Blue Mountains swamps as the amount of impervious
surface area in the catchment, distance to stormwater infrastructure,
number of stormwater connection points in a swamp, and distance to
groundwater bores. A numerical risk ratingwas applied to these anthro-
pogenic threats based on thresholds in Tables 6–9 in Fryirs et al. (2016)
(Table 1). Anthropogenic disturbances for the Southern Highlands in-
clude potential impacts frommining activities in the region, determined
as distance to closestmine boundary, miningmethod (the bord and pil-
larmethod of extraction is considered to have less impact on groundwa-
ter fed ecosystems than the longwall method (Booth, 2006; Krogh,
2007; State of New South Wales, 2008)), time since mine was opera-
tional (based on mine closure date) and years of mine operation. For
the anthropogenic threats in the Blue Mountains, numerical risk ratings
were applied based on thresholds derived for each disturbance type
(Table 1) (see Fryirs et al. (2016) and Kohlhagen et al. (2013) for condi-
tion assessment method). The numerical values for each disturbance
type were then summed for each swamp and the total categorised ac-
cording to five anthropogenic risk ratings; low, low-medium, medium,
medium-high and high.

Potential carbon loss from swamp degradation and loss was calcu-
lated for swamps classified as medium, medium-high and high risk
from anthropogenic activities. Carnell et al. (2018) and Siikamäki et al.
(2013) used carbon loss rates of 90%, 59% and 27% derived from
Murray et al. (2011) and Donato et al. (2011) to delineate upper, inter-
mediate and lower estimates of carbon demineralisation. Here, we use
these estimates and apply them to high, medium-high and medium
swamps respectively to calculate potential emissions by multiplying
the losses by the Greenhouse Gas Equivalency Factor of 3.67. Potential
losses were calculated only for swamps deemed at medium risk and
higher because previous work has identifying a condition threshold
whereby swamps deemed to be in moderate or poorer condition re-
quire significantly more intervention to return to good condition
(Chessman et al., 2006; Fryirs et al., 2014).
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The carbon stock, sequestration and loss datasets were joined to the
swamp attributes tables in ARCGIS 10.4 to calculate the carbon budgets
of all mapped THPSS in the Blue Mountains and Southern Highlands
regions.

3. Results

Total carbon stocks for THPSS across the two regions are over 6.8Mt.
C with a CO2 equivalency of over 25 Mt. The Southern Highlands
swamps hold 3.6 Mt. C while Blue Mountains swamps hold a total of
3.3 Mt. C with a CO2 equivalency of over 13 Mt. and 12Mt., respectively
(Table 2). Mean carbon density per hectare in each region is 805 t ha−1

for the Blue Mountains swamps and 811 t ha−1 for the Southern High-
lands swamps (Table 2).

Carbon sequestration rates derived from late Holocene ages within
the study swamps in each region were measurably different,with a
mean sequestration rate of 289 g Cm-2 yr−1 for the Southern Highlands
swamps and 93 g Cm-2 yr−1 for BlueMountains swampswith total car-
bon sequestration rates estimated at 46.4 kt yr−1 CO2 eq. and 14.1 kt
yr−1 CO2 eq. respectively (Table 2). This makes an annual carbon se-
questration total for THPSS in these regions of 60.5 kt CO2 eq. (Table 2).

Forty-eight percent or 769 swamps in the Blue Mountains and 47%
or 590 swamps in the Southern Highlands are classified as being at me-
dium to high risk of impairment due to anthropogenic disturbance
(Fig. 3a, b). Most of these swamps are located on the urban fringe in
the Blue Mountains or where undergroundmining occurs in the South-
ern Highlands (Fig. 3c, d). When the three carbon loss rates (27%, 59%
and 90%) are used to calculate potential CO2 emissions from the me-
dium, med-high and high risk swamps respectively, potential total
emissions from both regions range from 372.8 kt CO2 eq. for swamps
classified as medium risk (27% loss) to 6.5 Mt CO2 eq. for swamps clas-
sified as high risk (90% loss) and 8.6Mt. of CO2 eq. for all swamps atme-
dium, medium-high and high risk (Table 3).

Potential emissions from swamps in both regions are highest for
those at high risk (90% carbon loss rate) at 4.5 Mt CO2 eq. and 1.9 Mt
CO2 eq. for high risk Southern Highlands and Blue Mountains swamps,
respectively (Table 3). Some of the larger Blue Mountains swamps
that are under threat could potentially lose up to 104 kt CO2 eq. under
these different carbon loss rates (noted with asterisk in Fig. 3c) while
for Southern Highlands high risk swamps could potentially lose up to
487 kt CO2 eq. (noted with asterisk in Fig. 3d).

4. Discussion

For the first time,we have provided region-wide estimates of carbon
stock, sequestration rates and potential loss for the forgotten peatlands
of Eastern Australia – the Temperate Highland Peat Swamps on Sand-
stone (THPSS). The total carbon stock of THPSS in the Blue Mountains
and Southern Highlands regions are almost double that of the well-
recognised and studied peatlands in the Australian Alps, despite
Table 2
Carbon stocks and sequestration rates.

Southern
Highlands

Blue
Mountains

Total

Mean C density (t ha−1) 811 (±482) 805 (±221) NA
Total swamp area (ha) 4376 4108 8483
Total C stocks (t) 3,547,744 3,304,546 6,852,290
CO2 eq. (t) 13,020,219 12,127,684 25,147,903
Carbon valuation of C stock ($) at
$16.10 t−1

209,625,525 195,255,714 404,881,239

Mean C sequestration (g C m-2 yr−1) 289 (±217) 93 (±24) NA
Carbon sequestration rate per year CO2

eq. (t)
46,400 14,060 60,461

Carbon valuation of C sequestration ($)
at $16.10 t−1

747,037 226,377 973,413

Standard deviation in brackets where relevant.
THPSS occupying a similar area (Hope andNanson, 2015). THPSS carbon
stocks per hectare are almost eight times that of the open freshwater
wetlands and almost three times that of alpine wetlands documented
in the state of Victoria (Carnell et al., 2018). Therefore, THPSS should
also be recognised as a nationally important carbon sink. Sequestration
rates of THPSS also compare well with that of other global peatlands
that sequester between 20 and 230 g C m−2 yr−1 (Belyea and Malmer,
2004; Heathwaite, 1993; Hope and Nanson, 2015). This makes THPSS
one of the regions' most important terrestrial carbon sequestration
systems.

When the carbon stocks of THPSS in both regions are calculated in
terms of per capita annual CO2 emissions, they hold almost asmuch car-
bon as the annual CO2 emissions of 28% of Sydney's population, based
on a per capita CO2 emission rate of 17.2 t yr−1 (Janssens-Maenhout
et al., 2017). Annual carbon sequestration rates are comparable to the
annual CO2 emissions of 3515 people. If the carbon stocks held within
THPSS were valued in terms of a carbon price, then based on the
Australian Government's emissions reduction fund spot carbon abate-
ment price for the end of the third quarter of 2019 of $AUD16.10 ton
CO2 equivalent (Clean Energy Regulator, 2019), this would equate to a
total value of almost AUD$210 million for Southern Highlands swamps
and over AUD$195million for the BlueMountains swamps, a total of al-
most AUD$404 million dollars (or over US$281 million, €253 million,
£216 million, as of December 2019). The capture and storage of carbon
in the biosphere and lithosphere are considered amongst the most effi-
cient and effective ways of mitigating anthropogenic CO2 emissions
(Lewis et al., 2019; Villa and Bernal, 2018). The IPCC 2013Wetland Sup-
plement (Hiraishi et al., 2014) outlines methodologies for quantifying
anthropogenic GHG emissions from peatlands that are already actively
managed, either in terms of agricultural usage or as part of restoration
practice. However, the Wetland Supplement does not cover peatland
systems that are subject to indirect catchment scale anthropogenic ac-
tivities such as mining or urbanisation. As shown here and elsewhere,
CO2 emissions from impaired carbon storage systems can be significant.
In the case of Australian vegetated coastal ecosystems, impairment and
loss could increase Australian annual emissions from landuse change by
around 20%, and in the case of tropical peatlands in southeast Asia im-
pairment and loss could increase global greenhouse gas emissions by
up to 3.1% (Hooijer et al., 2010; Page and Dalal, 2011; Serrano et al.,
2019). Wijedasa et al. (2018) found that 35% of peatland conversion
to agriculture in Southeast Asia resulted in emissions of 1.46–6.43 Gt
CO2 eq. between 1990 and 2010. Permafrost thaw in peatlands has
been linked to significant positive emissions feedback loops with seri-
ous implications for fossil fuel emissions budgets aimed at constraining
global temperatures to 1.5 °C (Comyn-Platt et al., 2018).

Bonn et al. (2014) demonstrated that restored or re-wetted
peatlands are net GHG sinks in the order of 5 to 31 t CO2-eq ha−1 yr−1.
Climate change mitigation policy that includes accounting for potential
carbon emissions from at-risk biological carbon sinks has not been de-
veloped in any meaningful way (Howard et al., 2017; Joosten, 2009;
Page and Dalal, 2011). Currently in Australia, carbon emissions mitiga-
tion projects are funded from the Emissions Reduction Fund that pro-
vides Australian Carbon Credit Units (Clean Energy Regulator, 2019;
Department of Environment and Energy, 2019). However, to date we
know of no peatland or THPSS restoration projects that are funded
from this program. The prime focus of current and past restoration pro-
grams for THPSS has been to improve biodiversity values and not for
carbon emissions mitigation (Hensen and Mahony, 2010). By assessing
THPSS in terms of potential carbon loss and using the current carbon
abatement spot price of AUD$16.10 ton CO2 equivalent, almost AUD
$140 million (almost US$88 million) could be made available for the
protection and restoration of swamps deemed at medium, medium-
high and high risk in the Blue Mountains and Southern Highlands re-
gions alone. Carbon credit units could also apply to annual sequestration
rates. If the carbon abatement price were applied to the annual seques-
tration rate of THPSS in the two regions, around AUD$973,413 per year



Fig. 3. Percentage, area and carbon stocks (inMt CO2 eq.) of swamps at risk from anthropogenic disturbance for (a) BlueMountains and (b) SouthernHighlands. Anthropogenic riskmaps
and potential carbon emissions for swamps classified at high risk with the potential for 90% carbon loss for (c) Blue Mountains and (d) Southern Highlands.

Table 3
Potential carbon loss (CO2 eq.) for three loss rates applied to medium, medium-high- and
high-risk swamps.

Southern
Highlands

Blue
Mountains

Total

Total 27% C loss for swamps at medium risk
(t CO2 eq.)

23,129 349,700 372,829

Total area loss at 27% (Ha) 7.8 119 127
Total 59% C loss for swamps at
medium-high risk (t CO2 eq.)

500,675 1,221,847 1,722,522

Total area loss at 59% (Ha) 168 414 582
Total 90% C loss for swamps at high risk (t
CO2 eq.)

4,531,647 1,927,828 6,459,475

Total area loss at 90% (Ha) 1523 653 2176
TOTAL C loss (t CO2 eq.) 5,055,451 3,499,375 8,554,826
TOTAL loss (Ha) 1699 1186 2885
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(US$676,565) could be made available. This makes a strong economic
case for the conservation and management of these important carbon
capture and storage systems in the face of climate change.

For the practical application of pricing mechanisms for the funding
of conservation and rehabilitation, a swamp-by-swamp assessment of
anthropogenic risks as well as potential carbon losses is required. For
swamps in the Blue Mountains and Southern Highlands this has been
provided as riskmaps like those in Fig. 3. Given that this analysis is avail-
able in an interactive ArcGIS environment, agencies are able to use this
tool in planning and management activities to identify swamps that
would return the largest carbon emissions reduction for the restoration
investment dollar.

Although we conclude that conservation and rehabilitation can
maintain and enhance carbon capture and storage in THPSS, further re-
search is required to model and quantify how changes in climate
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(rainfall and temperature) will affect swamp hydrology, organic matter
input and decomposition, and therefore the ability of these peatlands to
continue to provide such functions into the future (Badiou et al., 2011).

5. Conclusions

Carbon storage remains the most efficient method by which to mit-
igate anthropogenic greenhouse gas emissions to the atmosphere. This
study has found that THPSS in just two regions of Eastern Australia
store in the order of 25Mt within relatively shallow peat sediments, or
the equivalent of 28% of the annual CO2 emissions of the population of
Sydney. Despite their significance as carbon capture and storage sys-
tems, these peatlands are at risk from anthropogenic activities such as
mining and urbanisation. Once peatlands become degraded, they are
very likely to become a source rather than a sink of greenhouse gas
emissions to the atmosphere. If a pricing mechanism were applied to
potential CO2 emissions from at-risk THPSS, then these peatlands
could be valued appropriately for their carbon capture and storage
properties, and their conservation and rehabilitation recognised as
part of the mix of mitigation measures for Australia's rising anthropo-
genic greenhouse gas emissions.
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