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National maps are essential to support the conservation, restoration, and

sustainable management of blue carbon ecosystems (BCE). This is particularly

important for nations in the Indo-Pacific region, including Papua New Guinea

(PNG), that aspire to integrate these ecosystems into their nationally determined

contributions (NDCs) for ecosystem accounting. This study focussed onmapping

the extent of BCEs in PNG using Earth observation data for the year 2020 and

reporting on biomass and carbon storage services. Land cover categories were

generated using the Living Earth framework for the 15 coastal provinces of PNG.

The total BCE area in PNG (14,353 km²) comprised 30% mangrove, 65% lowland

peat swamp forest, 3% saltmarsh, and 2% seagrass. Lowland peat swamp forests

contribute the greatest biomass (137.94 ± 67.10 Tg) followed by mangroves

(71.79 ± 27.16 Tg), with a total biomass of 212.99 ± 95.89 Tg. Across PNG, a total

of 710.46 ± 362.75 Tg C were estimated for belowground carbon of BCEs

(reporting to 1 m depth), almost seven times more than that of aboveground

carbon (102.14 ± 45.97 Tg C). This study highlights the need for a consistent and

standardised framework for mapping BCEs, which can support coordinated

management of coastal landscapes across provinces that contribute to

national policies and NDC reporting. This case study can be used as a

demonstration for other nations where similar opportunities and challenges

may exist for mapping BCE using Earth observations, with a framework that

can be compared and adapted to user requirements.
KEYWORDS

PNG, land cover, biomass, carbon, FAO LCCS, conservation, nationally
determined contributions
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1 Introduction

Coastal vegetated ecosystems, including mangrove, saltmarsh, and

seagrass, are among the most extensive and valuable landscapes across

the tropical central Indo-Pacific (Friess et al., 2020; Stankovic et al.,

2021). Collectively termed blue carbon ecosystems (BCE), because of

their comparatively high potential to provide long-term carbon storage

relative to terrestrial ecosystems, these ecosystems provide

environmental, economic, and social benefits that link directly to

sustainable livelihoods (Macreadie et al., 2021; Sillanpää et al., 2024).

BCEs further provide protection of shorelines from extreme events

(e.g., severe storms and tsunamis), filter catchment-derived sediment

and nutrients harmful to sensitive marine habitats (e.g., coral reefs),

and provide nurseries for fish and other fauna (Carrasquilla-Henao and

Juanes, 2017). Despite these benefits, extensive loss and degradation of

coastal ecosystems has taken place, particularly in Southeast Asia with

shrimp aquaculture ponds and oil palm plantations being common

replacement land covers (Richards and Friess, 2016). Human activities

have also directly accounted for more than two-thirds of the losses of

tidal wetlands in Asia (Murray et al., 2022). In addition to adverse

impacts on biodiversity and carbon mitigation services, these alternate

land uses displace coastal communities, entrench inequality, erode

sustainable livelihoods, exacerbate climate change, and contribute to

maritime and border security threats (Friess et al., 2020; Sillanpää et al.,

2024; Stankovic et al., 2021).

As a consequence of adverse changes to coastal landscapes and in

response to international agreements such as the United Nations

Framework Convention on Climate Change (UNFCCC), the United

Nations Convention on Biological Diversity (CBD), and the RAMSAR

Convention on Wetlands, many countries are actively seeking

sustainable management of BCE including through protection,

conservation, and restoration. Indeed, BCE management practices

are also increasingly being recognised in the blue economy strategies

of many nations (Steven et al., 2019). Changes in ecosystem extent and

condition are considered fundamental to compiling national

environmental accounts required by the United Nations System of

Environmental-Economic Accounting (SEEA). BCEs are also key

habitats for nature-based solutions projects, which are being

advanced at local, national, and regional scales (Cohen-Shacham

et al., 2016). Accordingly, many nations are aspiring to incorporate

BCE assets into greenhouse gas (GHG) emission inventories as a key

component of their nationally determined contributions (NDCs) and,

where required, are seeking to facilitate sustainable management of

BCEs in order to provide livelihood opportunities. Several countries

have either now implemented one (e.g., mangroves) or more of these

ecosystems into their NDCs or are planning to do so in the future

(Friess, 2023).

In order to achieve goals of protection, conservation, and

restoration BCEs, with support recognised through international

agreements, high-quality maps of coastal landscapes that

differentiate coastal vegetated ecosystems are required. In

particular, the spatial extent of BCEs and their change over time

needs to be identified (Macreadie et al., 2019). Maps depicting

ecosystems services are also increasingly required, with these

supported by inventories such as biodiversity status or potential
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carbon emissions. The latter require time-series estimates of

amounts of biomass and carbon in the above- and belowground

components of vegetation and soils and associated uncertainties.

Once obtained, carbon storage, sequestration rates, and emission

factors can be estimated. Significantly, such data need to be

collected according to recognised activities and ideally at national

and subnational scales (IPCC, 2019, 2014).

For many countries in the Indo-Pacific region, there is limited

information on BCE extent and condition and on the associated

biodiversity and carbon-related services (Worthington et al., 2020;

Becker et al., 2025) As many mapping efforts are undertaken at local

and regional scales, and often align with specific projects, the

collation of national information and maps and their routine

update is often incomplete and inaccurate. This is the case for

Papua New Guinea (PNG), a largely undeveloped country of the

tropical central Indo-Pacific that is ~78% forested and contains

significant and diverse BCEs (Gamoga et al., 2021). PNG has made

significant commitments to address the impacts of climate change

relative to its socioeconomic development status and, in the near

future, is intending to include blue carbon into its NDCs (CCDA

PNG, 2022). For blue carbon to be effectively incorporated into

NDCs, improved mapping of the spatial extents of contributory

ecosystems together with relevant national data on carbon stocks,

fluxes, and economic valuation of ecosystem services are needed to

support national policies and inform management initiatives. A

standardised framework for mapping the spatial extent of BCEs and

generating estimates of ecosystem services, such as carbon storage

into NDCs, would support a routine and standardised monitoring

approach for nations such as PNG.

Over the past few decades, technological advances in Earth

Observations (EO) and big data storage, processing, and analysis

have transformed our ability to map land covers and ecosystems

from national scales and facilitated transfer of capability within and

between platforms and countries (Gomes et al., 2020; Tang et al.,

2018; Worthington et al., 2020). These enhancements have enabled

global products to be generated, including those depicting the

extent of mangroves [e.g., the Global Mangrove Watch; Bunting

et al. (2022a)), tidal marshes (Worthington et al., 2024), seagrasses

(McKenzie et al., 2020), and coral reefs (Allen Coral Atlas; Lyons

et al. (2024)]. While providing an invaluable contribution, most

national to global mapping has focused on individual BCEs and

often for one time period (typically a single year). When these maps

are combined to reflect the composition of the coastal landscape,

gaps (omissions) or overlaps in class extents are commonplace with

these compromising area estimates and the monitoring of extent

change. Categorical or continuous map products are also associated

with uncertainties that need to be identified, quantified, and ideally

addressed. As an example, misclassification of mangroves is most

frequent on the inland margins and where these adjoin dense

broadleaf tropical forests (Bunting et al., 2022a; Simard et al.,

2025). Uncertainties in estimates of vegetation biomass can also

be substantial, with reference to independently generated ground

datasets essential to quantify uncertainties (Santoro et al., 2024).

However, many countries lack the national data needed to support

product validation, which can lead to low confidence in uptake and
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subsequent use. The implementation of different land cover or

habitat taxonomies within and between countries is also

commonplace, which can also lead to inconsistencies in the

definitions of classes or the selection of values for thresholding

EO data. Often, these taxonomies are inconsistent or not

compatible, particularly for scaling to national levels or reporting

against international commitments (Keith et al., 2020).

Recognising the spatial and temporal variation between ecosystem

extent in the intertidal zone, Murray et al. (2022) generated global maps

of three tidal wetlands (tidal flats, mangroves, and tidal marshes) with

no overlaps. This capability is also inherent to Living Earth, which is a

framework for providing globally consistent and scalable description,

mapping, and monitoring of land covers as it utilises the Food and

Agriculture Organisation (FAO) Land Cover Classification System

(LCCS) (Di Gregorio, 2005). Instead of using selected end classes of

the FAO LCCS as target categories, Living Earth uniquely constructs

land covers from environmental descriptors with defined units or

categories retrieved or classified primarily from Earth observation (EO)

data (Lucas et al., 2019; Owers et al., 2021). A major advantage is that

mutually exclusive land cover classes are generated which can be

translated to a diverse range of habitats and ecosystem types

(Kosmidou et al., 2014; Punalekar et al., 2021), including by

integration of contextual information such as topography (Punalekar

et al., 2024). The capacity to scale Living Earth is enhanced by its use of

globally relevant taxonomies, specifically the FAO LCCS, that provide

independence of scale and time because of the use of consistent units or

categories. Living Earth has been successfully implemented

operationally at national scales in Australia and Wales, through

Digital Earth Australia (Owers et al., 2022) and the Welsh Data

Cube (Planque et al., 2025), respectively.

The aim of this study was to generate a national map of coastal

landscapes for Papua New Guinea (PNG) using Living Earth, with a

view to providing provincial estimates of BCE extents and associated

biomass and carbon stocks based on existing datasets. This case study

provides an opportunity to evaluate transferability and translatability of

Living Earth, respectively, to i) the Commonwealth Scientific and

Industrial Research Organisation (CSIRO) Earth Analytics Science

and Innovation (EASI) data cube instance that hosts satellite

(Landsat and Sentinel) data processed to analysis ready data (ARD)

across Southeast Asia, and ii) a unique tropical location, PNG, where

opportunities and challenges exist for mapping and monitoring from

Earth observations. The potential uses and applications of these maps

are also highlighted, particularly in relation to policy requirements and

international obligations (e.g., UNFCCC, SEEA, REDD+). As such, we

report on first-order biomass and carbon estimates based on existing

literature and data, and national mapping of blue carbon ecosystems

for PNG.
2 Materials and methods

2.1 Papua New Guinea case study

Papua New Guinea occupies the eastern half of the island of New

Guinea and covers 462,840 km2 when the islands of New Britain, New
Frontiers in Marine Science 03
Ireland, the Autonomous Region of Bougainville, and a further 600

smaller islands and atolls in addition to over 800,000 km2 of ocean are

included (Figure 1). The country is administered as 22 provinces, with

15 connected to the coast, grouped into three regions (Momase,

Southern, Islands). The coastal regions, islands, and atolls, in

particular, are vulnerable to extreme weather events, coastal flooding,

and sea level rise, with this being higher (~7mm year−1) than the global

average of 2.8–3.6 mm year−1 (Howes, 2018; IPCC, 2022).

The country is geomorphologically diverse, having a rugged

mountainous interior vegetated with tropical forest and savannah

grass plains surrounded by extensive lowland plains that reach to

the coast and dissected by large rivers and deltas, swamps and

lagoons, and extensive lowland peat swamp forests. The country is

an area of exceptional species endemism, supporting an estimated

5%-9% of the world’s terrestrial biodiversity and the world’s highest

known marine biological diversity, including more than 40 species

of mangrove (Ellison, 2019, 1997; UNESCO, 2022) and 13 seagrass

species (McKenzie et al., 2021).

PNG is the eighth most mangrove-rich country in the world,

with an estimated area of 4,525 km2 (Bunting et al., 2022b). The

largest and most diverse mangal communities occur within the

deltaic systems and mouths of the Purari, Kikori, and Fly rivers

(Southern provinces) and the Sepik and Ramu rivers (Momase

provinces). These communities are distributed in relation to local

geomorphic features and according to salinity and elevation

preferences (Ellison, 1997; Rowe et al., 2013; Shearman and

Bryan, 2015). For intertidal areas subject to frequent inundation,

and where salinities are greater than 10 ppt, Rhizophora spp. and

Bruguiera spp. often dominate whereas Avicennia spp. predominate

on the less frequently inundated intertidal areas (Rowe et al., 2013).

Inland, and along brackish tributaries, Nypa woodland (Nypa

fruticans) and pandan (Pandanus spp.) are common with

Sonneratia spp. frequenting accreting banks. In areas of lower

salinity, mixed vegetation communities (mosaics) comprised of

mangrove species and associates and freshwater swamp forest

species (e.g., Campnosperma, Terminalia, Calophyllum spp., Intsia

bijuga (Kwila), Myristica hollrungii, and Amoora cucullata) are

more common. However, where areas are well-drained, these

forests are often replaced by lowland rainforest, dominated by an

association of Pometia and Octomeles sumatrana with Melaleuca

spp. and Casuarina spp. occurring as pioneer vegetation on swampy

alluvial soils (Shearman and Bryan, 2015).

Areas of saltmarsh with primarily herbaceous vegetation are

dominated by species from the genera Leersia, Saccharum-

Phragmites, and Pseudoraphis. Seagrass communities form a

significant coastal habitat that extends from the intertidal to the

subtidal zone and across a range of settings including mangrove

coastlines, estuaries and shallow embayments, coral-reef platforms,

inter-reef seabeds, and island shores (McKenzie et al., 2021, 2006).
2.2 Data access and processing

Earth observation (EO) data were accessed using the CSIRO Earth

Analytics Science and Innovation Platform (EASI). EASI builds upon
frontiersin.org

https://doi.org/10.3389/fmars.2025.1697243
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Owers et al. 10.3389/fmars.2025.1697243
the Open Data Cube framework to store, access, and analyse EO data

using cloud computing services (Woodcock et al., 2018). EASI ASIA is

an instance of the EASI platform that provides data and analytical

capacity from large areas of Southeast Asia. This includes satellite

sensor data for the Landsat program, Sentinel-1 and -2 from the

Copernicus program, and other freely available datasets (https://

explorer.asia.easi-eo.solutions/products). For this study, we utilised

Landsat-8 and Sentinel-1 data to generate an annual map of PNG

coastal landscapes for the year 2020. EASI ASIA provided analytical

capacity to generate land cover classification maps from EO data as

well as integration of external ancillary datasets into scalable

analytics and workflows for national mapping (Table 1).
2.3 Land cover mapping using the Living
Earth system

Living Earth is a free and open-source software (https://

bitbucket.org/au-eoed/livingearth_lccs) that provides a framework

for implementation of FAO LCCS using Earth observation data

(Lucas et al., 2022; Owers et al., 2022). The land cover taxonomy is

hierarchical, consisting of a binary decision tree structure

(Figure 2). A total of nine (9) land cover categories were

generated using Living Earth for coastal landscapes of PNG
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(Figure 2). Primarily vegetated areas, defined as vegetative cover

of at least 4% for at least 2 months of the year, were initially

differentiated from primarily non-vegetated areas (Di Gregorio,

2005). Terrestrial and aquatic areas were subsequently identified,

where the latter were associated with landscapes that are

significantly influenced by the presence of water over an extended

period each year. Natural terrestrial and aquatic vegetation were

further classified to differentiate lifeform, as to whether vegetation

was woody (e.g., shrublands, forests) or herbaceous. For terrestrial

vegetation, terrestrial woody vegetation and terrestrial herbaceous

vegetation were differentiated. BCEs are not explicitly differentiated

in the FAO LCCS; however, Living Earth provides a flexible

classification system for additional environmental descriptors at

LCCS Level 4 (Figure 2). For aquatic vegetation, woody lifeforms

were classified as either mangrove or areas of lowland peat swap

forests; as for herbaceous lifeforms, saltmarsh and seagrass classes

were recognised. As the project aimed to map BCE, the focus was on

coastal landscapes with (semi)natural land covers. Consequently,

the cultivated/managed areas were not differentiated. Primarily

non-vegetated areas were of lesser interest and only classified to

overarching environmental descriptors (LCCS Level 3) of artificial

surfaces, bare surfaces, and water bodies.

Differentiation between vegetated and non-vegetated surfaces

(LCCS Level 1) was achieved using Landsat-derived fractional
FIGURE 1

Location of Papua New Guinea and its coastal regions (Momase provinces, Southern provinces, Island provinces), showing the extent of coastal
areas mapped in this case study.
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cover, specifically the 90th annual percentile for both photosynthetic

(PV) and non-photosynthetic vegetation (NPV) (Gill et al., 2017).

To be classified as a primarily vegetated pixel, the 90th annual

percentile of PV and NPV fraction was greater than 25% (Table 1).

To differentiate aquatic from terrestrial surfaces (LCCS Level 2), the

former were first identified using a combination of open water and

coastal wetland areas. Areas of open water were mapped using the

Water Observations from Space (WOfS) algorithm (Mueller et al.,

2016) where the observation frequency of water was greater than

20% for the year. Aquatic vegetation including mangroves, lowland

peat swamp forests, and saltmarsh extent were obtained from

existing datasets. Specially, mangrove extent was obtained from

the Global Mangrove Watch (GMW), whereas those of lowland

peat swamp forests and saltmarsh were retrieved using the tidal

wetland probability layer developed by Murray et al. (2022), with
Frontiers in Marine Science 05
the probability threshold set to >50%. Artificial surfaces were

identified using the Open Street Map data, with these including

buildings, airports, and roads (Table 1).

Additional environmental descriptors were obtained by either

reference to existing sources or direct retrieval and classification

from EO data. The woody lifeform category was identified using

annual Sentinel-1 time-series and an algorithm developed by

Planque et al. (2020) (Table 1). The areas associated with the

GMW maps of mangrove extent were also integrated where these

did not overlap with the Sentinel-1-derived woody layer. The

herbaceous lifeform categories included terrestrial and aquatic

areas, with the latter being associated with saltmarsh in tidal

areas. Seagrass extent was mapped for shallow and clear waters,

using methods described in Lyons et al. (2020, 2024), with a

probability threshold set to >50%.
TABLE 1 Derived overarching and additional environmental descriptors integrated to the Living Earth system applied to the PNG case study.

FAO LCCS Layer Method Source

Vegetated/non-vegetated
(L1)

• Fractional cover (PV, NPV)
• Water Observations from Space (WOfS)

• Annualised Fractional Cover 90th percentile where PV
and NPV were greater than 25%.
• Annual Fractional Cover 90th percentile pixels where NPV
was greater than 25% were removed.
• Mask to remove erroneous water classifications with
WOfS (as in L2).

Gill et al. (2017); Mueller
et al. (2016)

Aquatic/terrestrial (L2)
• Water Observations from Space (WOfS)
• Global Mangrove Watch (GMW)
• Tidal wetland probability

• Annualised WOfS where observational frequency was
greater than 20% to remove flood events not indicative of
water in the landscape.
• Mask delineating aquatic areas where mangroves were
present from GMW.
• Mask delineating aquatic areas where tidal wetland
probability layer was greater than 50%.

Bunting et al. (2022b);
Mueller et al. (2016);
Murray et al. (2022)

Aquatic vegetation (L3) • Aquatic/terrestrial (L2) • Inherited from L2.

Artificial surfaces/bare
surfaces (L3)

• Open street map

• Artificial surfaces classified where open street map data
were categorised as building, airports or roads.
• Roads were only considered if categorised as ‘primary’,
‘primary link’, ‘secondary’, ‘secondary link’, ‘trunk’, trunk
link’.

OpenStreetMap contributors
(2017)

Waterbodies (L3) • Aquatic/terrestrial (L2) • Inherited from L2.

Lifeform (L4) • Sentinel-1
• Derived from Sentinel-1where annualised woody
frequency was greater than 90%

Planque et al. (2020)

Terrestrial woody
lifeform (L4)

• Aquatic/terrestrial (L2)
• Lifeform (L4)

• Inherited from aquatic/terrestrial (L2) and lifeform (L4)

Terrestrial herbaceous
lifeform (L4)

• Aquatic/terrestrial (L2)
• Lifeform (L4)

• Inherited from aquatic/terrestrial (L2) and lifeform (L4)

Mangrove (L4)
• Natural aquatic vegetation (L3)
• Global Mangrove Watch (GMW)

• Inherited from natural aquatic vegetation (L3)
• Where lifeform (L4) was classified as woody
• Where mangrove were present in GMW

Bunting et al. (2022b)

Lowland peat swamp
forests (L4)

• Natural aquatic vegetation (L3)
• Global Mangrove Watch (GMW)

• Inherited from natural aquatic vegetation (L3)
• Where lifeform (L4) was classified as woody
• Where mangrove were not present in GMW

Bunting et al. (2022b)

Saltmarsh (L4)
• Natural aquatic vegetation (L3)
• Lifeform (L4)

• Inherited from natural aquatic vegetation (L3)
• Where lifeform (L4) was classified was not woody

Seagrass (L4)
• Natural aquatic vegetation (L3)
• Lifeform (L4)
• Seagrass intertidal extent

• Inherited from natural aquatic vegetation (L3)
• Where lifeform (L4) was classified was not woody
• Seagrass intertidal extent probability greater than 50%

Lyons et al. (2020, 2024)
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2.4 Generation of land cover mapping and
reporting on biomass and carbon for blue
carbon ecosystems

Land cover mapping was generated using EO data (i.e., Landsat-

8, Sentinel-1, external ancillary data) for the 2020 calendar year

across the 15 coastal provinces in PNG at 30-m spatial resolution.

The Living Earth system integrated EO-derived data to classify nine

land cover classes. These include coastal vegetation ecosystems of

mangrove, saltmarsh, lowland peat swamp forest, and seagrass. The

areal extents of each of these BCEs and other land cover classes were

summarised to highlight regional differences in land cover areas

between provinces with coastal landscapes. In addition, shore

normal transects of six sites were generated to examine the spatial

variation across the coastal landscape of land cover classes, together

with aboveground biomass (Santoro et al., 2024) and canopy height

(Potapov et al., 2021) datasets.

First-order biomass and carbon stock estimates were

generated for all mapped BCEs for PNG to support reporting on
Frontiers in Marine Science 06
nationally determined contributions (NDCs). Given the paucity of

biomass and carbon information available for PNG, appropriate

global (e.g., IPCC Wetlands Supplement, recent global synthesis),

realm (e.g., Indo-Pacific/Oceania), and regional (e.g., Papua and

West Papua, Indonesia) estimates were used as well as available

global datasets (Table 2). Aboveground biomass for mangrove,

saltmarsh, and lowland peat swamp forests were estimated using

ESA CCI Biomass version 5.1 data for 2020 (Santoro et al., 2024).

Biomass estimates are produced globally at 100-m spatial

resolution. These data were resampled to align with land cover

mapping (30 m) by first resampling to 10 m and dividing biomass

values (Mg ha−1) by 100, and then resampling to 30 m and

multiplying biomass values by 9. Uncertainty estimates were

also generated for each BCE using the standard deviation layer

provided by ESA CCI Biomass. Seagrass was unable to be

estimated using this global dataset and was estimated using

existing literature values (Collier et al., 2021; Strydom et al.,

2023). Belowground biomass for all BCEs was estimated using

mean values from existing literature (Table 2).
FIGURE 2

Living Earth hierarchy showing Overarching Environmental Descriptors (EDs) (LCCS Level 3) and Additional Environmental Descriptors (LCCS Level 4)
to map coastal land cover and blue carbon ecosystems. Detailed description of datasets and workflow provided in Table 1. Dotted line for seagrass
indicates BCE not fully integrated into the FAO LCCS framework as this is primarily subtidal and not recognised as terrestrial land cover.
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Aboveground carbon estimates were derived from aboveground

biomass by applying conversion factors provided by the IPCC

(IPCC, 2019, 2014). Belowground carbon (of biomass) was

similarly estimated using conversion factors from aboveground

biomass (Table 2). Soil organic carbon content was conservatively

estimated to 1 m below the surface. For mangrove, we utilised a

global dataset that models carbon stocks to 1 m (Hengl et al., 2023).

Uncertainty estimates were generated using the 95% confidence

interval layers provided by Hengl et al. (2023). For saltmarsh, the

recent global dataset on saltmarsh carbon stocks was not

appropriate for use in PNG as identified by the creators due to

low confidence in the area of applicability (Maxwell et al., 2024).

Therefore, we used existing global or realm mean values for

estimating saltmarsh as well as seagrass soil organic carbon. Very

limited knowledge exists for lowland peat swamp forest extent,

biomass, and carbon stocks; however, we utilised reported values for

Indonesia in Kauffman et al. (2025) for estimating soil organic

carbon stocks to 1 m (reported in the study to 4 m; however, for

NDC reporting consistency, these values for divided by 4). Total

belowground carbon was calculated as the sum of belowground

carbon (of biomass) and soil organic carbon. All biomass and

carbon estimates were generated for each BCE in the 15 coastal

provinces of PNG and reported in Teragrams (Tg).
3 Results

3.1 Land cover mapping for PNG

Mapping of the coastal landscapes for PNG were generated for

2020 at 30-m spatial resolution (Figure 3; https://data.csiro.au/

collection/csiro:65849). This was based on the framework of Living

Earth, with the open-source software produced under an Apache

2.0 license and available online (Living Earth: https://bitbucket.org/

au-eoed/livingearth_lccs, PNG case study: https://github.com/

livingearth-system/livingearth_png (Owers et al., 2024)). The

national land cover mapping of PNG case study focussed on

coastal landscapes due to the focus on mapping BCEs. The total

areal extent of BCEs for PNG for 2020 was estimated to be 4,315
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km2 for mangrove, 9,289 km2 for lowland peat swamp forest, 431

km2 for saltmarsh, and 317 km2 for seagrass areas. Woody

vegetation was the most extensive BCE (e.g., mangrove and

lowland peat swamp forest). In the coastal landscape, terrestrial

woody vegetation had greater extent (203,038 km2) than terrestrial

herbaceous vegetation (17,821 km2). Artificial surfaces, such as

residential and industrial areas, were a minor contribution (46

km2) and were concentrated around the capital Port Moresby.

Unvegetated (2,710 km2) and bare areas (2,195 km2) were also

smaller land cover extents than vegetated areas.
3.2 Blue carbon ecosystem extent in PNG

The total BCE extent for 2020 in PNG was calculated as

14,353 km2. The southern region exhibits the greatest proportion

of mapped BCEs (10,785 km2), contributing >75% of the total areal

extent of BCEs in the country (Figure 4). The Western and Gulf

provinces contribute 75% of total areal extent of the southern region

and 57% of total extent of BCEs in PNG, with 3,631 and 4,494 km2,

respectively. In the coastal provinces of Momase and the Island

regions, BCEs occupied 1,381 and 2,187 km2 respectively, with their

distribution being typical to estuarine, open coast, and coral atolls

within the Indo-Pacific region.

Lowland peat swamp forest was recorded to have the greatest

proportional extent of all BCEs based on national mapping, with

9,289-km2 areal extent, contributing 65% of total area of BCEs in

PNG (Figure 4). This was followed by mangrove (4,315 km2, 30% of

total area), saltmarsh (431 km2, 3% of total area), and seagrass

(317 km2, 2% of total area). The greatest extent of mangrove was

recorded in the Gulf province (2,029 km2, 45% of BCE area in

province), whereas the Western province contained the greatest

extent of saltmarsh (99 km2, 2% of BCE area in province) and

lowland peat swamp forest (2,817 km2, 78% of BCE area in

province). The seagrass extent was greatest in the Island region of

West New Brittain (74 km2, 4% of BCE area in province). Lowland

peat swamp forest represented the greatest proportional extent of all

mapped BCEs for PNG provinces, with the exception of Central

province (mangrove contributed 52% of BCE area in province) and
TABLE 2 Sources and values used to estimate aboveground biomass (AGB), belowground biomass (BGB), aboveground carbon (AGC), belowground
carbon (of biomass) (BGC-B), soil organic carbon (SOC), and total belowground carbon (BGC) stocks of blue carbon ecosystems relevant to Papua
New Guinea.

Measurement Seagrass Mangrove Lowland peat swamp forest Saltmarsh

AGB Extent × 0.41 ESA CCI biomass2 ESA CCI biomass2 ESA CCI biomass2

BGB Extent × 21 AGB × 0.493 AGB × 0.493 AGB × 3.654

AGC AGB × 0.03365 AGB × 0.486 AGB × 0.486 AGB × 0.457

BGC-B BGB × 0.03365 BGB × 0.396 BGB × 0.396 BGB × 0.347

SOC 1948 Mangrove SOC dataset9 56810 2687

BGC BGC-B + SOC BGC-B + SOC BGC-B + SOC BGC-B + SOC
All values reported in this table are Mg ha−1. Uncertainty sources and values used in calculations provided in Supplementary Table S1.
1Collier et al. (2021); Strydom et al. (2023); 2Santoro et al. (2024); 3IPCC (2019, 2014); 4Howard et al. (2014); 5Duarte (1990); 6Kauffman and Donato (2012); 7Maxwell et al. (2024); 8Krause et al.
(2025); 9Hengl et al. (2023); 10Kauffman et al. (2025) from Supplementary Table S1 based on 1-m estimate (568 = (2,446 Mg C ha−1/431 cm soil depth) * 100 cm).
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the National Capital District (seagrass contributed 38% of BCE area

in province). Saltmarsh or seagrass were consistently the smallest

extents of BCE for all provinces in PNG.

Shore normal transects demonstrate the diversity of coastal

landscapes across PNG. Mangrove or lowland peat swamp forest

were the most common land covers at the shoreline, often associated

with aboveground biomass of 50–100Mg ha−1 (Figure 5). These often

transitioned into areas of terrestrial woody vegetation that varied in

biomass (50–100 Mg ha−1, Figures 5A’, F’; >100 Mg ha−1 Figures 5B’,

D’, E’) and height (<10 m Figures 5A’, F’; >10 m Figures 5B’, D’, E’).

The BCE inland extent varied with geomorphic setting, with

mangrove extending ~35 km inland for Kikori delta, Central

Province (Figure 5B’), compared with <5 km for most other

locations. The transect across Port Morsby, Central Province,

demonstrates the concentration of unvegetated and artificial

surfaces, such as residential and industrial areas (Figures 5C, C’).
3.3 Blue carbon ecosystem services of
biomass and carbon in PNG

Total aboveground biomass (AGB) for PNG blue carbon

ecosystems was estimated as 212.99 ± 95.89 Tg. Lowland peat

swamp forest was the greatest contributor of AGB (137.94 ±
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67.10 Tg) followed by mangrove (71.79 ± 27.16 Tg) (Figure 6).

The southern region contributed the greatest proportion of AGB for

blue carbon ecosystems in PNG, with Gulf province having the

highest biomass (91.42 ± 43.34 Tg), followed by Western province

(39.50 ± 16.55 Tg). For all provinces, lowland peat swamp forest

demonstrated to contribute the greatest AGB of blue carbon

ecosystems due to extensive spatial extent across PNG deltas and

estuaries. On a per hectare basis, however, the average mangrove

AGB (166.36 ± 62.94 Mg ha−1) was greater than lowland peat

swamp forests (148.50 ± 72.23 Mg ha−1) although both were

variable provincially, with the greatest average AGB for

mangroves being in Oro province (223.54 ± 86.06 Mg ha−1) and

the lowest in the National Capital District (53.97 ± 20.65 Mg ha−1).

AGB of saltmarsh (3.25 ± 1.52 Tg) was considerably lower than

mangrove and lowland peat swamp forest, due to the relatively

small extents and limited structural diversity and biomass of this

predominantly herbaceous vegetation. AGB of seagrass was

conservatively estimated to be 0.012 Tg (lower estimate = 0.009

Tg, upper estimate = 0.103 Tg) and was greatest in West New

Britain and New Ireland (Figure 6; Supplementary Tables S3, S4).

Patterns of belowground biomass (BGB) mirrored those described

above for AGB from which they were proportionally estimated.

The greatest total carbon stocks (Tg C) were identified in

lowland peat swamp forest (620.20 ± 88.13 Tg C) and were
FIGURE 3

Land cover mapping for the coastal landscapes of PNG generated through Living Earth framework using Earth observation data. Shore normal
transects of 6 sites (red line) displayed for (A) Fly river delta of Western Province, (B) Kikori delta, Central Province, (C) Port Morsby, Central Province,
(D) near Orangerie Bay, Milne Bay Province, (E) Dagi river, West New Brittain Province, (F) Sepik river, West Sepik Province. Data are available for
download https://data.csiro.au/collection/csiro:65849.
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stored primarily in the soil organic components of belowground

carbon (BGC) (Figure 7). Across PNG, a total of 710.46 ± 362.75 Tg

C were estimated for BGC of BCEs (reporting to 1 m depth), almost

seven times that contained in the aboveground carbon (AGC)

which totalled 102.14 ± 45.97 Tg C. Mangrove total BGC (134.72

± 298.02 Tg C) was 3.9 times more than AGC (34.46 ± 13.04 Tg C),

with lowland peat swamp forest having eight times more BGC

(553.99 ± 55.92 Tg C) than AGC (66.21 ± 32.21 Tg C). Woody

vegetation (i.e., mangrove and lowland peat swamp forests) were

estimated to store 34 times more carbon (AGC + BGC = 789.38 ±

399.22 Tg C) than herbaceous vegetation (i.e., saltmarsh and

seagrass) (AGC + BGC = 23.22 ± 9.52 Tg C). Carbon storage

services were greatest in Western and Gulf Provinces, with woody

BCEs contributing greater than 98% of total carbon stocks in each

province (Figure 7). For saltmarsh, more than 60% (10.38 ±

5.52 Tg C) of total carbon stocks were in the southern region of

which greater than 90% was stored in BGC. Carbon stocks of

seagrass totalled 6.17 ± 0.46 Tg C across PNG and were greatest in

the easternmost provinces of Milne Bay (1.62 ± 0.12 Tg C), West

New Britain (1.42 ± 0.11 Tg C), and New Ireland (1.11 ± 0.09 Tg C)

(Figure 7; Supplementary Tables S7-S10).
4 Discussion

This study generated national land cover mapping of PNG for

2020 in the 15 provinces with coastal landscapes, with a focus on blue

carbon ecosystems (BCE). We demonstrate the capacity of Living

Earth to provide a framework for land cover mapping, with flexibility

of application and land cover categories of interest. This case study

provided an opportunity to evaluate transferability of Living Earth on

the CSIRO EASI platform, demonstrating its flexibility for national

scale land cover mapping. We also provide results to evaluate the
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translatability to a unique location in southeast Asia, where

opportunities and challenges exist for mapping and monitoring

coastal landscapes from Earth observations (Becker et al., 2025).

Moreover, the approach of land cover mapping demonstrated in this

study provides first-order estimates on extent, biomass, and carbon

storage services for national inventories. This case study can be used

as a demonstration for other nations where similar opportunities and

challenges may exist for mapping using Earth observations, with a

standardised framework that can be compared and adapted for

reporting on Nationally Determined Contributions (NDCs) of BCEs.
4.1 Extent of blue carbon ecosystems in
PNG

This study estimated that the total area of BCEs in PNG for

2020 was 14,353 km2. This comprised 30% mangrove, 65% lowland

peat swamp forest, 3% saltmarsh, and 2% seagrass. The distribution

of blue carbon ecosystems around PNG highlights the diversity of

coastal landscapes, with large expanses of mangrove and lowland

peat swamp forest present in the southern region. Western and Gulf

provinces in the southern region account for 63% of all mangrove

areas in PNG. Such high proportions of BCEs in these provinces are

attributed to the presence of large deltaic settings such as the Fly,

Kikori, and Purari river deltas that receive high allochthonous

sediment input from mountainous ranges exposed to heavy

rainfall events (Alongi, 2007; Ellison, 1997; Goñi et al., 2014;

Walsh and Nittrouer, 2004). In the coastal provinces of Momase

and the Island regions, the smaller extent and distribution of BCEs

is typical of the distribution associated with estuarine, open coast,

and coral atolls within the Indo-Pacific region (Alongi, 2007).

Our estimate of mangrove extent (4,315 km2) is 210 km2 less than

the 4,525 km2 estimated by GMW for 2020 (Bunting et al., 2022a). This
FIGURE 4

Extent calculations of BCEs for PNG generated from the 2020 mapped area. Extent has been reported based on region (Figure 1) and 15 provinces
that have coastal landscapes. Note: seagrass was unable to be accurately identified in the Gulf province due to high turbidity levels. Extent values
used to generate figure are provided in Supplementary Table S2.
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difference can be attributed to the hierarchical approach taken by

Living Earth to classify land cover. For example, areas identified as

primarily non-vegetated at LCCS Level 1 cannot be attributed as

mangrove at LCCS Level 4, regardless of the mapped extent of input

products for LCCS Level 4 (e.g., mangrove identified in GMW). While

the Living Earth framework for classifying BCEs does present some
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caveats, due to mapping uncertainties and potential error propagation

of input datasets, it also provides transparency and consistency due to

conformity of mapping units through the hierarchical structure and

this does not imply any decrease in accuracy (Owers et al., 2021).

Furthermore, it is also likely that some of the GMW reported

mangrove inland are at elevations likely to be lowland peat swamp
FIGURE 5

Shore normal transects (red line) of 6 sites showing land cover classes (colours), above-ground biomass (bar chart) and canopy height (grey line
graph) for (A) Fly river delta of Western Province, (B) Kikori delta, Central Province, (C) Port Morsby, Central Province, (E) near Orangerie Bay, Milne
Bay Province, (E) Dagi river, West New Brittain Province, (F) Sepik river, West Sepik Province.
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forest due to the contiguous nature of PNGs coastal vegetated

landscapes (Ellison, 1997); misclassification is often observed on

islands with mangrove extents adjoining dense broadleaf tropical

forests or where there is steep mountainous terrain (Bunting et al.,

2022b; Simard et al., 2025). Indeed, other reported estimates for

mangrove extent in PNG suggest less than both estimates from

GMW and this study, with UNESCO reporting 4,265 km2

(UNESCO, 2022), compared with officially reported mangrove

extents for PNG being significantly less, 2,818.5 km2 in 2018 (CCDA

PNG, 2023); however, littoral forests are explicitly classified (1,462.3

km2) whereas Nypa palm (1,908.2 km2) are also recognised as a

subclass under the Wetlands class (CCDA PNG, 2023). The Living

Earth framework enables accumulation of evidence from several
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sources to provide a unique land cover class for each pixel. It is

important to acknowledge that this accumulation of evidence, while

supporting greater confidence in classification, must take into account

error propagation due to the diverse sources of data (Owers et al.,

2021). The framework leads to maps with no overlap of BCE classes, or

conflict in land cover classification where independent spatial data

products have mapped areas as different vegetation communities.

Lowland peat swamp forest and saltmarsh were based on LCCS

Level 3 (natural aquatic vegetation) and delineated where LCCS Level

4 lifeform was considered woody (lowland peat swamp forest) or

herbaceous (saltmarsh). For national and international reporting,

BCE have typically encompassed mangroves, saltmarsh, and seagrass.

However, recent evidence has suggested that coastal forested wetlands
FIGURE 6

Estimates of above-ground biomass (AGB) and below-ground biomass (BGB) of blue carbon ecosystems for PNG generated from the 2020 mapped
area. Biomass has been reported in Teragrams (Tg) based on 15 provinces that have coastal landscapes for (A) seagrass, (B) mangrove, (C) lowland
peat swamp forest, and (D) saltmarsh. Biomass values used to generate figure are provided in Supplementary Tables S3, S5.
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are important ecological communities that provide similar ecosystem

services to well-recognised BCEs (Adame et al., 2024; Kauffman et al.,

2025; Kelleway et al., 2025; Kelleway et al., accepted). In the Indo-

Pacific region, lowland peat swamp forests are naturally waterlogged

with some areas receiving tidal inputs and distributed across the

lowland near coastal area (Anda et al., 2021; UNEP, 2022). In some

areas, lowland peat swamp forests occur behind mangrove forests

with large areas of overlapped mangrove and peatland distributed

along coastlines in southern Sorong and Bintuni Bay (Murdiyarso

et al., 2024), and peatland dominated by Nypa fruticans along the

coastal eastern Sumatra and western Kalimantan coastlines

(Murdiyarso et al., 2010). These have also been described for PNG
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as mixed assemblages of mainly freshwater swamp forests, inland of

mangrove communities that may extend as thin fringe up to 300 km

upstream and which are only intermittently tidally inundated on

spring tides (Ellison, 1997). In some cases, these are classified as

littoral forests, including in PNG, in the FAO land use classification as

swamp under wetlands. Our mapping demonstrates the significance

of these forests and their widespread distribution across PNG. While

these are not formally recognised as blue carbon habitat and

associated peatlands that result, there is an emerging and global

literature that confirm their high capacity for providing carbon

storage services (Adame et al., 2024; Kauffman et al., 2025;

Kelleway et al., accepted).
FIGURE 7

Estimates of above-ground carbon (AGC) and below-ground carbon (BGC) of blue carbon ecosystems for PNG generated from the 2020 mapped
area. BGC is based on the sum of below-ground carbon (of biomass) and soil organic carbon (see Table 2). BGC is reported to 1 m depth. Carbon
has been reported in Teragrams (Tg) based on 15 provinces that have coastal landscapes for (A) seagrass, (B) mangrove, (C) lowland peat swamp
forest, and (D) saltmarsh. Carbon values used to generate figure are provided in Supplementary Tables S7, S9.
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For seagrass, we estimated an extent for PNG of 317 km2. The

majority of seagrass occur from nearshore intertidal to shallow subtidal

depths (i.e., 10 m below MSL) (McKenzie et al., 2021). Notably, this

estimate did not include the southern region coastal waters where high

turbidity precluded meaningful analysis. This is an important

consideration given the potential systematic bias in national-level

biomass and carbon estimates due to this omission. McKenzie et al.

(2021) conservatively estimated the seagrass extent of only 117.2 km2

based only on field observationsmade with high confidence and noting

that for PNG, ‘mapping was incomplete’. Comparatively, the Allen

Coral Atlas estimates seagrass extent of 1,093 km2 for PNG (Lyons

et al., 2024). Seagrass remains very challenging to identify from Earth

observations, and, as such, the estimates derived in this study only

consider shallow and clear waters, where benthic habitats can be

observed with optical EO data (Lyons et al., 2020, 2024).
4.2 National estimates of biomass and
carbon for PNG

This study presents the first estimates of biomass and carbon for

PNGBCEs provided as an integrated national land cover approach. For

estimation of biomass and carbon, there were very limited data

available for PNG and we have relied on data available from global

mapping studies and limited field studies in PNG and for Indonesian

Papua (e.g., Kauffman et al., 2025, 2020; Sillanpää et al., 2024; Taberima

et al., 2018). Our results estimate total carbon stocks (AGC + BGC to 1

m) for PNG BCE in 2020 of 812.60 ± 408.72 Tg C. The large extent and

substantial contribution to carbon services provided by blue carbon

ecosystems in PNG emphasises the importance of these ecosystems to

provide environmental, economic, and social benefits that are directly

linked to sustainable livelihoods, and climate resilience and adaptation

(Friess, 2023; Sillanpää et al., 2024). Avoiding deforestation and forest

degradation to blue carbon ecosystems, particularly mangrove lowland

peat swamp forest, will result in substantial avoided emissions

(Murdiyarso et al., 2024, 2019, 2015). The approach provided in this

study can provide an integrated approach to identifying, monitoring,

and reporting on changes in biomass and carbon of BCE. Given the

limited availability of comparable BCE service estimates within the

Indo-Pacific and broader southeast Asia region, the framework

presented here to report on biomass and carbon could provide other

nations and regions baseline information to continue to monitor and

report changes in blue carbon ecosystem services.
4.3 Implications for national inventories,
reporting mechanisms, and conservation
policy in PNG

PNG has made significant commitments to address the impacts

of climate change relative to its socioeconomic development status

(CCDA PNG, 2022). PNG’s Vision 2050, its Climate Compatible

Development Management Policy, and its nationally determined

contributions (NDC) outline the government’s commitment to be

50% carbon neutral by 2030 and fully carbon neutral by 2050

(CCDA PNG, 2023, 2022). Under REDD+, PNG intends to reduce
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the area of annual deforestation and degradation by 25% against

2015 levels and increase afforestation, reforestation, and ecosystem

restoration to give an estimated 10,000-Gg CO2-equivalent

reduction in net emissions from the LULUCF subsector by 2030

(CCDA PNG, 2020). PNG recognises the significance of its BCEs

have been crucial in climate change mitigation and adaptation and

intends to develop and adopt a national blue carbon policy and

establish baseline measures. PNG recognises key gaps as the

unavailability of national statistics for seagrass and tidal marshes

and the lack of technical capacity for establishment of the baseline

(CCDA PNG, 2025).

To support these ambitious goals, a consistent and standardised

framework for mapping spatial extent of BCE and generating

estimates of ecosystem services, such as carbon storage into NDC,

is required at a national scale. The approach detailed in this study

provides a national snapshot of BCE extent and ecosystem service

contribution of biomass and carbon storage. This can help support

environmental accounting measures (e.g., SEEA-EA), as well as

direct resource allocation and management, by mapping ecosystem

extent and extent change to support ongoing assessment of risk to

ecosystems and land management needs under the IUCN Red List

of Ecosystems (Keith et al., 2020). The PNG National Oceans Policy

(NOP), released in 2020, seeks to develop and establish an

Integrated Ocean Management System (OMS) within the national

jurisdiction and, at the same time, establish a framework for

regional and international cooperation and collaboration in areas

beyond its national jurisdiction (DJAG PNG, 2020). The approach

applied here to PNG can provide a workflow translated to other

nations in the Indo-Pacific region. This will support the efforts for

initiation of national frameworks for managing coastal landscapes,

including the protection, conservation, and restoration of BCE, of

which PNG does not currently have a formal national approach to

this (Sillanpää et al., 2024).
4.4 Current challenges and future
opportunities

Land cover maps generated in this study for PNG have provided

an opportunity to evaluate the transferability and translatability of

the Living Earth framework as well as report on aboveground

biomass and belowground carbon at a national scale for blue

carbon ecosystems. We provide baseline estimates of BCE extent

for 2020 as well as ecosystem services of biomass and carbon. For

ongoing monitoring, reporting, and management of blue carbon

ecosystems for PNG, several challenges need to be addressed.

Existing databases of ground-truthed data are currently limited

for PNG. Validation of the land cover mapping generated in this

study, as well as aboveground biomass and belowground carbon

estimates reported at a national scale, was limited as a result, with

no accuracy metrics, such as a confusion matrix, able to be

produced in this iteration. Calibration and validation data are

imperative for any mapping or modelling to report at national

scales. This has been recently highlighted by Sillanpää et al. (2024)

where long-term monitoring of environmental change is required
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and multiple scales are due to lack of data collection for calibration

and validation over New Guinea. Sillanpää et al. (2024) suggest that

this could be achieved through integrated coastal zone management

frameworks that have somewhat addressed mangrove extent loss for

other nations in the Indo-Pacific region.

This study reports on land cover, biomass, and carbon of coastal

landscapes for 2020. For ongoing monitoring and reporting on

ecosystem services provided by BCEs, multiyear annual maps to

track change in extent and ecosystem services are required to facilitate

a national reporting framework. In particular, current lack national-

level information on lowland peat swamp forest and seagrass limits

baseline estimates of biomass and carbon services of these coastal

vegetated ecosystems. In addition, information on biomass and

carbon is key to progress landscape scale approaches that align

with national approaches to facilitate integrated coastal zone

management at multiple scales and should be a priority for efforts

in the near future. Collection of this data will also allow greater

granularity in estimates and higher confidence in uncertainty when

upscaling using national mapping, as demonstrated in this study. To

facilitate long-term data collection for BCE that is standardised and

enables clear pathway to user uptake, mobile apps such as EarthTrack

can be used for ground truthing and validation efforts of national

maps andmodels (Natural Aptitude Ltd, 2024). Importantly, utilising

established protocols on data collection and data accessibility, such as

the FAIR principles of software development and data accessibility

and following the principles of good data and information

management; ‘collect once, use many times’ (IGGI, 2005), will help

facilitate knowledge sharing from landscape and province to

national reporting.
5 Conclusion

Papua New Guinea supports a diverse and extensive range of

blue carbon ecosystems across 15 coastal provinces. Nations in the

Indo-Pacific such as Papua New Guinea are increasingly aware of

the importance of conservation and restoration of these ecosystems

and aspire to incorporate these assets into greenhouse gas emission

inventories as part of their nationally determined contributions.

Earth observations provide data for mapping and monitoring blue

carbon ecosystem extent as well as ecosystem services such as

biomass and carbon. In this study, we demonstrate the

transferability and translate ability of Living Earth, a framework

for land cover mapping and reporting on ecosystem services.

Integrated mapping of blue carbon ecosystems for PNG through

Living Earth provides baseline extent estimates of mangrove (4,315

km2), lowland peat swamp forest (9,289 km2), saltmarsh (431 km2),

and seagrass (317 km2) for 2020. Total aboveground biomass of

BCE for PNG was estimated to be 212.99 ± 95.89 Tg, with

belowground carbon storage estimates of 710.46 ± 362.75 Tg C.

Further research is needed to provide robust estimates of lowland

peat swamp forest and seagrass biomass and carbon storage

services, coupled with a multiyear annual maps to track changes

in extent as well as changes to ecosystem services provide by coastal

landscapes of PNG.
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