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Abstract
The Arafura and Timor Seas region is shared by Indonesia, Timor Leste, Australia, and 
Papua New Guinea (PNG), and is at the intersection of the Pacific and Indian oceans. High 
coastal population densities, degraded habitats, overexploited fisheries, low profile coasts, 
shallow continental shelves and macro-tidal conditions mean that coastal and marine envi-
ronments in the region are currently facing multiple pressures. Climate change is expected 
to exacerbate these pressures and have profound effects on the status and distribution of 
coastal and marine habitats, the fish and invertebrates they support and, therefore, depend-
ent communities and industries. Downscaled climate change projections for 2041–2070 for 
air and sea temperature, ocean chemistry and rainfall were modelled to provide spatially 
relevant regional data for a structured semi-quantitative vulnerability assessment. Results 
of the assessment were spatially variable and identified shallow coral reefs as highly vul-
nerable, particularly in the Timor-Leste and Indonesia-Arafura sub-regions. Seagrass 
meadows were most vulnerable in the Gulf of Carpentaria, Indonesia-Arafura, and Timor-
Leste sub-regions. Mangrove habitats were most vulnerable in Timor-Leste and Western 
PNG sub-regions. Drivers of vulnerability include poor habitat condition, non-climate 
pressures, low connectivity, and limited formal management. Marine species vulnerability 
was also spatially variable, with highly vulnerable and priority species identified for each 
sub-region, including finfish and marine invertebrates. A key driver of species vulnerability 
was their stock status, with many species in Timor-Leste, Western PNG and Indonesia, 
and several in northern Australia, overfished or potentially overfished. Limited manage-
ment in some sub-regions, as well as non-climate pressures such as habitat decline, poor 
water quality and illegal, unregulated and unreported fishing were also key drivers. Species 
of conservation interest (dugong and marine turtles) were also highly vulnerable to climate 
change, driven by their threatened status and the fact that they are low productivity species 
that take years to recover from impacts. Priority species and habitats for local action were 
identified and current pressures that undermine condition and/or resilience, with strategic 
recommendations aimed at minimising climate change vulnerability.
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1 Introduction

Climate change has been identified as a major threat to marine ecosystems (IPCC 2019, 
2022), and is expected to have profound effects on the function and distribution of marine 
habitats and the fish and invertebrates they support (Perry and Alvarez-Filip 2019; Robinson 
et al. 2019). As a result, fisheries will be impacted, which will have consequences for the 
communities and industries that depend on them for food security and livelihoods (Bindoff 
et al. 2019; Cooley et al. 2022). To prepare for and respond to these impacts, it is necessary 
to understand potential impacts from climate change, the sources of vulnerability and iden-
tify effective and targeted adaptations.

The expected climate changes in the Arafura and Timor Seas (ATS) region include 
increased air and sea temperatures, ocean acidification, extreme rainfall events, changing 
seasonal rainfall, more intense storms, altered ocean circulation and sea-level rise. These 
changes are expected to have direct and indirect impacts on marine ecosystems and species 
in the ATS region. Understanding the nature and scale of these impacts requires an under-
standing of the future local climate as well as the vulnerability of species and habitats.

Vulnerability to climate change is the degree to which a system is susceptible to, and 
unable to cope with, adverse effects of climate change. Climate change vulnerability of 
marine habitats and fisheries has been assessed in targeted locations of Indonesia; North 
and South Sulawesi (RARE Indonesia 2020; Retnowati et  al. 2019) and provided some 
local context for this study. However, these studies focused on identifying vulnerability in 
specific locations, and delivered localised results that could not be upscaled to the larger 
ATS region.

The marine environment in the ATS region supports very high diversity (Roberts et al. 
2002); however, it is in significant decline, primarily due to high coastal population den-
sities, degraded habitats, overexploited fisheries, low-lying coasts, a shallow continental 
shelf and macro-tidal conditions (ATSEA 2012). The Reefs at Risk project identified Indo-
nesian reefs as having the largest area of threatened coral reefs in the ATS region, with 
overfishing and destructive fishing practices driving much of the threat, followed by land-
based pollution and coastal development (Burke et al. 2012). The ecosystems in the ATS 
region have evolved to operate within a specific range of prevailing local climatic condi-
tions — the coping range (e.g. Jones and Mearns 2005). Therefore, understanding how the 
climate is changing in the ATS region and the likely impacts on key habitats such as coral 
reefs, seagrass meadows, mangroves, and species, is important to identify targeted manage-
ment under future climate change.

Within the coastal ecosystem mosaic, coral reefs, seagrass meadows, and mangroves are 
critical habitats for fish and invertebrate species, providing critical feeding and breeding 
habitat, as well as a range of goods and services, such as coastal protection and nutrient 
cycling. Maintaining the structural complexity of coastal ecosystems is vitally important 
to the continuation of these functions as well as the sustainability of fisheries. However, 
climate change is exacerbating existing pressures and expected to drive further declines in 
the ATS region.

There are documented impacts of climate change on coastal and marine habitats, for 
example, drought, low sea levels and marine heatwaves can cause significant mangrove 
dieback (Lovelock et al. 2017; Duke et al. 2021). And changes in rainfall and river flow 
affect species in coastal wetland and mangrove habitats, particularly recruitment success, 
growth and fisheries catchability (Leahy and Robins 2021). Since they provide critical hab-
itat for different life history stages of many estuarine and reef species, any habitat changes 
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will have implications for the species they support. Coral reefs are susceptible to ocean 
warming and acidification, changing circulation, more intense storms, and changes in rain-
fall and terrestrial inputs from more intense rainfall. Coral reefs are particularly sensitive 
to thermal stress that can cause coral bleaching and changes in reef assemblages, structure 
and function (Hughes et al. 2018). In Indonesia, coral bleaching occurred during the 2016 
summer at all major islands (Kimura et  al. 2018), consistent with mass coral bleaching 
that occurred from 2014 to 2016 across the tropics and part of the longest and most severe 
global event on record (Eakin et al. 2019).

Ocean acidification can reduce coral calcification rates (Fabricius et al. 2011; Doney et al. 
2020) and impact coral growth (Guo et al. 2020), with increases in temperature above 1.5 °C 
expected to result in net erosion of coral reefs throughout the tropics (Hoegh-Guldberg et al. 
2018, 2019). Seagrass meadows are degraded through several anthropogenic impacts, includ-
ing destructive aquaculture practices (e.g. intensive seaweed farming), coastal mining (e.g. 
sand extraction), coastal development, and poor water quality, with climate-change exacer-
bating these impacts (Waycott et al. 2011). The dynamics of tropical seagrasses mean that 
while ocean warming may limit growth, elevated  CO2 concentrations can increase thermal 
tolerance (Zimmerman 2021) and seagrass have some inherent resilience to future pressures 
(McKenzie and Yoshida 2020).

The aims of this study were to (1) document current spatially relevant climate change 
coastal habitats and the species they support, and (2) identify the drivers of climate change 
vulnerability through semi-quantitative assessments. Identifying the drivers of vulnerabil-
ity provides targets for action to address these drivers for marine habitats and species, and 
opportunities for improving cross-jurisdictional management of large marine ecosystems 
(Johnson et al. 2021). The assessment approach also provides transparency to stakeholders 
by incorporating socio-economic survey data, allowing for potential adaptation responses 
for relevant fisheries stakeholder groups.

2  Methods

2.1  Study area

The Arafura and Timor Seas (ATS) region connects two major oceans, the Indian and 
Pacific, and is shared by Indonesia, Timor-Leste, Australia and Papua New Guinea (PNG) 
(Fig. 1). The ATS region covers more than 167 million ha, supporting 600 species of reef-
building corals, 2500 species of marine fish, 47 species of mangroves and 13 species of 
seagrass (ATSEA 2023; Veron et al. 2016).

The southern Papua (Arafura Sea), Gulf of Carpentaria, and Northern Australian coasts 
contain the major estuaries in the region that provide habitat for mangroves and coastal 
wetlands, while few estuaries are found on the archipelago islands that have small rivers 
flowing into the ocean (Fig.  1). Seagrass meadows are present in the ATS region, with 
diverse and dense habitat found near Western PNG, Cape York in the Gulf of Carpentaria, 
and Nhulunbuy in Northern Australia (Fig. 1). Coral reefs are an important habitat in the 
region, with shallow fringing reefs occurring mainly around the islands of Indonesia and 
Timor-Leste, and the Timor Sea coast of Northern Australia (Fig. 1).

The ATS region is characterised by high connectivity between land and sea, with high 
islands in Timor and PNG and large catchment areas in northern Australia, resulting 
in large river discharges of freshwater and sediments to coastal waters. There is also 
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strong connectivity in oceanographic and ecological processes, such as the movement 
of larvae, pelagic and migratory species. Therefore, species and fish stocks are shared 
between jurisdictions, e.g. offshore demersal snapper fisheries for Lutjanus malabaricus, 
L. erythropterus and L. argentimaculatus (Blaber et  al. 2005), and globally significant 
populations of migratory protected species (marine turtles, dugongs, cetaceans, 
sawfishes, elasmobranchs) are found throughout the region (Edyvane et  al. 2011). 
For migratory species such as marine turtles, the Arafura Sea plays an important role 
providing feeding and nursery grounds (Klain et al. 2007).

Fisheries in the ATS region are particularly complex and productive, with multiple 
stakeholders, target species and technologies. The main characteristics of the shared 
ATS transboundary fishery stocks are the combined pressures of climate change, 
unsustainable harvest, destructive fishing practices, illegal unreported and unregulated 
(IUU) fishing, and bycatch (ATSEA 2012). Marine pollution is also a threat to ecosys-
tems in the region, with sources being marine debris, marine-based pollution from oil 
and gas, land-based runoff from rivers and coastal development (Brodie et al. 2019), 
and waste from vessels.

Fig. 1  Map of the Arafura and Timor Seas region and the five sub-regions assessed for vulnerability. 
Coastal and marine ecosystems are shown; dark pink = shallow coral reefs (< 40 m depth), light pink = sea-
grass, green = mangroves
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2.2  Regional climate change projections

A regional analysis of current climate change models and projections for the ATS region 
focused on the main climate variables that are expected to impact marine ecosystems over 
the next 50 years (to 2070). The climate variables applied in this study were atmospheric 
parameters — rainfall and air temperature — and oceanic parameters — sea surface tem-
perature (SST) and ocean pH. Downscaled data from the Coupled Model Intercomparison 
Project phase 5 (CMIP-5) and CPMI-6 models were used for these projections of future 
change.

The analysis of the change in atmospheric parameters used an ensemble of downscaled 
results from the multi-model simulations of the Southeast Asia Regional Climate Downs-
caling/Coordinated Regional Climate Experiment – Southeast Asia (SEACLID/CORDEX-
SEA) project (Supari et al. 2020; Tangang et al. 2019, 2020) within the CMIP5 framework 
(Taylor et  al. 2012), adopted in the IPCC-AR5 report (IPCC 2014). A series of evalua-
tions for the regional simulations were performed in the CORDEX-SEA project, to deter-
mine the best optimization in simulating past climate, as compared to observational data-
sets (Cruz et  al. 2017; Juneng et  al. 2016; Ngo-Duc et  al. 2017). Utilization of regional 
climate models for dynamical downscaling provides added confidence, in terms of model 
skill representing atmospheric processes and long-term climate state (Rummukainen 2016) 
in a complex area such as the ATS region (Chandrasa and Montenegro 2020).Two differ-
ent greenhouse gas emission scenarios were used, based on the Representative Concentra-
tion Pathway (RCP) trajectories (Meinhausen et al. 2011). The two scenarios were RCP4.5 
(equivalent to moderate emissions) and RCP8.5 (equivalent to high emissions). The period 
used for the climate projection analysis was mid-century (2041–2070), relative to the mod-
els’ historical simulations (1976–2005 baseline).

The analysis of the change in oceanic parameters used an ensemble of downscaled 
results from the CMIP-6 models under the new Shared Socioeconomic Pathways (SSP) 
scenarios SSP5-8.5 (high emissions) and SSP2-4.5 (low emissions). SST and ocean pH 
values were downloaded at native grid resolution,1 for all available models in SSP5-8.5 and 
SSP2-4.5 (refer to van Hooidonk et al. 2020 for lists and models used). Data were concate-
nated where needed to create complete time series. Where multiple runs were present, they 
were averaged using equal weighting. Missing data were filled in the zonal direction using 
NCL’s Poisson grid fill function. All SST model runs were adjusted to the mean of NOAA 
Coral Reef Watch coraltemp_v3.1 (NOAA 2020) climatology by subtracting the mean of 
the first 5 years of the run from the entire period and then adding the mean of CoralTemp 
climatology. SST data were downscaled using the method described in van Hooidonk 
et al. (2016). The ensembles were re-gridded to 5-km resolution, and the annual cycle was 
replaced with the CoralTemp 1985–2012 climatology.2 The model delivered data at 5-km 
resolution up to 2070 in monthly bins to provide output maps for absolute SST and changes 
in SST between 2015 and 2070 using homogenised spatial data for the ATS region.

The climate change projections data were used for the regional vulnerability assess-
ment, as a primary input for ‘exposure’ to assess selected species and marine habitats in 
the ATS region.

1 Downloaded from https:// esgf- node. llnl. gov/ on in January 2021.
2 See https:// coral reefw atch. noaa. gov/ produ ct/ 5km/ descr iption_ clima tology. php for description.

https://esgf-node.llnl.gov/on
https://coralreefwatch.noaa.gov/product/5km/description_climatology.php
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2.3  Regional vulnerability assessment

A structured semi-quantitative approach was applied for the vulnerability assessment, which 
provides a framework for determining the potential impacts of climate change on habi-
tats and species, their relative level of vulnerability and drivers of vulnerability (Johnson 
et al. 2016). The vulnerability assessment applied a framework adapted from the IPCC and 
United Nations Framework Convention on Climate Change (UNFCCC), which includes the 
elements of Exposure, Sensitivity and Adaptive Capacity (Fig. 2). The vulnerability assess-
ment focused on marine and coastal habitats and species in the ATS region important to 
communities, industries and governments for food security, livelihoods, traditional culture, 
and conservation. The vulnerability assessment was conducted for five spatial sub-regions in 
the ATS region — Indonesia-Arafura, Timor-Leste, western PNG, Gulf of Carpentaria, and 
northern Australia (see Fig. 1) to deliver results relevant to the habitats, species, and fisher-
ies in each sub-region.

The selection of species for all sub-regions followed a similar approach to that used by 
Welch et al. (2014), but varied depending on available local information. For each sub-region, 
a range of criteria were applied, including cultural importance, importance for subsistence or 
recreational use, relative economic value, and conservation importance based on the IUCN 
Red List of Threatened Species (https:// www. iucnr edlist. org). For the Timor-Leste and Indo-
nesia/Arafura sub-regions, the selection of species was informed by published literature 
(California Environmental Associates 2018;Konservasi and Nusantara 2020; López-Angar-
ita et  al. 2019) and refined through consultation with local experts including government 
managers, local and international scientists. For western PNG, species were selected based 
on published literature (Busilacchi et  al. 2014) and local expert knowledge of a co-author 
(David Welch). For the two Australian sub-regions, the species selected were predominantly 
those previously assessed by Welch et al. (2014), which went through a rigorous stakeholder 

Fig. 2  Vulnerability assessment 
framework applied for the ATS 
regional assessment (Johnson 
et al. 2016)

https://www.iucnredlist.org
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consultation and expert-based selection process. To ensure that the selected species were still 
relevant, consultations with fisheries staff at the Northern Territory Department of Primary 
Industries and Resources were conducted. The species assessed were not intended to pro-
vide a definitive list for each sub-region. Rather they were representative of locally important 
fishery and conservation species and provide a range of likely responses to climate change so 
results could guide climate relevant action for these and similar species.

The assessment used indicators for exposure based on climate projections, and indi-
cators for sensitivity and adaptive capacity based on known tolerances and responses to 
climate variability. Criteria were developed to analyse each indicator taking a risk-based 
approach using ecologically relevant triggers and relationships. The criteria used catego-
ries for scoring each indicator that are empirically based on known thresholds, where they 
exist. Where data were limited, expert-based thresholds were applied based on the likeli-
hood of experiencing a change in a particular variable (exposure), quantified ecological 
relationships and tolerances (sensitivity), and likelihood of holding inherent resilience 
characteristics (adaptive capacity). A sensitivity analysis using a bootstrapping approach 
identified a suite of indicators that influenced species’ rankings and substitutions of the 
high vulnerability species, which was used to interpret results and make suitable recom-
mendations. Further details of the methods are available in the literature (Welch et al. 2014; 
Johnson et al. 2016; Johnson and Welch 2016), Supplementary information, and Appendix 
A (Tables A1, A2, A3, A4, A5).

The vulnerability assessment used existing empirical evidence, including climatologies, 
climate projections, ecological thresholds and responses, phenology, status and trends, 
demographics, modelling, and expert knowledge. Three sources of data were used for the 
assessment: (1) published data, (2) expert elicitation, and (3) critical data collection/mod-
elling to fill gaps. Structured expert elicitation with 8–10 experts for each sub-region was 
used for several assessment indicators where there were limited data and provided data for 
socio-economic and governance indicators.

A vulnerability metric was used to quantify results so that components were systemati-
cally ranked based on their relative vulnerability to climate change. Scores were assigned 
for each indicator using a 3-point scale based on the specific criteria. The analysis fol-
lowed the method outlined in Johnson et  al. (2016) to calculate a vulnerability index 
using the metric (below) and the components were ranked from highest to lowest relative 
vulnerability.

where: V = vulnerability, PI = potential impacts (ExS), AC index = 1 – adaptive capacity

2.4  Mapping vulnerability of habitats

The habitats selected for assessment were based on their ecological, social, and economic 
importance, including their role as critical habitats for species and the goods and services 
they provide. The same habitats have been assessed in adjacent regions using the same 
structured vulnerability assessment framework (Bell et al. 2011; Welch et al. 2014; Johnson 
and Welch 2016).

Coral reef and seagrass habitat vulnerability were assessed using spatial data analysed 
and delivered as mapping outputs showing hotspots of vulnerability. Spatial data layers 
represented indicators of exposure, sensitivity and adaptive capacity (see Table A4) and 
were combined using map algebra. Mapping outputs were prepared using the software 

V = (PI x AC index) + 1
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Python 2.7.3 (PythonWin 2012) and ArcGIS 10.7 (ESRI 2019). There was insufficient data 
at the necessary spatial resolution to conduct a spatial analysis for mangroves, therefore a 
semi-quantitative approach was used with locally specific indicators (see Table A5).

The input data to assess exposure, sensitivity and adaptive capacity were based on the 
indicators and criteria provided in Appendix A (Tables A4 and A5). The exposure and sen-
sitivity of coral reefs and seagrass meadows were based on input layers that were normal-
ised on a scale from 0 to 1, and included projected temperature increase, projected rainfall 
change, warm season temperature variability, diversity. An index of potential impacts was 
calculated by multiplying the normalised exposure and sensitivity layers, then re-normaliz-
ing on a scale from 0 to 1. The adaptive capacity of coral reefs and seagrass meadows was 
based on input layers normalised on a scale from 0 to 1, and included marine-protected 
areas, water quality and non-climate anthropogenic threats.

Habitat vulnerability was calculated by multiplying the normalised potential impacts 
layer with an inverted adaptive capacity layer (1-AC), re-scaled by a ‘potential manage-
ment effectiveness factor’ of 0.5 that reduces the maximum allowable management effec-
tiveness in the model calculations, as per:

where: V = vulnerability, PI = potential impact (ExS), AC index = 1 – adaptive capacity
The final raw vulnerability layer was then re-normalised on a scale from 0 to 1.

3  Results

3.1  Climate change projections

Future climate projection data by mid-century (2041–2070 period) showed a relatively uni-
form increase in air temperature over the ATS region under both the RCP4.5 (medium) 
and RCP8.5 (high) emissions scenarios (Fig.  3a–b). The mean increases over the area 
were + 1.21 °C for RCP4.5 and + 1.60 °C for RCP8.5. Air temperature increases over land 
and coastal areas are more significant than over offshore (open ocean) areas.

The projected change in total cumulative rainfall (in percentage) for 3-month periods 
in the ATS region shows generally drier conditions in the future, with varying intensity by 
seasons and scenarios (Fig. 3c). The most significant decrease is in the June-July–August 
period, which is the dry phase of the Indo-Australian monsoon season. While during the 
Indo-Australian monsoon wet season, some locations in the region, for example, the south-
west coast of Papua and central Arafura Sea, are projected to experience an increase in 
rainfall (Fig.  3c). The probability of extreme rainfall events was assessed using climate 
indices derived from modelled daily rainfall, for example, maximum daily rainfall and the 
number of heavy rainfall days (Fig. 3d–g). Model results showed increased likelihood of 

V = PI x [(AC index)x 0.5]

Fig. 3  Projected changes in mean air temperature (°C) and rainfall for the ATS region. (a) Change in mean 
air temperature from the baseline (1976–2005) under RCP4.5 and (b) under RCP8.5. Projected changes 
in rainfall: (c) change in seasonal cumulative rainfall (%) during different seasons represented by 3-month 
periods (left to right). Rows represent the conditions under RCP4.5 (top) and RCP8.5 (bottom). Projected 
change in annual daily maximum rainfall (mm) under: (d) RCP4.5 and (e) RCP8.5, and the annual number 
of days with heavy rainfall under (f) RCP4.5 and (g) RCP8.5

▸
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extreme rainfall events, particularly over the south-eastern part of the region. Again, the 
high emission scenario (RCP8.5) results in a relatively higher risk.

The modelled maps for absolute SST and changes in SST between 2015 and 2070 
using homogenised spatial data for the entire ATS region show different spatial patterns 
under SSP2-4.5 and SSP5-8.5 scenarios (Fig.  4). Under SSP5-8.5, the absolute SST 
projections show similar temperatures in 2070 in northern Australia and the northern 
Timor Sea into the Banda Sea of 30.9 to 31.3 °C (Fig. 4c). The warming rate is greatest 
in northern Australia, where there is a 2.12 °C increased between 2015 and 2070, while 
the northern Timor Sea is warming by about 1.88 °C during the same period (Fig. 4d). 
Under all emissions scenarios, a net SST increase in the ATS region is projected, with the 
magnitude and rate of this warming proportional to the emissions scenario, i.e. the largest 
changes in SST are under the highest future atmospheric  CO2e concentrations (SSP5-8.5). 
By 2070, under SSP5-8.5, a (spatially averaged) warming of 1.72 °C is expected relative 
to 2015, and absolute SST will be above 29.5  °C for most of the region (as an annual 
average). While under SSP2-4.5, a (spatially averaged) warming of 1.13 °C is expected 
relative to 2015 (Fig. 4b), and absolute SST will be above 28.9 °C for most of the region 
(Fig. 4a).

There is a net decrease in ocean pH (acidification) under all emission scenarios, with the 
magnitude and rate of change proportional to the atmospheric  CO2 concentrations. Under 
the moderate emissions scenario (SSP2-4.5) there is an absolute pH value of 7.9 with the 
effects most pronounced to the east, near Papua and the Gulf of Carpentaria (Fig. 4e), and 
a spatially averaged decrease of 0.126–0.116 units by 2070 (Fig. 4f), relative to the 2015 
observations. Under the high emissions scenario (SSP5-8.5), there is an absolute pH value 
of 7.8 with the effects most pronounced to the east, near Papua and the Gulf of Carpentaria 
(Fig. 4g), and a spatially averaged decrease of 0.227–0.212 units by 2070 relative to 2015 
observations (Fig. 4h).

3.2  Habitat vulnerability 

There is spatial variation in the vulnerability of habitats to climate change, with the loca-
tion of habitats determining their exposure to projected climate change, and a range of eco-
logical and social factors driving sensitivity and adaptive capacity, and ultimately vulner-
ability. Seagrass meadows were most vulnerable in the Gulf of Carpentaria due to a hotspot 
of SST increase, Indonesia-Arafura due to low connectivity and non-climate pressures, 
and Timor-Leste due to increases in SST, sea level rise and limited formal management 
(Fig.  5a). Coral reefs were most vulnerable in Timor-Leste and Indonesia-Arafura, with 
hotspots around Manatuto and Barique Municipality, Timor-Leste, Rote Ndao and Tual in 
the Arafura Sea. Poor current condition, non-climate pressures (i.e. land-based pollution), 
and limited formal management were key drivers of vulnerability in these sub-regions 
(Fig. 5b). Mangrove habitats were most vulnerable in Timor-Leste and Western PNG, with 
sea level rise, rainfall declines, poor current condition, low species diversity, low connec-
tivity, limited management, and non-climate pressures being key drivers.

Fig. 4  Downscaled projections for (a) SST for 2070 and (b) SST differences between 2015 and 2070 under 
SSP2-4.5 (moderate emissions) scenario; and (c) SST for 2070 and (d) SST differences between 2015 
and 2070 under SSP5-8.5 (high emissions) scenario; (e) ocean pH for 2070 and (f) ocean pH differences 
between 2015 to 2070 under SSP2-4.5 (moderate emissions) scenario; and (g) ocean pH for 2070 and (h) 
ocean pH differences between 2015 and 2070 under SSP5-8.5 (high emissions) scenario

▸
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Fig. 5  Regional relative vulnerability of (a) seagrass meadows and (b) shallow coral reefs (< 40 m) in the 
ATS region. Colour represents normalised scores from 0 (not vulnerable) to 1.0 (very high vulnerability)
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The vulnerability of mangroves, seagrass meadows, and shallow coral reefs varies 
across sub-regions and are influenced by different drivers. The current poor condition of 
habitats, non-climate pressures and limited management effectiveness all influence vulner-
ability to varying degrees in the different sub-regions (Table  1). Ultimately, mangroves, 
seagrass meadows and coral reefs are expected to decline in condition and area in Western 
PNG, Timor-Leste and Indonesia/Arafura, and to be generally stable in Northern Australia 
and the Gulf of Carpentaria.

3.3  Vulnerability of species

A total of 23 species/species groups were assessed in Timor-Leste, 26 in the Indonesia/
Arafura sub-region, seven in the Western PNG sub-region, 18 in the Gulf of Carpentaria 
sub-region, and 19 in the northern Australia sub-region (Appendix B; Tables B1, B2, B3, 
B4, B5). Generally, individual species were included for assessment, however in some 
instances, groupings of species were included where necessary. Given the overlap in spe-
cies across sub-regions, a total of 51 unique species/species groups were assessed for the 
ATS region.

3.3.1  Indonesia/Arafura

The most vulnerable species in the Indonesia/Arafura sub-region were black teatfish (Holo-
thuria whitmaei), barramundi, green and hawksbill turtles, mangrove red snapper (man-
grove jack), wedgefish and mud crab (Figure B1). The least vulnerable species were mack-
erel scads, Indian Ocean squid, shark species, and reef and/or shoal finfish species.

Examination of the contributing elements to vulnerability found that key drivers of 
exposure of Indonesia/Arafura species was that many species live in shallow water or 
spend part of their life history in shallow water, particularly estuarine habitats. For exam-
ple, the species with the highest exposure were mud crab, white banana prawn and bar-
ramundi, all estuarine species. Another key driver was that many species are dependent on 
specific habitats for at least part of their life cycle. These factors make these species more 
highly exposed to projected changes to habitat condition or area. A key driver of sensitiv-
ity in this sub-region was the short larval duration of many species or being live young 
bearers. Accordingly, the species that had the highest sensitivity scores were green and 
hawksbill turtles, dugong, mud crab and several elasmobranch species. The key drivers of 
sensitivity for these species were that they tend to have relatively low fecundity and high 
average age at maturity (i.e. species with a lower reproductive potential for replenishing 
their populations after impacts). Further, the gender of turtle hatchlings is strongly linked 
to air temperature (that drives sand and nest temperatures), which further increases their 
sensitivity. Mud crab was an exception, being a relatively productive species, however, it 
has been shown to be highly sensitive to changes in SST and rainfall and river flow, with 
effects on survival, growth, and recruitment.

3.3.2  Western PNG

The most vulnerable species in the Western PNG sub-region were mud crab and 
dugong. Green turtle, barramundi and black jewfish all had moderate vulnerability, 
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while whitetip reef sharks were least vulnerable (Figure B2). Overall, the seven species 
assessed in Western PNG generally had high exposure to climate change given their 
preference for shallow nearshore and/or estuarine waters, which are the dominant 
environments in this sub-region. Notably, there were three sensitivity or adaptive 
capacity indicators that were key drivers of species vulnerability in this sub-region: (i) 
stock status — four of the seven species were assessed as overfished while the others 
were ‘undefined’; (ii) non-climate pressures on stocks were very high, mainly poor 
water quality and IUU fishing; and (iii) poor governance, which is also linked to the 
influence of non-climate pressures.

3.3.3  Timor‑Leste

The most vulnerable species in the Timor-Leste sub-region were green turtle, flowery cod, 
mangrove red snapper (mangrove jack), and octopus (Figure B3). The least vulnerable spe-
cies were rabbitfish, bluefin trevally, Spanish mackerel, and fusiliers (Caesionidae).

Examination of the contributing elements to vulnerability found that key drivers of 
exposure was that many species spend a large part of their life history in shallow water, 
where they are likely to be more exposed to changes in SST and rainfall. Another key 
driver was the reliance of many species on coral reef habitats for all or part of their life his-
tory. There is relatively high confidence that these habitats will decline in area and condi-
tion due to the effects of climate change. For example, most species that had high-moderate 
exposure are coral-reef associated species, such as octopus, snappers, surgeon fish, cods, 
emperors and fusiliers. Another driver was that many species are dependent on specific 
habitats for at least part of their life cycle.

A key driver of sensitivity was that many species were either live young bearers 
or have a relatively short larval duration — green turtles, dugong, reef manta ray and 
whitetip reef sharks. These species tend to have relatively low fecundity and high average 
age at maturity (i.e. species with a lower reproductive potential for replenishing their 
populations after impacts). Furthermore, the gender of turtle hatchlings is strongly linked 
to air temperature (that drives sand and nest temperatures), which further increases 
their sensitivity. The species that had the lowest adaptive capacity were mangrove red 
snapper, flowery cod, green turtle, and octopus, due to their overfished status and very 
low replenishment potential as they are relatively long-lived, late maturing, and slow 
growing. Further, there was a relatively high reliance on these species for local income. 
Green turtles also have a low replenishment potential as egg layers. Despite octopus 
being a highly productive species with a rapid life cycle, this species is highly targeted 
for local subsistence and to a lesser extent for income, and experiences high non-climate 
(fishing) pressures.

3.3.4  Gulf of Carpentaria and Northern Australia sub‑regions

The assessment results for the two Australian sub-regions are presented together given 
the overlap in the species assessed. In the Gulf of Carpentaria, the most vulnerable 
species were king threadfin, green turtle, dugong, barramundi, golden snapper, and 
mud crab (Figure  B4). The least vulnerable species were blacktip reef sharks and 
white banana prawns. In northern Australia, the most vulnerable species were golden 
snapper, green turtle, black jewfish, dugong, and king threadfin (Figure B5). The least 
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vulnerable species were deep water snapper species, three shark species and white 
banana prawn.

Examination of the contributing elements to vulnerability for both sub-regions found 
that key drivers of exposure were species predominantly shallow water and/or nearshore 
distribution (e.g. golden snapper, mud crab, king threadfin, barramundi), low mobility (e.g. 
prawn species), and a dependency on estuarine habitats for critical parts of their life cycle 
(e.g. brown tiger prawn, white banana prawn, mud crab, king threadfin, barramundi, golden 
snapper, blue threadfin).

A key driver of sensitivity overall was a low capacity for larval dispersal, with either a 
relatively short larval duration or none (live/egg bearers). For example, the most sensitive 
species across both sub-regions were green turtle, dugong, scalloped hammerhead, and 
two blacktip shark species; all either lay eggs or bear live young. Other key drivers of 
sensitivity were late maturation (e.g. turtle, dugong, shark species, king threadfin), and the 
influence of environmental drivers on recruitment, survival and growth for species with 
populations that are known to be strongly influenced by changes in rainfall and river flow. 
This included king threadfin, barramundi, and mud crab.

The species with the lowest adaptive capacity across both sub-regions were king thread-
fin, dugong, golden snapper, black jewfish, red emperor, and mangrove jack. Key drivers 
of low adaptive capacity were low population replenishment potential (e.g. dugong, green 
turtle, golden snapper, red emperor, mangrove jack and sharks) and depleted or overfished 
stock status (e.g. Gulf: king threadfin; Northern Australia: golden snapper). Non-climate 
pressures were another driver of low adaptive capacity, especially plans for increasing water 
diversion in Gulf rivers using dams, further reducing river flow under a reduced rainfall 
future. Governance was also assessed as being relatively inflexible and non-adaptive. While 
current plans for new dams in the Gulf of Carpentaria region will continue to undermine 
adaptive capacity, fishery management reforms that are underway for the sub-region should 
allow for more flexible management that is responsive to the effects of climate change.

3.4  Results synthesis

The results of the vulnerability assessment were spatially variable and identified highly 
vulnerable habitats and species in each sub-region, vulnerability drivers, and the 
components that are most vulnerable across multiple sub-regions (Table  2). No species 
or habitats were assessed as likely to benefit from projected climate change. Habitats and 
species that have high vulnerability across multiple jurisdictions and extensive spatial 
distributions (including migratory species) provide priority targets for transboundary 
management.

4  Discussion and conclusions

The relative vulnerability of marine habitats and species in the ATS region to climate 
change was determined by assessing the current and projected state of the environment and 
ecological responses to projected climate change. While spatial variability in vulnerability 
and consistent environmental drivers were apparent, the assessment identified the current 
poor condition and limited effective management as consistent key drivers of high vulner-
ability. Non-climate pressures were also influential.
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4.1  Changes in environmental variables and impacts

The results of the climate change projections for rainfall showed increasing rainfall-related 
extremes. These patterns suggest an accentuation of monsoonal conditions, with the wet 
season getting wetter and the dry season getting drier, thus impacting seasonality. Overall, 
however, drier conditions are anticipated throughout most of the annual cycle and are par-
ticularly significant under the high emissions scenario. Less rainfall is expected to reduce 
freshwater supply and river flows leading to changes in salinity, sedimentation, nutrient 
delivery, and coastal water quality (Pratchett et al. 2011). Hence, changes in rainfall will 
impact marine ecosystems, the fish and invertebrates they support (Piccolo 2021) and ulti-
mately the communities and industries that depend on them.

Ocean circulation in the ATS region plays an important role in influencing SST patterns. 
Results showed a projected increase in SST under all emissions scenarios, and of greater 
magnitude under the high emissions scenario. Over the past 30 years, SST in Indonesian 

Table 2  Summary of relative vulnerability of marine habitats and most vulnerable species across sub-
regions. Dark grey hatch = high vulnerability; grey = moderate vulnerability; light grey hatch = low vulnera-
bility. n/a indicates habitats/species not assessed in that sub-region. Species identified in bold are migratory 
or have population structures that cross jurisdictions
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waters has shown an overall increasing trend, with the greatest rise (0.66  °C) occurring 
in the Halmahera Sea (north of the ATS region) and the smallest rise in the Timor Sea 
(0.36  °C) (Martono 2016). Some marine species are known to be sensitive to variations 
in SST, for example, increasing cool-season SST may compromise reproductive success 
of black teatfish (Holothuria whitmaei) since they spawn during winter in low latitudes, 
potentially resulting in a range contraction poleward (Shiell and Uthicke 2006). Other crus-
taceans show similar thermal sensitivities, moving into deeper water during marine heat-
waves, for example, tropical rock lobster in the Torres Strait islands (Johnson and Welch 
2016).

All future emission scenarios show a net decrease in ocean pH (acidification) in the ATS 
region, with the magnitude and rate of change proportional to atmospheric  CO2 concentra-
tions. Ocean acidification is expected to cause reductions in coral growth, diversity, recruit-
ment and abundance of framework building corals, driving shifts in competitive interactions 
between taxa as pH declines (e.g. studies in shallow  CO2 seeps in PNG; Fabricius et  al. 
2011).

4.2  Impacts to habitats

The results of the seagrass assessment identified low species diversity, poor connectivity, 
limited formal management, and non-climate pressures such as impacts from land-based 
runoff and poor water quality. The impact of multiple stressors from an extreme event 
(thermal stress, reduced light/sediment inputs due to floods) has been shown to cause 
ecosystem-wide loss of seagrass resilience in Western Australia (Kendrick et  al. 2019), 
and seagrass are projected to undergo irreversible phase shifts due to marine heatwaves 
under > 1.5 °C warming (Cooley et al. 2022). Adaptations for local and regional manage-
ment should focus on addressing sources of vulnerability, particularly in locations impor-
tant for fisheries or species of conservation interest (e.g. dugong and green turtles). For 
example, by reducing land-based pollutant inputs through integrated catchment manage-
ment of agriculture, deforestation and coastal development, and area-based management of 
seagrass meadows.

The results of the coral reef assessment identified poor current condition, limited 
or patchy formal management, and non-climate pressures such as impacts from land-
based pollution, particularly sediment, nutrients, and pesticides. The range of potential 
impacts includes coral cover declines, increasing macroalgae, and the risk of reefs 
transitioning to net erosion under > 1.5 °C of warming, with adaptation options limited 
for most locations (Hoegh-Guldberg et al. 2018, 2019). Coral reef species’ composition 
and diversity are also projected to change due to future interactions between climate and 
non-climate hazards (Kleypas 2019; Kubicek et al. 2019), resulting in simpler habitats. 
This will have implications for reef-dependent species, such as fish and invertebrates, 
as studies have detected changes in reef fish assemblages and stocks consistent with 
lagged impacts of habitat degradation (Richardson et  al. 2018; Robinson et  al. 2019; 
Lam et  al. 2020). Adaptations that address local and regional pressures will be 
important for building reef resilience and maintaining diversity in the face of multiple 
climate hazards. However, mitigation of carbon emissions and active interventions will 
increasingly be required given the scale of the issue (National Academy of Sciences 
2019). Therefore, adaptations can focus on addressing sources of vulnerability, such 
as reducing land-based pollutant inputs to coastal reefs to improve water quality 
(Gavio and Mancera Pineda 2015; Lam et  al. 2015; Wiedenmann et  al. 2013), and 
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directly protecting coral reef habitats, particularly from destructive fishing and coastal 
development. As well as restoration efforts following impacts, such as coral planting, 
noting however that these are only effective in small areas and will not prevent future 
impacts (Condie et al. 2021).

The results of the mangrove assessment identified poor current condition, low species 
diversity, limited formal management, and non-climate pressures such as coastal devel-
opment as key drivers of vulnerability. Southeast Asia has experienced the greatest loss 
of mangroves globally (Friess et  al. 2019) and locations where coastal development and 
infrastructure are extensive are particularly vulnerable since there will be physical barriers 
to mangrove inland migration as sea level rises. Mangroves can adapt to sea-level rise if 
sediment accretion keeps pace and landward barriers, such as roads, don’t constrain migra-
tion (Friess et al. 2019; Friess et al. 2020). Ultimately, the success of migration depends 
on local topography, infrastructure barriers, and the pace of sea-level rise (Cahoon et al. 
2021), which under high emissions is expected to be greater than the ability of mangroves 
to accrete and grow (Lovelock et al. 2017). Some important adaptations include relocation 
or removal of anthropogenic barriers to landward migration (e.g. weirs and roads), limiting 
current loss of mangroves, and urban planning that considers areas that mangroves may 
expand into.

4.3  Impacts to species

Identifying highly vulnerable species and the drivers of vulnerability in each sub-
region informs priority species for action and management at local and regional scales. 
Across the ATS regions, green turtles, dugong, and barramundi were identified as the 
most vulnerable species, and mangrove red snapper are also a target for management 
given their vulnerability in some sub-regions and local livelihoods and economic 
importance. A consistent driver of species vulnerability was their status as overfished 
or depleted (many were also ‘undefined’), meaning they may already be or may soon 
be overfished, and there is currently limited effective management. Highly vulnerable 
species in some sub-regions should be prioritised for action due to their conservation 
status. For example, while wedgefish were assessed as the sixth most vulnerable 
species in the Indonesia/Arafura sub-region, they have an extremely high extinction 
risk due to being targeted for their high-value and internationally traded ‘white’ 
fins (Kyne et  al. 2020) and immediate action is warranted. Therefore, management 
actions that effectively and appropriately reduce and control harvest to sustainable 
levels and allow stocks to rebuild are urgently required for many of the species 
assessed as vulnerable. This may require more conservative measures for species with 
low replenishment potential and will need strong government will and community 
engagement and education.

Using the species vulnerability rankings can identify species to focus on for local action 
(see Tables B1, B2, B3, B4, B5). Where species identified for action are likely to be part 
of a stock shared by adjacent jurisdictions, cooperative inter-jurisdictional management 
should be explored. For example, two species that are highly vulnerable in all five sub-
regions — green turtle and dugong — are likely to be part of inter-connecting popula-
tions shared across large areas of the ATS region. In addressing these species’ vulnerability 
to climate change, the individual sub-regional assessment results can be used to identify 
the drivers of vulnerability, and therefore inform the most effective management actions at 
sub-regional and regional scales.
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4.4  Key recommended actions

For many of the highly vulnerable habitats and species, there are significant fundamental 
issues that affect their status and resilience to future threats from climate change. There-
fore, if they are to be resilient to future climate change and continue to fulfil important eco-
logical roles and support fisheries in the ATS region, the following actions consistent with 
adaptations identified globally as effective solutions (Cooley et al. 2022) are recommended:

1. Primary fisheries management (sustainable harvesting aligned with an ecosystem-based 
approach) for stocks assessed as at risk from overfishing that effectively and appropri-
ately controls harvest to sustainable levels and allows stocks to rebuild. Sustainable 
harvesting safeguards marine food resources and livelihoods, and is urgently required 
in the ATS region. This may necessitate more conservative measures for species with 
low replenishment potential, greater community awareness and education, and gov-
ernance mechanisms that suit the local context, such as decentralization of fisheries 
management coupled with adequate resourcing (Tilley et al. 2019). Illegal, unregulated 
and unreported fishing can also reduce the resilience of stocks to future climate change 
and exacerbate climate impacts (Widjaja et al. 2020). Limiting overexploitation is the 
central purpose of primary fisheries management, and is expected to benefit adaptation 
to climate change (Free et al. 2020; Duarte et al. 2020).

2. Transboundary regional management of vulnerable species that are part of shared stocks 
across multiple jurisdictions requires complementary and coordinated approaches and 
can support climate adaptation (Pinsky et al. 2021). Holsman et al. (2019) showed that 
fisheries management seldom integrates across regional scales, undermining climate 
resilience, while transboundary cooperation between fisheries jurisdictions was shown 
to reduce climate change impacts (Free et al. 2020).

3. Species of conservation interest requires special attention and should be the focus of 
management. With large, connected ranges, wide distributions, and generally low pro-
ductivity, these vulnerable species should be protected through actions that include 
restoration and/or protection of nesting and feeding habitats (McLeod et al. 2019), 
improvement of local water quality, and measures to mitigate their capture (targeted 
and incidental).

4. Effective mitigation measures to address multiple chronic cumulative pressures that 
further compromise habitat condition and fishery populations. Two key pressures are 
land-based pollution that drive poor water quality in coastal areas, which can lead to 
nutrient enrichment, macroalgal overgrowth (Gavio and Mancera Pineda 2015), impacts 
on coral fertilization and settlement (Lam et al. 2015), increased susceptibility of corals 
to thermal bleaching (Wiedenmann et al. 2013) and ecosystem-wide losses of seagrass 
(Kendrick et al. 2019).

5. Measures that restore and protect critical habitats, including coral reefs, estuarine and 
wetland areas (e.g. mangroves and seagrass). Focused biodiversity protection and co-
management with local communities using area-based conservation will directly benefit 
habitat condition and resilience to future change, as well as the species they support 
(Maxwell et al. 2020; Gurney et al. 2021). Studies have detected declines in fish popu-
lations and fisheries consistent with lagged impacts of habitat disturbance (Richardson 
et al. 2018; Robinson et al. 2019), demonstrating the importance of restoring, conserving 
and protecting marine habitats. Such measures may include establishing MPAs strategi-
cally placed to protect climate refugia (Wilson et al. 2020), restoring damaged habitats 
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(McLeod et al. 2019), prohibiting damaging practices, and minimising upstream pres-
sures, e.g. land-based pollution.

6. Diversifying to alternative species as a local food source to reduce community depend-
ence on vulnerable species, thereby increasing resilience to possible future impacts on 
stocks (Robinson et al. 2020). These alternative species should be acceptable to com-
munities, currently underutilised, and have high replenishment potential.

7. Assessing potential land-use change implications on downstream marine environments 
is important to avoid future impacts and has been particularly highlighted in some sub-
regions. Activities in catchments drive impacts on coastal and marine environments, 
through direct impacts of land-based pollutants, such as sediment and nutrients on habi-
tats (UNEP 2017), and indirect impacts of land-use changes that can transfer livelihood 
pressure to marine resources or change the connectivity between land and sea, e.g. dams.

8. A localised co-management approach should be undertaken to prioritise adaptation 
actions based on ecological, economic, and cultural values, and to inform local area-
based measures that consider the dual goals of ecological protection and sustainable use 
(Gurney et al. 2021).

Although regional assessments can offer insight into the potential impacts of climate 
change on habitats and species, local actions should be based on information to effectively 
address the drivers of vulnerability through management at the local level. This means adopt-
ing a localised approach that considers the habitats, species, and target fisheries that are impor-
tant at the local scale to select appropriate adaptations (Johnson et al. 2022). At the same time, 
complementary regional approaches to management can minimise the drivers of vulnerability 
through coordinated multi-jurisdictional efforts.

Considering that many marine and coastal resources in the ATS region are highly vulner-
able to climate change, an urgent call to action is needed. The compromised condition and 
resilience of these resources, due to existing pressures such as overfishing, land-based pollu-
tion, coastal development, and limited management, underscore the importance of addressing 
these drivers. While global action is needed to reduce greenhouse gas emissions, taking local 
and regional action can support the resilience of marine ecosystems and provide time for miti-
gation. For instance, addressing current pressures and promoting adaptation can help to mini-
mise short-term impacts. However, long-term sustainability of marine ecosystems in the ATS 
region ultimately requires global climate change mitigation.
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