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ReseaRch aRticle

Coastal ManageMent

A Resilient Marine Protected Area Network Design: A 
First for the Arafura Timor Seas

Yusuf Fajariyantoa, alison Greenb, lukman hakima, aldo Restu agi Pranandaa, 
handoko adi susantoc, casandra taniac, Marthen Wellyd and Riji Djohanid

aIndonesia ocean Program, Yayasan Konservasi alam nusantara, Jakarta, Indonesia; balison green Marine, 
Main Beach, Queensland, australia; carafura and timor seas ecosystem action Regional office, Bali, 
Indonesia; dCoral triangle Center, Bali, Indonesia

ABSTRACT
the arafura and timor seas (ats) comprise both near pristine and 
highly threatened marine ecosystems. there are four littoral nations 
(indonesia, timor-leste, australia, and Papua New Guinea), which 
have independently established Marine Protected areas (MPas). We 
design the first resilient MPa network for the entire region to protect 
critical habitats and species by considering transboundary features 
(i.e., connectivity of fisheries, rare, threatened, and protected species), 
uses and threats (i.e., fishing and climate change). We used Geographic 
information system processing to identify gaps in the regional net-
work based on existing and proposed MPas and areas of interest 
(aOis: previously identified as potential new MPas) in each country, 
followed by systematic conservation planning to identify new aOis for 
establishing MPas to fill these gaps. the ats MPa Network design 
(301,055 km2) has been endorsed by all four countries and includes all 
93 existing (265,405 km2) and proposed (6,264 km2) MPas, 13 previ-
ously identified aOis (14,773 km2), and seven new aOis identified in 
this study (14,613 km2). Of the new aOis, three have been incorpo-
rated in indonesia’s national MPa network plan, one is in a new MPa 
currently being developed in timor-leste, and australia is considering 
two as potential areas for new MPas.

Introduction

The Arafura and Timor Seas (ATS) is a tropical marine area located between the 
Pacific and Indian Oceans, extending east from the Timor Sea through the Arafura 
Sea and Gulf of Carpentaria to the Torres Strait (Figure 1). The region contains high 
marine biodiversity (Veron et  al. 2009), all or part of nine marine ecoregions (Spalding 
et  al. 2007; Figure 1), and near pristine and highly threatened coastal and marine 
ecosystems (Edyvane et  al. 2024). These ecosystems provide critically important goods 
and services for the four littoral nations bordering the region: Indonesia, Timor-Leste, 
Australia, and Papua New Guinea (Susanto et  al. 2024: Figure 1).
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Figure 1. Boundary of the arafura timor seas (ats), showing Maritime borders of the four littoral 
nations (top) and marine ecoregions (bottom) in the region. sources: Marine Regions (2024) and 
marine ecoregions of the world (spalding et  al. 2007).
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The ATS region faces numerous transboundary environmental threats that have led 
to habitat degradation, reduced populations of migratory marine megafauna (i.e., sea 
turtles, dugongs, seabirds, shorebirds, sea snakes, cetaceans, sharks, and rays), and 
overexploitation of fisheries species (Susanto et  al. 2024; Kasim et  al. 2024). These 
transboundary threats stem from one or multiple countries, traverse national bound-
aries, impact neighboring nations, and necessitate coordinated regional initiatives for 
mitigation (ATSEA 2011, 2023). Climate change exacerbates these threats and is likely 
to have profound effects on the status and distribution of coastal and marine habitats, 
associated species, and the ecosystem services they provide (Johnson et  al. 2023).

Marine Protected Areas (MPAs) can be powerful tools to address local threats 
and protect biodiversity, enhance fisheries productivity, and increase ecosystem 
resilience to climate change (Green et  al. 2014; McLeod et  al. 2019; Roberts et  al. 
2017; Strain et  al. 2019). They can also enhance food security and sustainable 
livelihoods for communities and other stakeholders (White et  al. 2021). MPA net-
works, collections of individual MPAs that are ecologically connected, can deliver 
additional benefits (i.e., by acting as mutually replenishing networks to facilitate 
recovery after disturbances and enhance protection of migratory species: Green 
et  al. 2020b). However, MPAs and MPA networks can only achieve their objectives 
if they are well designed and managed effectively (Edgar et  al. 2014; Giakoumi 
et  al. 2018; Gill et  al. 2017; Green et  al. 2014).

Each of the four countries has an existing MPA network or design that includes 
their waters in the ATS Region [e.g., DSEWPaC 2012; Fajariyanto et  al. 2019; 
Grantham et  al. 2011; Wilson et  al. 2011; Papua New Guinea Government (PNG) 
2015]. However, they were not designed to form a regional network, so they do 
not take large-scale patterns of biophysical, socioeconomic, and cultural consid-
erations into account (such as region wide patterns of connectivity of fisheries, 
rare, threatened, and protected species and transboundary uses and threats e.g., 
fishing and climate change).

In this study we designed, for the first time, a resilient network of Marine Protected 
Areas (MPAs) for the entire ATS region, which is urgently required to safeguard crucial 
habitats and species by addressing transboundary issues (particularly related to con-
nectivity, overfishing, the decline of migratory species, and climate change). Our 
approach was to conduct a marine gap analysis by considering existing and proposed 
MPAs (and Areas of Interest already identified for establishing new MPAs), and using 
the best available science, data and MPA design practices to identify potential gaps in 
the regional MPA network.

The ATS countries can use the regional MPA network design to meet their national 
goals (e.g., Indonesia’s commitment to expanding their MPA coverage to 30% by 2045: 
Kementerian Kelautan dan Perikanan (KKP) 2023) and contribute to global conserva-
tion targets such as the Kunming-Montreal Global Biodiversity Framework [that invites 
governments to cooperate at the transboundary, regional, and international level to 
protect at least 30% of lands and waters in MPAs and other effective area-based con-
servation measures by 2030: Convention on Biological Diversity (CBD) 2022]. Our 
design will also complement other regional initiatives in nearby areas such as the 
Coral Triangle Marine Protected Area System Framework and Action Plan [Coral 
Triangle Initiative on Coral Reefs and Fisheries and Food Security (CTI-CFF) 2013].
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Methods

MPA networks can support ecosystem resilience by preventing or reducing local 
stressors and maintaining key factors (such as coral recruitment and herbivory) 
that support resilience to local and global threats (McLeod et  al. 2019). Resilient 
MPA networks should be designed to include the full suite of habitat types to 
protect biodiversity and functional redundancy, include replicates of representative 
habitats, ensure connectivity between healthy and degraded reefs to support replen-
ishment, include areas that are likely to be more resilient or resistant to global 
environmental change, and increase the likelihood of protecting diverse assemblages 
and taxa with acclimation and adaptation properties that support resilience 
(reviewed in Mcleod et  al. 2019).

We designed a resilient ATS MPA Network using a five-step process described below 
where we: (1) defined the goals and design criteria; (2) delineated the planning area 
and stratification units; (3) defined the conservation features, threats, and other uses; 

Table 1. Biophysical criteria for designing an MPa network for the arafura timor seas.
Represent and replicate habitats.
Protect at least 30% of each shallow water habitat (each type of coral reef, mangrove forest, estuary, or seagrass 

bed), and 10% to 100% of each deepwater habitat depending on their importance for conservation (see table 3).
Protect at least three examples of each major habitat and spread them out to reduce the chances they will all be 

affected by the same disturbance (i.e., major storms and mass coral bleaching events).
Protect critical, special and unique areas.
Protect critical areas in the life history of focal fisheries species (i.e., spawning and nursery areas) and charismatic, 

endangered, threatened or protected species (i.e., breeding, feeding or resting areas, migratory corridors and 
seamounts).

Protect special and unique natural phenomena [e.g., areas with very high biodiversity, high endemism, unique 
marine communities, or high productivity (i.e., upwellings)].

Protect areas important at national, international, or global scales for conservation or management (e.g., critical 
habitats for globally endangered species, or for maintaining connectivity of fisheries species across national 
boundaries).

Incorporate connectivity.
Consider variations in oceanography, substrate and bathymetry that affect the spread of biological and 

non-biological material.
ensure MPas are large enough to sustain adults and juveniles of focal fisheries species within their boundaries.
ensure MPas are large enough to contain all habitats used by focal species throughout their life history (e.g., for 

home ranges, nursery grounds and spawning areas); or establish networks of MPas close enough to allow for 
movements of focal species among protected habitats (e.g., through ontogenetic habitat shifts and spawning 
migrations).

Include whole ecological units (i.e., reefs or seamounts) in MPas.
Use compact shapes (i.e., squares) for MPas, except when protecting naturally elongated habitats.
establish MPas large enough to be self-sustaining for focal species; or networks of MPas close enough to be 

connected by larval dispersal.
Protect spatially isolated areas.
Protect larval sources in permanent or seasonal MPas.
locate more MPas upstream relative to fished areas if there is a strong, consistent, unidirectional current.
Allow time for recovery.
establish MPas for the long term (>20 to 40 years), preferably permanently.
Use short term (<5 years) MPas in addition to, rather than instead of, long-term or permanent MPas.
Protect healthy areas and avoid local threats.
Protect areas where habitats and populations of focal species are in good condition with low levels of local threats.
avoid areas where habitats and populations of focal species are in poor condition due to local threats.
Adapt to changes in climate and ocean chemistry.
Protect sites that are likely to be more resilient or resistant to global environmental change.
Protect habitats, critical areas, and species most vulnerable to changes in climate and ocean chemistry.
Increase protection of species that play important functional roles in ecosystem resilience (i.e., herbivores).
address uncertainty by spreading the risk (see Replicate Habitats).
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(4) compiled and processed spatial data layers; and (5) designed the network using a 
gap analysis and systematic conservation planning.

Throughout the process we consulted with governments (national, provincial and/
or local), scientists and a range of other stakeholders (e.g., nongovernmental organi-
zations, women’s groups, and the private sector) in each country. In March 2021, we 
consulted 240 key stakeholders through three national workshops and 56 stakeholders 
in one regional workshop involving all ATS countries. In these workshops, we sought 
their input and review regarding the MPA network design process, the best available 
data layers used in the analysis, and the results. The entire process spanned one year 
from June 2020 to June 2021.

Step 1. Defining goals and design criteria

First, we defined the goals for the MPA network, and the design criteria required to 
achieve these goals. We established the goals in accordance with the objectives of the 
ATSEA-2 project regarding recovering and sustaining fisheries, restoring degraded 
habitats for sustainable provision of ecosystem services, reducing land-based and marine 
sources of pollution, protecting key marine species; and adapting to impacts of climate 
change (Susanto et  al. 2024).

Then we identified biophysical and socioeconomic design criteria (Tables 1 and 2) 
to provide specific advice on how to design and implement the MPA network to 
achieve these goals and address the needs and interests of stakeholders, by adapting 
and refining criteria used in previous MPA network design processes in the region 
(DSEWPaC 2012; Fernandes et  al. 2005; Green et  al. 2009, 2020a,b). We applied these 
criteria in the regional MPA network design process as far as possible, depending on 
available data.

Table 2. socioeconomic and cultural criteria for designing and establishing an MPa network for the 
arafura and timor seas.
Involve stakeholders in each step in the process.
Prioritize establishing MPas in areas supported by stakeholders.
Implement opportunities for collaborative management among all stakeholders.
Provide capacity building for stakeholders to help them engage more effectively in the process.
Ensure stakeholder compliance within MPAs.
Involve local communities in compliance and enforcement.
support management actions that maintain or increase ecosystem goods and services for local communities.
Support multiple, environmentally friendly uses.
allow for multiple environmentally friendly uses (including sustainable fishing, tourism, aquaculture, education and 

research).
Support community welfare (livelihoods and food supplies).
support environmentally friendly livelihoods of local communities (i.e., sustainable fisheries and tourism).
Protect marine heritage sites (i.e., shipwrecks and airplane wrecks) with important archeological-historical values.
Ensure fair and equal access and use.
ensure local communities have fair and equal access to, and utilization of, marine resources.
Maintain or improve access to resources and markets to support community economies.
Support local wisdom and cultural practices.
Protect traditional laws and cultural practices that support conservation and sustainable resource management.
Protect areas that have important traditional cultural values.
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Figure 2. shallow water conservation features for protection in the arafura timor seas (ats) Region: 
coral reefs, seagrasses, mangroves and estuaries (top); and coral reef habitat types (bottom). For data 
sources see table 3.
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Step 2. Delineating the planning area and stratification units

We defined the planning area for the MPA network design as including all waters 
within the ATS Boundary (Figure 1) extended to the highest astronomical tide to 
include an important conservation feature (mangroves).

We divided the planning area into stratification units that represent the range of 
environmental, geographic, and political variations in the region, and applied targets for 
each conservation feature (see Defining Targets) within each stratum. We stratified in 
two ways: (1) by country, so the results can be used to refine or develop MPA networks 
in each of the four Countries that intersect with the ATS Region (Figure 1); and (2) by 
marine ecoregion (Figure 1) to ensure that the design criteria of habitat representation 
and replication (Table 1) apply to each conservation feature in each ecoregion.

Step 3. Defining conservation features, threats, and other uses

We defined conservation features to protect in the ATS MPA Network that included 
the following habitats, critical, special, and unique areas:

• Shallow water habitats (≤ 200m), including coral reefs, mangrove forests, seagrass 
beds and estuaries (Figure 2), and coral reef habitat types (i.e., coral, rubble, rock 
sand etc.: Figure 2).

Figure 3. Deepwater conservation features for protection in the arafura timor seas (ats) Region. For 
data sources see table 3.
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Figure 4. Critical areas for protecting endangered, threatened and protected species (sea turtles, 
birds, marine mammals and sharks). For data sources see table 3.
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• Deepwater habitats (>200m) including: seamounts; canyons; abyssal hills, moun-
tains, or plains; basins, bridges, escarpments, or ridges; shelves (low, medium or 
high) and shelf valleys (small or moderate); hadal; spreading ridges, sills, slopes, 
terraces, trenches, and troughs (Figure 3).

• Critical, special and unique areas for: focal fisheries (fish spawning and nursery 
areas) and endangered, threatened and protected species (sea turtles, birds, marine 
mammals and sharks: Figure 4); and tourism and culture [tourism and dive sites, 
ship and airplane wrecks, and important traditional areas (aboriginal heritage 
places and local wisdom areas) (Figure 5).

We also identified areas to avoid establishing MPAs because they are allocated for 
other uses or there are threats to these conservation features. One of the most import-
ant uses of marine resources in the region is fishing (Figure 6).

Some uses are not compatible with the goals of the MPA network. Where pos-
sible, we avoided placing MPAs in locations where these activities are already 
established or planned (Figure 6). For example in Indonesia, MPAs cannot be 
established in marine areas already allocated for the following uses in national 
spatial plans: military areas, transportation and fishing ports, international shipping 
lanes, oil and gas mining areas, underwater cable pipe lanes, and sea mine areas 
(unexploded ordinance: Green et  al. 2020a; see Supplemental Information Figure A).

Threats to conservation features included overfishing and destructive fishing practices 
(poison and blast fishing, and reef gleaning), poaching (of turtles and their eggs), discharges 
from power plants, waste, mangrove logging, and shark finning (Figure 6).

Figure 5. Critical areas protecting socioeconomic and cultural areas. For data sources see table 3.

https://doi.org/10.1080/08920753.2024.2370067


cOastal MaNaGeMeNt 11

Figure 6. Fishing pressure (top), other uses and threats (bottom). For data sources see table 3.
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Figure 7. Weighted cost surface (top) and priority areas for inclusion in the MPa network (areas 
selected 70 to 100 times in the sum solution for the combined shallow and deepwater marxan anal-
ysis) overlaid with existing and proposed MPas and areas of interest previously identified for estab-
lishing new MPas (bottom).
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Figure 8. Marine protected area network design for the arafura and timor seas region, consist-
ing of existing and proposed MPas, and areas of Interest for establishing new MPas (identified 
in this and previous studies). sources: Indonesia Indonesian Ministry of Marine affairs and 
Fisheries (MMaF) (2020), UneP-WCMC and IUCn (2019), australian Marine Parks (2023), edyvane 
and Dethmers (2010), grantham et  al. (2011), Wilson et  al. (2011), and Fajariyanto et  al. (2019).
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Step 4. Compiling and processing spatial data layers

To apply the design criteria (Tables 1 and 2), we compiled 108 spatial data layers 
(Supplemental Information Table A) into a GIS database regarding:

• MPA status: existing MPAs (legally established), proposed MPAs (in the process of 
being established), and Areas of Interest (AOIs: potential new MPAs identified in 
previous regional, national, or provincial/state plans or research projects: Fajariyanto 
et  al. 2019; Grantham et  al. 2011; Wilson et  al. 2011) in each country (Figure 8).

• Conservation features: shallow water habitats (Figure 2), deepwater habitats (Figure 
3) and critical special and unique areas (Figures 4 and 5); and

• Other Uses and Threats (Figure 6).

We reviewed, processed, and verified each data layer (i.e., validating accuracy by 
comparing it with other spatial and non-spatial information for the same area e.g., 
for conservation features, threats, and other uses). We identified 41 layers that we 
used for the Marxan analysis (Table 3) because they were comprehensive (available 
for the entire planning area), unbiased (the same level of detail was available through-
out the planning area) and reliable (validated).

We prepared each of the spatial data layers to use in Marxan by intersecting 
them with the planning area, stratification, and planning units (see below). We 
also identified 67 other data layers to use manually to refine the results of the 
Marxan analysis to identify AOIs for new MPAs later in the process (which pri-
marily comprised good quality data for specific areas only: see Supplemental 
Information Table A).

Step 5. Designing the MPA network

We designed the MPA network for the ATS Region by: conducting a marine gap 
analysis to identify gaps in the network where an adequate proportion of conservation 
features (see Defining Targets) are not located in MPAs; and using systematic conser-
vation planning to identify AOIs for establishing new MPAs to fill these gaps.

Conducting the marine gap analysis
We identified gaps in the existing MPA network by determining the percentage of 
each conservation feature located in existing and proposed MPAs and AOIs within 

Table 4. Weighted value for each cost layer.
Cost layer Weight

Fishing pressure 0.25
shipping lane low density 0.025
shipping lane medium Density 0.05
shipping lane high density 0.15
Power plant low impact 0.025
Power plant moderate impact 0.05
Power plant high impact 0.15
oil and gas 0.2
Underwater cable 0.1

https://doi.org/10.1080/08920753.2024.2370067
https://doi.org/10.1080/08920753.2024.2370067
https://doi.org/10.1080/08920753.2024.2370067
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the ATS Region (Figure 8) using five ArcGIS spatial operation tools: “Erase” to elim-
inate overlapping areas between existing MPAs, proposed MPAs and AOIs; “Merge” 
to combine data layers; “Intersect” to identify overlapping regions; Dissolve” to merge 
data layers; and “Geometry Calculator” to conduct advanced geometric operations. We 
repeated this analysis as we refined the MPA Network design until we achieved the 
targets as far as possible.

Using systematic conservation planning
We used the systematic conservation planning tool Marxan to design an MPA network 
for the ATS Region, by including existing and proposed MPAs and AOIs, and iden-
tifying new AOIs to fill gaps in the network. Marxan aims to efficiently meet targets 
for protecting conservation features while minimizing the impacts on utilization (fish-
eries, industry, etc.: Ball, Possingham, and Watts 2009). The Marxan process comprised 
six key components: conducting shallow and deepwater analyses; developing planning 
unit layers: defining targets; defining locked in and locked out features; developing a 
cost surface; and refining the MPA Network design with input from stakeholders.

Conducting shallow and deepwater analyses.  Since we had better quality data (higher 
resolution with more validation) for shallow (≤200 m) than deepwater (>200 m) habitats, 
we conducted the Marxan analysis in two steps. First, we ran a shallow water analysis 
only. Then we locked in the best (sum) solution from the shallow water analysis 
(Supplemental Information Figure B) and ran a shallow and deepwater analysis combined. 
This approach ensured that Marxan aimed to achieve the targets for protecting both 
shallow and deepwater conservation features, while prioritizing using better-quality data 
and considering connectivity between shallow and deepwater habitats.

We used different data layers and planning unit sizes (see below) for each analysis. 
For the shallow water analysis, we used data layers for MPA status (existing and pro-
posed MPAs, and existing AOIs), conservation features (shallow water habitats, critical, 
special, and unique areas), and other uses (Table 3; Figures 2, 4–6 and 8). For the 
combined shallow and deepwater analysis, we used data layers for the result (best 
solution) from the shallow water analysis (Supplemental Information Figure B), con-
servation features (deepwater habitats) and other uses (Table 3; Figure 3 and 6).

Developing planning unit layers.  We used geographic planning units (in the shape of 
hexagons) as the individual units of choice for selection in the analysis, and two 
planning unit layers with hexagons of different sizes based on data resolution and the 
scale of conservation features. The size of these planning units also allowed us to keep 
the Marxan processing time within manageable time frames.

We used smaller planning units (5 km2) for the shallow water analysis because of 
the higher resolution of the data, and larger planning units (25 km2) for the combined 
shallow and deepwater analysis because of the coarser resolution of the deepwater 
habitat data (and the larger size of many of the deepwater conservation features: Figure 
3). The planning unit layers comprised 279,026 and 68,132 hexagons for the shallow 
water and the combined shallow and deepwater habitat analyses respectively.

https://doi.org/10.1080/08920753.2024.2370067
https://doi.org/10.1080/08920753.2024.2370067
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Table 5. area (km2) of existing and proposed MPas, and areas of Interest for establishing new MPas 
(identified in this and previous studies) in each country in the arafura and timor seas (see Figure 8).
Country existing MPas Proposed MPas areas of interest for establishing new MPas

Previous studies this study

australia 249,770.91 – – 1,489.51
timor-leste 934.67 83.77 4,476.36 4,950.40
Indonesia 13,728.33 6,180.50 10,296.64 8,172.98
Papua new guinea 971.17 – – –
total (km2) 265,405.08 6,264.27 14,773.00 14,612.89

Figure 9. Percentage of each conservation feature represented in the arafura and timor seas MPa 
network design in existing and proposed MPas, and areas of Interest identified for establishing new 
MPas in this and previous planning processes, for: shallow water habitats (top left) and coral reef 
habitats (top right); deepwater habitats (bottom left); and critical, special and unique areas (bottom 
right). Where targets for representing each feature in MPas (represented by black lines) are: at least 
30% for each shallow water and coral reef habitats; 10% for most deepwater features except for can-
yons (30%) and seamounts (100%); and 30% for most critical, special and unique areas except for 
important traditional areas (local wisdom and aboriginal Heritage Places) which are 50%.
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Defining targets.  We defined targets for how much of each conservation feature to 
include in the MPA network. Marxan aims to achieve these targets, while minimizing 
the “cost” of including them in the network (see Developing a Cost Surface).

We set targets for each conservation feature by following scientific advice for habitat 
representation in resilient MPA network design (e.g., Green et  al. 2014) and to be con-
sistent with (or similar to) targets used in previous MPA network designs in the region 
(e.g., Fajariyanto et  al. 2019; Green et  al. 2009, 2020a,b; Wilson et  al. 2011) as follows 
(Table 3):

• 30% of each shallow water habitat (coral reefs, mangroves, seagrasses, and estuaries; 
and coral reef habitat types: Figure 2) per country and ecoregion.

• 10% of most deepwater habitats that may be less critical for biodiversity protection, 
some of which cover very large areas (Figure 3). Higher targets were allocated for 
seamounts (100%) and canyons (30%), because of their importance for biodiversity 
and as feeding areas for cetaceans and large pelagic fishes (Thompson et  al. 2023).

• 30% of most critical, special, and unique areas (turtle nesting beaches, dive sites, 
tourism areas, ship and airplane wrecks), except for important traditional areas (i.e., 
local wisdom and Aboriginal Heritage Places: Figures 4 and 5) which were 50%.

Defining locked in and locked out features.  Some areas are so important to include or 
exclude in the MPA network design that we locked them in or out of the analysis (see 
Table 3). Marxan did not select “locked out” areas for inclusion in the MPA network 
and aimed to select “locked in” areas (Table 3) as priorities to include in the network. 
Where areas were included in both locked in and locked out areas, Marxan did not 
select locked out areas.

We locked out areas that have already been allocated for other uses [i.e., transpor-
tation and fisheries ports, underwater cable pipe lanes, military areas, oil and gas 
mining areas, and sea mine areas (unexploded ordinance): Table 3], where MPAs may 
not be compatible with these uses or if they cannot be established in those areas (i.e., 
if they have been allocated for other uses in marine spatial plans in Indonesia: Green 
et  al. 2020a).

We “locked in” existing MPAs, proposed MPAs (areas already allocated for that 
purpose in marine spatial plans in Indonesia) and AOIs (Figure 8). We added existing 
MPAs located in locked out areas (e.g., areas allocated for other uses in Indonesia’s 
spatial plans) to the MPA network design after the Marxan analysis when we refined 
the network manually (see below). AOIs located in locked out areas were not selected 
for inclusion in the network.

Developing a cost surface.  "Costs" are values assigned to each planning unit used to 
help minimize the impact of the MPA network on other uses of marine resources, and 
to minimize impacts from other uses and industries on the MPA network (e.g., for 
fisheries and other industries). The values reflect the “cost” of including each planning 
unit in the MPA network, which may not necessarily be a monetary value. For example, 
costs may reflect socioeconomic factors that help reduce conflict with other uses and 
facilitate implementing the network more effectively (i.e., avoiding the loss of fishing 
areas).
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Cost surfaces are spatial data layers that combine costs and are overlaid with the 
planning unit layer to determine the cost of including each planning unit in the 
MPA network. We used a socioeconomic cost surface that we created as a weighted 
sum of impacts to fisheries (using fishing pressure) and access to transportation 
and fishing ports (using shipping lane density: Marine Traffic 2019), as well as 
impacts from industries (power plants, underwater cables, oil and gas areas: Figure 7).

For fishing pressure, we extracted daily fishing hours from Global Fishing Watch 
(GFW 2012-2016: see Supplemental Information Figure C). This data provides a record 
of voyages of larger fishing vessels using Automatic Identification System (AIS) track-
ing, producing a raster data layer with units of hour/km2. To represent smaller tradi-
tional fishing vessels, we also used night lights [VIIRS Monthly Average Nighttime 
data (NOAA 2012-2016): see Supplemental Information Figure D] to produce a raster 
data layer with units of nanowatts/cm2/sr). We averaged both types of data for the 
same time (2012 to 2016).

Combining the GFW and VIIRS data sets required both datasets to be rescaled. 
We assumed that each data set had a normal distribution and used Z-scores to stan-
dardize the data. We rescaled the data to conform within a range of 0 to 100 and 
generated a new data layer for combined fishing pressure (Figure 6). Then we applied 
zonal statistics to assign a value for fishing pressure to each planning unit using the 
maximum operator in ArcGIS Software.

Planning units that intersected with each feature were assigned a cost value to 
represent the presence of each cost layer. Since we established a scale of 0 to 100 for 
all costs, the value for each layer was 0 for non-existent or 100 for existing intersection.

We then used a weighted value for each cost layer (Table 4) to create the combined cost 
surface (Figure 7). We used our professional judgment to assign weighted values to each 
cost layer based on their likely impacts on the MPA network, and to minimize the impact 
of the network on other marine resource uses (e.g., fishing pressure had the highest weight 
to avoid conflict with fisheries). Thus Marxan avoided placing MPAs in areas with higher 
costs (Figure 7) to minimize impacts on fisheries and ports, and from industry.

Refining the MPA network design with input from stakeholders.  We used results of the 
Marxan analysis and other information to develop the final ATS MPA network design 
by: reviewing the results of the first Marxan analysis with governments, scientists, and 
other stakeholders from each of the four countries; conducting a second, more refined 
Marxan analysis based on their input; and manually refining the results of the second 
Marxan analysis using GIS Software and data layers not included in the Marxan analysis 
(Supplemental Information Table A).

This included manually refining the Marxan result to consider regional patterns of 
larval connectivity and vulnerability to climate change. To address climate change, we 
used data layers provided by Johnson et  al. (2023) to apply a conservation target of 
including 30% of corals and seagrasses (see Defining Targets) with different levels of 
vulnerability to climate change (low, moderate, and high) within each coral ecoregion 
(Veron et  al. 2009) in the MPA network.

To address connectivity, we applied a target of 30% habitat representation within 
coral ecoregions (e.g., Veron et  al. 2009) to represent areas that appear distinct in 

https://doi.org/10.1080/08920753.2024.2370067
https://doi.org/10.1080/08920753.2024.2370067
https://doi.org/10.1080/08920753.2024.2370067
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terms of larval connectivity of multiple taxa (Treml et  al. 2015; Thompson et  al. 2018). 
We also examined the location, size and spacing of MPAs and AOIs to determine if 
they comply with design criteria to incorporate connectivity in the MPA network 
design and protect critical areas (i.e., migratory corridors: Figure 4; Table 1). Where 
necessary, we manually adjusted the location, size and spacing of MPAs and AOIs to 
meet these design criteria.

Results

Outputs of marxan analyses

The combined shallow and deepwater Marxan analysis identified priority areas for 
including conservation features in the MPA network (Figure 7). Most priority areas 
were already included in existing or proposed MPAs, or AOIs identified in previous 
studies that were locked in for the analysis.

An MPA network design for the Arafura and Timor Seas

The MPA network design for the ATS Region (Figure 8) includes 93 existing and 
proposed MPAs (comprising 271,669 km2), thirteen AOIs for establishing new MPAs 
identified in previous studies (five in Indonesia, and eight in Timor-Leste, comprising 
14,773 km2) and seven new AOIs identified in this study (comprising 14,613 km2: Table 
5) to fill gaps in the network.

The seven new AOIs include (Figure 8): three in Indonesia (Motamasin, Northeast 
Aru and Southeast Aru), two in Timor-Leste (Motamasin and South Manatuto), and 
two in Australia (Adele Island II and Cox Peninsula). The Motamasin AOI is designed 
as a transboundary MPA between Indonesia and Timor-Leste.

All 20 AOIs were identified as potential areas for establishing new MPAs because 
they comprise important biophysical, socioeconomic and/or cultural areas not currently 
located within existing or proposed MPAs. If all 20 AOIs were established as new 
MPAs, they would increase the total area of existing and proposed MPAs in the ATS 
Region from 271,669 to 301,055 km2 (Table 5).

Results of marine gap analysis

The gap analysis showed that while existing or proposed MPAs achieve the targets for 
including most shallow water conservation features, additional MPAs in the AOIs are 
required to achieve the targets for other conservation features (e.g., for some deepwater 
habitats, and critical, special and unique areas: Figure 9). However, the targets could 
not be achieved in the MPA Network design for estuaries and some deepwater habitats 
(Figure 9, see below).

Shallow water habitats
Representation of each shallow water habitat has already achieved the target for inclu-
sion in existing or proposed MPAs, except for estuaries (Figure 9). Targets for 



20 Y. FaJaRiYaNtO et al.

representing shallow water habitats were also met within the marine waters of each 
country within the Region, except for estuaries in Australia, Indonesia and Timor-Leste 
and seagrasses in Papua New Guinea (Supplemental Information Figure E). The per-
centage of estuaries represented in MPAs would increase with the establishment of 
MPAs in Australian AOIs, although it would still be less than the desired target of 
30% (Figure 9 and Supplemental Information Figure E).

Representation of each of the 10 coral reef habitats in MPAs has also been achieved 
in existing MPAs throughout the Region (Figure 9) and for most of these habitats in 
each country (Supplemental Information Figure F). Representation of all these classes 
would increase with the implementation of the proposed MPAs and new MPAs in 
AOIs (Figure 8), which would result in the target being achieved for all coral reef 
habitats in each country (Supplemental Information Figure F).

Deepwater habitats
Representation of most of deepwater habitats in existing or proposed MPAs and AOIs 
in the MPA Network design are low, and do not meet the target of 10% (with many 
habitats currently at 0 to <8% representation: Figure 9), except for basins, escarpments, 
shelves, and sills (that range from 12 to 48% representation). Similarly, the MPA net-
work design does not meet the target of protecting 30% of canyons (currently 18%) 
or 100% of seamounts (currently 0%). This is because some deepwater conservation 
features could not be included in the MPA network design because they are in areas 
that were either locked out or were considered high cost to include in the network 
(i.e., where there is high fishing pressure, oil and gas mining concessions, underwater 
cables, power plants and high-density shipping areas).

In Australian waters, most habitats are already achieving the targets in existing 
MPAs, although slope and terraces are still underrepresented (Supplemental Information 
Figure G). In Indonesia, most habitats (except high shelves) are underrepresented, and 
two of the four habitats (basins and low shelves) are underrepresented in PNG 
(Supplemental Information Figure G). In Timor-Leste, representation of most habitats 
is currently low, but the targets would be achieved or exceeded for most habitats by 
the addition of the new MPAs in the AOIs identified in this study (including 60% of 
canyons).

Critical, special, and unique habitats
The regional MPA network design would achieve most targets for protecting critical, 
special, and unique areas, with more than 60% of dive sites, 50% of tourism areas 
and more than 50% of turtle nesting beaches and Aboriginal Heritage Places, and 30% 
of local wisdom areas included in the network (Figure 9). However, less than 25% of 
migratory corridors and wrecks would be represented, falling short of their targets 
(Figure 9).

There is a lot of variation among countries in the degree to which each feature is 
located within the MPA Network design in their waters (Supplemental Information 
Figure H). More than 50% of important traditional areas (Aboriginal Heritage Places) 
are already within MPAs in Australia, and 30% of local wisdom areas are included in 

https://doi.org/10.1080/08920753.2024.2370067
https://doi.org/10.1080/08920753.2024.2370067
https://doi.org/10.1080/08920753.2024.2370067
https://doi.org/10.1080/08920753.2024.2370067
https://doi.org/10.1080/08920753.2024.2370067
https://doi.org/10.1080/08920753.2024.2370067
https://doi.org/10.1080/08920753.2024.2370067
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the MPA network design in Indonesia. Representation of the local wisdom areas cannot 
meet the target (50%) in Indonesia, because some areas overlap with one or more 
locked out areas (for underwater cable) and high-density shipping lanes.

More than 30% of turtle nesting beaches are included in the regional network design 
(Figure 9), although representation varies greatly among countries (>60% in Australia, 
>30% in Indonesia, 90% in Timor-Leste and 5% in PNG: Supplemental Information 
Figure H).

Dive sites are well represented in the MPA network in both Indonesia (100%) and 
Timor-Leste (~70%), as are tourism areas in Indonesia (>50%) (Supplemental Information 
Figure H). However, none of the four dive sites identified in Australia are within 
MPAs, since they are all in areas that overlap with ports and high-density ship-
ping lanes.

In Australia, less than 20% of shipwrecks are included in the MPA Network design 
(Supplemental Information Figure H). Other shipwrecks could not be included in new 
AOIs (e.g., in Indonesia) because they are in areas that overlap high density shipping 
lines, underwater cables, military areas, and ports.

Incorporating large scale patterns of connectivity
We achieved the target of incorporating larval connectivity by representing 30% of 
coral reefs in each area that appears distinct in terms of connectivity in the MPA 
network design. The design also appears to accommodate connectivity patterns of 
many species, since most MPAs and AOIs are either large enough to be self-sustaining 
(e.g., the Oceanic Shoal in Australia) or close enough to form mutually replenishing 
networks for these species (Supplemental Information Figure 1). However, a more 
rigorous scientific analysis is required to confirm if this is the case.

We also designed the MPA network to include more migratory corridors for rare 
and threatened species (Figure 4) e.g., by expanding the existing Southeast and 
Northeast Aru AOIs and adding the Adele Island II AOI to include sea turtle migra-
tory corridors between Indonesia and Australia.

Discussion

A resilient MPA network design for the Arafura and Timor Seas

At present, there are many existing or proposed MPAs in the Arafura and Timor Seas. 
However, they were not designed to form a network that takes biophysical, socioeco-
nomic, and cultural considerations into account to achieve conservation goals and 
targets at the regional scale.

In this study we provide, for the first time, an MPA network design for the entire 
ATS Region (301,055 km2) that includes all 93 existing and proposed MPAs (271,669 km2), 
and 20 AOIs (29,386 km2) for establishing new MPAs, in the four countries in the 
region (Figure 8). These AOIs are designed to address gaps in the current network 
by: increasing representation of shallow (especially estuaries) and deepwater habitats 
(i.e., canyons), and critical, special, and unique areas (i.e., ship and aircraft wrecks) 
within MPAs; and taking regional patterns of connectivity and transboundary uses 
and threats (i.e., fishing and climate change) into account.

https://doi.org/10.1080/08920753.2024.2370067
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Addressing conflicts among MPAs and other uses

The ATS MPA Network design highlights the issue of conflicting use since there is a 
lot of overlap between some high priority areas for protecting conservation features 
in MPAs and areas with other uses. This resulted in some conservation features being 
underrepresented in the MPA network design. For example, there is a need to include 
more conservation features (e.g., estuaries and some deepwater features such as can-
yons) in MPAs. However, it was not possible to include some of these features in the 
MPA network design, because they are in areas allocated for other uses. For example, 
the only seamount in the region is located within an Indonesian Oil and Gas Concession 
allocated for underwater cables in the National Marine Spatial Plan, where new MPAs 
cannot be established. Conversely, some existing and proposed MPAs are already located 
in areas allocated for other uses in Indonesia’s National Marine Spatial Plan (e.g., 
Yamdena Coastal and Small Islands Conservation Area and Lorentz National Park 
overlap Oil and Gas Concessions: Figures 6 and 8). This demonstrates that conflicts 
between MPAs and other uses is still a challenge in the region, particularly in Indonesia 
(Fajariyanto et  al. 2019), and we have notified the Indonesian MPA Management 
Authority of the need to address this issue.

Some useful lessons may be learned from other ATS countries regarding how to 
integrate MPAs more effectively with other uses and threats in marine spatial plans. 
For example, the Great Barrier Reef Marine Park in Australia accommodates many 
uses (including highly protected areas, designated shipping areas, defense training areas 
etc.) through a multiple use zoning plan (Day et  al. 2018).

Implementing design criteria

Designing MPA networks requires the application of a comprehensive set of biophysical, 
socioeconomic, and cultural design criteria (Tables 1 and 2). In this analysis, we applied 
most of the biophysical design criteria (Table 1), although the design may need to be 
refined as more information becomes available (particularly regarding climate change 
and larval connectivity), or during implementation (e.g., to allow time for populations 
of fisheries species to recover from overfishing).

We were also able to apply some socioeconomic and cultural design criteria where 
information was available (particularly regarding protecting marine heritage sites and 
supporting local wisdom and practices). However, we were unable to apply other 
criteria because either the relevant information was not available (regarding local uses 
and livelihoods) or they need to be applied during implementation (e.g., regarding 
stakeholder involvement and compliance). These criteria should be addressed when 
designing and implementing individual AOIs throughout the region, particularly where 
they relate to the needs and interests of local communities.

Refining the ATS MPA network design

In this study we provide, for the first time, an ATS MPA Network design that iden-
tifies important areas for inclusion in the network. This design is based on the best 
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available information and practices for conservation planning and should be used to 
inform MPA network design by the four countries in the region.

The MPA network design should be updated and refined in future as new MPAs 
are established and more information becomes available (particularly regarding: the 
location and extent of conservation features, uses and threats; socioeconomic and 
cultural information; and new or improved data layers). It may also be more important 
to protect the highest priority critical, special, and unique areas (i.e., turtle nesting 
areas or shipwrecks), rather than just achieving the percentage targets. This should be 
assessed in future.

The design will also need to be refined over time to consider MPA zones. Most of 
the biophysical design criteria (Table 1) should be applied to no-take areas (e.g., see 
Green et  al. 2014), because they provide the greatest ecological benefits for enhancing 
fisheries productivity, protecting biodiversity, and adapting to climate change (Edgar 
et  al. 2014). However, we could not design the MPA network using zones because 
zoning plans were not available for some MPAs (especially in Indonesia and Timor-Leste). 
The next step may require zoning individual MPAs so zones can be considered in the 
regional design process (using zones that are compatible across all four countries).

Implementing the ATS MPA network design

This study represents the first attempt to design a regional network of MPAs for the 
ATS, led by the ATSEA-2 Project in collaboration with the four littoral countries in 
the Region. Each country has endorsed the ATS MPA Network design, acknowledging 
the process and validity of the data, and committing to referring to and possibly 
adopting the recommendations. The ATSEA MPA Network design (this study) has 
also been crucial in shaping the region’s Strategic Action Program for the next decade 
(2024-2033: ATSEA 2023).

In this study, we identified seven new AOIs to fill gaps in the ATS Regional MPA 
Network: two in Timor-Leste, two in Australia, and three in Indonesia (Figure 8). Indonesia 
has included three of these new AOIs in their MPA Network plan to be launched in 2024 
(with a target of allocating 30% of marine waters in MPAs by 2045). Timor-Leste is cur-
rently developing a new MPA in the south in Manufahi and Manatuto Municipalities that 
includes a new AOI, and Australia is considering two new AOIs we identified as potential 
MPAs within their waters. The remaining AOI (Motamasin) will need to be considered 
as a transboundary MPA between Timor Leste and Indonesia in future planning processes.

If each country implements their proposed MPAs and establishes new MPAs in the 
AOIs identified in this and previous studies, the ATS MPA Network should be designed 
to protect most shallow water conservation features. However, additional management 
actions may be required to protect some deepwater features (i.e., canyons and sea-
mounts) where MPAs cannot be established, because of their importance for biodiversity, 
fisheries, rare, threatened, and protected species (Thompson et  al. 2023).

With the ATSEA-2 project ending this year (Susanto et  al. 2024), the four 
countries will be responsible for implementing the ATSEA MPA Network design, 
including establishing MPAs in AOIs (as appropriate) and addressing the need 
for further education and awareness raising among communities and resource 
users. Establishing new MPAs will need to follow established processes in each 
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country, including consultations with local stakeholders. Furthermore, before they 
are established as MPAs, AOIs will need to be validated in the field to ensure 
they will provide the expected benefits for the network (as indicated by the best 
available data used for this analysis).

Management effectiveness is also a major challenge in the region. Many MPAs are 
not managed effectively, and improving their effectiveness remains a high priority for 
ensuring that MPAs achieve their goals for conservation and management (especially 
in Indonesia and Timor-Leste: White et  al. 2021; Susanto et  al. 2024).
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