Aquaculture International (2025) 33:632
https://doi.org/10.1007/510499-025-02338-5

RESEARCH

®

Check for
updates

Optimising site selection for ecosystem approaches
to shrimp aquaculture in mangrove systems

Dominic Muenzel' - Aji W. Anggoro? - Dewi Embong Bulan? - Yadi* - Nurfadilah3 -
Rahadian Pratama® - Muhammad llman? - Basir? - Mariski Nirwan? - Vabian Adriano? -
Muhammad M. Bayyan? - Topik Hidayat? - Andi Trisnawati? - Maria Beger'

Received: 8 September 2025 / Accepted: 29 October 2025 / Published online: 8 November 2025
© The Author(s) 2025

Abstract

Indonesia has experienced significant mangrove loss due to aquaculture expansion, par-
ticularly for shrimp farming, leading to the degradation of habitats and critical ecosystem
services such as carbon storage, coastal protection, and fish spawning grounds. Ecosys-
tem based aquaculture approaches offer a pathway to both mitigate environmental impacts
and support sustainable seafood production. Here we explore the implementation of the
Shrimp-Carbon Aquaculture (SECURE) approach in Berau Regency, East Kalimantan,
Indonesia, which integrates mangrove restoration with organic shrimp farming to achieve
sustainable aquaculture. Using environmental DNA (eDNA) metabarcoding to detect spe-
cies from DNA shed into the environment, we assessed impacts of SECURE intervention
compared to traditional ponds and found increased abundance of key taxonomic groups
associated with healthy aquatic ecosystems, such as phytoplankton Chaetoceros, Chlo-
rophyceae, and Cryptomonadales and zooplankton Calanoida and Cyclopoida. We then
conducted a spatial prioritisation analysis to identify additional areas for SECURE imple-
mentation, considering mangrove restoration and protection potential, profitability, and
intervention costs. High-priority ponds for restoration were typically set back from river-
banks, large, and spatially clustered, indicating opportunities for cost-effective, strategic
expansion. This study underscores how spatial prioritisation can support strategic imple-
mentation of aquaculture to balance ecosystem-based aquaculture development with envi-
ronmental conservation, offering a replicable framework for other regions facing similar
challenges. This approach provides a pathway for achieving long-term sustainability in
aquaculture, contributing to global food security and ecological resilience.
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Introduction

Indonesia has lost around 40% of its mangrove cover since the mid-1980s, due to aquacul-
ture development, deforestation, timber harvesting, mining, and land reclamation (Arifanti
et al. 2022). Aquaculture has been the primary driver as mangroves are clear-cut to create
space for fish and shrimp farming ponds (Godoy and De Lacerda 2015; Murdiyarso et al.
2015; Ashton 2022; Mohd Razali et al. 2022). As a consequence, important mangrove eco-
system services, including carbon storage, fish spawning grounds, and coastal protection,
have deteriorated (Polidoro et al. 2014). The rate of mangrove deforestation has decreased
in recent years to a third of its peak between 1980 and 2005, but is still twice as high as
the overall rate of mangrove loss across Southeast Asia (Arifanti et al. 2021). In response,
the Government of Indonesia pursued an ambitious programme of restoring 600,000 ha of
mangroves between 2020 and 2024 (Sasmito et al. 2023). At the same time, the govern-
ment has announced growth targets for most aquaculture species, including brackish water
shrimp species, to meet growing national demands and global exports (Henriksson et al.
2019). Ecosystem approaches to aquaculture (i.e., implementation of aquaculture practices
that balance environmental health, social equity, and economic viability within the wider
ecosystem) provide an opportunity to balance trade-offs in such situations, outlining meth-
ods which can both protect mangroves and support farmers engage in sustainable aquacul-
ture (Soto et al. 2008).

The Shrimp-Carbon Aquaculture approach (SECURE) developed by Yayasan Kon-
servasi Alam Nusantara (YKAN) in Ogan Komering Ilir, South Sumatra, and Berau
Regency, East Kalimantan, promotes sustainable aquaculture practices which mitigate
negative environmental impacts. Mangroves are restored in approximately 60-80% of an
active shrimp pond through hydrological restoration, planting of seedlings, and natural
regeneration. The remaining area is used for organic shrimp farming free of external inputs
such as artificial fertilisers and feed. SECURE also aims to prevent further pond expansion,
thereby reducing carbon emissions from continued mangrove conversion, and to increase
atmospheric carbon removal by restoring and reconnecting mangroves areas. In general,
it aims to contribute to both climate mitigation and biodiversity recovery by demonstrat-
ing that aquaculture productivity and ecosystem restoration can coexist and reinforce each
other within a carbon-positive framework.

SECURE shares conceptual similarities with silvofishery systems, in that both aim to
integrate aquaculture production with mangrove conservation. However, unlike traditional
silvofishery practices where mangroves and shrimp ponds coexist within the same physi-
cal compartment, the SECURE approach spatially separates the aquaculture and mangrove
components into distinct but hydrologically connected zones, allowing each compartment
to be optimised for its primary function. Farmers can benefit from using fewer resources
while also gaining access to eco-certification and higher premium prices for their organic
shrimp (Paul and Vogl 2012; Cong and Khanh 2022). The presence of low-density man-
groves inside ponds increases shrimp production (Anggoro et al. 2025). Meanwhile the
increase in regional mangrove cover through restoration provides a range of biodiversity,
ecosystem, and community benefits (Sasmito et al. 2023). While a number of SECURE
pilot sites have been started since 2020, the region would benefit from wider adoption of
SECURE in additional mangrove shrimp farming ponds.

Compared to another prominent approach, the biofloc system (Khanjani and Sharifinia
2020), the SECURE system offers a nature-based alternative that integrates mangrove
restoration to improve surrounding hydrology and water filtration. While biofloc systems
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may achieve higher productivity, they are energy-intensive and costly to maintain. The
SECURE approach, contrastingly, prioritises ecological balance and resilience, offering
moderate productivity gains while enhancing ecosystem services and reducing environ-
mental impact.

To expand implementation of SECURE across Berau, East Kalimantan, a spatial plan-
ning process can help ensure long-term, sustainable success of aquaculture ponds and
mangrove restoration (Zavalloni et al. 2014; Petrosillo et al. 2023). Spatial planning is a
holistic framework for managing marine and coastal resources that integrates ecological,
social, economic, and institutional systems to ensure long-term sustainability (Dominguez-
Tejo et al. 2016). To reduce further encroachment of intensive aquaculture farms into intact
mangrove areas, spatial planning can identify how resources should be spatially allocated
for effective and efficient restorative actions. As additional SECURE ponds are imple-
mented in the region, we use spatial planning to identify which other existing ponds are
priority candidates for SECURE conversion. In Berau, spatial planning involves system-
atic assessment, zoning, and regulation of land use to ensure sustainable development, pre-
vent conflicts, and enhance resilience against climate change. Implementation of spatial
planning is hampered by weak regulations, poor law enforcement, and conflicts with other
land uses, such as forest zoning status (Rusdi et al. 2022). Many traditional ponds operate
informally without proper zoning and are often located in protected zones, leading to envi-
ronmental degradation, including biodiversity loss and reduced water catchment capacity.
Additionally, limited government oversight and low awareness among farmers contribute
to a lack of interest in implementing spatial planning, further worsening the condition of
mangrove ecosystems in the area.

Here, we aim to outline the background and benefits of not only SECURE ponds, but to
also create a spatial planning framework for ecosystem-based shrimp aquaculture. We per-
formed a spatially explicit, biogeographic-economic prioritisation analysis to help inform
the wider adoption of sustainable aquaculture practices in Berau regency, Kalimantan,
Indonesia. First, we assessed the biodiversity benefits from existing SECURE pilot sites by
measuring changes in species abundance before and after interventions. We surveyed bio-
diversity using environmental DNA metabarcoding, whereby species were detected from
DNA shed into water and sediment samples. Next, we performed a spatial prioritisation
analysis to rank existing shrimp farming ponds according to their suitability for implement-
ing SECURE. The suitability of each pond was determined according to three criteria: (1)
the capacity to restore new mangroves or protect existing mangroves, (2) the expected prof-
itability from shrimp farming, and (3) the cost of implementing SECURE. The ranking
indicates where resources may best be allocated to achieve the greatest return on both con-
servation and farming benefits.

Methods

We focus our work and data collection in Berau Regency, East Kalimantan, Indonesia.
Berau is part of Borneo Island and has total area of 34,127 km2, consisting of 21,240
km?2 of land and 12,887 km2 of water bodies. Berau Regency is home to the largest
mangrove ecosystem in East Kalimantan, spanning 86,043 hectares. However, man-
grove deforestation due to shrimp pond expansion is a growing concern. In 2019 alone,
11,237 hectares (13%) of mangroves were converted into traditional shrimp ponds, pos-
ing a serious threat to coastal ecosystems. Shrimp species farmed are Panaeus monodon,
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Panaeus indicus, and Litopenaeus vannamei. One of the key areas of shrimp farming is
Pegat Batumbuk Village, which features around 7000 hectares of shrimp ponds within a
20,000-hectare mangrove area. Shrimp pond sizes range from 5 to 25 hectares, but pro-
ductivity remains low, averaging 36 kg/ha per cycle. This low yield often drives farmers
to clear additional mangrove areas to maintain or improve their income. As of Novem-
ber 2023, there were 968 mangrove shrimp farming ponds across Berau Regency in East
Kalimantan, Indonesia, covering 12,476 ha. The number of productive (i.e. actively
engaged in shrimp production) and unproductive ponds was 724 and 244, respectively,
with 14 pilot ponds implementing SECURE (Fig. 1).
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Fig.1 Shrimp farming ponds in Berau Regency, Kalimantan, Indonesia, classified into productive ponds
implementing SECURE (red), productive ponds not implementing SECURE (blue), and unproductive
ponds (white). The nearest city of Tanjung Redeb is shown in the top-left. The inset on the left shows
the locations where environmental DNA was sampled to assess change in species abundance before and
after SECURE implementation. The SECURE pond contains two areas: restoration where mangroves are
restored and cultivation where shrimp are reared. The non-SECURE pond contains only a cultivation area
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Assessing biodiversity benefits

We employed environmental DNA (eDNA) metabarcoding via nanopore sequencing ONT
MinIlON Mk1C (Oxford, UK) to identify species composition from water and sediment
samples. eDNA metabarcoding is an approach for identifying species from the DNA they
naturally release into the environment (Bohmann et al. 2014). We used the universal primer
18S to amplify the 18S rRNA gene in eukaryotic organisms (Hadziavdic et al. 2014). We
took three sediment and water samples each across four habitat types both before and after
SECURE implementation: the restoration area of a SECURE pond, the cultivation area of
a SECURE pond, the cultivation area of a non-SECURE pond, and non-SECURE natural
mangrove area (Fig. 1). We used the non-SECURE locations as a counterfactual to the
SECURE locations to disentangle effects between the intervention and background effects.
We chose one representative SECURE and non-SECURE pond each to control for environ-
mental variability and to focus on temporal changes before and after SECURE implemen-
tation. Both ponds are influenced by similar tidal and salinity regimes but have independ-
ent water gates connected to separate drainage channels to prevent cross-contamination.

The baseline sampling before intervention was conducted in January 2023 to establish
the pre-intervention eDNA profile before the construction of the SECURE pond. This
baseline dataset served as a reference to assess changes in eDNA composition after the
SECURE design was implemented. The sampling following intervention was carried out
in October 2023 when the SECURE pond cultivation cycle had been running for 10 weeks.
The SECURE pond cultivation cycle runs for approximately 3—4 months, and sampling
was conducted at week 10 to represent the biologically stable mid-culture phase, which
corresponds to periods of maximum biological activity and ecological equilibrium in
shrimp aquaculture systems (Astutik et al. 2025; Chainark et al. 2025; Zhao et al. 2025).
Sampling closer to harvest was avoided to minimise potential bias from water quality dete-
rioration, organic load accumulation, and community shifts, conditions that are frequently
observed in intensive shrimp pond cycles (Astutik et al. 2025; Chainark et al. 2025). Simi-
lar sampling design has been widely used in eDNA diversity studies for coastal and aqua-
culture environments to capture within-site variation while representing the main ecologi-
cal gradients across the study area (Thomsen et al. 2012; Deiner et al. 2017).

Molecular Analysis

Metagenomic DNA was isolated using DNeasy PowerWater Kit (for water samples) and
DNeasy PowerSoil Pro Kit (for sediment samples) (Qiagen, Hilden, Germany), following
the manufacturer’s instructions. Eukaryota in the water were captured by filtering 1 L using
a sterile 0.22 ym vacuum filtration system (Merck Millipore, Massachusetts, USA). After
genomic DNA was obtained from eDNA samples, PCR amplification was conducted to
obtain a specific DNA locus target 18S (Hadziavdic et al. 2014). The amplification process
was carried out for 25 cycles consisting of melting at 95 °C for 30 s, annealing at 44 °C
for 30 s, and extension at 72 °C for 1 min, followed by a 10 min final extension at 72 °C.
The PCR amplicon product was sequenced using the Oxford Nanopore Technology (ONT)
MinION sequencing template. The DNA library was prepared following the manufactur-
er’s protocols for Native Barcoding Kit 24 V14 (SQK-NBD114.24). Sequencing was done
using the R10.4.1 flow cell (FLO-MIN114; Oxford Nanopore Technologies) for a total of
24 h per run.
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Bioinformatics Analysis

NanoPlot v1.42.0 (https://github.com/wdecoster/NanoPlot) was used to assess the qual-
ity of reads obtained from nanopore sequencing (De Coster and Rademakers 2023). The
bioinformatics workflow proceeded with the raw FastQ files, which served as input for
downstream analyses. Taxonomic profiling was primarily conducted using Kraken2 v2.1.3
(https://github.com/Derrick Wood/kraken?), a fast and accurate tool for assigning taxo-
nomic labels to metagenomic sequences, utilising a reference database derived from SILVA
(Wood et al. 2019). To refine taxonomic abundance estimates at specific ranks, Bracken
v2.9 (https://github.com/jenniferlu717/Bracken) was applied to the Kraken2 output (Lu
et al. 2017). Krona Tools v2.8.1 (https://github.com/marbl/Krona) was then employed to
visualise the taxonomic profiles in the form of interactive pie charts (Ondov et al. 2011).
Lastly, the MicroEco package in R (https://chiliubio.github.io/microeco/) was utilised to
perform comprehensive microbiome analysis through efficient and integrative data mining
techniques (Liu et al. 2021).

Operational Taxonomic Units (OTUs), the clusters of closely related organisms identi-
fied by their DNA, were matched to known databases and assigned to genus-level where
possible or the next lowest known taxonomic rank. We rarefied OTU tables to the same
minimum number of counts across sites and years to standardise comparisons. The
expected benefits of SECURE intervention were quantified as the change in relative abun-
dance of taxonomic groups.

Spatial planning for priority ranking

We assessed the suitability of productive ponds for SECURE implementation using spatial
prioritisation, a biogeographic-economic analysis using quantitative criteria and objectives
to aid decision-making (Moilanen et al. 2009; Kukkala and Moilanen 2013; Hanson et al.
2025). Spatial prioritisation provides a transparent, flexible framework that allows users to
explore trade-offs using spatially explicit information. Ponds were ranked by prioritisation
based on the criteria to minimise implementation costs and maximise the following desir-
able features: shrimp production profitability, mangrove restoration potential, and man-
grove protection. Features and costs were established by expert consultation with Yayasan
Konservasi Alam Nusantara based on prior experiences in developing sustainable shrimp
aquaculture. Priority or highest rank was given to ponds with high shrimp production prof-
itability and either high potential for mangrove restoration or a large existing mangrove
area, yielding high economic and environmental benefits. The cost component represented
the financial investment required to implement SECURE, ensuring an efficient allocation
of resources.

Restoration potential and protection of mangroves

We used a 30 m resolution remote sensing habitat map of mangroves (Prakoso et al. 2023)
to determine the mangrove cover inside each pond. We assigned a high suitability ranking
for SECURE to two types of ponds. The first consisted of ponds with low existing man-
grove cover which have a high potential for mangrove restoration (Fig. S1). The second
consisted of ponds with high existing mangrove cover which have a high potential for man-
grove protection (Fig. S2). For each pond i having < 60% mangrove cover, we calculated
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the total potential area of mangrove restoration (R;) as 60% of the pond size (A;) minus any
area of existing mangrove in hectares (M;). For each pond i having >60% mangrove cover,
we calculated the area of existing mangrove within that pond in hectares (M,).

The restoration to 60% mangrove cover was determined based on site-specific condi-
tions and agreements with pond owners. The SECURE model is currently implemented as
a prototype approach, intended to explore how different configurations of aquaculture and
mangrove restoration can co-exist within the same management unit. This percentage was
derived from practical considerations developed jointly with local farmers, balancing the
need to maintain shrimp production for economic viability, the restoration of hydrological
and ecological functions to enhance biodiversity, and the improvement of blue carbon stor-
age within the pond landscape. The 60% configuration thus represents a context-specific
compromise reflecting pond-owner willingness, land suitability, and the restoration objec-
tives of the SECURE design.

Profitability of shrimp production

The expected profitability of each shrimp pond (S;) was determined by a pond’s Euclidean
distance to the nearest village (V;), shared perimeter length with a 100 m buffer zone of the
river (B;), and pond size (A;) (Fig. S3). Ponds closer to the village are more profitable due
to shorter transportation distances and greater ease of pond maintenance. Ponds sharing
shorter boundaries with the river are more profitable as they require less operating mainte-
nance to repair damages from river pressure. Larger ponds are more profitable as they can
stock more shrimp. We rescaled each of the three profitability parameters to range between
0.01 and 1 and multiplied them together into a single profitability metric for each pond
(Fig. S3).

Cost of intervention

The cost of establishing a SECURE pond i (C;) was determined by a pond’s shared perim-
eter length with a 100 m buffer zone of the river (B;), Euclidean distance to the main city
of Tanjung Redeb (D;), and proportion of mangrove (P;) (Fig. S4). Ponds sharing longer
boundaries with the river are more costly as they require greater construction of protective
levees between the pond and the river when establishing SECURE. Ponds further from the
city are more costly as construction materials are transported over longer distances. Ponds
with lower mangrove cover are more costly as more labour and materials are required to
restore mangroves. Ponds with >60% mangrove cover were assigned identical mangrove
cover costs, as no additional mangrove restoration efforts are needed if a pond is already
exceeding the minimum mangrove cover threshold. We rescaled each of the three cost
parameters to range between 0.01 and 1 and multiplied them together into a single cost
metric for each pond (Fig. S4).

Prioritisation analysis

We used spatial prioritisation to rank productive ponds which have not yet implemented
SECURE (Table 1). We set a range of targets for the three features to be maximised,
shrimp production profitability, mangrove restoration potential, and mangrove protection,
from 10 to 100% by increments of 10%, with the objective of minimising overall cost. The
most suitable ponds with highest priority for SECURE implementation are selected when
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targets are 10%. We did not assign rankings to unproductive ponds, as there is a high finan-
cial cost involved in recommissioning inactive ponds. We divided the planning region into
two clusters of northern and southern villages and ran separate spatial prioritisations on
ponds located above or below 1° 48" N latitude. We performed this split to account for a
large ~ 15 km gap between the two clusters of ponds and to create a more equitable rank-
ing of ponds across villages in the south which are further away from the city. We ran the
prioritisation analysis using the package prioritizr (Hanson et al. 2025) in R v4.3.1 (R Core
Team 2023).

Results
Biodiversity benefits from SECURE implementation

eDNA sequencing revealed 4291 OTUs across all sites both before and after SECURE
implementation in Pegat Batumbuk. The percentage of OTUs assigned to phylum, class,
order, family, and genus were 100%, 97%, 93%, 83%, and 75%, respectively. The taxo-
nomic groups which increased the most as a result of SECURE implementation in res-
toration ponds (Fig. 2A) belonged predominantly to the phyla of Ascomycota (26 OTU
groups), Chlorophyta (15 OTU groups), Cercozoa (11 OTU groups), Bacillariophyta
(10 OTU groups), and Ciliophora (5 OTU groups). In cultivation ponds (Fig. 2B), these
were instead Ascomycota (8 OTU groups), Chlorophyta (7 OTU groups), Cercozoa (5
OTU groups), Ciliophora (4 OTU groups), and Bacillariophyta (3 OTU groups). How-
ever, despite similar phyla increasing in abundance, there was a weak negative correlation
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Fig.2 Change in count of OTUs comparing a SECURE restoration ponds and non-SECURE mangroves
and b SECURE cultivation ponds and non-SECURE ponds. Each point represents an OTU grouped to the
lowest-known taxonomic rank. Green points are groups which may be indicators of healthy aquaculture
management (Table 2). The change is the average effect of SECURE intervention in one pond
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between the change in OTU count in restoration and cultivation ponds (Spearman rank cor-
relation, 1,4,,,= —0.04, p=0.02).

Certain taxonomic groups are indicators of healthy, well-managed shrimp aquaculture
(Table 2). These range from providing services such as nutrient cycling and water filtering,
contributing to the diets of shrimp, or being sensitive to conditions such as eutrophica-
tion or low oxygen levels. Notable indicator groups which increased in SECURE resto-
ration ponds were the phytoplankton Chaetoceros, Chlorophyceae, and Cryptomonadales
and zooplankton Calanoida and Cyclopoida. Of these, only Calanoida also increased in
SECURE cultivation ponds (Table 2).

Mangrove spatial planning priorities

The prioritisation analysis ranked 718 productive ponds which had not yet implemented
SECURE, 672 of which were located in the north and 46 of which were located in the
south (Figs. 3 and 4). The highest priority ranking, i.e. most suitable ponds, were selected
at 10% of the target increment.

Five hundred fifty-one of productive ponds had an existing mangrove cover < 60% and
the planned management intervention for implementing SECURE for these was to restore
mangrove area to 60%. Lower priority ponds were generally located directly on the river-
bank, situated to the east and closer to the ocean, and smaller. Higher priority ponds were
generally set back from the riverbank, situated to the west, and larger. Priority ranks were
often spatially clustered, such that adjacent ponds had similar rankings (Fig. 3).

One hundred sixty-seven of productive ponds had an existing mangrove cover>60%
and the planned management intervention for implementing SECURE for these was to pro-
tect existing mangrove areas (Fig. 4). Unlike the ranking of ponds for restoration (Fig. 3),
the ranking of ponds for protection showed less clear spatial patterns. The size of the pond
was not strongly related to its ranking, as there were a mix of both small and large ponds
with either high or low existing mangrove cover (Fig. S2). Ponds closer to the riverbank
had slightly lower ranks, and ranks were not strongly spatially correlated (Fig. 4).

Discussion

Ecosystem-based aquaculture approaches are essential for balancing shrimp produc-
tion with environmental sustainability (Soto et al. 2008), a challenge particularly acute in
coastal countries like Indonesia where aquaculture is critical for food security (Wasik et al.
2025). Combining sustainable aquaculture practices with spatial planning offers a strategic
approach to maximising both ecological and economic benefits in shrimp farming. Spa-
tial prioritisation has previously been used to identify priority mangrove areas for provid-
ing ecosystem services (Atkinson et al. 2016; Trialfhianty et al. 2022), but this is, to our
knowledge, the first application of a prioritisation approach to identify suitable areas for
expansion of sustainable management practices. Our study demonstrates that incorporating
restored mangroves into shrimp ponds can enhance abundance of key taxonomic groups
which provide key ecosystem functions including improved water quality, increased habitat
complexity, and carbon sequestration. While these benefits do not fully replicate those of
intact mangrove forests, they indicate that targeted restoration and sustainable management
practices can partially offset aquaculture’s ecological footprint.
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Fig.3 Results of priority ranking analysis to determine the suitability of shrimp farming ponds for
SECURE implementation with a focus on mangrove restoration. Highest priority ponds are selected at 10%
targets (dark green), lowest priority ponds are selected at 100% targets (red). Only ponds with <60% man-
grove cover are assigned priority rankings, where the management intervention is to increase mangrove
cover to 60%

The challenge of balancing shrimp farming productivity with environmental conser-
vation remains a key issue in coastal resource management. Intensive farming systems
yield high shrimp production per unit area in the short-term but require significant exter-
nal inputs, such as feed and aeration, which contribute to eutrophication and waste accu-
mulation (Shang et al. 1998). As a consequence, they have a relatively short lifespan due
to accumulation of pollutants and disease that lead to their abandonment and encroach-
ment into new mangrove areas (Aslan et al. 2021). On the other hand, ecosystem-based
systems generally have lower environmental impacts but also lower yields, although there
are exceptions (Paul and Vogl 2012). Our study suggests that the healthier communities
in SECURE ponds should enable longer pond lifespans. Future aquaculture development
should focus on long-term pond health and production efficiency rather than expanding the
footprint of shrimp ponds into mangrove ecosystems. Policy incentives, certification pro-
grammes, and financial support for small-scale farmers transitioning to sustainable prac-
tices could help bridge the gap between sustainability and economic viability (Gambelli
et al. 2019).
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Fig.4 Results of priority ranking analysis to determine the suitability of shrimp farming ponds for
SECURE implementation with a focus on mangrove protection. Highest priority ponds are selected at 10%
targets (dark green). Lowest priority ponds are selected at 100% targets (red). Only ponds with >60% man-
grove cover are assigned priority rankings, where the management intervention is to protect existing man-
grove areas

The application of environmental DNA metabarcoding provides a powerful tool for
monitoring biodiversity in mangroves and aquaculture landscapes (Peters et al. 2018; Wee
et al. 2023). Traditional biodiversity assessments rely on direct observations and physi-
cal sampling, which can be labour intensive and biased toward certain taxa. In contrast,
eDNA allows for the cost-effective detection of a broad range of organisms, including rare
and cryptic species (Bohmann et al. 2014). Our results highlight shifts in taxonomic com-
position between sustainably managed shrimp ponds and traditional systems, with higher
relative abundances of indicator taxa associated with healthier aquatic environments. This
effect was stronger in the rehabilitation ponds compared to the cultivation ponds. As the
time between our two sampling events was relatively short, it may be that more time is
necessary for conditions to stabilise and other improvements to become evident. Newly
planted mangroves need time to form a functional canopy and root system with a stable soil
microbial system, which may become more prominent in successive years as mangroves
mature. This underscores the potential for eDNA to inform adaptive management strate-
gies in aquaculture, ensuring that biodiversity metrics are integrated into decision-making
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processes (Chouhan et al. 2023). Despite showing a good contrast between treatments, our
conclusion is obscured by the resolution of the 18S primer, which mainly targets broad
taxonomic coverage including fungi, protists, and algae. As there is no species-level reso-
lution of animals, such as fish and invertebrates, there might a loss of signal in ecosys-
tem improvement in shrimp and mangrove ecosystem (Hadziavdic et al. 2014; Wang et al.
2014). Future work should explore a combinatory use of multiple primers (e.g., COI and
12S) to establish long-term monitoring frameworks for aquaculture operations and coastal
habitat restoration projects. As aquaculture impacts can extend to areas outside of those
designated for farming activities through transmission of nutrients, pollutants, or disease,
or escape of stock, monitoring will need to consider environmental impacts at appropriate
spatial scales (Cheshire 2006).

We used readily available remote-sensing and spatial data to rank ponds according to
the three criteria of mangrove protection or restoration, profitability from farming, and cost
of implementing sustainable practices. We used spatial proxies due to an unavailability
of detailed economic and other financial data. Although limited census data on the cost
and profitability of the 14 pilot SECURE ponds was available, there were too few data
points to extrapolate to the other 724 productive ponds. We did not account for all of the
impacts of differences in hydrology between ponds due to a lack of hydrological data, such
as hydrological connection with adjacent water bodies or exposure to water flow from tides
and ocean circulation which can determine success rates of rehabilitation and restoration
(Lopez-Portillo et al. 2017). The hydrological characteristics among ponds were highly
variable, making it difficult to draw generalisations across sites. Subsequent phases will
integrate hydrological and ecological criteria to optimise SECURE placement and perfor-
mance at the landscape scale. As integrated mangrove aquaculture expands, it is important
to note that its fragmented nature limits the ecosystem functions and biodiversity benefits
it provides. Ecosystem-based practices cannot fully restore fish nursery habitat, carbon
sequestration, or coastal protection functions at levels comparable to undisturbed mangrove
ecosystems, and should not be used in a misleading narrative that allows for further man-
grove conversion (McSherry et al. 2023).

We excluded unproductive ponds from our analysis as we assumed that the cost of
restoring these ponds for active shrimp farming exceeded their expected profitability. We
assumed instead that the greatest net benefits could be achieved by concentrating resources
on mitigating the negative impacts of productive ponds. As unproductive ponds are rela-
tively undisturbed, they may already be serving as refugia for wildlife and could be expe-
riencing natural mangrove regeneration (Stevenson 1997). On the other hand, the reason
for pond abandonment is often due to severe degradation or pollution of the soil, which
would require active rehabilitation before any natural regeneration can occur (Aslan et al.
2021). Future work that quantifies biodiversity and ecosystem service provision of these
unproductive ponds and costs of rehabilitation can reveal whether resources should be allo-
cated for their management. We excluded levels of knowledge or acceptability as a spatial
planning criteria, as awareness-raising and capacity-building activities are ongoing within
the project area to improve understanding of the SECURE system and its potential benefits.
Preliminary results from surveys show that community acceptance is high when improve-
ments in productivity and biomass are demonstrated. This suggests that social readiness
is dynamic and can be enhanced through participatory engagement and evidence-based
demonstrations.

In future iterations, the spatial prioritisation can be updated as some ponds implement
SECURE or change status between productive and unproductive. Additional data can also
be added onto the prioritisation analysis. For example, if regional biodiversity surveys are
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conducted and identify biodiversity hotspots in certain areas, these may be included into the
ranking criteria such that ponds in these hotspots are given higher priorities. Outputs of hydro-
logical models may be included to show which areas are likely to regenerate naturally, and
which areas require active intervention. Areas of risk in which to avoid SECURE implementa-
tion may also inform the priority ranks, for example from infrastructure developments which
may become sources of pollutants. Our coupling of eDNA monitoring and spatial planning
of ecosystem-based aquaculture highlights the potential to reconcile aquaculture productivity
with environmental conservation, offering a replicable model for sustainable coastal resource
management in other regions facing similar challenges.

Conclusion

This study presents a replicable framework that integrates environmental DNA metabarcod-
ing and spatial prioritisation to inform sustainable aquaculture development in mangrove
landscapes. Our findings show that the SECURE approach can enhance biodiversity indica-
tors and offer ecological and economic benefits through targeted pond-level restoration and
management. By prioritising ponds based on profitability, mangrove restoration or protection
potential, and implementation costs, spatial planning can support more strategic and equita-
ble expansion of ecosystem-based aquaculture. While ecosystem services from restored sys-
tems do not fully match those of intact mangroves, they provide a meaningful compromise
between conservation and production. Future work should incorporate broader ecological and
hydrological data, account for unproductive ponds, and expand biodiversity monitoring using
multiple eDNA markers. Our approach offers a scalable decision-support tool for balancing
aquaculture productivity and mangrove conservation, supporting long-term sustainability in
coastal resource management.
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