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Abstract. Hakim A, Taurusman AA, Wiryawan B, Purbayanto A, Darmawan R, Yulianto 1. 2026. Systematic conservation planning for
pelagic fish habitats in the Sulawesi Sea, Indonesia. Biodiversitas 27 (5): d270513. https://doi.org/10.13057/biodiv/d270513. Mackerel
scad (Decapterus macarellus) is a key species in pelagic fisheries, providing substantial economic value while playing an important role
in pelagic food webs. However, increasing fishing pressure raises concerns regarding stock sustainability and ecosystem integrity. This
study aimed to identify priority areas for offshore pelagic Marine Protected Areas (MPAs) in the Sulawesi Sea, Indonesia, by integrating
ecological and socio-economic information within a systematic conservation planning framework. Spatial analyses of spawning and
nursery habitats derived from larval surveys were combined with fishing-related cost data and analyzed using Marxan to optimize
conservation prioritization under four alternative scenarios. The analysis identified four candidate conservation areas (Areas I-IV).
Among these, Area IV that located between Sangihe and Talaud Islands, consistently emerged as the highest conservation priority,
offering the most favorable balance between high ecological value and low fishing intensity. Area IV covers approximately 599,790.91
ha, with 282,364.82 ha (47.08%) identified as a core conservation zone supporting critical spawning and nursery habitats of D.
macarellus. These findings demonstrate the value of integrating larval habitat data with spatial optimization tools to identify
cost-efficient and ecologically robust offshore conservation areas. The approach provides a scientifically grounded framework for
offshore pelagic MPA planning and contributes empirical evidence to support ecosystem-based fisheries management in the Sulawesi
Sea.
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INTRODUCTION

Marine spatial planning and Marine Protected Areas
(MPAs) are increasingly recognized as important tools for
conserving biodiversity, maintaining ecosystem integrity,
and supporting sustainable fisheries (Sini et al. 2017;
Kirkfeldt and Frazdo Santos 2021; Zuercher et al. 2022).
Planning for pelagic fisheries is especially challenging
because pelagic habitats are dynamic and three-
dimensional, while key processes such as spawning, larval
dispersal, and connectivity occur across variable spatial and
temporal scales (Game et al. 2009; Dickey-Collas et al.
2017; Venegas-li et al. 2018). Offshore MPAs nonetheless
serve as crucial sources of larval dispersal and help restore
overexploited fisheries (Christie et al. 2010). Several
countries have established such areas, for example the UK's
Chagos Archipelago (~500,000 km?), where pelagic
protection coincided with increased bigeye tuna stocks,
highlighting the need to harmonize conservation and
fisheries regulations (Sheppard 2010; Curnick et al. 2020).
In the Bay of Biscay anchovy fishery, MPAs protected
critical spawning stages but required complementary
measures such as effort control and adaptive Total

Allowable Catch (TAC) (Lehuta et al. 2010). Yet pelagic
protected areas remain limited and are often not
systematically designed to maximize biodiversity
protection (Game et al. 2009). In Indonesia, conservation
has concentrated on coastal systems, leaving offshore
pelagic habitats underrepresented (Estradivari et al. 2024);
the Banda Sea seasonal closure under MMAF Regulation
No. 26 of 2020 has been criticized for lacking a rigorous
academic foundation (Adam 2016).

The mackerel scad (Decapterus macarellus), a small
pelagic species of considerable economic importance in
Indonesian waters, particularly the Sulawesi Sea and
eastern Indonesia, is predominantly caught with purse
seines by local fishers (Suwarso and Zamroni 2014;
Akerina et al. 2019). However, it is currently overfished:
catches from 2020 to 2022 consistently exceeded the TAC
(3,499,779 tons/year) and in 2020-2021 surpassed the
Maximum Sustainable Yield (MSY) (4,374,723 tons/year),
indicating an urgent need for management intervention
(Gahunting et al. 2023; Setya et al. 2023). Beyond fishing
pressure, the species' distribution, reproduction, and
recruitment are strongly shaped by environmental
conditions such as salinity, hydro-oceanography, and
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habitat suitability (Puspasari et al. 2016; Hou et al. 2020;
Retnoningtyas et al. 2024).

Habitat protection is especially relevant for mackerel
scad because critical life stages occur offshore. In the
Sulawesi Sea, spawning areas were identified around the
northern and western sides of Sangihe and Siau Islands,
with the species generally found at 40-200 m depth (Hakim
et al. 2025). Spawning is linked to local hydro-
oceanographic conditions influencing larval transport,
while nursery areas in the southern Sulawesi and Maluku
Seas offer favorable growth conditions, including high
zooplankton abundance, unlike many species whose
juveniles depend on shallow coastal nurseries (Beck et al.
2001; Whitfield and Pattrick 2015). In Indonesia's
thermally stable waters, factors such as salinity, habitat
characteristics, larval retention, and primary productivity
likely play a greater role in spawning success and juvenile
survival than the temperature-driven seasonality seen at
higher latitudes (Villarao and Encarnacion 2025).

A systematic spatial prioritization approach is therefore
needed to identify pelagic conservation areas that support
both biodiversity and fisheries sustainability. Marxan
(Watts et al. 2017) offers a relevant decision-support
framework, integrating multiple spatial datasets and
conservation criteria to identify priority areas efficiently
and transparently, incorporating ecological features such as
spawning and nursery grounds into a more evidence-based
process than ad hoc selection. As one of Indonesia's first
offshore conservation initiatives, planning in the Sulawesi
Sea underscores the need to integrate such fisheries-based
parameters into MPA development within Fisheries
Management Area (FMA) 716, providing input for national
policy and MMAF strategies. Accordingly, this study aims
to identify priority offshore areas for conserving pelagic
fish habitat, particularly the spawning and nursery grounds
of mackerel scad, and to develop a zoning design for the
selected area to support sustainable pelagic fisheries
management in the Sulawesi Sea.
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MATERIALS AND METHODS

Study area

The study area for the Marxan analysis is located
between 1°-6° N and 123°-128° E in the Sulawesi Sea,
Indonesia, covering an approximate area of 30,760,974
hectares (Figure 1). This region encompasses the Sulawesi
Sea, which is part of Fisheries Management Area (FMA)
716 under Indonesian jurisdiction. The Sulawesi Sea has
been designated as a potential offshore Marine Protected
Area (MPA) aimed at supporting the sustainability of
pelagic fisheries. Among the key species within the small
pelagic group is the mackerel scad (D. macarellus), which
holds significant ecological and economic importance. The
establishment of conservation zones in this area is critical
for maintaining biodiversity, ensuring sustainable fish
stocks, and supporting long-term fisheries management
strategies. The characteristics of the aquatic environment in
the study area, such as ocean currents and sea surface
temperatures, have been described in previous research by
Hakim et al. (2025).

Data collection

The dataset used in this study consists of catch data of
mackerel scad (D. macarellus) collected from May 2019 to
December 2023 (n = 1479 data). The data includes detailed
information on fishing effort, fishing gear, fishing boat,
catch volume (expressed in weight), Fish Aggregating
Device (FAD), number of crews, fishing ground, fishing
trip, and total setting. All data was obtained from the North
Sulawesi Provincial Marine and Fisheries Agency. This
study utilized spatial vessel position data to improve the
accuracy of fishing activity mapping and the estimation of
fishing intensity. Vessel position data were obtained from
the Vessel Monitoring System (VMS) managed by the
MMAF, which provides time-stamped geographic positions
of licensed fishing vessels. These data were integrated
with fisheries catch statistics by matching vessel identifiers
and fishing dates, allowing each fishing trip and associated
catch record to be spatially referenced.
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Figure 1. Study area to design a conservation area for pelagic fish in the Sulawesi Sea, Indonesia
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To complement VMS coverage and reduce potential
gaps arising from incomplete reporting or inactive transponders,
satellite-based vessel detection data from the Visible
Infrared Imaging Radiometer Suite (VIIRS) were incorporated.
VIIRS detections were accessed through the Global Fishing
Watch and VIIRS Boat Detection (VBD) platforms and
used to identify additional fishing activity based on
nighttime light emissions associated with fishing vessels.
Spatial and temporal filtering was applied to VIIRS
detections to ensure consistency with known fishing
periods and areas.

Fishing intensity was estimated by overlaying VMS
tracks and VIIRS detections onto a predefined spatial grid
and aggregating vessel presence by time unit. These spatially
derived fishing effort indicators were then linked to
corresponding catch data to enhance the representation of
fishing activity distribution. The combined use of VMS,
VIIRS detections, and catch statistics improved the
robustness of fishing effort characterization and supported
a more accurate interpretation of CPUE wvariability in
relation to spatial fishing patterns.

In addition to fisheries and spatial effort data, seamount
distribution was incorporated as a conservation input in the
MARXAN systematic conservation planning analysis.
Seamount data were obtained from the PANGAEA global
seamount database developed by Yesson et al. (2011),
which provides a comprehensive spatial inventory of
predicted and confirmed seamount features worldwide.

Data analysis

Standardized Catch Per Unit Effort (CPUE) in this
study was estimated using Generalized Additive Models
(GAMs), which provide a flexible framework for modeling
complex and non-linear relationships commonly found in
fisheries data. GAMs allow for improved representation of
temporal and operational effects influencing CPUE
compared to traditional linear models. In a previous study
by Darmawan et al. (2025b), standardized CPUE predictor
variables included year, month, fishing boat (GT), length of
all fishing boat, fishing gear, number of crew, and fishing
ground, capturing both temporal and operational variability
in fishing activities. In the present study, CPUE estimation
was refined by prioritizing predictors that more directly
represent fishing effort and operational characteristics.
Accordingly, the selected predictors consisted of year,
month, fishing boat (GT), fishing gear, number of crew,
and fishing trip (Table 1). To ensure comparability and
reduce technological bias, CPUE was standardized using
mini purse seine as the reference fishing gear. The fitted
model indicated that 27.1% of the deviance explained,
suggesting that a meaningful proportion of the variability in
CPUE was captured by the model structure. In addition, the
model produced an Akaike Information Criterion (AIC)
value of 21,376.42, reflecting an adequate trade-off
between model fit and complexity under the generalized
additive modelling framework. Standardized CPUE were
conducted using R Studio, with a set of specialized
packages employed to support model fitting, inference, and
data visualization. Generalized Additive Models (GAMs)
were fitted using the mgev package (Wood 2025), which
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provides robust tools for capturing non-linear relationships
between CPUE and predictor variables. Post hoc analyses,
including the estimation of marginal means and pairwise
comparisons among factor levels, were carried out using
the emmeans package. Visualization of model outputs and
standardized CPUE trends was performed using the
ggplot2 package (Wickham 2016), enabling clear and
interpretable graphical representations across temporal and
spatial dimensions. The standardized CPUE model is
presented as equation [1].

The selection and spatial design of marine conservation
areas were conducted using the Marxan that a widely used
decision-support tool in systematic conservation planning
and optimally fulfills the minimum representation targets
of existing conservation features while minimizing costs or
conflicting interests that could hinder implementation (Ball
et al. 2009; Watts et al. 2017; Agnew et al. 2024). In this
study, the analysis was performed using Marxan v.4.0.6
through the QMarxan Toolbox v.2.0.1 integrated with
QGIS 3.18.3, which enabled spatial data preparation,
parameter configuration, and scenario evaluation within a
geographic information system environment. The study
area was divided into hexagonal Planning Units (PUs),
each covering 123.21 ha. This spatial resolution was
selected to provide a practical balance between ecological
representation, spatial detail, and computational efficiency.
Hexagonal PUs were preferred because they maintain
consistent neighborhood relationships and reduce edge
effects relative to square grids, thereby improving the
representation of spatial continuity and connectivity in
prioritization outputs. The selected PU size was considered
appropriate for capturing the main ecological and fisheries-
related features available for this study, while avoiding
excessive fragmentation and computational burden.
Nevertheless, planning unit size may influence
prioritization outcomes, as finer resolutions may capture
ecological heterogeneity more precisely, whereas coarser
resolutions may generalize spatial patterns and obscure
smaller but ecologically important features. Hexagonal PUs
were preferred because they maintain consistent
neighborhood relationships and reduce edge effects relative
to square grids, thereby improving the representation of
spatial continuity and connectivity in prioritization outputs.

Table 1. The input parameter standardized CPUE of mackerel
scad (Decapterus macarellus) in Sulawesi Sea, Indonesia

Parameter Information

CPUE Catch per unit effort

Year Fish landing data from 2019 to 2023

Month January, February, March, April, May, June, July,
august, September, October, November, December

GT fishing  The size of fishing boat’s tonnage (GT)

boat

Fishing gear The fishing gear was used to catch mackerel scad
(i,e. mini purse seine, encircling gill net)

The number of crew in fishing vessel

The total of day trip of fishing vessel operation in
the sea

Crew
Fishing trip
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Spatial inputs were classified into conservation features
and cost features. Conservation features included spawning
areas, nursery areas, fish migration areas, and seamounts.
Spawning and nursery habitats of mackerel scad (D.
macarellus) were identified from larval survey data, while
migration areas were derived from field observations
(Hakim et al. 2025). Seamount and seahill features were
obtained from the PANGAEA global seamount dataset,
reflecting their ecological importance as structurally
complex habitats. Each conservation feature was assigned a
representation target and a Species Penalty Factor (SPF)
based on its conservation importance and vulnerability.
Cost features represented existing fisheries use and
potential socio-economic conflict and included fishing
grounds, fish aggregating devices (FADs), fishing effort,
Vessel Monitoring System (VMS) vessel positions,
and Visible Infrared Imaging Radiometer Suite (VIIRS)
vessel detections. Fishing effort and vessel activity were
classified into low, moderate, and high categories and
scored accordingly to represent variation in fishing
intensity. To improve the spatial representation of fishing
intensity, fish catch data was integrated with VMS and
VIIRS data. VMS records provided time-stamped vessel
positions that were linked to catch data using vessel
identity, fishing date, and trip information. VIIRS detections
were used to support VMS coverage, particularly for
nighttime fishing activity. Integrated vessel activity data
were aggregated within the planning unit grid to generate a
spatial proxy of fishing intensity for the cost layer.

CPUE ~ year + month + s (GT fishing boat) + fishing
gear + s (Crew) + fishing trip [1]

Model calibration was performed using SPF and the
Boundary Length Modifier (BLM). SPF values were
adjusted to penalize solutions that failed to meet conservation
targets, while BLM was tuned to balance spatial compactness
and cost efficiency (Keen et al. 2024). The Boundary
Length Modifier (BLM) was set to 0 to allow the
optimization process to prioritize conservation target
achievement and cost efficiency without imposing
additional constraints on spatial compactness. Three
conservation scenarios were evaluated using habitat
protection targets of 40%, 70%, and 100%, with each
scenario run 1,000 timesto ensure solution stability.
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Outputs were evaluated using the sum solution, which
indicates the frequency of planning-unit selection across
runs and was used to identify areas of high conservation
priority. Areas with high selection frequency (output sum
solution) indicate zones of significant ecological value and
low relative cost, making them ideal candidates for core
zones (Chan et al. 2011; Delavenne et al. 2012). The
information of conservation and cost feature, target
conservation, score and species penalty factor, and data
source information is presented in Tables 2 and 3.

RESULTS AND DISCUSSION

Catch Per Unit Effort (CPUE)

According to catch data reported by the North Sulawesi
Province Marine and Fisheries Agency, the Catch Per Unit
Effort (CPUE) for mackerel scad exhibited an overall
increasing trend during the 2019-2023 period (Figure 2). In
2019, CPUE was recorded at 324.28 kg.trip™!, rising to
375.66 kg.trip™ in 2020. A slight decline occurred in 2021,
with CPUE decreasing to 344.79 kg.trip”!. Nevertheless,
CPUE increased substantially in subsequent years, reaching
490.34 kg trip™! in 2022 and further rising to 511.86 kg.trip
' in 2023. Changes in CPUE over time may arise from
temporal variation in the level of fishing effort exerted
across different years. Differences in the number of fishing
trips, operational intensity, and the number of fishing
vessels actively operating each year can lead to fluctuations
in CPUE values.

Table 2. Conservation features, as in the Marxan scenario, are
used for designing the marine conservation area

. Species
fCeE;lsizvatlon Tzlo;)g)et Penalty Data source
Factor (SPF)

Spawning area 70 10 Hakim et al. (2025)

Nursery area 40 7 Hakim et al. (2025)

Sea mount 100 10 PANGAEA data
(Yesson et al.
2011)

Fish migration 100 7 Field observation

data

Table 3. Cost features as input in the Marxan scenario for designing the marine conservation area

Cost feature Classification Value Data source
Fishing grounds 7 North Sulawesi Province Marine and Fisheries Agency (2023)
Fish Aggregating Devices (FADs) 10 North Sulawesi Province Marine and Fisheries Agency (2023)
Fishing effort Low 5 North Sulawesi Province Marine and Fisheries Agency (2023)
Moderate 7
High 10
Vessel position (Vessel Monitoring System)  Low 5 MMAF (2024)
Moderate 7
High 10
Vessel position provided by VBD-VIIRS Low 5 https://globalfishingwatch.org/ and
satellite Moderate 7 https://eogdata.mines.edu/vbd/
High 10
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An increase in the number of vessels and fishing effort
generally results in higher exploitation pressure, which may
affect catch efficiency per unit of effort. Conversely,
reduced fishing activity or a smaller active fleet may
produce changes in CPUE that reflect shifts in operational
dynamics and exploitation pressure on fish stocks over
time.

In addition, based on the CPUE modeling showed that
several operational predictor variables were found to have a
significant influence on CPUE variability. These variables
included the use of mini purse seine fishing gear, number
of crew, and fishing boat tonnage. The effect of mini purse
seine gear highlights the importance of fishing technology
in determining catch efficiency. Meanwhile, the number of
crew reflects labor capacity supporting fishing operations,
and fishing boat tonnage is associated with the vessel’s
ability to access fishing grounds and accommodate catch
volume. Therefore, these findings suggest that changes in
mackerel scad CPUE are influenced not only by temporal
factors but also strongly shaped by the operational
characteristics and fishing capacity of the fishing boat.

Design of conservation area by Marxan

The conservation area design in this study focused on
the northern Sulawesi Sea, where Marxan was used to
identify spatial priorities for protecting key habitats of
pelagic fish, particularly mackerel scad (D. macarellus).
The northern coastal waters of Sulawesi and adjacent
offshore areas contain important oceanographic features,
including seahills and seamounts, which are likely to
support pelagic fish habitat. In contrast, the waters between
Sangihe Island and Karakelong Island showed no documented
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presence of seahills or seamounts, whereas the northern
offshore waters near the Philippine maritime boundary
contained a relatively broad distribution of these features
(Figure 3.A). At the same time, spatial fishing-ground data
indicated that most of the northern Sulawesi Sea is actively
used for pelagic fisheries, particularly for mackerel scad
(Figure 3.B), while fishing-intensity analysis based on
VIIRS and VMS showed very high vessel activity in the
northern coastal zone and comparatively lower activity
around Sangihe and Karakelong Islands (Figure 3.C).
Together, these patterns provide the ecological and socio-
economic basis for defining conservation and cost features
in the Marxan analysis (Figure 3).
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Figure 2. Standardized CPUE trend of mackerel scad
(Decapterus macarellus) in the Sulawesi Sea, Indonesia, from
2019 to 2023. The blue line represents the mean standardized
CPUE (kg.trip"), while the shaded grey area indicates the 95%
confidence interval

Figure 3. A. Distribution of seahill and seamount from PANGAEA data (Yesson et al. 2011), B. Fishing ground, C. Fishing intensity of
pelagic fishes in Sulawesi Sea, Indonesia provided by VIIRS and VMS
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Spatial analyses of spawning and nursery grounds,
together with larval dispersal patterns of mackerel scad (D.
macarellus), have been comprehensively mapped in the
Sulawesi Sea, providing a robust ecological foundation for
spatial conservation planning (Hakim et al. 2025). These
ecological datasets identify critical life-history habitats that
play a key role in sustaining recruitment and population
resilience of this highly exploited pelagic species. Building
on these insights, Marxan was applied to assess conservation
priorities under four alternative scenarios (Table 4), allowing
systematic evaluation of spatial trade-offs between ecological
objectives and socio-economic constraints. Scenario-based
planning is particularly valuable in data-limited and dynamic
marine systems, as it enables comparison among alternative
spatial configurations and supports informed decision-
making under uncertainty.

The Marxan analysis delineated a total Area of Interest
(AOI) of 4,387,019.82 ha, which was subsequently
classified into four candidate conservation areas with
distinct ecological and economic characteristics. Area I
represented the largest spatial extent, covering 1,598,939.95
ha (36.45%), followed by Area II with 1,490,667.50 ha
(33.98%), Area III with 697,621.46 ha (15.90%), and Area
IV with 599,790.91 ha (13.67%) of the total AOI. Despite
their large spatial coverage, Area I and Area II exhibited
contrasting conservation attributes. Area I contained multiple
high-value conservation features, including spawning
grounds, nursery habitats, and seamounts, but was also
associated with high socio-economic costs, as it overlapped
extensively with major fishing grounds characterized by
intense fishing activity. In contrast, Area II exhibited lower
ecological value, being dominated primarily by seamount
and seahill features, yet it incurred relatively low socio-
economic costs due to limited fishing intensity.

Areas III and Area IV both encompassed ecologically
important spawning and nursery habitats, underscoring
their relevance for pelagic fish conservation. However,
these two areas differed markedly in their socio-economic
implications. Area III was associated with moderate fishing
pressure, indicating potential trade-offs between conservation
objectives and fisheries activities. Conversely, Area IV
combined high conservation importance with comparatively
low fishing intensity, resulting in the most favorable
balance between ecological benefits and implementation
costs. This combination rendered Area IV the most cost-
efficient and strategically suitable conservation candidate
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among the four areas identified (Figure 4 and Table 4),
highlighting its potential role as a priority zone for ensuring
the sustainability of mackerel scad populations in the
Sulawesi Sea.

Based on the Marxan prioritization results, Area 1V,
located between Sangihe Island and Talaud Island, emerged
as the highest-priority conservation zone. Although it
represented the smallest candidate area, its ecological
importance was disproportionately high because it
encompassed essential spawning and nursery habitats for
D. macarellus. From a management perspective, Area IV
also offered the most favorable trade-off between
biodiversity protection and implementation cost, as it was
associated with lower fishing intensity than Areas I and III.
This combination of high ecological value and relatively
low socio-economic conflict supports the designation of
Area IV as the most suitable area for conservation action.
These findings demonstrate that conservation priority in the
Sulawesi Sea is determined not only by area size, but also
by the spatial overlap between ecological significance and
lower fisheries-use pressure.

The conservation priority of each planning unit, as
illustrated in Figure 5, was determined by its selection
frequency across Marxan simulations, which integrated
conservation targets for mackerel scad (D. macarellus)
spawning and nursery habitats with spatial patterns of
fishing activity. Selection frequency represents the
consistency with which a planning unit contributes to
meeting  conservation objectives under alternative
optimization runs. In the priority map, a color gradient is
used to visualize this pattern, where dark red indicates the
highest conservation priority, medium red represents
moderate priority, and light red denotes lower-priority
areas.

The result showed that high-priority planning units are
strongly concentrated in the central waters between
Sangihe Island and Talaud Island (Zone IV). This spatial
concentration reflects the ecological importance of the area,
which encompasses critical habitats that support reproductive
processes and early larval development of mackerel scad
(Hakim et al. 2025). The dominance of high selection
frequencies in Zone IV indicates that this area consistently
fulfills conservation targets while minimizing associated
socio-economic costs, reinforcing its suitability as a core
conservation zone.

Table 4. Result of the Marxan scenario (conservation and cost features)

Area Conservation features

Area estimation

Cost features

(Ha)
I High conservation features (spawning ground, High socio-economic cost (main fishing ground with 1.5 million
nursery ground, and seamount) high fishing intensity)
I Low conservation features (seamount and seahill) Low socio-economic cost (fishing ground with low 1.4 million
fishing intensity)
III  High conservation features (spawning ground and Moderate socio-economic cost (main fishing ground ~ 0.697 million

nursery ground)
IV High conservation features (spawning ground and
nursery ground)

with moderate fishing intensity)
Low socio-economic cost (fishing ground with low
intensity)

0.599 million
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Figure 4. Area of interest (AOI) on conservation zone candidate in Sulawesi Sea, Indonesia; Zone I with high conservation features
(spawning ground, nursery ground, and seamount) and high socio-economic cost (main fishing ground with high fishing intensity); Zone
II with low conservation features (seamount and seahill) and low socio-economic cost (fishing ground with low fishing intensity); Zone
IIT with high conservation features (spawning ground and nursery ground) and moderate socio-economic cost (main fishing ground with
moderate fishing intensity); and Zone IV with high conservation features (spawning ground and nursery ground) and low socio-

economic cost (fishing ground with low intensity)
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Notably, the spatial distribution of high-priority units
within Zone IV exhibits a clustered rather than dispersed
pattern, forming a relatively connected and contiguous
area. Such spatial coherence is ecologically advantageous,
as it enhances habitat continuity and increases the likelihood
that conservation measures will effectively support key
life-history processes of pelagic species, including
spawning success and larval survival. In contrast, planning
units with lower priority levels are more widely distributed
and occur mainly outside the core cluster, suggesting that
these areas contribute less consistently to achieving
conservation objectives. Overall, the clustering of high-
priority planning units in Zone IV underscores its strategic
importance for effective marine protected area (MPA)
design and for promoting the long-term sustainability of
pelagic fisheries in the Sulawesi Sea.

The Sum Solution output further confirmed the
importance of Area IV by showing the frequency with
which each planning unit was selected across Marxan runs.
Planning units with higher selection frequencies represent
areas that consistently contributed to meeting conservation
targets at lower cost. Within Area IV, the highest-priority
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class (700-1000 selections) covered 282,364.82 ha, equivalent
to 47.08% of the area, making it the dominant class in the
final solution. By comparison, the lowest-priority class (0-
99 selections) covered 163,282.74 ha (27.22%), while the
intermediate classes 100-299, 300-499, and 500-699 occupied
11,438.45 ha (1.91%), 33,328.13 ha (5.56%), and 15,657.89
ha (2.61%), respectively. This distribution indicates that
nearly half of Area IV was repeatedly selected as part of
the optimal conservation solution, highlighting its robustness
as a priority area (Table 5 and Figure 6).

Table 5. The area values each class interval from the output sum
solution in Marxan

Interval Areas (Ha)
0-99 163,282.74
100-299 11,438.45
300-499 33,328.13

500-699 15,657.89

700-1000 282,364.82
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Discussion

The standardized CPUE results indicated an increasing
trend for mackerel scad (D. macarellus) during the period
2021-2023, suggesting improved catch efficiency or spatial
concentration of the stock. However, this trend should be
interpreted cautiously, as recent stock assessments indicate
that total catches during 2020-2022 exceeded allowable
catch limits and surpassed Maximum Sustainable Yield
(MSY) in 2020 and 2021, signalling a high risk of
overexploitation (Gahunting et al. 2023). As a key small
pelagic species, mackerel scad plays an important role in
pelagic food webs by transferring energy from lower
trophic levels to higher predators. Sustained overfishing
may therefore disrupt ecosystem functioning and undermine
long-term fisheries productivity, highlighting the need for
ecosystem-based spatial management approaches such as
Marine Protected Area (MPA). Protecting the critical area
is essential to maintain reproductive success and larval
development, thereby enhancing population resilience and
supporting the long-term sustainability of pelagic fisheries.

Marine Protected Areas (MPAs) for pelagic fisheries
remain relatively new in Indonesia, highlighting the need
for research that integrates fish larval dynamics with
oceanographic features to identify critical habitats for
conservation (Hakim et al. 2025). According to Hakim et
al. (2025) that introduces an innovative approach by
examining larval distribution and dispersal patterns to
delineate spawning and nursery grounds of pelagic species,
which can serve as priority areas for protection. Such a
method not only strengthens the ecological basis for MPA
planning but also offers a replicable framework for other
regions in Indonesia. This initiative aligns with the
Government of Indonesia’s policy to support the Global
Biodiversity Framework, which aims to conserve 30% of
the world’s oceans. In line with this commitment, the
Government of Indonesia has announced a new Marine
Protected Area (MPA) policy, under which the country will
designate at least 97.5 million hectares of its waters as
MPAs by 2045. This policy is referred to as '30 by 45'
(MMAF 2024).

The Marxan analysis provides a spatially explicit basis
for addressing these risks by identifying conservation
priorities that balance ecological benefits with socio-
economic costs (Wijayanto et al. 2022). Among the four
candidate conservation areas, Area [V consistently emerged
as the highest-priority zone due to its combination of high
ecological importance and relatively low fishing intensity.
Unlike Areas I and III, which overlap with major fishing
grounds and incur higher opportunity costs, Area IV
encompasses essential spawning and nursery habitats while
maintaining lower levels of fishing activity, resulting in a
favourable cost-benefit trade-off for conservation
implementation. The ecological significance of Area IV is
supported by independent biological evidence indicating
that the northern Sulawesi Sea functions as a principal
spawning area for mackerel scad, with nursery habitats
concentrated around Sangihe Island and nearby waters
(Retnoningtyas et al. 2023; Hakim et al. 2025). The spatial
coincidence between these critical habitats and Marxan-
selected priority areas suggests that Area IV supports
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multiple key life-history stages of the species. Protecting
such areas is particularly important for pelagic species with
high mobility, as population persistence depends on
safeguarding spatially predictable spawning and early-life
habitats rather than continuous residency within protected
boundaries.

Based on the Marxan Sum Solution output further
reinforces the importance of Area IV. Approximately
47.08% of the area fell within the highest selection-
frequency class (700-1000), indicating consistent selection
across multiple optimization runs. Moreover, these high-
frequency planning units were spatially clustered, forming
a contiguous core zone rather than being dispersed across
the study area. This spatial coherence enhances habitat
connectivity and increases the likelihood that the conservation
area will function effectively by supporting reproductive
processes, larval retention, and early development. These
findings demonstrate the potential role of offshore marine
protected areas in the management of pelagic fisheries,
which remain underrepresented compared to reef-based
conservation initiatives. By targeting spatially persistent
ecological hotspots identified through quantitative modelling,
offshore MPAs can contribute meaningfully to stock
recovery and long-term resilience, even for highly mobile
species. The results of this study indicate that spatial
optimization tools, when integrated with ecological and
fisheries data, can effectively guide pelagic MPA design in
dynamic offshore environments.

The establishment of pelagic MPAs in the Chagos
Archipelago has demonstrated measurable recovery in tuna
stocks, underscoring the ecological benefits of offshore
habitat protection (Curnick et al. 2020). According to Aulia
et al. (2021), the application of the Marxan model to
identify no-take zones in Simeulue District resulted in the
selection of eight areas as potential no-catch zones. These
areas were prioritized based on the presence of coastal
habitats, biodiversity significance, and high conservation
value, with a total designated area of approximately
2,283.89 hectares (protecting 80% of the conservation
target). Also, according to Darmawan et al. (2025a),
successfully protecting 40% of the conservation target in
Arefi Island with a core zone of 19.53 hectares, a
utilization zone of 15.96 hectares, a sustainable fisheries
zone of 15.67 hectares, and other zones covering 92.89
hectares. Most MPAs remain reef-centric, with limited
integration of pelagic conservation targets.

Follow-up actions for Area IV, as a candidate marine
conservation area that require meticulous zoning to ensure
effective ecosystem protection. In accordance with MMAF
Regulation No. 31 of 2020, conservation areas must be
subdivided into distinct zones, such as core zones, limited
utilization zones, and other specialized zones. Core zones,
which are designed to protect critical habitats like
spawning, nursery, and feeding grounds, play a key role in
this framework by maximizing ecological protection while
balancing permitted human activities (Gutiérrez et al.
2024). According to Bograd et al. (2024), sustainable
fishery resources can be achieved when Marine Protected
Areas (MPAs) encompass at least 20-40% of critical
habitats, with a particular focus on areas vital for the
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survival of vulnerable species. Restricting activities such as
fishing and tourism in these critical zones is essential to
maintaining biodiversity and ecological resilience (Hughes
et al. 2016). The success of MPAs hinges on strict regulatory
measures that prevent detrimental activities and promote
the recovery of marine ecosystems, thereby supporting the
regeneration of fish stocks (Gongalves 2023; Cheung et al.
2024).

The validity of the proposed conservation area can be
tested using the triangulation approach, where every aspect
of the conservation area is thoroughly reviewed through
focused discussions. These discussions should involve
representatives from various stakeholders, including the
government, parliament, academics, non-governmental
organizations, and fisheries practitioners, to ensure that all
perspectives are accommodated (Halim et al. 2019). Such a
participatory approach not only enhances the quality of
planning but also strengthens the support of all involved
parties. Additionally, outreach to local communities
becomes a crucial element in the process of establishing
conservation areas. Raising local knowledge through
education and engaging communities based on socio-
cultural criteria can help promote the successful
implementation of conservation policies (Jennings et al.
2024). This approach ensures that local communities not
only support the establishment of conservation areas but
also feel a sense of ownership and responsibility for the
sustainability of marine resources in the region. Proposed
marine conservation areas must be free from conflicts of
interest to ensure that community and environmental
priorities are not overridden by individual gains. Therefore,
marine spatial allocation must be clearly defined to prevent
overlapping uses that could compromise both community
priorities and environmental protection (Calva 2018;
Twichell et al. 2018). The potential for pelagic fishery in
FMA 716 (which encompasses the Sulawesi Sea and the
northern waters of Halmahera) is substantial. However,
spatial studies in the Sulawesi Sea indicate that effective
management of this resource requires stringent regulations
to prevent continuous overexploitation.

From a management perspective, the designation of
Area IV as a core conservation zone offers a practical
pathway to reconcile biodiversity conservation with
fisheries sustainability. Limiting extractive activities within
this zone is expected to enhance stock replenishment and
potentially generate spillover benefits to adjacent fishing
grounds. More broadly, the spatial framework developed in
this study provides a transparent and scientifically
defensible basis for stakeholder engagement and adaptive
management. The integration of larval ecology, fishing-
effort distribution, and spatial prioritization offers a
replicable approach for offshore pelagic conservation
planning in Indonesia and other regions facing similar
management challenges.

In conclusion, this study identified four candidate areas
for offshore pelagic MPA development in the Sulawesi
Sea, with Area IV, between Sangihe and Talaud Islands,
emerging as the top conservation priority. Using Marxan
spatial optimization, Area IV offered the best balance of
high conservation value and low socio-economic conflict,
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encompassing critical spawning and nursery habitats for
mackerel scad (D. macarellus) across ~599,790.91 ha, of
which 282,364.82 ha (47.08%) formed a consistently
selected core zone. By integrating ecological data, fishing-
effort information, and systematic conservation planning,
the study presents a robust, replicable approach to cost-
efficient offshore conservation that advances MPA
planning in Indonesia beyond coastal-focused management
and supports the country's "30 by 45" target under the
Global Biodiversity Framework. Successful
implementation will ultimately depend on adaptive
management and inclusive stakeholder engagement to
strengthen governance, enhance compliance, and ensure
long-term fisheries sustainability, while advancing broader
marine conservation objectives.
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