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Introduction


Identifying spawning and nursery areas for exploited fish stocks is crucial for sustainable fisheries management, as these areas support fish reproduction and early development necessary for maintaining healthy fish populations. The mackerel scad, Decapterus macarellus, is a valuable species in Indonesia, playing a crucial role in the livelihoods of coastal communities and the national fishing industry. 







Methods


This study aims to identify the spawning and nursery areas of D. macarellus in the Sulawesi Sea, specifically within Indonesia's Fisheries Management Area (FMA) 716. Field sampling was conducted at 25 sites using bongo net tows to collect D. macarellus larval specimens. Hydro-oceanographic conditions were measured, and larval ages were estimated through otolith analysis. Based on these data, trajectory models were developed to assess the D. macarellus spawning and nursery habitats within the Sulawesi Sea. 






Results


Results indicate that spawning primarily occurs on the northern and western sides of Sangihe and Siau Islands. Nursery areas were identified in the southern Sulawesi Sea and Maluku Sea, where high zooplankton abundance supports juvenile growth. 






Discussion


Our findings highlight environmental conditions and critical habitats for D. macarellus, providing insights into spatial patterns of its spawning and nursery activities. The study underscores the need for pelagic fisheries marine protected area (MPA) to safeguard these critical habitats, ensuring sustainable fisheries amid increasing exploitation pressures. These findings provide a scientific basis for spatial management strategies, supporting Indonesia’s national MPA targets while offering a replicable framework for pelagic habitat conservation in other regions.
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1 Introduction


Identification of spawning and nursery sites of exploited fish stocks is crucial for ensuring the sustainability of fisheries management (Sadovy de Mitcheson, 2016). These areas are vital for the reproduction and early development of fish populations, and their protection can help maintain healthy fish stocks and support long-term fishing activities. Understanding where these critical habitats are located allows for the implementation of effective conservation measures and management strategies (Erisman et al., 2017; Campos et al., 2022).


The mackerel scad, Decapterus macarellus, first described by Cuvier in 1833, is widely distributed across the tropical and subtropical regions of the world’s oceans. They inhabit coastal and pelagic zones, often forming large schools in nearshore waters (da Cruz Delgado et al., 2024). D. macarellus is a pelagic fish species, oceanic, fast swimmer, and can be found at depths of 40–200 m (Smith-Vaniz, 1995). D. macarellus has a short lifespan, matures quickly, and preys on plankton (Peck et al., 2013).



D. macarellus plays a significant role in marine ecosystems, serving as both predator and prey, contributing significantly to the marine food web (Le Mézo et al., 2022; Shen et al., 2025). Spawning of the D. macarellus typically occurs during specific temperature ranges, with notable reproductive peaks influenced by environmental conditions, such as salinity and habitat type, impacting both adult and juvenile populations of the species (Hou et al., 2020). Thus, understanding its reproductive behaviors and habitat preferences is essential for ensuring its sustainability and ecological health.



D. macarellus is one of the most economically valuable fish species in Indonesia (MMAF, 2016; Retnoningtyas et al., 2023; Munandar et al., 2024). This pelagic species contributes significantly to the livelihoods of coastal communities and the broader fishing industry at the national level (Baso et al., 2021). In Indonesia, D. macarellus can be found in the Indonesia FMA (Fishery Management Area) 716 which includes the waters of the Sulawesi Sea and the northern part of Halmahera Island. Indonesia FMA 716 is located in North Sulawesi, an area with high coral reef biodiversity, as well as an important area for both small and large pelagic fisheries in Indonesia (Ambo-Rappe and Moore, 2019). Annual fish production in this area reaches 478,765 tons/year (MMAF, 2016). D. macarellus utilizes about 20-30% of those fishery production where most of the fish caught by purse seine net (MMAF, 2016). There was an increase in scads production from 36,630 tons in 2019 to 45,955 tons in 2023 (MMAF, 2025).



D. macarellus is also indicators of ecosystem health, as changes in their population dynamics can reflect shifts in environmental conditions or disturbances. Overfishing, habitat destruction, and climate change can adversely affect their populations, which in turn may lead to cascading effects throughout the food web (Fréon et al., 2005; Zhang et al., 2022). The decline of D. macarellus populations could disrupt the balance of predation and prey relationships, ultimately impacting both lower and higher trophic levels (Ajub et al., 2023; Le Mézo et al., 2022).


Indonesia, as a country with significant pelagic fish production including scads (Simbolon et al., 2019; World Bank and Ministry of Marine Affairs and Fisheries, 2024), needs on development of conservation areas to sustain its pelagic fishery. This is necessary due to high demand and extensive exploitation, which pose a risk of overfishing and threaten the sustainable use of these pelagic resources. Most of critical habitats of pelagic fishes within 12 nautical miles have been designated to conservation areas, most of which fall under the authority of the provincial governments (Soemodinoto et al., 2021). The establishment of pelagic conservation areas has been implemented in several countries, such as in Chagos, United Kingdom, covering an area of ​​​​approximately 500 million km2. This conservation area was originally aimed at protecting coral reefs, but it also encompasses tuna fishery (Sheppard et al., 2012). Curnick et al. (2020) stated that although there is no evidence of an increase in the stock of bigeye tuna (Thunnus obesus), large pelagic marine protected area (MPA) needs to be harmonized with fisheries management regulations to ensure that conservation benefits are obtained for pelagic fisheries. Indonesia already has 29.9 million hectares of conservation areas (MMAF, 2024), almost all of which are within 12 nautical miles of the provincial government authorities. Based on this, it is necessary to develop conservation areas to protect pelagic fish beyond of the provincial government authorities based on the critical habitats observed, such as the spawning and nursery areas of the pelagic fish.


This research aims to identify the spawning and nursery areas of D. macarellus in the Sulawesi Sea. By identifying these critical habitats, our investigation provides valuable information to develop effective management and conservation strategies for this economically important fish species. Our study highlights identifying key habitats and detailed descriptions of environmental conditions, insights into temporal patterns of spawning and nursery activities, and specific conservation recommendations. These findings are important in informing fisheries management practices and protecting the sustainability of D. macarellus populations within the Sulawesi Sea.






2 Materials and methods





2.1 Study sites


Samples of D. macarellus larvae and juveniles were collected from 25 sites in the Sulawesi Sea, Indonesia, located within the Indonesian Fisheries Management Area 716 (FMA 716) (
Figure 1
). A research vessel of the Indonesian Ministry of Marine Affairs and Fisheries (KM Bobara, BP3 Bitung) that equipped with the bongo net was used to sample the fish’ larvae and juveniles. The ichthyoplankton sampling was conducted on 23–29 September 2020, at 4 diel periods (i.e., 06:00 - 11:00, 12:00 - 17:00, 18:00 - 23:00, and 00:00 - 05:00). The sampling period follows information from the local fishers experienced that the peak spawning period of the D. macarellus occurred in September, and later this was validated by Retnoningtyas et al. (2024) where D. macarellus spawned throughout the year, peaking in January, March, May, and September. The research vessel cruised from the Bitung fishing Port to Site 1 around Manado Tua Island to Site 25 around Tahuna and Sangihe Islands (
Figure 1
). The sampling locations were selected based on previous studies of Retnoningtyas et al. (2024).


[image: Map of the Sulawesi Sea displaying sampling points marked in green for CTD and larvae collection, and a yellow point for the current meter. The sampling path is shown with arrows connecting points near islands including Sangihe, Siau, Tagulandang, and Karakelong. Includes a compass rose and a scale bar for distance. An inset shows a red-bordered area indicating the map's location within Indonesia.]
Figure 1 | 
Research vessel tracks and sampling locations of the study. (CTD, Conductivity Temperature Depth; CM, Current Meter).








2.2 Hydro-oceanographic profiles


To support development of the larval trajectory model (see Section 2.6. Determination of spawning and nursery areas using trajectory models), we collected data of hydro-oceanographic profiles (i.e., sea temperature and current) from Copernicus Marine Environment Monitoring Service (CMEMS). We then validated these data with measurement in situ. A CTD was used to collect the in situ vertical sea temperature profiles from 0 to 200 m depth at the 25 sites within the Sulawesi Sea (
Figure 1
). To validate current data of hydrodynamic modelling, a current meter (INFINITY Compact EM) was deployed at the depth of 5 m with a 10-second recording interval at the western side of Sangihe Island (
Figure 1
) from 29 September to 15 October 2020.






2.3 Ichthyoplankton sampling


Larvae and juveniles of D. macarellus were collected using a conical bongo net with a diameter of 60 cm, a mesh size of 0.5 mm, and a length of 3 m. The oblique tow method, involving the gradual ascent of the net from a depth of 100 m to the surface, was employed using the research vessel’s winch (González-Quirós et al., 2003). During the towing process, the vessel proceeded at a slow speed of 2–3 knots. The volume of filtered seawater was determined by a TSK flow meter (the Tsurumi-Seiki Co., Ltd.) attached to the net’s opening. Samples retrieved from the net were initially stored in a 1,000 ml mother bottle, then transferred to 16 L ice containers, and sorted immediately on board. The number of larvae and juveniles collected was recorded, and the volume of seawater filtered was utilized to estimate the abundance of D. macarellus larvae and juveniles (individuals per 10,000 m³). At each site, samples from the bongo net were split for molecular and morphological analysis. Specimens for molecular analysis were preserved in absolute ethanol, while those for morphological analysis were first preserved in 10% formalin for 3–4 hours, rinsed with water, and then preserved in 80% ethanol (e.g. Simanjuntak et al., 2015, 2020).






2.4 Fish larval identification and developmental stage


The larva and juvenile of D. macarellus were morphologically identified following the guidelines of Okiyama (2014) and Leis and Carson-Ewart (2000). Genetic identification was performed using DNA barcoding of the mitochondrial cytochrome oxidase C subunit-1 (COI). Fish larvae and juveniles’ samples underwent pretreatment and DNA extraction according to the Qiagen Blood & Tissue Kit protocol. The isolated DNA was replicated using the BIONESIA PCR protocol with BCH/BCL and F1/R1 primers (Ward et al., 2005). The DNA extraction and sequencing process was conducted at BIONESIA Laboratory and Genetica Science Indonesia. The DNA analysis involved comparing the replicated sequences with the GenBank database (NCBI) through phylogenetic tree analysis. This analysis illustrates the evolutionary relationships among the different samples, highlighting the genetic similarities and differences within the Decapterus genus.


The larval development stages of D. macarellus were meticulously determined using morphological criteria outlined by Kendall et al. (1984). Development stages were categorized with precision as follows: preflexion larva with yolk (designated as “A”), preflexion larva without yolk (B), flexion larva (C), post-flexion larva (D), and juveniles (E).






2.5 Age estimation and determination of spawning and nursery habitats


The age of D. macarellus larvae and juveniles were estimated by calculating the daily growth increments on the sagittal otoliths. The age determined from the sagittal otoliths was used to back-calculate the larval hatching and spawning periods, following the method described by Jones (1986) and Simanjuntak (2016). The duration of the incubation period (from egg to larval hatching) and larval body length data from related species, such as D. macrosoma and D. kurra, served as references (Pauly and Pullin, 1988).






2.6 Determination of spawning and nursery areas using trajectory models


Two drift trajectory models were developed using the MOHID water modelling system (MOHID Water Modelling System, 2024) to identify the spawning and nursery areas of D. macarellus. We employed imposed solution from computed hydrodynamics derived from CMEMS data portal (https://marine.copernicus.eu/; product code: GLOBAL_ANALYSISFORECAST_PHY_001_024) as the input to the model. This product is characterized by two-dimensional model output, an hourly temporal resolution, and ~9km of spatial resolution. To check the model, we compared the current frequency generated by the model with measurements from the current meter, and the sea surface temperature output from the model with satellite imagery. The initial condition of the drift model is based on the floating object configuration as the passive tracer and the larvae assume remain the same over the simulation period time. Hence, larval of D. macarellus was assumed as a passive tracer where its movement was highly dependent upon the hydrodynamics in the Sangihe-Talaud Waters. The number of larvae used for simulation dependent on the sampling evidence and releasing it in the ocean’s surface. Due to the low number of larval abundances, the larval abundances were converted to 1000 m3 to allow MOHID to develop the trajectory path. The spawning and nursery phase and age class are determined based on growth calculation of the species, described on the sub chapter age estimation (see section 2.5). Referring to the average larval age from each station, a backward trajectory model was developed ranging from Day-0 up to Day-15 from the sampling day to identify the spawning habitat of D. macarellus. The backward trajectory model was developed using the formula:
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 was found as the main generator and determined the starting point of larval movement.


Slightly different than the determination of spawning habitat, a combination of backward trajectory and forward trajectory was applied to identify the nursery habitat. Onset the nursery starts at 25 days after hatching, when they attained juvenile stage. A backward trajectory model was developed ranging from Day-0 to Day-15 while the forward trajectory model was developed from D+0 to D+15 to identify the nursery habitat.







3 Results





3.1 Hydro-oceanographic condition of the Sulawesi Sea


The sea surface temperature in the Sulawesi Sea exhibits seasonal variations throughout the year. In the first quarter (January-March), the lowest temperature recorded is 26.7°C and the highest is 32.7°C, with an average temperature of 29°C. In the second quarter (April-June), the lowest sea surface temperature is 26.8°C and the highest is 32.6°C, with an average of 29.5°C. In the third quarter (July-September), the lowest sea surface temperature is 27.3°C and the highest is 32.3°C, with an average of 30.1°C. In the fourth quarter (October-December), the lowest sea surface temperature is 27.8°C and the highest is 32.5°C, with an average of 30°C. Overall, the sea surface temperature in the Sulawesi Sea is cooler in the first and second quarters and becomes warmer in the third and fourth quarters (
Figure 2
).


[image: Box plot showing temperature data in Celsius for January, April, July, and October 2020. Each box represents interquartile range with medians highlighted. Outliers are marked above and below whiskers.]
Figure 2 | 
Sea surface temperature variability at the study area in Sulawesi Sea during January, April, July, and October 2020. Data source: Copernicus Marine Environment Monitoring Service (CMEMS).




In the first quarter (January-March), the sea current moves from east to southwest with a mean velocity of 0.3554 m/s. In the second quarter (April-June), the current moves from east to west with a mean velocity of 0.38367 m/s. In the third quarter (July-September), the current moves from southeast to southwest with a mean velocity of 0.4545 m/s. In the fourth quarter (October-December), the current moves from northwest to east with a mean velocity of 0.38954 m/s. Information on current patterns in the Sulawesi Sea is important for understanding local climate patterns, marine ecosystem dynamics, and the potential distribution of D. macarellus larval habitat (
Figure 3
).


[image: Four wind rose charts show wind speed distributions for January, April, July, and October 2020. Each chart displays directional wind data using segments of varying length and colors, indicating ranges from 0 to 2.2 meters per second. July and October have the highest wind speed averages, while January and April show lower values. Each chart includes a legend and directional axes.]
Figure 3 | 
Sea current pattern at the study area in Sulawesi Sea in January, April, July, and October 2020. Colors represent sea current speed ranges; grey circles represent the percentage frequency of sea current coming from each direction. Data source: Copernicus Marine Environment Monitoring Service (CMEMS).




The validation of vertical temperature data from Marine Copernicus (ex-situ) was compared with field observations (in situ) using CTD to assess the suitability and accuracy of both data sets. Vertical temperature validation was conducted at station 11 (representing the west) and station 16 (representing the east validation). The Root Mean Square Error (RMSE) value at station 11 (west validation point) was 1.043. Meanwhile, station 16 (east validation point) has an RMSE value of 0.625. These results show no significant difference between the data from the model results and observations. The low RMSE value indicates that ex-situ measurements are almost accurate or the same as in-situ measurements. The vertical temperature profiles of the two stations are shown in 
Figure 4
.


[image: Two graphs labeled A and B compare temperature profiles by depth in meters, with Temperature in degrees Celsius on the x-axis and Depth on the y-axis. Both graphs compare model data in green and observation data in blue. Graph A shows a root mean square error (RMSE) of 1.043, while Graph B shows an RMSE of 0.625.]
Figure 4 | 
Vertical profiles of sea temperature (°C) relative to depth (meter), from observation (blue lines) and model (green line) at Station 11 (A) and Station 16 (B).








3.2 Species identification of Decapterus macarellus based on morphology and molecular approaches


Larvae and juveniles of D. macarellus were identified according to the criteria set forth by Okiyama (2014) and Leis and Carson-Ewart (2000). D. macarellus larvae exhibit moderate body depth, and the gut is initially straight but begins to coil at a body length of 2.5 mm. The head is moderate to large in preflexion larvae and becomes large in postflexion larvae. The mouth is oblique and of moderate size, while the round eyes are notably large. Two rows of simple preopercular spines develop early in the preflexion stage. Additionally, the larvae display a series of melanophores along the dorsal and ventral midlines of the trunk, with pigmentation observed on the snout, brain, lower jaw, and gas bladder (
Figure 5
).


[image: Five developmental stages of a fish are shown. Top left: preflexion without yolk, 2.5 millimeters body length. Top right: flexion, 3.2 millimeters. Middle left: post-flexion, 4.7 millimeters. Middle right: post-flexion, 5.3 millimeters. Bottom: juvenile, 10.4 millimeters. Each fish is translucent with visible internal structures and large eyes.]
Figure 5 | 
Photos of different Decapterus macarellus larva development stages sampled at the Sulawesi Sea; BL is Body Length. *This specimen was used for the identification using DNA barcoding.




DNA barcoding confirmed the identification of the candidate species as D. macarellus, showing 100% similarity with D. macarellus data available in the NCBI GenBank (
Figure 6
). The sequence data for D. macarellus larvae and juveniles has been uploaded to NCBI, with the accession number BIOSUB104 002.


[image: Phylogenetic tree illustrating the genetic relationships among various Decapterus species and Scomber sp. The tree includes different sequences with bootstrap values indicating confidence levels at the nodes. The scale bar represents genetic distance.]
Figure 6 | 
A phylogenetic tree that was constructed for Decapterus macarellus larval samples (BIOSUB104 002) in comparison with other Decapterus species available in the NCBI GenBank.








3.3 Occurrence, abundance, and developmental stages composition of Decapterus macarellus



Larvae and juveniles of D. macarellus were identified in 14 of 25 sampling stations. The highest abundance was recorded at station 7 (east of Sangihe Island), with densities exceeding 200 individuals per 10,000 m³. Station 3 (Talaud Island) followed, with densities ranging from 151 to 200 individuals per 10,000 m³, while station 1 (north of Bunaken National Park) exhibited abundances of 101 to 150 individuals per 10,000 m³. Other stations reported lower abundances, ranging from 1 to 50 individuals per 10,000 m³. The abundance of D. macarellus larvae and juveniles at each station is illustrated in 
Figure 7
.


[image: Map of the Sulawesi Sea showing islands: Sangihe, Siau, Tagulandang, and Karakelong. Circles represent density, with larger circles indicating higher densities. A scale and compass are included.]
Figure 7 | 
Occurrence and abundance of Decapterus macarellus larvae in each sampling sites in Sulawesi Sea. Different circle sizes represent different density (no.10,000 m-3) ranges.




During the study, we identified four developmental stages of D. macarellus: preflexion larvae without yolk (B), flexion larvae (C), post-flexion larvae, and juveniles (E). No eggs (embryos) or preflexion larvae with yolk (A) were found at any of the study sites. The composition of larval stages of D. macarellus at each station is illustrated in 
Figure 8
.


[image: Map of the Sulawesi Sea showing pie charts representing developmental stage composition percentages at different locations. Stages include preflexion without yolk, flexion, post-flexion, and juvenile. Islands like Sangihe, Karakelong, Siau, and Tagulandang are marked, with a scale and compass for orientation. An inset map shows the broader geographical area.]
Figure 8 | 
Composition of larval developmental stages (distinguished by color) of the Decapterus macarellus in each sampling site in the Sulawesi Sea.




At station 1, flexion and post-flexion stages were found, each comprising 50% of the total. Station 2 had a composition of 75% flexion larvae and 25% post-flexion larvae. At station 3, flexion stages accounted for 60%, while post-flexion stages made up 40%. Station 6 yielded 40% preflexion larvae without yolk (B), 50% flexion stages, and 10% post-flexion stages. Stations 7, 9, 10, 12, and 15 only contained preflexion larvae without yolk (B), while station 8 exclusively had post-flexion stages. Station 11 reported 75% post-flexion and 25% flexion stages, and station 14 had an equal distribution of flexion (50%) and post-flexion (50%) stages. At station 17, both post-flexion (50%) and juvenile (50%) stages were present. Finally, station 19 recorded preflexion larvae without yolk (45%), flexion stages (45%), and post-flexion stages (10%). The dominant larval developmental stages at each sampling station were used as a basis to develop the larval trajectory model.






3.4 Body length and aging of Decapterus macarellus



The body lengths of D. macarellus larvae and juveniles varied by developmental stage: preflexion without yolk (B) ranged from 2.1 to 3.4 mm, flexion (C) from 2.4 to 6.5 mm, post-flexion (D) from 4.1 to 9.3 mm, and juveniles (E) from 9.2 to 15.4 mm. Otolith analysis revealed that preflexion larvae without yolk were 3–5 days after hatching (DAH), flexion larvae were aged 8–13 DAH, post-flexion larvae were between 14–22 DAH, and juveniles ranged from 23–25 DAH.


The dominant samples of D. macarellus caught were in the flexion stage (age range: 8–13 DAH) and post-flexion stage (14–22 DAH). These fish reach the juvenile stage at 23–25 DAH. To estimate the spawning period, a trajectory model was developed by counting backward 9–14 days from the sampling date, while a forward trajectory model was created by projecting 14–15 days ahead to elucidate the nursery area dynamics of this species.






3.5 Spawning and nursery areas identification of Decapterus macarellus



Identification of spawning and nursery areas of D. macarellus was projected through backtracking and forwardtracking models, respectively. The first transect (stations 1-5) showed the movement of larval from Day-1 to Day-5 towards the west of the Sulawesi Sea, then from Day-6 to Day-15, the movement of larval continued to move westward from the Sulawesi Sea. The second transect (stations 6-10) showed larval movement from Day-1 to Day-5 moving towards the west of the Sulawesi Sea. Then from Day-6 to Day-15 the movement of fish larvae was found to originate from the Philippine waters or north of the Sulawesi Sea which moved south to the waters of Sangihe Island and Tahulandang Island and continued to turn towards the west of the Sulawesi Sea.


Furthermore, in the third transect (11-16), from Day-1 to Day-15, the larva movement is moving from around the southern waters of Sangihe Island towards the western Sulawesi Sea. The fourth transect (stations 17-19) from Day-1 to Day-15 found the larva movement moving from the northern area of the Celebes Sea or Philippine waters towards the south towards the waters around Sangihe Island. Therefore, the spawning ground of D. macarellus is around Sangihe Island and the Sulawesi Sea. The results of the plot of the backtracking model for estimating the spawning ground of D. macarellus are shown in 
Figure 9
.


[image: Grid of sixteen maps showing oceanographic sampling sites over fifteen days with varying color-coded groups. Each map, labeled from Day 0 to Day -15, displays site distributions near coastal regions. Colors range from blue to red, indicating groups from 1-5 to 17-19.]
Figure 9 | 
Backtracking model to identify spawning areas of the Decapterus macarellus in the Sulawesi Sea; colors represent different groups of sampling sites.




The results of the forward tracking model in D. macarellus showed that there were different variations in larval movement patterns at each observation station (
Figure 10
). The estimation of forward tracking in D. macarellus was conducted to estimate the nursery ground based on the larvae movement after being caught at the observation station. In the first transect (stations 1-5) the larvae movement from Day+1 to Day+5 moved from Biaro Island towards Talisei Island and around the northern part of Bunaken National Park. Then from Day+6 to Day+15, the larvae turned back towards the south and gathered between the waters of Talisei Island and Biaro Island. In the second transect (stations 6-10), the larvae from Day+1 to Day+5 moved from the northwest towards the south, and on Day+6 to Day+10, the larvae moved from the south towards the east. From Day+11 to Day+12 the larvae moved from the east towards the northeast approaching North Maluku Island. Then on Day+13 to Day+15, the larvae turned northwest and headed north to the Sulawesi Sea.


[image: Sixteen-panel map showing the dispersion of sampling sites in the Atlantic Ocean over fifteen days, starting from Day 0 to Day 15. Each panel progressively reveals spreading colored patterns, ranging from blue for sites 1-5 to red for sites 17-19, according to a color scale on the left. Patterns expand from the western Atlantic eastward, influenced by ocean currents depicted as swirling lines.]
Figure 10 | 
Forward tracking model to identify nursery areas of the Decapterus macarellus in the Sulawesi Sea; colors represent different groups of sampling sites.




Furthermore, the third transect (stations 11-16), the larvae on Day+1 to Day+5 moved westward and turned towards the northwest, then on Day+6 to Day+10 turned southward to the Maluku Sea waters and on Day+11 to Day+15 the larvae moved eastward to the waters around North Maluku and moved back northwestward to the northern waters of the Sulawesi Sea approaching the Philippine waters. The fourth transect (stations 17-19), on Day + 1 to Day + 7 the larvae around Sangihe Island moved westward and turned southward to the waters of Biaro Island and Bitung. On Day+8 to Day+10, the larvae moved eastward to the waters of the North Moluccas Sea, and on Day+11 to Day+15, the larvae moved northward from the Moluccas Sea to the northern waters of the Celebes Sea approaching the Philippine waters. The nursery ground of D. macarellus based on the forward tracking method, is in the Sulawesi Sea, between the waters of Sangihe Island to the waters of Biaro Island, the waters around North Maluku and the north of the Sulawesi Sea bordering Philippine waters. The results of the forward tracking plot for the nursery ground of D. macarellus are shown in 
Figure 10
. The spawning and nursery areas on the map are shown in 
Figure 11
.


[image: Maps displaying larval fish density in the Sulawesi Sea, north of Sulawesi, Indonesia. Panel A shows density using yellow to orange shades for 1 to 17 individuals per square kilometer. Panel B extends the density range with additional shades to indicate up to 277 individuals per square kilometer. Key locations like Manado and islands such as Sangihe and Karakelong are labeled. An inset map shows the region's location in Indonesia.]
Figure 11 | 
Spawning (A) and nursery (B) areas of the Decapterus macarellus in the Sulawesi Sea based on the trajectory model.









4 Discussion


The identification of spawning and nursery areas of D. macarellus in the Sulawesi Sea was conducted by analyzing the abundance and distribution of the species’ larvae. By utilizing the MOHID water modeling tool, spawning areas were identified through backward trajectory analysis based on the age and location of the larvae. Conversely, forward trajectory analysis was employed to identify nursery ground areas. The findings from this study provide a significant contribution for the siting of pelagic marine protected area (MPA) in the Sulawesi Sea, including potential spatial and temporal management of D. macarellus stocks in the area.


The northern and western sides of Sangihe and Siau Islands are identified as the spawning areas of the D. macarellus in the Sulawesi Sea. According to the age of larvae, we identified the spawning timing of D. macarellus was from the days 8 to 13 days before the fish larval sampling period. This finding validates the findings observed by Retnoningtyas et al. (2024) where mature gonads of the species were also found in these areas. A very high percentage of mature D. macarellus individuals (97-100%) was observed on the northern and western sides of Sangihe and Siau Islands (Retnoningtyas et al., 2024). Additionally, we observed larger areas of spawning at the western side of Sangihe and Siau Islands, which are beyond areas that have been identified by Retnoningtyas et al. (2024). Our study also enriched the methodology used to estimate the spawning areas of the species, using ichthyoplankton research and trajectory model.


The nursery grounds of the D. macarellus in the Sulawesi Sea were observed from the southern side of the Sangihe Islands to the Maluku Sea. These areas are characterized with the high abundance of zooplankton which is the main diet of D. macarellus juveniles. The nursery sites were identified from day 15 onwards post fish larval sampling periods. The correlation between zooplankton abundance and nursery areas highlights the importance of these regions for the early development of the species. Additionally, a high abundance of D. macarellus juveniles was observed at about 90% in lift net catches around these areas (Pers. Observ.). This finding further confirms the importance of these areas as nursery grounds.


Oceanographic condition plays a significant role in the spawning, larval dispersal, and nursery areas of the pelagic fishes. Optimal sea temperatures influence gametogenesis in pelagic fishes (Pankhurst and van der Kraak, 1997). For instance, unfavorable sea temperatures for mature pelagic fishes can indirectly reduce energy investment in growth and reproduction (Jobling et al., 1993). The distribution of seawater temperature strongly contributes to spawning areas of pelagic fishes and is greatly influenced by water mass movement (Steffensmeier et al., 2024). Water mass movement affects other features such as chlorophyll-a and salinity, which impact food availability for juvenile pelagic fish (Eisner et al., 2013). The location of pelagic fish nursery areas can then be identified through water mass movement patterns. It is essential to develop precise water mass movement models that accurately represent field conditions.


Although this research successfully identified key spawning and nursery areas of D. macarellus during the peak reproductive period in September, potential seasonal and interannual variability in habitat use remains unexplored. Future studies incorporating multi-temporal sampling across different reproductive seasons are necessary to assess whether these habitats shift in response to environmental fluctuations. Such insights are critical for informing the spatial and temporal design of marine protected areas (MPAs) to ensure effective protection of essential habitats throughout the species’ life cycle. Moreover, the nursery areas were estimated only for the early juvenile stages, which can last for a specific number of days. The study did not cover the nursery areas for later juvenile stages, which are beyond the research target. This limitation highlights the need for further research to identify and protect nursery areas for all developmental stages of the D. macarellus. Understanding the full range of nursery habitats is essential for comprehensive conservation efforts and for ensuring the long-term sustainability of the species.


The implications of this research are important for the siting of MPA for pelagic fisheries in the Sulawesi Sea, Indonesia. The D. macarellus is the most important fishery resource in Indonesia as this species has becomes the highest production among other fish commodities (MMAF, 2025; Baso et al., 2021), including in the Sulawesi Sea. Ecologically, the scads fish are crucial forage species and targets of major fisheries, acting as a critical link between plankton and higher trophic levels, and supporting predators and fisheries through direct and indirect pathways (Ruzicka et al., 2024). Significant demand for food has been shown for this species which could lead to overfishing if the fishery is not sustainably managed. By identifying the critical spawning and nursery areas of the D. macarellus, the study provides valuable information that can be used to design MPA and their networks that effectively protect these habitats. This approach can help prevent overfishing, support the recovery of fish populations, and ensure the sustainability of the pelagic fisheries in the region. The findings underscore the importance of integrating scientific research into sustainable fisheries management and conservation planning.


The identification of D. macarellus spawning and nursery grounds in this study provided critical ecological evidence that informed the scientific basis for designating the Sulawesi Sea pelagic fisheries MPA in 2024. However, the final MPA boundaries and management measures were determined through a comprehensive, interdisciplinary process that integrated: (1) socioeconomic assessments of fishery dependence and livelihood impacts, (2) governance analyses of enforcement capacity and legal frameworks, and (3) supplementary ecological data on habitat connectivity and ecosystem services. This multidimensional approach ensured the MPA design balanced conservation objectives with sustainable fisheries management. Moreover, Although MPAs represent an effective mechanism for safeguarding critical habitats, their conservation efficacy can be enhanced through complementary seasonal fishery closures aligned with peak spawning periods of the D. macarellus (January, March, May, and September). This integrated management approach addresses urgent exploitation threats while maintaining ecosystem functionality.


MPA for pelagic fisheries is relatively new in Indonesia, necessitating research that integrates fish larvae studies and oceanographic features to identify unique and critical aspects of pelagic fisheries for conservation purposes. This research represents an innovative approach by examining fish larvae and their movements to identify pelagic spawning and nursery areas, which can be recommended for conservation. Furthermore, this method can potentially be replicated in other locations in Indonesia, considering Indonesia’s MPA vision 30x45, where the Government of Indonesia is committed to protecting 30% of its territorial waters (approximately 97.5 million hectares) by 2045 (MMAF, 2024).
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