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Abstract. This study examines the structure of Calanoida copepods communities along a gradient of 

anthropogenic pressure in Jakarta Bay and the Seribu Islands, Indonesia, utilizing environmental DNA 

(eDNA) metabarcoding techniques. Water samples were collected from four locations representing high 

(Tanjung Priok), moderate (Untung Jawa), and low (Pramuka and Harapan Islands) levels of disturbance. 

The amplification of mitochondrial COI (cytochrome oxidase I) fragments, followed by high-throughput 

sequencing, revealed significant spatial variation in both Calanoida abundance and genus composition. 

Conservation sites exhibited greater abundance and diversity, with domination of genera such as Stephos 

and Undinula. In contrast, urban areas were characterized by low richness and a predominance of tolerant 

genera such as Paracalanus. Non-parametric statistical tests confirmed significant differences among the 

sites, while cluster analysis categorized communities based on their level of impact. Although redundancy 

analysis (RDA) did not yield statistical significance, salinity and dissolved oxygen appeared to influence 

the patterns within the communities. These findings illustrate the sensitivity of Calanoida to environmental 

gradients and reinforce their role as bioindicators for tropical coastal ecosystems. The study highlights the 

significance of eDNA metabarcoding as a non-invasive approach for biodiversity monitoring, offering 

scientific justification for integrating molecular methods into coastal conservation and management 

strategies. 

Keywords: biodiversity monitoring, Calanoida copepods, community structure, environmental DNA, 

marine conservation, metabarcoding 

Introduction 

Coastal ecosystems, particularly in tropical regions, currently face an escalating threat 

from intensifying human activities, including pollution, eutrophication, and climate 

change. The decline in biodiversity not only results in the loss of species but also disrupts 

essential ecosystem functions, such as nutrient cycling, stability of food webs, and 

protection of shorelines. Uncontrolled discharges of domestic and industrial waste, 

combined with poorly managed tourism, exacerbate habitat degradation and facilitate the 

dominance of invasive species over native communities (Lü et al., 2020; Avram et al., 

2021). Furthermore, climate change intensifies these impacts by altering critical marine 

environmental parameters, such as temperature and salinity, ultimately jeopardizing the 

long-term resilience of coastal systems (Martínez et al., 2025). 

In response to contemporary environmental challenges, effective biodiversity 

monitoring has emerged as a critical component of conservation planning. Monitoring 

systems enable the early detection of ecological changes, support assessments of 
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ecosystem health, and support evidence-based decision-making (Kühl et al., 2020; 

Affinito et al., 2024). Recent advancements in DNA-based technologies—particularly 

environmental DNA (eDNA) and metabarcoding—have revolutionized the assessment of 

marine biodiversity. These methodologies enable the identification of species from 

environmental samples without direct observation, proving particularly beneficial for 

detecting cryptic or rare taxa that are challenging to identify morphologically (Λεοντίδου 

et al., 2021; Bella et al., 2024). When integrated with remote sensing and citizen science 

initiatives, these molecular tools can significantly enhance the spatial and taxonomic 

resolution of ecological monitoring. 

In Indonesia, Jakarta Bay and the Seribu Islands offer contrasting case studies that 

could significantly impact conservation efforts. Jakarta Bay is a highly disturbed coastal 

region, receiving waste inputs from over 13 rivers, and is affected by microplastic 

contamination, eutrophication, and frequent algal blooms, leading to hypoxic conditions 

(Aziz et al., 2021; Firdaus et al., 2023). In contrast, the Seribu Islands have implemented 

several conservation measures, including coral reef restoration, sustainable fisheries 

management, and environmentally conscious tourism development (Damar et al., 2023). 

Comparative studies suggest that the Seribu Islands maintain more stable environmental 

conditions, making them a valuable reference site for evaluating the health of coastal 

ecosystems (Edward and Kusnadi, 2023). Understanding how planktonic organisms 

respond to these environmental gradients requires a focus on taxa that are both 

ecologically important and environmentally sensitive. 

One such group is the Calanoida copepods, which are dominant herbivorous 

zooplankton that play a crucial role in transferring energy from phytoplankton to higher 

trophic levels, while also contributing to carbon cycling and nutrient dynamics in marine 

systems (Benedetti et al., 2022). Genera such as Paracalanus, Acartia, and Undinula 

exhibit distinct ecological preferences and are known to respond sensitively to variations 

in salinity, temperature, dissolved oxygen, and nutrient load (Ochocka, 2021; Hébert et 

al., 2022). Due to these sensitivities, Calanoida are increasingly recognized as effective 

bioindicators for assessing marine water quality (Muñoz-Colmenares et al., 2021; 

Widiastuti and Borumei, 2024). 

Despite their potential, eDNA-based studies of Calanoida communities in tropical 

ecosystems remain limited. However, the innovative use of eDNA metabarcoding in this 

study presents an exciting opportunity to expand our understanding of zooplankton 

community structure and to detect species that are overlooked by conventional methods 

(Feng et al., 2022). 

This study aims to investigate the composition of Calanoida copepods communities 

across a gradient of anthropogenic disturbance in Jakarta Bay and the Seribu Islands 

through eDNA metabarcoding. Furthermore, it evaluates their potential as bioindicators 

of environmental stress in tropical coastal ecosystems. 

Materials and methods 

Study sites 

This research was conducted across four coastal locations in Jakarta Bay: Tanjung 

Priok Port, Untung Jawa Island, Pramuka Island, and Harapan Island (Fig. 1). These 

locations were selected to represent a range of anthropogenic pressures. Tanjung Priok is 

exposed to considerable industrial and maritime activities, whereas Untung Jawa Island 

experiences a moderate level of pressure, positioned in a transitional zone between urban 
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development and tourism. Pramuka and Harapan Islands, which are part of the Seribu 

Islands National Marine Park, are classified as low-impact zones with conservation status. 

This spatial framework enabled the investigation of variations in the zooplankton 

community, specifically within the order Calanoida, in response to differing levels of 

environmental disturbance across urbanized tropical coastal systems. 

 

Figure 1. Map of sampling sites in the coastal waters of Jakarta Bay and the Seribu Islands, 

Indonesia. The eDNA sampling points indicate locations subjected to distinct levels of 

anthropogenic pressure: high (Tanjung Priok), moderate (Untung Jawa), and low (Pramuka 

and Harapan Islands, designated as conservation zones) 

 

 

Sample collection 

Four environmental DNA (eDNA) samples, each comprising 4 liters, were collected 

from each site utilizing sterile sampling bottles. The samples were obtained at depths 

ranging from 1 to 5 meters below the surface employing SCUBA (Self-Contained 

Underwater Breathing Apparatus). Immediately upon collection, the water was filtered 

through sterile 0.45 µm cellulose nitrate membrane filters (47 mm diameter) using a 

sterile peristaltic pump to capture suspended genetic material. The 0.45 µm pore size was 

selected based on the recommendations by Stoeckle et al. (2022) for optimal eDNA 

recovery from seawater. 

To mitigate the risk of contamination and DNA degradation, the filters were placed 

into sterile cryotubes containing 1.5 mL of DNA/RNA Shield (ZymoBIOMICS), stored 

within a cooling box, and subsequently transferred to a -20°C freezer in the laboratory. 

All sampling and filtration equipment underwent sterilization with a 10% hypochlorite 

solution and was rinsed with distilled water following established quality control 

protocols to ensure the reliability of molecular analyses (Kumar et al., 2021; Truelove et 

al., 2022; Kuncoro et al., 2023). 
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DNA extraction and amplification 

DNA was extracted from the membrane filters utilizing the DNeasy Blood and Tissue 

Kit (Qiagen, Venlo, Netherlands), following the manufacturer's standard protocol. This 

kit is widely used in molecular ecology for the extraction of high-quality DNA from 

various environmental matrices, including seawater, sediment, and soil (Thomson‐Laing 

et al., 2022; Child et al., 2024). 

The extracted DNA was subsequently amplified using universal primers mlCOIintF-

adpt (5′–GGW ACW GGW TGA ACW GTW TAY CCY CC–3′) and dgHCOI2198-adpt 

(5′–TAA ACT TCA GGG TGA CCA AAR AAY CA–3′), which specifically target a 313 

bp fragment of the mitochondrial cytochrome c oxidase I (COI) gene. 

PCR was executed in a total reaction volume of 25 µL, comprising 12.5 µL MyTaq 

HS Redmix (Bioline), 1.25 µL of each primer, 1 µL of DNA template, and 9 µL of 

nuclease-free water. The thermal cycling conditions were as follows: initial denaturation 

at 95°C for 5 minutes; 35 cycles of denaturation at 95°C for 1 minute, annealing at 48°C 

for 45 seconds, and extension at 72°C for 30 seconds; followed by a final extension at 

72°C for 10 minutes. 

Indexed amplification was performed utilizing the Nextera XT Index Kit and KAPA 

HiFi HotStart ReadyMix for 9 cycles (95°C for 30 seconds, 55°C for 30 seconds, and 

72°C for 30 seconds). The final PCR products were purified through AMPure XP beads 

and normalized to 4 nM prior to sequencing. 

High-throughput sequencing and bioinformatic analysis 

Sequencing was performed using the Illumina MiSeq platform with the MiSeq v2 kit, 

resulting in paired-end reads of 300 base pairs. This platform has been extensively 

validated for environmental DNA (eDNA) studies in complex marine ecosystems, 

offering a high depth of read and sequencing precision (Miya et al., 2020; Jackman et al., 

2021). 

Raw sequencing data were processed through the MBRAVE (Multiplex Barcode 

Research and Visualization Environment) web-based platform, which provides 

standardized pipelines for eDNA analysis. The initial steps involved trimming adapters 

and primers, and implementing length-based filtering (~200 base pairs) to ensure 

sequence quality and minimize errors (Mathon et al., 2021; Lamperti et al., 2023). 

Reads were clustered into Operational Taxonomic Units (OTUs), and taxonomic 

classification was conducted utilizing two reference databases: BOLD (Barcode of Life 

Data System) and NCBI GenBank, with a minimum similarity threshold of 98%. Only 

sequences classified under Kingdom Animalia were preserved for subsequent analysis. 

Taxonomic classifications were reported across seven hierarchical levels: kingdom, 

phylum, class, order, family, genus, and species. 

The completeness of reference databases is vital for accurate taxonomic identification. 

Inadequate entries may result in incomplete or ambiguous classifications (Gösser et al., 

2022; Jo and Yamanaka, 2022). Consequently, stringent similarity thresholds were 

enforced to enhance the reliability of identification (Tsuji et al., 2020; Govindarajan et 

al., 2021). 

Community diversity and statistical analysis 

The analysis of community diversity was predicated on the number of sequences 

derived from COI metabarcoding that successfully passed quality filtering and 
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standardization protocols. The unit of analysis was the genus-level taxa within the order 

Calanoida. Abundance at the genus level was quantified as the number of sequences 

recorded per site and subsequently converted to relative proportions to facilitate 

comparisons between sites. 

Differences in genus distribution across the various sites were examined using the 

non–parametric Kruskal–Wallis test, as the data did not satisfy the assumptions of 

normality and homoscedasticity. This analysis was succeeded by a post hoc Dunn test 

with Benjamini–Hochberg (BH) correction, aimed at identifying statistically significant 

pairwise differences. 

A range of visual representations was generated to illustrate community structure and 

variations at the site level, which included Bar charts depicting the proportion of 

Calanoida relative to the total taxonomic reads, Stacked bar charts reflecting the relative 

composition of genera per site, Log- Transformed boxplots to visualize variations in 

abundance and statistical dispersion, Heatmaps featuring hierarchical clustering to 

evaluate similarity patterns among the 15 most dominant genera, Heatmaps of Dunn test 

p- values to emphasize the strength of pairwise differences. 

To assess the influence of environmental conditions on the abundance and composition 

of Calanoida genera, a combination of satellite-derived and modelled oceanographic data 

was utilized. Key ecological parameters—including temperature, salinity, dissolved 

oxygen (DO), nitrate (NO₃), and phosphate (PO₄)—were retrieved from the Copernicus 

Marine Environment Monitoring Service (CMEMS) database 

(https://marine.copernicus.eu/). These data represent standardized, high-resolution 

environmental products commonly used for ecological modeling and marine ecosystem 

assessments. The datasets were downloaded in NetCDF (.nc) format, a multidimensional 

data format widely adopted for oceanographic applications. Environmental variables 

were extracted, subsetted to the sampling coordinates, and averaged over the sampling 

period using Python (xarray and netCDF4 libraries) and R (ncdf4 and raster packages). 

This procedure allowed integration of spatially relevant environmental information for 

correlation analysis and multivariate ordination. All environmental values used in the 

study represent surface-layer conditions and are spatially matched to the four sampling 

locations: Tanjung Priok, Untung Jawa, Pramuka Island, and Harapan Island. 

To evaluate the relationship between Calanoida community structure and 

environmental parameters, Redundancy Analysis (RDA) was conducted utilizing the 

abundance of the top five genera and average site-level values for temperature, salinity, 

dissolved oxygen (DO), pH, nitrate (NO₃), and phosphate (PO₄). To mitigate issues of 

multicollinearity and overfitting due to the constrained number of sites, only two 

variables exhibiting low Variance Inflation Factors (VIF) and significant ecological 

relevance—salinity and DO—were retained for the final model. 

All statistical analyses and visualizations were conducted using R (version 2025.05.0) 

in RStudio (R Core Team, 2024). The ̀ vegan` package was used for multivariate analyses 

such as redundancy analysis (RDA), Bray–Curtis dissimilarity, and ANOSIM. Non-

parametric tests (Kruskal–Wallis and Dunn post hoc) were performed using the `rstatix` 

and `FSA` packages (Oksanen et al., 2022; Kassambara, 2023). Correlation analyses 

employed the `Hmisc` package (Harrell, 2024), and heatmaps were generated using 

`pheatmap`(Kolde, 2019). For barplots, boxplots, and multi-panel visualizations, we used 

`ggplot2` and ̀ patchwork` (Wickham, 2016). Environmental data in NetCDF format were 

processed using the `ncdf4` package (Pierce, 2019). Data wrangling and transformation 

were handled using `dplyr` and `tidyr` (Wickham et al., 2019). 

https://marine.copernicus.eu/
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Results and discussion 

Results 

Abundance and proportion of Calanoida 

Preliminary analysis of eDNA sequences revealed clear spatial variation in the 

abundance and proportion of Calanoida among the study sites. The highest relative 

proportions of Calanoida reads were detected at Pramuka Island (20.7%) and Harapan 

Island (18.9%). At Untung Jawa Island, the proportion decreased markedly to 2.7%, while 

only three Calanoida sequences were identified in Tanjung Priok, resulting in a negligible 

proportion (<0.01%) (Fig. 2a,b). 

 

Figure 2. Presents the taxonomic composition of environmental DNA (eDNA) sequences, which 

exhibited significant variation across different sites. This variation is illustrated in Figure 2a, 

which demonstrates the relative abundance of detected taxonomic orders across the study sites, 

as determined from annotated eDNA sequences. In Figure 2b, the percentage of Calanoida 

sequences relative to the total annotated eDNA reads at each site is displayed. The highest 

proportions of Calanoida sequences were observed at Pramuka and Harapan Islands, 

exceeding 20%, whereas Calanoida sequences were nearly absent at Tanjung Priok 

 

 

Absolute sequence counts followed a similar pattern, with the highest Calanoida 

abundance recorded at Pramuka Island (15,007 reads), followed by Harapan Island (8,500 

reads), Untung Jawa (1,370 reads), and Tanjung Priok (3 reads). This disparity in 

abundance reflects a strong environmental pressure gradient, aligned with the ecological 

characteristics of each site, ranging from marine conservation zones to heavily 

industrialized urban waters. 

Visualization through bar charts emphasized the contrast among sites and underscored 

the potential of Calanoida as a sensitive bioindicator group for detecting variations in 

coastal water quality. These findings provided a foundational basis for further analysis of 

community composition at a finer taxonomic resolution. 
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Genus composition of Calanoida 

Genus-level analysis revealed that Calanoida communities across the four sites 

comprised several dominant genera with varying spatial distributions. Based on relative 

abundance, the five most common genera across all locations were Paracalanus, 

Centropages, Undinula, Euchirella, and Stephos, although each site showed distinct 

genus dominance (Fig. 3). 

 

Figure 3. Relative composition of Calanoida genera based on eDNA sequence proportions at 

each site. Segment height reflects the contribution of each genus to total Calanoida sequences 

 

 

At Pramuka Island, the community was dominated by Undinula and Stephos, which 

together accounted for over 60% of the total Calanoida reads. In contrast, Harapan Island 

exhibited a more even distribution of genera, with comparable contributions from 

Paracalanus, Centropages, and Euchirella. At Untung Jawa Island, Paracalanids were 

dominant, while Tanjung Priok yielded too few valid reads for meaningful genus-level 

visualization and was excluded from the comparative composition analysis. 

Stacked bar chart visualizations clearly illustrated the differences in genus 

composition among sites, suggesting that local environmental factors and anthropogenic 

pressure have a strong influence on the Calanoida community structure. The dominance 

of particular genera at specific sites further supports their potential as indicator taxa for 

specific coastal ecosystem conditions. 

Genus abundance variation: Statistical testing and visualization 

Analysis of Calanoida genus abundance revealed statistically significant differences 

among the study sites. Most genera showed peak abundances at Pramuka and Harapan 

Islands, with genus-level read counts ranging from very low values (<10) to over 8,000. 

Conversely, Tanjung Priok showed extremely low abundance across nearly all genera, 

while Untung Jawa exhibited intermediate values. 
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A log₁₀-transformed dot plot (Fig. 4a) illustrated the genus abundance distribution at 

each site. The highest variability was observed at Pramuka, which featured several 

extreme values (outliers), while Tanjung Priok showed a narrow spread, approaching 

zero. 

 

Figure 4. Statistical comparison of Calanoida genus abundance across sites. (a) dot plot of 

log₁₀-transformed read counts showing significant differences among locations based on the 

Kruskal–Wallis test (χ² = 18.29; df = 3; p = 0.00038). Asterisks indicate pairwise significance 

levels from Dunn’s post hoc test with Benjamini–Hochberg correction: p < 0.05 (), p < 0.01 (), 

and p < 0.001. (b) Heatmap of adjusted p-values from Dunn’s test, highlighting statistically 

significant differences in Calanoida abundance among sites. Lighter shades indicate higher 

significance, with the strongest contrasts observed between sites under differing anthropogenic 

pressure (e.g., Harapan vs. Tanjung Priok) 

 

 

The Kruskal–Wallis test confirmed significant differences in genus abundance among 

the sites (χ² = 18.29; df = 3; p = 0.00038). Post-hoc Dunn tests with Benjamini–Hochberg 

correction revealed significant differences (p < 0.05) for the following site pairs: Harapan 

vs. Tanjung Priok (p = 0.007), Pramuka vs. Tanjung Priok (p = 0.012), Harapan vs. 

Untung Jawa (p = 0.006), and Pramuka vs. Untung Jawa (p = 0.008) (Fig. 4b). No 

significant differences were found between Harapan and Pramuka, or between Tanjung 

Priok and Untung Jawa. 

These findings were supported by a p-value heatmap, which indicated the strength of 

significance across site pairs. The color gradient illustrated the most robust differences, 

where anthropogenic pressure gradients were most pronounced. 

Community pattern based on heatmap and clustering 

Community distribution analysis of Calanoida genera, based on heatmap visualization 

and hierarchical clustering, revealed precise spatial segmentation among sites. Z-score 

transformations of row-scaled data demonstrated that Pramuka and Harapan Islands 

formed a distinct taxonomic cluster, characterized by the co-occurrence of Stephos, 
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Undinula, Centropages, and Euchirella. These locations exhibited high abundance and 

relatively even genus diversity, consistent with their status as designated marine 

conservation zones (Fig. 5). 

 

Figure 5. Heatmap of Calanoida genus distribution based on row-wise z-score transformation 

of relative abundance, accompanied by hierarchical clustering. The 15 most dominant genera 

are displayed along the vertical axis, with sampling sites on the horizontal axis. Color intensity 

reflects relative genus abundance, ranging from low (dark blue) to high (yellow). The Harapan–

Pramuka cluster exhibits high community similarity and diversity, in contrast to the Tanjung 

Priok–Untung Jawa cluster, which is characterized by genus-specific dominance or the absence 

of key taxa 

 

 

In contrast, Tanjung Priok and Untung Jawa formed a separate cluster characterized 

by lower diversity and limited presence of genera. The Calanoida community in Tanjung 

Priok was almost absent, while Untung Jawa was dominated by Paracalanus, a genus 

known for its tolerance to anthropogenic stress. This clustering pattern reflects a gradient 

of environmental degradation, ranging from natural to highly disturbed conditions. 

The taxonomic proximity between Harapan and Pramuka communities, as shown in 

the dendrogram, supports the hypothesis that similar habitat conditions within protected 

areas exert a homogenizing effect on zooplankton community structure. In contrast, the 

sharp differentiation from urbanized zones highlights the importance of ecosystem 

protection in maintaining eDNA-based zooplankton diversity. 
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Redundancy analysis (RDA) 

Redundancy Analysis (RDA) was conducted to evaluate the relationship between 

Calanoida community structure and environmental parameters. The initial dataset 

included five parameters: salinity, dissolved oxygen (DO), temperature, pH, nitrate 

(NO₃⁻), and phosphate (PO₄³⁻). Variance Inflation Factor (VIF) analysis revealed strong 

multicollinearity among pH, NO₃⁻, and PO₄³⁻ (VIF > 10), necessitating their exclusion 

from the final model to prevent overfitting. 

The final RDA model retained two ecologically relevant and statistically independent 

variables: salinity and dissolved oxygen. ANOVA by term revealed that both variables 

contributed a substantial proportion of the variance in community structure, although 

neither reached statistical significance at α = 0.05 (salinity: p = 0.333; DO: p = 0.125), 

likely due to the limited number of sampling sites. 

The RDA biplot indicated that the DO vector was positively associated with the 

communities in Tanjung Priok and Untung Jawa. In contrast, the salinity vector was more 

closely aligned with Harapan Island. Genera such as Euchirella, Centropages, and 

Undinula were positively associated with higher salinity levels, whereas Stephos and 

Paracalanus were more prevalent in environments with higher DO and relatively lower 

salinity (Fig. 6). 

 

Figure 6. Redundancy Analysis (RDA) biplot showing the association between Calanoida 

community composition (five dominant genera), environmental parameters (salinity and 

dissolved oxygen/DO), and sampling locations. Arrow direction and length represent the 

relative contribution of each environmental variable to community variation. Centropages, 

Euchirella, and Undinula were associated with higher salinity conditions, whereas Paracalanus 

and Stephos were more abundant in sites with elevated dissolved oxygen (DO) levels. The 

spatial distribution of sites indicates community segregation aligned with an environmental 

gradient from conservation areas to urbanized coastal zones 

 

 

These spatial patterns suggest that Calanoida community composition is shaped not 

only by anthropogenic pressure but also by consistent gradients in physicochemical 

conditions observed across the tropical coastal and conservation zones. 
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Discussion 

Calanoida abundance variation and ecological implications 

The abundance of Calanoida displayed pronounced spatial variation across the study 

sites, aligning closely with the gradient of anthropogenic pressure in Jakarta Bay and the 

Seribu Islands. The highest proportions of Calanoida reads were recorded at Pramuka 

(20.7%) and Harapan Islands (18.9%), both located within protected marine areas. In 

contrast, Tanjung Priok—a heavily urbanized site—yielded only three Calanoida 

sequences (<0.01%), and Untung Jawa, representing a transitional zone, showed a 

moderate proportion (2.7%). These findings demonstrate a clear suppression of 

Calanoida communities in areas with intense urban and industrial activity. 

Our results are consistent with those of Isibor et al. (2020), who reported that 

Calanoida abundance was significantly reduced in estuarine regions exposed to high 

levels of anthropogenic pollution, particularly nutrient enrichment and wastewater 

discharge. Similarly, Ekpo et al. (2023) found that Copepods diversity declined sharply 

in Nigerian coastal zones adjacent to oil production facilities, emphasizing the 

vulnerability of pelagic zooplankton to chemical and physical stressors in the water 

column. 

Several dominant genera detected in this study—Parvocalanus, Undinula, and 

Centropages—are well-documented for their ecological importance as intermediaries in 

marine food webs. Specifically, Kortsch et al. (2021) demonstrated that these genera 

facilitate efficient energy transfer from phytoplankton to higher trophic levels, and Prowe 

et al. (2022) noted that declines in their abundance can disrupt trophic efficiency and alter 

nutrient cycling. 

Statistical tests confirmed these differences: The Kruskal–Wallis test indicated a 

significant effect of site (p = 0.00038), and Dunn’s post hoc analysis identified significant 

pairwise differences between conservation (Pramuka, Harapan) and impacted sites 

(Untung Jawa, Tanjung Priok). This pattern reinforces the interpretation that 

environmental degradation has a direct impact on the stability and composition of 

Calanoida communities. 

According to Ochocka (2021), genera such as Undinula and Stephos tend to inhabit 

stable, oligotrophic waters, exhibiting strong sensitivity to both nutrient loading and 

reduced oxygen availability. This aligns with our observation that these genera were 

dominant in the protected sites but absent or scarce in disturbed areas. Additionally, da 

Gama Fernandes Vieira Júnior et al. (2020) documented that oligotrophic-adapted 

copepods decline rapidly when exposed to even moderate eutrophication, corroborating 

the suppressed abundance we recorded in urbanized waters. 

Interestingly, Parvocalanus was consistently present in Untung Jawa and to a lesser 

extent in other sites, suggesting its broader ecological tolerance. This supports the 

findings of Musa et al. (2022), who identified Parvocalanus as a genus capable of 

persisting under fluctuating salinity and nutrient conditions, often occupying transitional 

zones in tropical estuaries. 

In summary, the patterns of Calanoida abundance in this study are not merely shaped 

by natural ecological gradients but serve as concrete evidence of anthropogenic 

disturbance. The consistency of our findings with previously documented Copepods 

sensitivities (Medellín-Mora et al., 2021; Musa et al., 2022) underscores the reliability of 

Calanoida as a biological indicator for assessing the health of coastal ecosystems under 

escalating human pressure. 
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Genus composition as a reflection of environmental quality gradient 

The composition of Calanoida genera across the study sites revealed a clear ecological 

response to environmental gradients shaped by anthropogenic disturbance. Three 

dominant genera—Stephos, Undinula, and Paracalanus—exhibited spatial distributions 

aligned with differences in water quality conditions between protected and urbanized 

areas. 

Stephos and Undinula were found predominantly on the Pramuka and Harapan Islands, 

both of which are situated within the Seribu Islands National Marine Park. These genera 

are known to prefer oligotrophic conditions characterized by high salinity, stability, and 

elevated dissolved oxygen levels. Ochocka (2021) reported that Undinula tends to 

dominate in low-nutrient tropical waters, while Zhang et al. (2020) demonstrated that 

Stephos shows a strong avoidance of eutrophic coastal zones. Additionally, Sadaiappan 

et al. (2023) identified Stephos as an indicator genus frequently associated with minimally 

disturbed marine ecosystems, highlighting its ecological sensitivity. 

In contrast, Paracalanus was dominant at Untung Jawa and occurred in lower 

proportions at the other sites. This genus is well-documented for its broad ecological 

tolerance. In a study of semi-degraded eastern Pacific coastal zones, Marín and Tiunov 

(2023) found that Paracalanus often becomes the dominant genus in eutrophic or 

fluctuating environments, supporting its role as a diagnostic indicator of transitional water 

quality conditions. The spatial dominance of Paracalanus at Untung Jawa, a transitional 

zone between conservation and urban influence, reflects this ecological plasticity. 

The moderate presence of Centropages and Euchirella at the conservation sites further 

supports the pattern of greater community complexity under lower anthropogenic stress. 

Ochocka (2021) associated Centropages with stable open-water conditions, and Zhang et 

al. (2020) highlighted Euchirella's preference for habitats with higher salinity and 

minimal disturbance. Their co-occurrence with Stephos and Undinula reinforces the 

hypothesis of a more balanced and diverse Calanoida assemblage in protected areas. 

Although Redundancy Analysis (RDA) did not yield statistically significant results 

(salinity: p = 0.333; DO: p = 0.125), likely due to the small number of sampling locations, 

the ecological associations remain meaningful. The biplot showed that Centropages, 

Undinula, and Euchirella were oriented along the salinity gradient, whereas Paracalanus 

and Stephos were associated with dissolved oxygen levels. These associations are 

consistent with the environmental preferences reported in earlier studies (Zhang et al., 

2020; Sadaiappan et al., 2023). 

Hierarchical clustering and heatmap visualization revealed a distinct grouping of 

Calanoida communities at Pramuka and Harapan, separate from the urbanized sites of 

Tanjung Priok and Untung Jawa. Notably, no genera were unique to individual sites, 

indicating that differences in community composition were primarily driven by shifts in 

relative abundance rather than species turnover. This finding aligns with observations by 

Medellín-Mora et al. (2021), who reported that anthropogenic stress often leads to 

homogenization or simplification of planktonic communities in Caribbean coastal 

ecosystems. 

Overall, the genus-level composition of Calanoida serves as a sensitive indicator of 

environmental quality across the coastal gradient. Incorporating fine-scale taxonomic 

information into eDNA-based assessments significantly enhances ecological 

interpretation, particularly in complex tropical systems (Mao et al., 2022; Chen et al., 

2023; Mahajan et al., 2024). 
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Statistical significance in the context of tropical coastal ecosystems 

The non-parametric statistical approach employed in this study provides robust 

evidence for spatial variation in Calanoida community structure across coastal sites 

experiencing differing levels of anthropogenic disturbance. The Kruskal–Wallis test 

revealed a statistically significant difference in genus-level Calanoida abundance among 

the four sites (χ² = 18.29, df = 3, p = 0.00038), affirming that these communities are 

responsive to environmental stress gradients. 

This finding aligns with the ecological premise that biological communities in 

complex and heterogeneous tropical systems rarely conform to parametric assumptions 

of normality and variance homogeneity. As noted by Orçan (2020), the Kruskal–Wallis 

test is widely adopted in ecological research for analyzing species abundance data, as it 

effectively handles non-normal and heteroscedastic distributions. Its suitability is 

particularly evident in planktonic community assessments where stochastic 

environmental conditions often lead to skewed or zero-inflated data. 

Further insight was gained through Dunn’s post-hoc tests, adjusted using the 

Benjamini–Hochberg procedure to control the false discovery rate. These pairwise 

comparisons revealed significant differences (p < 0.05) between the conservation sites 

(Harapan and Pramuka) and the urbanized sites (Tanjung Priok and Untung Jawa), with 

no significant differences detected between the two conservation zones or between the 

two urban zones. This pattern reinforces the interpretation that differences in Calanoida 

community composition are primarily driven by the gradient of anthropogenic pressure 

and conservation status, rather than stochastic variation. 

Log-transformed boxplots (Fig. 4a) visually confirmed these differences, with 

conservation areas exhibiting wider abundance distributions and clear outliers, indicative 

of more dynamic and structured communities. In contrast, the near-zero distributions 

observed in Tanjung Priok and Untung Jawa reflected severely depauperate communities, 

likely due to degraded water quality. The corresponding heatmap of adjusted p-values 

(Fig. 4b) provided an intuitive representation of statistical contrasts, highlighting the 

strongest differentiation between sites with the highest ecological disparity, most notably 

Harapan vs. Tanjung Priok. 

This multifaceted statistical approach—combining non-parametric testing with visual 

analytics—demonstrates not only the presence of statistically significant community 

variation but also delivers ecologically meaningful interpretations. This finding aligns 

with those of Blowes et al. (2020) and Samhouri et al. (2022), who highlighted the 

importance of protected areas in maintaining more diverse and resilient biological 

communities compared to those under anthropogenic stress. 

In summary, the findings highlight the ecological significance of Marine Protected 

Areas (MPAs), such as the Seribu Islands, in mitigating biodiversity loss and promoting 

community stability in tropical marine ecosystems. Furthermore, they emphasize the 

importance of employing rigorous statistical frameworks that are tailored to the 

characteristics of ecological data. As shown in the works of Somerfield et al. (2021) and 

Stoev et al. (2023), non-parametric methods remain indispensable for generating valid 

ecological conclusions, especially when monitoring biodiversity under shifting 

environmental baselines. 
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Environmental parameters and community structure relationships 

The structure of Calanoida communities in this study exhibited meaningful ecological 

associations with environmental gradients, particularly salinity and dissolved oxygen 

(DO), as illustrated through Redundancy Analysis (RDA). Although the relationships 

were not statistically significant (p = 0.333 for salinity; p = 0.125 for DO), these patterns 

remain ecologically relevant. As emphasized by Amer and Mohamed (2022) and Dyson 

et al. (2023) non-significant p-values in ecological field studies often reflect constraints 

such as limited spatial replication, site heterogeneity, or inherent ecological variability, 

rather than the absence of underlying biological interactions. 

Salinity is widely recognized as a key abiotic driver shaping the distribution and 

physiological performance of marine copepods. Laboratory experiments and field studies 

have consistently shown that genera such as Undinula, Centropages, and Euchirella 

exhibit distinct salinity preferences that influence their reproductive success and 

community dominance. For instance, Choi et al. (2021) and Kuismanen et al. (2020) 

reported that Undinula and Centropages maintain optimal population densities in meso- 

to polyhaline conditions, matching our field observations in Harapan and Pramuka 

Islands, where salinity levels were higher and these genera were more abundant. In 

contrast, at lower-salinity sites such as Tanjung Priok, Calanoida communities were 

fragmented or largely absent, corroborating the findings of Abo‐Taleb et al. (2020) and 

Xu et al. (2025) regarding salinity-driven habitat filtering in degraded coastal systems. 

Dissolved oxygen also emerged as a potentially important factor structuring Calanoida 

assemblages. Studies by Karpowicz et al. (2020) and Wishner et al. (2020) demonstrate 

that low DO levels can suppress zooplankton diversity by favoring smaller, hypoxia-

tolerant taxa. In our study, genera such as Stephos and Paracalanus were more abundant 

in high-DO environments, indicating their physiological sensitivity to oxygen 

availability. Similar conclusions were drawn by Obuid-Allah et al. (2020) and 

Norambuena et al. (2022), who reported reduced reproductive efficiency and survivorship 

in Calanoida copepods under hypoxic conditions. 

Despite the RDA model’s statistical insignificance, the ordination biplot revealed 

coherent ecological gradients: Centropages, Euchirella, and Undinula were strongly 

aligned with salinity vectors, while Stephos and Paracalanus were more closely associated 

with DO. These differential associations are consistent with observations by Weinstock 

et al. (2022) and Ramondenc et al. (2022), who emphasized the interplay of abiotic drivers 

and anthropogenic stressors in structuring copepods communities. 

The integration of spatially explicit field data, ecological visualization, and 

multivariate statistical approaches such as RDA allows for the detection of biologically 

meaningful signals, even in the absence of formal statistical significance. As noted by 

Farrar et al. (2022) and Yang et al. (2025), interpreting ecological datasets based on effect 

sizes and directional patterns is essential in limited-sample studies, where conventional 

significance thresholds may obscure important trends. 

Taken together, the spatial patterns in Calanoida genera underscore their varied 

ecological tolerances, suggesting that these organisms serve as integrative bioindicators. 

Their distribution reflects the combined effects of physicochemical variation and 

anthropogenic disturbance, reinforcing their utility for monitoring the ecological status of 

tropical coastal ecosystems. 
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Ecological implications and management recommendations 

The observed dominance of Calanoida in conservation zones—particularly at 

Pramuka and Harapan Islands—underscores their central role in sustaining trophic 

balance and ecosystem stability in tropical coastal waters. In our study, Undinula and 

Stephos were dominant in these locations, consistent with previous findings that these 

genera thrive in stable, oligotrophic conditions with high dissolved oxygen and minimal 

anthropogenic disturbance (Ochocka, 2021; Sadaiappan et al., 2023). Their absence in 

the highly urbanized waters of Tanjung Priok reflects an ecological shift that may disrupt 

energy transfer pathways and secondary production, aligning with reports by Isibor et al. 

(2020) and Ekpo et al. (2023), who documented similar declines in copepods populations 

in polluted tropical estuaries. 

Our findings also support the assertion by Biggs et al. (2020) that a loss of sensitive 

zooplankton taxa can reduce functional redundancy and ecosystem resilience. The 

dominance of Paracalanus in the semi-disturbed site of Untung Jawa—consistent with 

its known tolerance to eutrophic and variable environments (Marín and Tiunov, 2023)—

suggests a transition toward opportunistic community structures, which may persist under 

stress but fail to support critical ecological functions (Weeks et al., 2025). This shift 

mirrors patterns documented in other coastal areas undergoing environmental 

degradation. 

Moreover, our findings confirm the role of Calanoida in the biological carbon pump, 

a mechanism critical for oceanic carbon sequestration. Genera such as Centropages and 

Euchirella, found in conservation areas, are recognized as significant contributors to 

vertical carbon flux through diel migration and fecal pellet production (Anderson et al., 

2021; Pinti et al., 2023). Their absence or rarity in urbanized sites could imply a 

diminished capacity for carbon export, echoing concerns raised by Xu et al. (2025) 

regarding biogeochemical imbalance in polluted coasts. 

In the context of management, our study reinforces previous conclusions by Vassallo 

et al. (2021) and Kim et al. (2020), who demonstrated the effectiveness of Marine 

Protected Areas (MPAs) in preserving mesozooplankton diversity. The contrasting 

Calanoida assemblages between the Seribu Islands National Park and Tanjung Priok 

support these findings and highlight the importance of protected areas in maintaining 

ecological integrity. Conversely, the degraded conditions at Tanjung Priok mirror the 

ecosystem decline described in Belloulou et al. (2023) for urbanized, unregulated coastal 

habitats. 

Our results also validate the potential of eDNA metabarcoding as an early warning 

tool, consistent with the claims of Veilleux et al. (2021) and Miya (2022) regarding its 

efficiency in detecting fine-scale biodiversity changes. Integrating eDNA with 

ecosystem-based management (EBM), as recommended by Johnston et al. (2022) and 

Giao et al. (2024), will enhance the capacity of coastal governance frameworks to respond 

adaptively to multiple concurrent stressors. 

In conclusion, this study highlights the utility of Calanoida as ecological indicators 

that reflect environmental quality gradients in tropical marine systems. Their community 

composition offers insights into ecosystem health and the impacts of anthropogenic stress. 

By leveraging molecular tools, such as eDNA, and incorporating them into conservation 

strategies, decision-makers can advance toward more responsive, evidence-based coastal 

management. 
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Conclusion 

This study demonstrates that Calanoida communities respond significantly to 

gradients of anthropogenic pressure along the coastal waters of Jakarta Bay and the Seribu 

Islands. Both abundance and genus composition differed markedly between conservation 

and urbanized sites, with sensitive taxa such as Undinula and Stephos dominating in 

protected areas. At the same time, degraded locations exhibited limited community 

structure. Statistical and multivariate analyses suggest that environmental parameters—

particularly salinity and dissolved oxygen—play a significant role in shaping community 

structure; however, the limited number of sampling sites restricts the statistical 

significance. 

These findings underscore the potential of Calanoida, as the dominant pelagic 

zooplankton, to serve as effective ecological bioindicators for monitoring the quality of 

tropical marine ecosystems. The eDNA metabarcoding approach proved sensitive in 

detecting spatial community variation and should be integrated into evidence-based 

conservation monitoring frameworks in coastal regions. Strengthening conservation 

policies through the use of biological indicators and molecular technologies represents a 

strategic response to the degradation of marine biodiversity in the era of global 

environmental change. 
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