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Abstract 
 

This comprehensive study investigates the efficacy of the 
International Convention for the Prevention of Pollution from 
Ships (MARPOL) in safeguarding coastal ecosystems and 
mangrove forests, analyzing implementation data from 15 
major port areas across Southeast Asia over a five-year period 
(2018-2023). Through rigorous statistical analysis and GIS 
mapping, we evaluated multiple parameters including water 
quality indicators, mangrove health metrics, vessel traffic 
patterns, and pollution incident reports, establishing a 
significant correlation (r = 0.78, p < 0.001) between MARPOL 
compliance and ecosystem health improvement. Our findings 
reveal that regions with strict MARPOL enforcement 
experienced a 45% reduction in oil pollution incidents, 60% 
decrease in illegal discharge reports, and a 23% increase in 
mangrove seedling survival rates, while also identifying critical 
implementation challenges in developing nations related to 
resource limitations, jurisdictional complexities, and technical 
constraints in pollution monitoring. The study demonstrates 
the crucial role of MARPOL in marine ecosystem preservation 
while highlighting the need for enhanced international 
cooperation, improved monitoring technologies, and 
standardized reporting systems to achieve optimal 
environmental protection outcomes. 
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1. Introduction 

 
Marine pollution represents one of the most pressing environmental challenges of the 21st 

century, posing catastrophic threats to coastal ecosystems and particularly to mangrove forests, 
which serve as critical barriers between marine and terrestrial environments. The International 
Maritime Organization's MARPOL convention, established in 1973 and modified by the Protocol of 

1978, has emerged as the primary international framework for preventing ship-based pollution. 
However, despite its long-standing implementation, the effectiveness of this regulatory framework 
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in protecting sensitive coastal ecosystems demands thorough evaluation. 
The global shipping industry, accounting for approximately 90% of world trade, generates 

various forms of marine pollution, including oil discharge, chemical spillage, sewage release, and 
plastic waste. These pollutants significantly impact coastal ecosystems, with mangrove forests being 
particularly vulnerable due to their location at the land-sea interface. Recent studies indicate that 

approximately 35% of global mangrove coverage has been lost over the past four decades, with 
marine pollution contributing significantly to this decline (Zhang & Brown, 2022). 

MARPOL's six technical annexes address different aspects of marine pollution: Annex I (oil),  
Annex II (noxious liquid substances), Annex III (harmful substances in packaged form), Annex IV 
(sewage), Annex V (garbage), and Annex VI (air pollution). While these regulations provide a 

comprehensive framework, their implementation and effectiveness vary significantly across 
different maritime regions, particularly in developing nations where enforcement resources may be 
limited. 

The intricate relationship between shipping activities and coastal ecosystem health 
necessitates a deeper understanding of MARPOL's practical impact. Previous research has primarily 

focused on broad compliance statistics or specific pollution incidents, leaving a crucial gap in our 
understanding of how MARPOL implementation directly affects coastal ecosystem health, 
particularly in regions with significant maritime traffic and extensive mangrove coverage.  

Through comprehensive analysis of environmental data, compliance records, and ecosystem 
health indicators, this study provides valuable insights into the effectiveness of international 

maritime regulations in protecting critical coastal environments. The findings will contribute to the 
ongoing dialogue on maritime environmental protection and inform policy recommendations for 
enhancing the effectiveness of MARPOL implementation. 

 
2. Materials and Methods  

 

This study employed a comprehensive approach across 15 major port regions in Southeast Asia, 
spanning from January 2018 to December 2023. Ports were strategically selected based on high 

vessel traffic volume (>1000 vessels per month) and proximity to mangrove ecosystems (<5 km), 
encompassing locations in Indonesia, Malaysia, Singapore, Thailand, Vietnam, and the Philippines. 
Monthly water quality assessments were conducted in accordance with USEPA Method 1669, 

evaluating parameters such as pH, dissolved oxygen, turbidity, heavy metals, and hydrocarbon 
content using calibrated instruments (Hanna HI98194 multiparameter meter, YSI ProODO optical 
sensor, and HACH 2100Q turbidimeter). Mangrove ecosystem health was assessed quarterly within 

10m × 10m permanent quadrats (n=5 per site) by measuring tree density, seedling survival rates, 
leaf chlorophyll content, and soil quality. Compliance with MARPOL regulations was tracked through 

Port State Control inspection records, SENTINEL-1 satellite imagery, and Automatic Identification 
System (AIS) data to monitor vessel activities and potential violations. To ensure accurate pollution 
analysis, concentrations of heavy metals and hydrocarbons were measured using Inductively 

Coupled Plasma Mass Spectrometry (ICP-MS, Agilent 7900) and Gas Chromatography-Mass 
Spectrometry (GC-MS, Thermo Scientific™ TSQ 9000), respectively. 

For statistical analysis, R software (version 4.2.0) with mixed-effects modeling was utilized to 

evaluate the relationship between MARPOL compliance and coastal ecosystem health, with data 
quality controls including method blanks, certified reference materials, and duplicate sampling (10% 

of total samples). Environmental, compliance, and ecosystem health indicators were standardized 
through normalization procedures and analyzed via multi-criteria decision analysis, integrating 
various metrics to assess MARPOL's effectiveness across port regions. This methodological 

framework not only elucidates the influence of MARPOL on coastal ecosystem preservation but also 
provides a foundation for policy recommendations aimed at enhancing MARPOL implementation, 

particularly in developing regions within Southeast Asia. 
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3. Results and Discussion 
 

3.1 Analysis of MARPOL Compliance and Water Quality Parameters 
The implementation of MARPOL regulations demonstrated a significant positive impact on 

coastal water quality across the studied ports. Analysis revealed a strong positive correlation 

between MARPOL compliance levels and improved water quality indicators (r = 0.78, p < 0.001). 
Ports with high compliance rates (>85%) showed marked improvements in key parameters: 

dissolved oxygen levels increased by 27.3% (from 4.2 ± 0.3 to 5.8 ± 0.2 mg/L), while total petroleum 
hydrocarbon concentrations decreased by 45.6% (from 12.3 ± 1.2 to 6.7 ± 0.8 µg/L) over the study 
period. Singapore and Port Klang demonstrated the most substantial improvements, attributable to 

their robust enforcement mechanisms and advanced waste reception facilities.  
 

 
Figure 1. Water Quality Trends (2018-2022) 

 
The temporal analysis of water quality parameters (Figure 1) demonstrates a consistent 

improvement in coastal marine conditions following MARPOL implementation. The dissolved 
oxygen (DO) concentration exhibited a significant positive trend (p < 0.001), increasing from 4.2 ± 
0.3 mg/L in January 2018 to 5.8 ± 0.2 mg/L by July 2022, representing a 38.1% improvement. 

Concurrently, Total Petroleum Hydrocarbons (TPH) showed a marked decline from 12.3 ± 1.2 µg/L 
to 6.7 ± 0.8 µg/L over the same period, indicating a 45.6% reduction in hydrocarbon pollution. The 

inverse relationship between these parameters (r = -0.89, p < 0.001) suggests that reduced 
hydrocarbon contamination directly contributes to improved water oxygenation, supporting 
enhanced ecosystem functionality. 

3.2 Mangrove Ecosystem Response to Enhanced Protection 
Mangrove forest health indicators exhibited positive responses to improved water quality 

conditions. Sites near ports with high MARPOL compliance showed: 

• Increased seedling survival rates (23.4 ± 2.1% improvement) 

• Enhanced species diversity (Shannon-Wiener index increase from 1.8 to 2.4) 

• Improved soil quality (41.2% reduction in heavy metal contamination) 

Notably, the Matang Mangrove Forest Reserve near Port Klang showed the most significant 
improvement, with a 32.5% increase in seedling density and a 28.7% reduction in leaf chlorosis 

symptoms. These improvements correlate strongly with reduced illegal discharge incidents (p < 
0.01) and enhanced waste management practices. 
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Figure 2. Mangrove Health Indicators by Port 

 

The comparative analysis of mangrove health metrics across different port locations (Figure 2) 
reveals significant spatial heterogeneity in ecosystem response to MARPOL implementation. Port 
Klang demonstrated superior performance across all measured parameters, with seedling survival 

rates of 85% (CI: 82-88%), species diversity index of 2.4, and heavy metal reduction of 41%. This 
exceptional performance can be attributed to comprehensive implementation of waste reception 

facilities and strict enforcement protocols. In contrast, Jakarta exhibited comparatively lower 
improvements (survival rate: 65%, diversity index: 1.8, heavy metal reduction: 28%), highlighting 
the influence of local infrastructure and enforcement capacity on environmental outcomes. 

Statistical analysis using one-way ANOVA confirmed significant differences between ports (F = 15.3, 
p < 0.001), with post-hoc Tukey tests revealing distinct performance clusters among developed and 
developing ports. 

3.3 Temporal Trends and Spatial Variations 
Temporal analysis revealed a progressive improvement in environmental parameters over the 

five-year study period. The most substantial changes occurred during the first three years following 
stricter MARPOL enforcement: 

• Oil spill incidents decreased by 45.3% (95% CI: 39.8-50.8%) 

• Illegal discharge reports reduced by 60.2% (95% CI: 55.4-65.0%) 

• Heavy metal concentrations in coastal sediments declined by 37.8% (95% Cl: 32.5-43.1%) 
However, spatial analysis indicated significant variations in implementation effectiveness 

across different ports. Developed ports (Singapore, Port Klang) showed more consistent 
improvements compared to developing ports (Jakarta, Manila), highlighting the influence of 

infrastructure and resource availability on enforcement capacity.  
 

 
Figure 3. Impact of MARPOL Compliance (%) 

 
The multifaceted impact of MARPOL compliance is effectively illustrated through the radial 

distribution of key performance indicators (Figure 3). The most substantial improvement was 

observed in illegal discharge reduction (60.2%, CI: 55.4-65.0%), followed by oil spill incident 
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reduction (45.3%, CI: 39.8-50.8%). Operational parameters showed moderate but significant 
improvements, with vessel waiting time reduction of 28.5% (CI: 24.2-32.8%) and operational cost 

decrease of 22.7% (CI: 18.9-26.5%). Multiple regression analysis revealed a strong correlation 
between compliance levels and environmental improvements (R² = 0.83, p < 0.001), suggesting that 
approximately 83% of the observed environmental enhancement can be attributed to MARPOL 

implementation. 
3.4 Economic and Operational Implications 

The study revealed important correlations between environmental protection measures and 
operational efficiency. Ports that invested in advanced waste reception facilities reported:  

• 28.5% reduction in vessel waiting times 

• 34.2% improvement in waste handling efficiency 

• 22.7% decrease in operational costs related to pollution management 
These findings suggest that environmental protection measures can generate positive 

economic outcomes while supporting ecosystem conservation. 
 

4. Conclusions  
 
This study demonstrates the substantial positive impact of MARPOL implementation on the 

protection of coastal ecosystems and mangrove forests across Southeast Asia. Rigorous statistical 
analysis reveals a clear correlation between high MARPOL compliance rates and improvement in 
water quality, with reductions in total petroleum hydrocarbons (45.6%) and increases in dissolved 

oxygen levels (27.3%) across compliant ports. Additionally, areas with strict MARPOL enforcement 
saw a marked increase in mangrove seedling survival rates (23.4%) and a notable reduction in heavy 

metal contamination in soil (41.2%). 
Spatial analysis highlights a disparity in environmental improvements between developed ports 

(e.g., Singapore, Port Klang) and developing ports (e.g., Jakarta, Manila), emphasizing the critical 

role of infrastructure and enforcement capacity. The operational benefits observed in compliant 
ports—such as reductions in vessel waiting times (28.5%) and operational costs (22.7%)—further 
illustrate that environmental protection efforts can simultaneously yield economic gains. For 

sustained marine ecosystem protection, future initiatives should prioritize international 
cooperation, advanced pollution monitoring technologies, and capacity-building measures for 

developing regions. This study establishes a robust foundation for future policy development and 
emphasizes that comprehensive MARPOL enforcement is essential to achieving meaningful and 
lasting environmental protection outcomes. 
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