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Dissertation Summary 

博士の専攻分野の名称：博士（水産科学）         氏名：Chalvin Putra Rura 

学 位 論 文 題 目 

Title of dissertation 

COD (Chemical Oxygen Demand) Across Japan's Coastline: A Study of 

Spatiotemporal Trend and Environmental Drivers 

（日本の沿岸域における COD（化学的酸素要求量）： 時空間変化と環境要因に関する研究） 

Chapter 1: Introduction 

Coastal areas are ecologically rich and densely populated, supporting vital ecosystems and 

human activities such as fisheries and tourism. However, increased urbanization, agriculture, 

and industrial activities have introduced excessive nutrients leading to eutrophication and 

harmful algal blooms (HABs). These events deplete oxygen levels, disrupt food webs, 

produce toxins, and degrade water quality. Climate change further exacerbates these issues, 

intensifying uncertainty in fisheries, altering biogeochemical cycles, and contributing to 

ocean acidification, which threatens aquaculture and diminishes the benefits of ecosystem 

services. 

Japan's rapid economic growth in the 1960s led to severe eutrophication, especially in 

enclosed coastal seas like the Seto Inland Sea. This prompted the enactment of the Water 

Pollution Control Law (1970) and specific legislation for the Seto Inland Sea (1978), 

introducing the Total Pollutant Load Control System (TPLCS). Initially targeting chemical 

oxygen demand (COD), the system later expanded to include total nitrogen (TN) and total 

phosphorus (TP). These measures significantly improved coastal water quality, reducing algal 

bloom frequency and COD levels in regions like Tokyo Bay and the Seto Inland Sea. 

Despite national policies, some coastal regions—such as the Ariake Sea and parts of 

Hokkaido—continue to exhibit rising COD levels. COD’s broad scope, capturing both 

anthropogenic and natural organic inputs, complicates source attribution. Seasonal 

phytoplankton blooms, sediment resuspension, and riverine organic matter all contribute to 

variability in COD readings. Consequently, high COD does not always indicate pollution. 

Supplementary indicators, such as biological oxygen demand (BOD) and stable isotope 

analysis, are often used to better differentiate between pollution sources, although COD 

remains a standard monitoring tool due to its long-term use and accessibility. 

This study aims to explain why COD levels continue to rise in some Japanese coastal waters 

despite long-standing pollution control measures. It examines spatial and temporal COD 

patterns using national monitoring data (1984–2022). The analysis proceeds in three phases: 

Identifying regional COD trends across Major Designated Bays and broader coastal 

groupings (Chapter 2); Investigating the relationship between land-based activities and COD 



in Hokkaido (Chapter 3); Assessing climate and meteorological influences in Hakodate Bay 

(Chapter 4). By applying a multi-scalar, stepwise approach, the research seeks to clarify COD 

drivers and inform more effective and adaptive coastal water quality management strategies. 

 

Chapter 2: Assessing Spatial Variability and Scale of Annual Coastal COD in Major 

Designated Bays and Broader Coastal Regions of Japan 

Chapter 2 addresses the spatial and temporal variability of coastal COD in Japan, aiming to 

clarify whether COD trends across monitoring stations are locally distinct or reflect broader 

regional patterns influenced by shared environmental drivers. The previous work highlighted 

increasing COD trends in some areas but lacked systematic analysis of spatial groupings or 

underlying causes. Identifying whether distant stations share similar temporal patterns can 

offer insight into the scale and nature of influencing factors—ranging from local 

anthropogenic inputs to larger-scale processes such as ocean currents and atmospheric 

nitrogen deposition. 

Given Japan's complex oceanographic setting—shaped by warm and cold marine currents 

including the Kuroshio, Oyashio, and Tsushima systems—the study divides analysis between 

two major spatial domains: the semi-enclosed bays (Tokyo, Ise, Osaka) and the broader open 

coasts along the Sea of Japan and the Pacific Ocean. The enclosed bays are key regulatory 

targets due to their high population density and limited water exchange, making them ideal 

for examining fine-scale spatial differences. In contrast, the open coasts are analyzed 

regionally based on dominant current systems, under the hypothesis that oceanographically 

similar areas may show coherent trends. To uncover latent temporal patterns, the study 

employs Dynamic Factor Analysis (DFA), supported by hierarchical clustering to reduce 

computational complexity and enhance interpretability. The analysis is further extended by 

incorporating environmental covariates (e.g., sea surface temperature, riverine BOD) to 

evaluate their role in shaping COD variability. 

2.1. Data and Method 

This study integrates coastal water quality and environmental datasets to analyze spatial and 

temporal patterns of annual COD across Japan’s coastal regions. COD monitoring data were 

sourced from the Ministry of the Environment, with time series containing over 20% missing 

values excluded to ensure data reliability. Additional environmental covariates included 

riverine BOD data from major inflowing rivers to Tokyo, Ise, and Osaka Bays, as well as 

regional sea surface temperature (SST) and SST anomalies obtained from the Japan 

Meteorological Agency. SST data served as proxies for coastal thermal conditions in both 

enclosed bays and broader marine regions. The data were processed and visualized using R 

and associated tidyverse packages, with trend tests conducted using the Mann-Kendall 

method. 

The analytical workflow followed a multi-step structure. Spearman correlation and 

hierarchical clustering were first applied to group monitoring stations with similar COD time-

series patterns, improving interpretability and reducing the computational load of subsequent 



analyses. DFA, implemented using the MARSS package in R, was used to extract common 

latent trends across station clusters. Model selection focused on minimizing the Akaike 

Information Criterion (AIC) and corrected version (AICc), testing various structures for the 

error variance-covariance matrix and number of hidden trends. When model optimization 

suggested an excessive number of trends, the number of clusters was increased to refine 

spatial resolution. Environmental covariates were incorporated in selected models to assess 

their explanatory power, supporting the identification of potential drivers behind COD 

variability across different spatial scales. 

2.2. Results and Discussion 

To manage complexity, the Pacific coast was divided into subregions, with the Northeast 

Pacific later excluded due to poor model performance. Time series clustering in Tokyo, Ise, 

and Osaka Bays revealed diverse COD patterns, influenced by proximity to urban centers and 

environmental conditions. DFA results showed that explanatory variables like riverine BOD 

played a role in Tokyo Bay but had limited influence in Osaka Bay, where complex 

oceanographic conditions dominated. Ise Bay showed regionally distinct COD dynamics and 

potential regime shifts. Factor loadings revealed both localized and broad-scale 

environmental influences, indicating that spatial proximity does not always equate to similar 

COD behavior. 

On a broader scale, clustering along the Japan Sea and Southwest Pacific coasts revealed 

regional contrasts. The Japan Sea coast generally maintained low COD levels, though some 

clusters showed increasing trends, particularly in island regions. In contrast, the Southwest 

Pacific exhibited higher COD values and more frequent increasing trends, especially in Kochi 

and the Shikoku Inland Sea. DFA confirmed that SST was not a consistent driver of COD 

trends, as rising SSTs did not align with observed COD variability. These results underscore 

the spatial complexity of coastal water quality in Japan and the need for region-specific 

management strategies. 

The spatial variability in coastal COD trends is evident even within relatively small, semi-

enclosed systems like Tokyo Bay, Ise Bay, and Osaka Bay. Monitoring stations clustered near 

shorelines—particularly around river mouths and harbors—highlight the influence of 

terrestrial inputs and human activities. These nearshore areas often form distinct temporal 

clusters, suggesting that localized factors such as riverine organic matter and wastewater 

discharge drive unique COD patterns. In Tokyo Bay, the observed decline in COD levels 

likely reflects a broader reduction in eutrophication, consistent with previous studies 

reporting decreases in nutrient concentrations and phytoplankton biomass production. 

In contrast, Osaka Bay presents a more complex picture. Despite reduced pollutant inputs 

over recent decades, COD levels in some areas continue to rise. This paradox may reflect the 

influence of hydrodynamic and biogeochemical processes, including marine inflows, riverine 

mixing, and sediment resuspension. Osaka Bay’s sediments are rich in refractory organic 

carbon, which persists in the water column and contributes to sustained or elevated COD 

levels. Recent research also suggests that resistant compounds, such as carboxyl-rich alicyclic 

molecules, can remain in marine systems far longer than previously thought, challenging 



assumptions about the rapid degradation of land-derived organic matter in coastal 

environments. 

At a broader regional scale, no consistent COD patterns are evident along the Japan Sea 

coast, despite shared oceanographic conditions such as the Tsushima Warm Current. 

Neighboring prefectures like Tottori and Shimane show divergent trends, emphasizing the 

dominance of local terrestrial-marine interactions. This spatial heterogeneity mirrors findings 

from other coastal systems globally, where complex land-sea dynamics result in highly 

localized water quality conditions. These results underscore the need for fine-scale 

monitoring and management strategies tailored to the specific conditions of each coastal area. 

 

Chapter 3: Spatial Variability of Coastal COD Trends in Hokkaido: Links to 

Agriculture and Fisheries 

Hokkaido, Japan’s northernmost prefecture, is characterized by a cold climate, low 

precipitation, and sparse population, contributing to generally pristine coastal conditions. 

However, it also supports extensive agricultural and livestock production, accounting for 26% 

of Japan’s total cultivated land as of 2019. Despite its low population pressure, recent studies 

have reported increasing trends in coastal COD, suggesting potential environmental 

degradation. This chapter aims to investigate long-term trends in coastal COD across 

Hokkaido’s 17 monitoring sites, identify regional differences in these trends, and explore the 

influence of land-based activities—such as agriculture, livestock, and fisheries—on coastal 

COD. In addition, riverine water quality indicators (BOD, SS, TN, TP) were included to 

examine possible land–sea linkages, following evidence that land use, particularly farmland 

proportion, is associated with nutrient concentrations in runoff. 

3.1 Methods 

To analyse the spatiotemporal patterns of COD, DFA was applied directly to the 17 site-

specific annual COD time series without clustering. An unconstrained variance-covariance 

matrix was used to capture inter-site variability, and model selection was guided by AIC, 

AICc, root mean square error (RMSE), and mean absolute error (MAE) metrics. To assess 

whether human activities could explain spatial differences in COD levels and trends (based 

on Mann-Kendall τ values), socio-economic data related to population, agricultural land use, 

livestock operations, and fisheries were compiled from national censuses. Principal 

Component Analysis (PCA) was performed on standardized variables to identify dominant 

factors that influenced COD patterns across Hokkaido’s coastal regions. 

3.2 Results and Discussion 

DFA applied to coastal COD data from 17 locations in Hokkaido revealed that Kushiro 

exhibited the highest mean COD level (2.56 ± 0.44 mg/L), while Yoichi recorded the lowest 

(1.49 ± 0.06 mg/L). Mann-Kendall trend analysis indicated a clear east–west spatial divide: 

sites on the Pacific coast, such as Tomakomai and Shiraoi, showed increasing COD trends, 

whereas those on the Japan Sea coast, like Ishikari, exhibited decreasing or neutral trends. 



This east–west pattern persisted despite geographic proximity, as evidenced by contrasting 

trends in adjacent locations like Abashiri and Mombetsu. DFA model selection using AIC, 

AICc, RMSE, and MAE indicated that models with one to three latent trends were most 

plausible, with the three-trend model showing the best performance in terms of RMSE 

reduction and explained variance, especially in locations like Hakodate and Tomakomai. 

The three latent trends derived from DFA captured distinct temporal dynamics. Trend X1 

peaked in the early 1990s and was strongly associated with locations like Hakodate and 

Abashiri. Trend X2 displayed more gradual shifts, increasing after the early 1990s, while 

trend X3 revealed an east–west spatial division: it increased until the late 1990s, then 

declined and stabilized, with contrasting factor loadings for eastern sites (e.g., Tomakomai, 

Kushiro) and western sites (e.g., Yoichi, Rumoi). These results not only confirmed spatial 

clustering in temporal COD dynamics but also highlighted the importance of multiple 

underlying drivers influencing different coastal zones. 

Industrial and urban centers such as Muroran and Tomakomai had relatively high populations 

but low levels of agricultural and fishery employment, indicating that domestic and industrial 

effluents likely contributed more to COD than agricultural runoff. In contrast, areas like 

Kushiro and Abashiri exhibited both high COD levels and increasing trends, which were 

strongly associated with agricultural and livestock activity, particularly dairy and beef cattle 

operations. PCA analysis reinforced these patterns: PC1 and PC2 explained nearly 69% of the 

variation and distinguished agricultural/livestock variables from fishery-related ones. Kushiro 

and Abashiri were clearly aligned with high COD values and indicators such as cultivated 

land area and livestock company counts, while most other locations clustered near the PCA 

origin, suggesting weaker or more mixed influences. These findings highlight the prominent 

role of agriculture and livestock operations in driving elevated COD levels and long-term 

trends in specific parts of Hokkaido. 

Among the five southwestern Hokkaido sites with decreasing COD trends, Ishikari was 

excluded from the PCA analysis due to its distinct characteristics, especially the dominant 

urban influence from Sapporo, which accounts for nearly 39% of Hokkaido’s population. The 

Ishikari River, draining this urbanized watershed, delivers significant nitrogen inputs into 

Ishikari Bay from paddy fields, urban areas, and farmland. Although nutrient concentrations 

have declined since the 1980s, limited denitrification and weak vertical mixing in the bay 

lead to persistent nitrogen outflow and uneven nutrient distribution. In contrast, Rumoi, 

Otaru, Yoichi, and Iwanai—coastal sites influenced by the nutrient-poor Tsushima Warm 

Current—showed no correlation between COD trends and agricultural, livestock, or fishery 

activities, reflecting their low population and limited human impact. 

Kushiro stood out as a region where COD levels and trends are closely linked to agricultural 

and livestock activity. The coastal area is influenced by the Akan, Shin-Kushiro, and Kushiro 

Rivers, with the latter showing the highest organic load. While direct nutrient data for the 

Kushiro River are lacking, previous studies suggest that both it and the Shin-Kushiro River 

serve as conduits for nutrient runoff from surrounding farmland and dairy operations. The 

Shin-Kushiro River also flows through the Kushiro Mire, which contributes dissolved organic 



matter and acts as a buffer for excess nutrients. River restoration efforts between 2007 and 

2011 reversed earlier channelization, returning it to a more natural flow regime after decades 

of increased sedimentation and flow alteration. 

In Funka Bay—comprising Mori, Date, and Muroran—seasonal ocean currents play a central 

role in nutrient dynamics. The bay receives nutrient-rich water from the Oyashio Current in 

winter and warmer, nutrient-poor water from the Tsugaru Warm Current in autumn. These 

patterns support seasonal phytoplankton blooms, but the influence of each current varies 

across locations, leading to spatial differences in water quality. These findings highlight the 

interplay of oceanographic processes and watershed characteristics in shaping COD patterns 

across Hokkaido’s coastal regions. 

 

Chapter 4: Analysis of the Influence of Meteorological Factors on Hakodate Bay’s 

Chemical Oxygen Demand, Total Phosphorus, and Total Nitrogen Trend 

Despite national pollution control efforts, Hakodate Bay has maintained high COD levels 

since 2010, particularly in HSA2—a less developed zone with stricter environmental 

standards—while the more urbanized HSA1 remains within its looser regulatory limits. This 

contrast suggests that climate-related factors, rather than direct anthropogenic pollution, may 

be influencing water quality. Notably, a 2015 bloom of Karenia mikimotoi, previously 

uncommon in Hokkaido, signaled a shift toward warmer, less saline, and lower-light 

conditions linked to climate change and eutrophication. The concurrent rise in COD, TN, and 

TP may reflect increased primary productivity and nutrient cycling under these changing 

environmental conditions. To explore this, the study analyzes long-term trends in water 

quality and climate variables across seven monitoring stations using DFA and Spearman’s 

correlation, aiming to clarify whether climate-driven changes are responsible for rising 

organic and nutrient concentrations and how these patterns differ spatially between zones. 

4.1. Data and Method 

Hakodate Bay, located in southern Hokkaido, Japan, opens into the Tsugaru Strait and is 

hydrologically complex, with tide embankments dividing the port from the outer bay. Three 

main rivers—the Kunebetsu, Ono, and Moheji—supply freshwater and nutrients to the bay, 

with the Kunebetsu and Ono rivers delivering higher nutrient loads despite lower discharge 

volumes. The bay is segmented into two Environmental Quality Standard (EQS) areas, HSA1 

and HSA2, and contains seven water quality monitoring stations. These stations capture key 

parameters such as COD, TN, TP, temperature, salinity, dissolved oxygen, and pH. In 

addition, climate variables such as air temperature, wind speed, precipitation, and solar 

radiation were obtained from nearby meteorological stations. 

Water quality data from the late 1970s to 2023 had spatial and temporal inconsistencies, 

addressed by adjusting values below detection limits and selectively using climate data due to 

station relocation issues. Trends in water quality parameters (WQPs) and climate variables 

were analyzed using annual running averages, Mann-Kendall tests, Dunn’s Test with 

Bonferroni correction, and Spearman’s rank correlation. DFA was used to model long-term 



trends in COD, TN, and TP, incorporating four climate covariates and allowing for unequal 

station variances. Covariate combinations were selected based on AICc, and missing climate 

data were imputed via predictive mean matching. Model performance was evaluated using Z, 

D, and R matrices, with a 0.01 significance threshold. Multidimensional scaling (MDS) 

visualized station similarities, and variance decomposition quantified the contributions of 

trends, covariates, and residuals, revealing spatial differences in climate influence and long-

term water quality change in Hakodate Bay. 

4.2. Results 

The time series analysis of WQPs revealed notable spatial and temporal patterns across the 

study sites. COD increased from 1985 to 1995, with fewer low values observed after 1980, 

possibly linked to concurrent TP increases. Both TN and TP exhibited rising trends post-

2008, while pH showed a declining trend after 2010, particularly at HSA2 stations. DO rose 

until 2013 but declined thereafter, and salinity remained largely stable. The Mann–Kendall 

analysis confirmed significant increasing trends in COD, TP, and TN at multiple stations, 

especially in HSA2, while pH declined and water temperature showed no significant change. 

Mann–Kendall statistics and boxplot analyses highlighted clear spatial differences between 

HSA1 and HSA2. Stations in HSA1 had higher levels of COD, TN, and TP, and lower 

salinity. Station 3 stood out for its extreme variability and significant differences from other 

sites, supported by Dunn’s test. Cluster analysis reinforced the spatial distinction, grouping 

Sts. 1, 2, and 7 (HSA2) separately from Sts. 4, 5, and 6 (HSA1). pH exhibited spatial 

differences, albeit less pronounced, while DO and water temperature were consistent across 

sites. 

Air temperature showed a significant increasing trend from 1977 to 2023, while precipitation 

was variable with no overall trend. Wind speed and solar radiation exhibited modest but 

significant increases. Correlation analyses revealed site-specific relationships between WQPs 

and climate variables. Salinity was negatively correlated with TN and TP, especially during 

low-salinity periods, likely due to freshwater input from Kunebetsu River. COD was 

positively correlated with TN, TP, water temperature, and air temperature—strongest at 

HSA2 sites—highlighting the influence of riverine and climatic drivers. 

DFA modeling showed that a single common trend explained much of the temporal variation 

in COD, TN, and TP. For COD and TN, including air temperature and wind speed improved 

model performance, while TP trends were best explained by a combination of air 

temperature, wind speed, and solar radiation. COD had the strongest spatial coherence 

(highest factor loadings), particularly at St. 7, while TN had the weakest. These results 

emphasize the interconnected influence of local pollution dynamics and broader climate 

trends on coastal water quality. 

4.3. Discussion 

Despite decades-long efforts to reduce COD, TN, and TP in Japan’s coastal waters, 

concentrations of these pollutants are increasing in Hakodate Bay. The observed trends do not 

appear to be driven by riverine inflow, as COD, TN, and TP in nearby rivers remained stable 



from 2005 to 2019. Instead, long-term environmental factors such as rising air temperatures 

and declining pH—potentially linked to atmospheric CO₂ uptake—are likely contributors. 

These trends mirror those found in other semi-enclosed seas like the Seto Inland Sea and the 

Ariake Sea, suggesting broader regional patterns influenced by shifts in nutrient 

stoichiometry and ocean acidification. 

DFA results showed that air temperature, with support from wind speed, was the primary 

meteorological driver explaining variability in COD across stations. While wind speed alone 

was not statistically significant, its inclusion alongside temperature improved the model fit, 

suggesting it plays a reinforcing role. Solar radiation, though biologically relevant for 

processes like phytoplankton growth, did not improve model performance. Notably, although 

water temperature trends were not significant, air temperature was highly correlated with 

water temperature and COD, supporting its dominant influence on COD dynamics. 

Phosphorus trends revealed a widespread increase across the bay, likely driven by sediment-

related processes such as resuspension from tidal mixing and port activity rather than climate 

variables. These findings raise concerns about eutrophication and potential public health 

risks, especially considering TP’s link to fecal contamination in other regions. In contrast, TN 

showed strong spatial heterogeneity with no shared trend among stations. Riverine input and 

biological processes, rather than climate variables, appeared to dominate TN variability. At 

certain stations, relationships between TN, pH, and water temperature suggest a biologically 

mediated seasonal cycle, highlighting the complexity of nitrogen dynamics in coastal 

systems. 

Spatial comparisons further emphasized the disparity in water quality between the urbanized 

HSA1 and the less developed HSA2. While HSA1 had higher pollutant levels, HSA2 

frequently exceeded environmental quality standards, possibly due to limited water exchange 

and sediment disturbance from port activity. The study’s limitations—including a lack of data 

from deeper waters, exclusion of river discharge in modeling, and omission of large-scale 

climate patterns like the Pacific Decadal Oscillation—underscore the need for more 

comprehensive data and future research. Overall, findings stress the importance of long-term 

monitoring and integrated, climate-aware management strategies for coastal water quality. 

 

Chapter 5: Discussion and Conclusion 

This chapter synthesizes findings on the spatio-temporal variability of COD in Japan’s coastal 

waters, highlighting the complex interplay of land-based, coastal, and climatic factors 

influencing water quality. Despite reported reductions in COD discharges from regulated 

sources like industry and domestic wastewater, persistent or rising COD trends in several 

regions suggest other contributing drivers, as supported by the COD monitoring data 

presented in Chapters 2–4. 

Rivers are primary conduits of organic matter and nutrients into coastal ecosystems. 

Watershed characteristics, such as land use and topography, influence the timing and volume 

of these inputs. Results from Tokyo Bay (Chapter 2) and Kushiro (Chapter 3) show that 



agricultural land use and livestock density are linked to higher COD concentrations. Riverine 

and stormwater runoff, especially in urbanized areas like Hakodate Port (Chapter 4), also play 

major roles, although non-point source nature and meteorological variability complicate 

monitoring and prediction. 

Port activity and marine aquaculture are significant contributors to organic loading. 

Monitoring stations in or near ports consistently show elevated COD levels (Chapter 2, 4), 

attributed to ship discharges, sediment resuspension, and limited water circulation. 

Aquaculture adds further organic inputs through feed and waste, degrading benthic 

environments, though impacts vary depending on facility location and water exchange with 

the open ocean. 

Climate variability and oceanographic processes also shape COD dynamics. Warmer 

temperatures can enhance primary productivity and algal blooms, such as the 2021 Karenia 

bloom in eastern Hokkaido. Broader climatic patterns (e.g., Pacific Decadal Oscillation) and 

ocean acidification trends are also emerging as significant factors in coastal water chemistry, 

particularly in semi-enclosed systems. 

Japan's Total Pollution Load Control System (TPLCS) aims to reduce coastal organic 

pollution but faces emerging conflicts with blue carbon initiatives and seaweed bed 

restoration (Isoyake mitigation), which may encourage nutrient additions. Integrated Coastal 

Zone Management (ICZM), aligned with the traditional Satoumi philosophy, is proposed as a 

framework to harmonize ecological goals with human activities. Acknowledging regional 

specificity and promoting public awareness are vital to sustaining coastal ecosystems. 

In conclusion, Japan’s coastal COD trends reflect the combined effects of upstream land use, 

coastal human activity, and climate variability. This study emphasizes the need for multi-

scalar, interdisciplinary approaches to understand and manage organic matter dynamics in 

coastal waters, highlighting DFA as a powerful tool to disentangle the contributions of 

diverse environmental drivers. 

 

 

 

 

 

 

 

 


