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Abstract 

Lakes play important roles in the carbon cycle through carbon sequestration in 

sediments and efflux of CO2 to the atmosphere. Some lake environments in developing 

countries have been facing organic pollution over the last decade because of rapid 

economic development and an increase in the human population around watersheds. In 

Japan, results of water quality surveys of lakes and reservoirs in 2014 indicated that the 

compliance rate of environmental quality standards for living environmental items is 

55.5% for chemical oxygen demand (COD) concentration.
 
Another water quality 

problem is the slight increase in COD concentrations in lakes, though total nitrogen, 

phosphorus and biochemical oxygen demand (BOD) concentrations are constant or 

decrease with time. The increasing annual averages of COD appear to be caused by 

accumulation of refractory organic matter in the lakes. Therefore, the dynamics of 

organic matter are important to understand mechanism of organic pollution in lake 

systems.  

Lake Kiba is located at Komatsu City, Ishikawa Prefecture, Japan and is a small, 

shallow and semi-closed lake environment. The chemical oxygen demand (COD) 

concentration was at a maximum, 11 mg l
-1

 in 1990, corresponding to the second worst 

in Japan. It has remained about double the national standard of this lake class (3 mg l
-1

) 

during the last decade, though treatments for water quality improvement has been 

performed since 1991.The objective of this study are to understand present situation of 

organic pollution and its controlling factors in Lake Kiba. 

To understand organic pollution in Lake Kiba over the last 100 years, we analyzed 

organic matter content and its characteristics recorded in the sediment core samples 
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collected in the central part of the lake. Organic matter flux increased from 1.1 to 2.3 

and from 3.9 to 7.5 mgC cm
-2

 y
-1

, during 1903–1974 and 1989–2012 respectively, 

although it was similar with the flux recorded for 1974–1989 following reclamation. 

The C/N ratio, δ
13

C and δ
15

N also changed during these time intervals. These results 

indicate that primary production is increasing with time and the recent contribution of 

phytoplankton to productivity has exceeded the level of past contributions.  

During 2012–2016, a monitoring study was conducted for lake water 

environments. A strong positive correlation was found between the COD concentration 

and physicochemical parameters such as water temperature, pH, and chlorophyll-a 

concentrations. This indicates that the COD variation is controlled by phytoplankton 

activity in the lake. Particulate COD was 8–51% of total COD concentration, with an 

average value of 34 ± 11%. A positive correlation exists with particulate and dissolved 

COD concentrations. Results suggest that the input and output of particulate and 

dissolved COD in Lake Kiba are apparently similar year-round.  

    To understand more detailed variation mechanisms, we focused on the dynamics of 

particulate and dissolved organic matter in lake water throughout one year based on 

monthly observations during 2014–2016. The simultaneous use of ∆
14

C and δ
13

C values 

adds a second dimension to carbon cycling in surface aquatic environments. During the 

sampling period, we ascertained the basic physicochemical parameters, particulate 

organic carbon (POC) concentration and carbon isotopes. POC concentrations ranged 

from 0.44 to 5.01 mg l
-1

. δ
13

C and Δ
14

C values were –30.3 to –22.8 ‰ and –156 to –

33 ‰, respectively. The organic matter in suspended solid samples was consistently 

depleted for 
14

C and an averaged Δ
14

C value of –81 ± 37‰. The carbon isotopes 
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showed seasonal variation with higher concentrations in summer and positive 

correlations with POC content (r = 0.73 – 0.82, p< 0.01). The results suggest that the 

characteristics of POC are controlled by a mixture of two endmembers: organic matter 

produced by phytoplankton activity within the lake and watershed organic matter under 

shallow and semi-closed environments. Dissolved organic carbon (DOC) concentrations 

were higher in summer and had strongly relations with water temperature and water pH. 

Fulvic-like materials, which have refractory properties and are a major component of 

organic matter, were correlated well with DOC concentrations. However, maximum 

fluorescence peak position in water samples collected in spring-summer is shifted to 

shorter excitation wavelengths than that of autumn-winter. These results suggest that 

sources of fulvic-like materials are different from the spring-summer to autumn-winter 

seasons.  

The results of this study provide basic and useful information of understanding 

organic pollutants in shallow lakes and lagoons. 

.     
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1.1. Organic pollution in lake environments 

Water quality is becoming increasingly important for water management of lakes. It 

is a basic factor that must be considered in environmental flows and environmental 

water allocation. Some lake environments have sustained organic pollution in recent 

years, such as Lake Biwa (largest lake in Japan), Lake Taihu, Lake Chaohu, and Lake 

Hulun in China. This severe issue is related to communities because of its harmful 

influences on aquatic ecosystem as well as human health. Therefore, it is important to 

elucidate organic matter behaviors and factors governing water quality in lake 

environments. 

Organic matter, which is ubiquitous in waters and soils, can be viewed as the result 

of various stages of decomposition and mixing of various materials from plants, 

microbes, and animal products. In water environments, organic matter behavior has 

been supported by the metabolism of living things, ecological and geochemical 

functions, biogeochemical processes and photochemical reactions, transportation of 

inorganic and organic substrates and aggregation and photochemical reactivity 

(Xiaoying, 2001; Egeberg and Alberts, 2002; Maurice et al., 2002). Dissolved organic 

carbon is a parameter, defined as active chemical substances that can pass a 0.45 μm 

filter. The major DOC component is polymers of organic acids: humic substances. The 

DOC fraction accounts for about 90% of all organic carbon (TOC). Consequently, DOC 

is an important role in the carbon cycle in lake environments (Tranvik et al., 2009; 

IPCC, 2013). It has been commonly analyzed for elucidating organic polluted lakes. 

More aspects of organic matter have garnered concern, such as temporal and spatial 

variations in surfaces and sediments, as well as its original components. Because DOM 
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is the main fraction of organic matter, its characteristics are related to biogeochemical 

processes and water quality in aquatic environments. Variations in DOM composition 

can be presented via changes in DOM fluorescence from several autochthonous or 

allochthonous sources that are affected by physical, biological, and chemical processes 

occurring in the water column (McKnight et al., 2001; Stedmon et al., 2007; Singh et al., 

2010). Chemical functions and physical parameters such as temperature and moisture 

are related to nutrient availability, amount of available free oxygen, and redox activity, 

and microbial functions with micro-floral succession patterns and availability of 

microorganisms (aerobic or anaerobic). 

Higher organic matter concentrations are related to declining water quality and 

organic pollution in lake environments. Autochthonous and allochthonous products are 

two major sources of components and variations of organic pollution in lake 

environments. Autochthonous organic matter in natural waters and in sediment pore 

waters typically comprises phytoplankton or algal biomass, bacteria, coral, submerged 

aquatic vegetation, krill (shrimp-like marine crustaceans), marshes, and mangrove 

forests (McKnight et al., 1994, 2001; Wang et al., 2007; Henderson et al., 2008; 

Mostofa et al., 2009a, b; Zhang et al., 2009). Recently, phytoplankton, benthic algae, 

and aquatic macrophytes are emphasized as major autochthonous products (Henderson 

et al., 2008; Lapierre and Frenette, 2009; Zhang et al., 2009). 

Autochthonous organic matter products in lakes and oceans generally occur in 

surface waters during the summer stratification period. The products of autochthonous 

lake environments are affected strongly by weather conditions because phytoplankton/ 

algae growth and DOM products are affected by water temperatures, which in turn 
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affect photosynthesis activity and degradation. About 5–70% of photosynthetically 

derived organic matter is released to water ecosystems (Lancelot, 1979; Fogg, 1983). 

Therefore, it can be stated that photosynthetic activity plays a crucial role in 

understanding behaviors of organic matter in lake water because of the contribution of 

its products as autochthonous components. It also plays a role in the formation of 

organic matter (e.g. algae or cyanobacteria, phytoplankton), through light-stimulated 

inorganic carbon acquisition in surface waters (Mostofa et al., 2009a; Wu and Gao, 

2009; Liu et al., 2010). Phytoplankton and bacteria attach to or live on suspended solids 

(Mulligan et al., 2009), whereas the POC value is determined for a suspension obtained 

from water samples after filtration through a filter having pore size of 0.45 μm. 

Additionally, algae or phytoplankton biomass and bacteria can release DOM into a 

water body in two steps. This process occurs in two ways including photoinduced 

respiration or assimilation of algae or phytoplankton biomass and bacteria (Biddanda 

and Benner, 1997; Mostofa et al., 2005a, 2009b, 2011; Aoki et al., 2008; Hulatt et al., 

2009), and microbial respiration or assimilation of algae or phytoplankton and bacteria 

(McKnight et al., 1994, 2001; Mostofa et al., 2009a, b; Zhang et al., 2009). Therefore, 

POC and DOC fluctuation in lake waters is closely related to phytoplankton activity and 

is controlled by seasonal environmental conditions. 

The first is the generation of numerous chemical species from DOM, which might 

proceed as follows: photoinduced degradation of DOM can produce many 

photoproducts such as H2O2, CO2, DIC, CO, and low molecular weight DOM in upper 

surface waters (Mostofa and Sakugawa, 2009; Remington et al., 2011). Also, microbial 

degradation of DOM can produce similar compounds (Mostofa and Sakugawa, 2009). 
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These compounds can favor the occurrence of photosynthesis either directly or 

indirectly, and can engender fixation of organic matter from inorganic carbon in surface 

waters (Miller and Moran, 1997; Mostofa et al., 2009a; Wu and Gao, 2009; Liu et al., 

2010). Secondly H2O2 and CO2 are produced either by photoinduced or microbial 

degradation of DOM and POM, which can take part in photosynthesis to form new OM 

or carbohydrate-type compounds (Mostofa et al., 2009a, b). In the hypothesized process, 

H2O2 combines with CO2 to release carbohydrates and oxygen. The oxygen formation 

occurs via H2O2 disproportionation, which is a common conversion reaction of H2O2 in 

water ecosystems and in the atmosphere (Liang et al., 2006; Buick, 2008). Some energy 

is produced during this activity. 

According to Druon et al. (2010) the DOC production was mostly enhanced from 

phytoplankton exudation in the upper layer and the solubilization of POM deeper in the 

water column. Ortega-Retuerta et al. (2009) observed that the quantity and quality of 

DOM produced by bacteria can be influenced by the presence of photoproducts in 

aqueous media. Photosynthetically produced POM (algae or phytoplankton) and their 

photo- and microbial respirations are affected strongly by several factors such as 

chemical nature and contents of DOM (Tranvik and Hafle, 1987; Tranvik, 1989; Jones, 

1992), high precipitation (Tranvik and Jasson, 2002; Zhang et al., 2010), land use 

changes that cause high transport of DOC from catchments to adjacent surface waters 

(Worrall et al., 2004; Raymond and Oh, 2007), nitrogen deposition (Pregitzer et al., 

2004), sulfate (SO4
2-

) deposition (Zhang et al., 2010), drought and alteration of 

hydrologic pathways (Hongve et al., 2004;), and changes in overall solar UV radiation 

or an increase in temperature because of global warming (Freeman et al., 2001a; Sinha 
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et al., 2001; Sobek et al., 2007; Zhang et al., 2010). 

A survey conducted by Aoki et al. (2008) showed that the increase of refractory 

organic matter in lake waters might be attributed to a change of the predominant 

phytoplankton. A study of three kinds of phytoplankton (collected from lake waters) 

demonstrated that fulvic acid-like and protein-like fluorescent components are released 

when they are controlled light/dark (12 h/ 12 h) cycle and water temperature at 20 °C. 

Some brown algae can produce considerably less DOM (e.g. Pelvetia canaliculata) 

compared to green and red species (Hulatt et al., 2009). Those results show that 

different phytoplankton types release different amounts of DOM in water environments. 

Subsurface DOM maxima are found below the plume during the highly stratified 

summer period but they are absent in the spring, which constitutes strong evidence of 

significant in-situ biological production of colored dissolved organic matter (CDOM) in 

natural waters (Chen and Gardner, 2004). 

 Suspended organic carbon consists of detached fauna and flora, and organic 

substances adsorbed onto mud and clay (Quyang, 2003). Therefore, degradation of POC 

can release new DOC into an aquatic environment. The POM production is closely 

coupled with DOM contents in natural waters. Actually, POM can produce new 

autochthonous DOM and nutrients under irradiation and microbial respiration/ 

assimilation (Mostofa et al., 2005a, 2009b; Yamashita and Jaffé, 2008; Zhang et al., 

2009). 

In contrast, DOM can support a marked amount of bacterial biomass growth, 

representing a further loss of algal assimilated carbon in water (Hulatt and Thomas, 

2010). Dissolved combined amino acids, middle-reach peaks of particulate amino acids 
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and non-protein amino acids are often decreased in downstream rivers, which is likely 

the result of photoinduced degradation of DOM and algae (Duan and Bianchi, 2007). 

The key processes of autochthonous DOM release by microbial respiration of algae or 

phytoplankton biomass in waters are presumably the extracellular release by living cells, 

cell death, and lysis, or herbivore grazing that might occur in the deeper waters of rivers, 

lakes, and oceans (Tanoue, 2000; Mostofa et al., 2009a; Tranvik et al., 2009). These key 

processes demonstrate that bacteria play a specific role in the subsequent processing of 

the DOM released by algae in natural water (Nelson et al., 1998, 2004). The DOC 

released by algae or phytoplankton and bacteria in waters is influenced by widely 

diverse factors such as the occurrence of the phytoplankton species and their contents, 

water quality, presence of nutrients, effect of UV and photosynthetic available radiation, 

water temperature, occurrence of microbes, and metabolic abilities or inabilities (Fogg, 

1983; Norrman et al., 1995; Nelson et al., 1998, 2004). 

Photosynthetic organisms can produce autochthonous DOM via photoinduced 

respiration (or photoinduced assimilation) and microbial respiration or assimilation in 

natural waters (Mostofa et al., 2009b; Zhang et al., 2009; Druon et al., 2010; Fu et al., 

2010). A new hypothesis related to photosynthesis also includes consideration that H2O2 

might be involved in the occurrence of oxygenic photosynthesis in both higher plants 

(Miller and Moran, 1997) and in natural water organisms (Mostofa et al., 2009a, b). 

Results of these studies have indicated that autochthonous DOM is produced from POM 

by several processes such as photoinduced and microbial respiration (or assimilation), 

zooplankton grazing, bacterial release and uptake, viral interactions, and complex 

microbial processes in sediment pore waters. 
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The variation of organic matter in lake water depends not only on autochthonous 

products but also on control by allochthonous input (Rossi et al., 2010). DOM including 

fulvic and humic acids (humic substances) originates from vascular plant material, root 

exudates and animal residues in terrestrial soil. The origin of allochthonous DOM from 

vascular plant materials or particulate detrital pools varies considerably among different 

regions (tropical, temperate, and boreal), according to the occurrence of three key 

factors: microbial, physical, and chemical functions (Wetzel, 1983, 1992; Mostofa et al., 

2009a; Tu et al., 2011). Aerobic microorganisms can decompose organic matter faster 

than anaerobic ones can, depending on the availability of free oxygen. Compositional 

changes of DOM occur with soil depth, leading to a decrease of aromatic compounds 

and carbohydrates. Also, alkyl, methoxy, and carbonyl moieties increase with depth 

(Dai et al., 1996). The increase in alkyl and carboxylic C with depth are the respective 

results of forest litter biodegradation and lignin side chain oxidation (Kogel-Knabner et 

al., 1988). The origin of allochthonous DOM from microbial processes can be inferred 

from the stark variations in respired organic carbon in different soil environments. 

Experimental studies using δ
13

C or Δ
14

C to track sources and turnover of DOC indicate 

that DOM, which is transported over decimeters down into subsoil, mainly represents 

highly altered residues of organic matter processing (Schiff et al., 1997; Fröberg et al., 

2007). It is noteworthy that allochthonous DOM is derived mostly in the surface to a 

few decimeters depth from the decomposition of plant materials by microbial processes 

in soils and shallow groundwater (IPCC, 1996; Uchida et al., 1998, 2000; Buckau et al., 

2000; Fröberg et al., 2007). DOC leached from soil is partly retained in the vadose zone 

before reaching aquifers (Siemens and Kaupenjohann, 2003). For the range of 



 
 
 

9 

groundwater recharge of 95–652 mm yr
-1

, a constant flux of DOC from soil into surface 

waters often takes place (Kindler et al., 2011). Therefore, allochthonous DOM is partly 

discharged through hydrological processes directly into streams or riverbeds or 

surrounding water bodies. The allochthonous DOM ultimately flows to lake or oceanic 

environments as a final water reservoir. 

The quality of water is often evaluated using results of chemical and biological 

analysis, as well as weather conditions that alter water quality. Weather factors have 

been emphasized in aquatic studies in recent years because organic solubility and 

inorganic compounds depend on temperature, which affects the dissociation of 

dissolved compounds. The different concentrations of dissociated and un-dissociated 

compounds affect the pH and conductivity of water samples. Rain and melted snow 

water can affect organic matter concentrations in watersheds because of reduction of 

dissolved compounds. In parallel with such processes, rainwater dissolves different 

compounds from soil, thereby increasing the concentration of dissolved compounds 

because of infiltration into lake water. Heavy rains play a role in the transport of huge 

amounts of allochthonous organic matter (Park et al., 2009). Autochthonous organic 

matter appears to be predominant in the lake during the summer, although the relative 

contribution of organic matter of terrestrial origins increased after heavy rains in early 

autumn. Water input affects special fluctuation of organic matter concentration in lake 

water, the POC concentration increases because of increasing river water pollution 

(Barałkiewicz and Siepak, 1994a,b; Siepak, 1999). Suspended solids accumulate toxic 

components that eventually reach the bottom of the water. Phytoplankton and bacteria 

can live on or adhere to suspended solids (Mulligan et al., 2009). Therefore, the removal 
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of suspended solids is necessary both for water clarity and for reduction of chemical 

oxygen. 

Anthropogenic influences such as sewerage and domestic, agricultural, and industrial 

effluents contribute considerably to increased concentrations of organic matter in 

aquatic environments (Abril et al., 2002; Mostofa et al., 2005b, 2010; Fu et al., 2010). 

The occurrence of DOM derived from human activities is gradually increasing because 

of the increased widening and intensification of domestic, agricultural, and industrial 

activities. 

Common nutrients released from decomposition processes of organic matter in lake 

environments include ammonium ion (NH4
+
), nitrate ion (NO3

-
), and phosphate ion 

(PO4
3-

). Nutrients are produced by degradation of DOM and POM. They typically 

derive from dissolved organic nitrogen (DON) and dissolved organic phosphorus (DOP) 

(Bronk, 2002; Kim et al., 2006; Li et al., 2008). Nutrients are mostly released during the 

photoinduced and microbial respiration (or assimilation) of POM (algae or 

phytoplankton biomass), as shown by experiments conducted under light and dark 

incubations (Carrillo et al., 2002; Kim et al., 2006; Yamashita and Jaffé, 2008). Nitrated 

and nitrite ions are producible by oxidation of ammonia in nitrification and of DON in 

lake waters (Kopáček et al., 2004; Lehmann et al., 2004). Nutrients produced by organic 

matter can be used for new primary or secondary production in natural waters. Total 

concentrations of DOM in lake waters are responsible for variation of the trophic level, 

because of eutrophication/oligotrophication processes. 

Various sources of organic matter in lake water typically point to a dominant source, 

which is important for formulating good solutions to improve water quality in lake 
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environments. From the study of organic matter sources, the DOM fraction is well 

known to be designated as either colored or chromophoric dissolved organic matter 

based on the absorption of ultraviolet (UV) and photosynthetic available radiation. 

DOM is generally controlled by downward irradiance flux through the water column of 

UV of 280–400 nm (UV-A of 320–400 nm and UV-B of 280–320 nm), and 

photosynthetically available UV wavelengths of 400–700 nm (Laurion et al., 2000; 

Markager and Vincent, 2000). DOM is associated with water color, water transparency, 

occurrence of euphotic zone and thermal stratification in the surface waters of lakes 

because of effects of solar radiation penetration (Laurion et al., 2000; Mostofa et al., 

2005a). 

Actually, DOM can strongly affect photosynthesis in natural waters, limit 

productivity (Jackson and Hecky, 1980; Carpenter et al., 1998), and affect epilimnetic 

(Hanson et al., 2003) and hypolimnetic respiration (Houser et al., 2003). Photoinduced 

and microbial oxidation of DOM is responsible for the simultaneous generation of H2O2, 

CO2 and DIC (Palenik and Morel, 1988; Mostofa and Sakugawa, 2009c). Nutrients 

(PO4
3-

 and NH4
+
) released by DOM and POM might also favor the occurrence of 

photosynthesis and consequently enhance phytoplankton blooms in natural waters 

(Lehmann et al., 2004; Kim et al., 2006; Li et al., 2008; Zhang et al., 2009). High 

chlorophyll a concentrations are often observed in waters with high contents of DOM; 

the reverse occurs in low-DOM waters (Meriläinen et al., 2001; Mostofa et al., 2005a, 

Satoh et al., 2006; Komatsu et al., 2007). 

Three-dimensional excitation–emission matrix (EEM) spectroscopy has been a 

useful technique to discriminate humic substances of different types and sources in 
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dissolved fraction in natural waters. This method is characterized by identification of 

protein-like and humic-like fluorescence peaks based on detection of reactions to 

different excitation–emission wavelengths from water samples (Coble, 1996). However, 

an important shortcoming of this method is that traditional peak picking techniques 

might not evaluate the exact changes in fluorescence intensity of protein-like and 

humic-like because of different fluorescence peak overlaps (Maie et al., 2007). 

Based on the similarities of the EEM spectra, the key component of autochthonous 

fluorescent DOM is defined as “autochthonous fulvic acid (C-like)” of algal or 

phytoplankton origin. Another component is defined as “autochthonous fulvic acid (M-

like)” of algal or phytoplankton origin, based on similarities with the marine humic-like 

component (Coble, 1996, 2007). Fluorescence spectroscopy offers unique fingerprints 

for single compounds or a mixture of fluorescent components (Persson and Wedborg, 

2001; Peuravuori et al., 2002; Her et al., 2003). Coble (1996) reported that a blue-shift, 

i.e. an emission shift to a shorter wavelength, is caused by a reduction in the π-electron 

system, such as a decrease in the number of aromatic rings or conjugated bonds in a 

chain structure, or the conversion of a linear ring system to a nonlinear one. 

For shallow lakes, with conditions that favor development of submerged aquatic 

vegetation over large areas, the potential exists for large-scale reduction of nutrients and 

phytoplankton concentrations in the water column (Scheffer et al., 1994; Kufel, 2002; 

Bakker et al., 2013). This reduction occurs because submerged aquatic vegetation beds 

can stabilize sediments, sustain epiphytes that sequester nutrients, and engender 

physical and chemical conditions that elicit removal of both particulates and soluble 

nutrients from the water column (Jeppesen et al., 1998). High turbidity affects 
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photosynthetic capacity, for example, primary production by phytoplankton becomes 

light-limited (Kromkamp et al., 1995; David et al., 2006); some planktonic organisms 

(copepods and mysids) reduce their food collecting abilities, egg production, and 

individual health (Bernát et al., 1994; Gasparini et al., 1999; David et al., 2005; 

Carrasco et al., 2007). 

Stability of suspended solid concentrations with increasing turbidity implies either a 

change in sediment characteristics (density, grain size) or in the water color. Turbidity 

increases during rainfall events, so water color is also affected by dilution with event 

flow. It is not expected to interfere much with turbidity readings. Therefore, higher 

turbidity values more probably correlate with higher contents of fine particles 

(Tananaev and Debolskiy, 2014). 

In addition, the lake type and position of a sampling site within a lake, in addition to 

the seasonal pattern of organic matter sedimentation might not only reflect its respective 

plankton succession (Bunn and Boon, 1993; Matthews and Mazumder, 2005; Taipale et 

al., 2007). It also might be more or less modified by loading of riverine organic matter. 

Consequently, a more or less pronounced spatial variation of organic matter 

sedimentation can be expected in addition to the well-known seasonal variation. 

Lake sediments are generally rich in organic matter consisting of labile and 

refractory compounds, of which the relative importance changes as a function of a 

complex array of processes such as degradation, heterotrophic utilization, 

transformation, accumulation, and export (Zhao and Cheng, 2011). Sediment oxygen 

demand during the degradation of organic matter can induce hypoxia or anoxia in 

bottom waters. Oxygen demand and the quantities of regenerated nutrients are not a 
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simple function of the quantity of organic matter but also its quality (i.e. carbon and 

nitrogen ratio), which is affected by numerous biological and physical factors 

(Fiordelmondo and Pusceddu, 2004). POC/PN ratios were 6–10 at Lake Shiwa, Korea 

(Piirsoo et al., 2012), which indicated the contribution of phytoplankton-derived organic 

matter (Brzezinski, 1985; Montagnes et al., 1994), but higher values (>12) were of 

terrestrial origin (Faganeli et al., 1988; Thornton and McManus, 1994). Furthermore, 

algal carbon isotopic composition in freshwater shows depleted values compared with 

marine phytoplankton (Marty and Planas, 2008). These lower values might affect the 

depleted carbon isotope ratios of particulate matter in rural areas. 

The study of lake sediments has been used as re-constructing depositional history, 

climatic changes, and elemental pollution attributable to natural and anthropogenic 

sources with time. Sedimentation in a lake is affected more strongly by regional 

geographic and climatic processes. In recent years, the role of sediments in the lake 

system dynamics is realized. Recycling of mineralized organic matter, especially the 

nutrients, in sediments by organic decay and pore fluid transfer processes are now 

recognized as fundamentally important components of models are designed to describe 

the nutrient dynamics of lake and reservoir systems (Lerman and Brunskill, 1971). 

Investigations of the mineralogical and chemical characteristics of sediment particles 

supplied to the lake by streams, shore erosion, atmospheric fall-out, and cultural sources 

can reveal important information about the bedrock and surficial geology of the 

drainage basin, weathering, the relative importance of various inputs, and quantitative 

estimates of cultural loading on the lake systems. Sediment contamination by heavy 

metals and other micro-pollutants might cause potential adverse effects on ecosystems 
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and also pose health risks to humans (e.g. Verweij et al., 2004; Wang et al., 2004). The 

main environmental risk is remobilization of the contaminants and their return to the 

hydrosphere either by sediment re-suspension or by infiltration into the groundwater 

(Eggleton and Thomas, 2004; Wildi et al., 2004). In addition, the influence of the 

external source of organic matter by bacterial activity is important, with internal organic 

matter supplies related to the lake’s eutrophication (Thevenon et al., 2011). They 

reported that wastewater treatment plants affect lake trophic states and the time 

distribution of organic matter, bacterial abundance, and activity in freshwater lake 

sediments in Lake Geneva. Sediments near the wastewater treatment plant outlet 

exhibited extremely high organic matter concentrations after the sewage treatment plant 

installation in 1964 because of the local release of abundant organic products 

(Thevenon et al., 2011). 

To identify the original source of OM in a lake environment, a common method is 

based on components of dissolved or particulate fractions. For a particulate fraction, 

C/N ratios are applicable to distinguish different origins of organic matter between 

terrestrial (soils, vascular plant debris) and aqueous (phytoplankton) sources in 

geochemical mixtures (Meyers, 1997). Typical C/N values for pure soil organic matter 

are greater than 10. Particularly, vascular plant debris that is greater than 20 can be 

regarded as systematically higher than those for freshwater phytoplankton, which are 4–

9. 

Stable carbon isotope analysis is a powerful tool to identify the origin of organic 

matter in aquatic ecosystems (e.g. Kendall et al., 2001; Lehmann et al., 2004a,b). The 

various ranges of stable isotopes are expected to reveal the origins of aquatic organic 
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components, which can be autochthonous sources such as algae/phytoplankton or 

allochthonous materials such as terrestrial sources from soil and leaf debris. Many 

studies have demonstrated that phytoplankton has response to change of inorganic 

carbon concentration such as increasing HCO3
- concentrations and dissolved CO2 

limitation (Fogel et al., 1992; Popp et al., 1998; Matsuda et al., 2001; Rau et al., 2001; 

Raven, 2003). Eutrophic lakes generally have great potential to exhibit large spatial and 

temporal variations in δ
13

C of phytoplankton because of differences in isotopic 

fractionation of 
12

C and 
13

C during uptake CO2 into phytoplankton (Takahashi et al. 

1990; Gu and Schelske, 2004; Xu et al., 2005a; Gu et al., 2006). 

Water temperature (WT) is an important environmental factor affecting the 

variations of δ
13

C value. According to one earlier report (Andreev and Klimanov, 2000), 

a temperature drop of 4°C might engender lower carbon isotope ratios. This temperature 

effect might have increased the CO2 solubility in the water field and consequently 

caused an increased DIC pool and decreased ratios of δ
13

CPOC and δ
13

CTOC. Additionally, 

lower δ
15

NTN ratios are also caused by a decrease in water temperature. 

Stable carbon isotopic compositions have fluctuated according to different organisms 

living in different environments. For instance, C3 plants such as Leymus chinensis 

(Trin.) Tzvel. and Stipa grandis P. Smirn. are the dominant species in Hulun Buir 

Steppe (Kiyokazu et al., 2008), which has average pasture δ
13

C values of −26.0‰. 

Therefore, the δ
13

C variations indicate different sources of organic components. For 

instance, the stable carbon isotopic compositions were from − 25.7‰ to − 25.5‰ (POM 

fraction) and from −25.6‰ to −25.4‰ (DOM fraction) in Lake Hulun, China, which 

suggests that it derived predominantly from terrigenous vegetation (Chen et al., 2012). 
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In mid-summer, the δ
13

C value of organic matter in lake water decreased rapidly, 

presumably because the oxic decomposition of organic compounds, mainly oxidation of 

CH4, releases isotopically light DIC into the lake water, consuming O2 and lowering the 

pH of pore and bottom waters (Liu et al., 1996; Leng and Marshall, 2004). In Lake 

Sarbsko, low ratios of C/N values (5.67–9.99) and δ
13

CTOC (−29.3‰ to −27.4‰) 

(Woszczyk et al., 2011) show a predominance of well-preserved autochthonous organic 

matter, with only a minor contribution of terrestrial organic compounds (Meyers, 1994). 

 

1.2. Chemical oxygen demand (COD) and its relation with organic matter in lake 

environments 

Chemical oxygen demand (COD) is a simple parameter denoting the amount of 

organic matter in a water environment. This method has been used widely in water 

research based on the determination on the amount of oxygen necessary to oxidize 

organic pollution in a water sample of given volume (Pisarevsky et al., 2005). The 

adequacy of decisions based on COD values is reliant upon the quality of the 

measurements. Organic matter in lake environments is often elucidated by the quantity 

of total carbon (TC) or total organic carbon (TOC), but TC and TOC values do not 

express the oxidized fraction of the organic matter responsible for eutrophication of the 

receptor medium. A COD determination method is most often estimated from their 

oxide-ability by potassium dichromate or potassium permanganate in specified 

concentrations, with particular catalytic, acidic and temperature conditions. 

The COD concentration is characterized by temporal and spatial variations 
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throughout the year attributable to fluctuations of organic matter levels in lake water. 

For example, Lake Chaohu in China was found to have higher values of COD 

concentrations in summer than in other seasons, with no significant difference in spatial 

variation. Significantly higher COD concentrations in this lake are controlled by high 

phytoplankton biomass density (Jiang et al., 2014). The same circumstances were 

recorded at a polluted lake, Lake Tabacarie in Romania, with high COD concentration 

in July and lowest in November (Zagan and Enache, 2009). At Lake Taihu, the COD 

values were shifted from high COD concentration in the water river input to the lake 

(Wang et al., 2006, 2007a). However, variations of COD concentrations in Lake Taihu 

were generated mainly by autochthonous products: phytoplankton (Wang et al., 2007b). 

According to Lei et al. (2006) and Hu et al. (2010), the COD concentration decreased 

during macrophyte growth because they are able to uptake nutrients from the water in 

summer. However, during winter, the stems and leaves of these macrophytes wither and 

fall. Then they decompose. Zhou and Wang (2010) reported that controlled experiments 

assessing Oenanthe javanica growth and decay showed that the COD concentration 

declined in the purification phase, but then it increased markedly in the decay phase, 

leading to water quality deterioration. The concentration of COD in Lake Mogan, 

Turkey increased during winter because of increased household wastewater and abattoir 

waste discharge (Karakoç et al., 2003). COD was readily linked with the humic-like 

components in lake catchments (Zhang et al., 2011a). 

Spring and summer produce the highest temperatures during any year, providing 

beneficial conditions for increasing autochthonous products because phytoplankton 

activity depends on air temperature. Phytoplankton species are also useful tools for 
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elucidating water conditions because their biological functions (Abranthes et al., 2006; 

Bellinger et al., 2010) are affected by environmental factors. They have various cell 

organizations in water bodies such as lakes (Padisák et al., 2006). Algal photosynthetic 

capability increases concomitantly with increasing algal biomass, higher temperatures 

in summer, and improved summer photic conditions (Filstrup et al., 2009). Therefore, 

greater seasonal changes in temperature and the light regime exacerbate the seasonal 

isotopic variation in high-latitude eutrophic lakes dominated by phytoplankton. This 

variation contributes to increased organic matter concentrations. 

POC is a dominant constituent of organic matter during phytoplankton blooms 

irrespective of the phytoplankton composition and size (Casareto et al., 2012). Kuimei 

et al. (2016) reported that in Poyang Lake, China high algal biomass growth in the water 

body occurred during late spring and summer at times of high water temperature, light 

conditions, and increased nutrients (concentrations of nitrogen and phosphorus). In the 

stage of phytoplankton bloom, the carbohydrate contents of both particulate and 

dissolved fractions were increased, accounting for 18–45% and 26–80% of TOC 

(Biddanda and Benner, 1997). Shifts in the phytoplankton composition affected not 

only the water quality variation, but also changes of physiochemical variables and biotic 

interactions (Jacoby et al., 2000). Krustok et al. (2015) demonstrated, from laboratory 

experiments conducted in a climate chamber, that pH declined in wastewater collected 

in December because the growth was particularly low, with low CO2 assimilation, 

which suggests that pH increases during phytoplankton activity because of the rapid 

assimilation of CO2. 
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1.3. Aim of this study 

Lake Kiba, a small shallow eutrophic lake in central Komatsu city, Ishikawa 

Prefecture, Japan, has an area of 1.09 km
2
 and a watershed area of 37.4 km

2
. The land 

use of surrounding areas is 51% forest, 18% paddy field, and 21% urban. The highest 

and lowest water depths are, respectively, 3.5 m and 0.7 m. The water input is from the 

Hiyou River, with output to the Mae River. Lake Kiba has sustained organic pollution 

over two decades. The pollution has adversely affected resident activities around the 

lake. Concentrations of chemical oxygen demand and total nitrogen were twice as high 

as the national standard level of class A (COD<3 mg l
-1

; TN<0.6 mg l
-1

) in the last 

decade (Komatsu City Government, 2014). The suspended solid concentration was 12–

21 mg l
-1

. Total nitrogen was from 0.92 to 1.30 mg l
-1

. The total phosphorous fluctuated 

within 0.066–0.11 mg l
-1 

during the surveyed period of 2000–2011 (Komatsu City 

Government, 2014). Other studies were conducted continually at Lake Kiba in 2013. 

Some studies of Lake Kiba have been reported, but information about behaviors as well 

as origins of organic pollution in the lake remains insufficient (Hasegawa et al., 2009; 

Komastu City Government, 2014). Consequently, this study was undertaken to 

elucidate factor-controlling variations of organic pollution in Lake Kiba. To achieve this 

objective, we (i) elucidated water quality based on variations of COD concentration, (ii) 

estimated seasonal and spatial variations of organic matter and its sources, and (iii) 

assessed organic matter sedimentation recorded in a sediment core. 
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Chapter 2. 

 
COD variation in surface waters from a small, shallow 

and semi-closed lake, Lake Kiba during 2012-2016 
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2.1. Introduction 

     Chemical oxygen demand (COD) has been used as a simple indicator of pollution in 

lakes. In recent year, shallow lakes in China have been seriously polluted because of the 

rapid economic development and intensified human activities in watershed area (Yin et 

al., 2011, Jiang et al., 2014). Household and industry wastes discharged into lakes lead 

to severe organic contamination. Shallow lakes are also associated with a high growth 

rate of beneficial phytoplankton that is caused by sunlight transmission to the bottom 

and the continuous nutrient inflow. Therefore, much attention has been given to the 

eutrophication of the shallow lakes such as Lake Taihu and Lake Chaohu, which are key 

sources of drinking water (Yin et al., 2011; Jiang et al., 2014). Japanese shallow lakes 

such as Lake Inbanuma and Lake Teganuma are similar situation and one of worst lakes 

at last decade (Teganuma Aquatic Conservation Council, Inbanuma Aquatic 

Conservation Council). The lakes are shallow and completely reformed by the 

reclamation project for the flood control, rice field improvement and water resource 

development during 1963–1969 ((Teganuma Aquatic Conservation Council, Inbanuma 

Aquatic Conservation Council). Both lakes experienced and progressive eutrophication 

since 1970’s when the population of human-being in the watershed increased rapidly 

(Teganuma Aquatic Conservation Council, Inbanuma Aquatic Conservation Council). 

In Japan, the results of water quality survey of lakes and reservoirs indicate that 

compliance rate of environmental quality standards for living environmental items is 

55.5% for COD concentration in 2014 (Ministry of the Environment).  

     Lake Kiba (Kiba-gata), which is located at Komatsu city, Ishikawa Prefecture, Japan 

(Fig. 2-1), and has a mean water depth of 1.7 m, area of 1.14 km
2
, and water volume of 
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1.7 × 10
4
 m

3
. The watershed area is 38 km

2
. In 1932, the counter slice gate was 

constructed at the conjunction of the Kakehashi River to protect inflow of water from 

the river at flood events (Fig.2-1). Reclamation project, “Kaga three lagoons 

reclamation project” was planned to improve the lowland area drainage and to increase 

the productivity of surrounding farmland. The reclamation work was undertaken to 

open a new channel to divert floodwaters from the related basins into the sea and the 

reclamation of Lake Imae (Imae-gata) and 2/3 of Lake Shibayama (Shibayama-gata) 

during 1954–1969 (Hokuriku Regional Agricultural Administration Office, 1970). Lake 

Kiba was affected by changes in the drainage system and land consolidation around the 

lagoon. The Maekawa slice and drainage pump station was constructed at the Maekawa 

River to control water level of Lake Kiba. The organic matter flux recorded in the 

sediment core increased from 1.1 to 2.3 and from 3.9 to 7.5 mgC cm
-2

 y
-1

, respectively, 

during 1903–1974 and 1989–2012, although it was similar with the flux recorded for 

1974–1989 following reclamation (Nagao et al., 2016). The COD concentration was at a 

maximum, 11 mg l
-1

 in 1990, corresponding to the worst second in Japan and has 

remained about double the national standard of this lake class (3 mg l
-1

) over the last 

decade (Komatsu City Government). 

     The objectives of this study are to explore the factors controlling COD concentration 

and its variation in Lake Kiba from monthly observation and relationship of water 

quality. We determined total COD concentration and existent forms of COD, dissolved 

and particulate COD, during the sampling period. The Lake Kiba is classified as lagoon, 

which is 146 lakes with higher lake area above 0.1 km
2
 in Japan (Hayashi, 2015). 
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Therefore, the results of this study are basic and useful information of understanding 

organic pollution in shallow lakes and lagoon.  

 

2.2. Materials and methods 

     Water sampling was carried out at a site of the central part of lake once in two-three 

months in May 2012–January 2013 and monthly during May 2013–March 2016. The 

surface water samples were collected using a bucket on the boat.    

     Water quality such as water temperature (WT), pH, chemical oxygen demand (COD), 

total nitrogen (T-N), and total phosphorous (T-P) in the surface water were determined 

by the procedures for Japan Industrial Standard (JIS) Method (JIS K 0102, 2010). The 

pH of lake water was determined by glass electrode method. COD (CODMn) 

concentration was measured by titration with acidic potassium permanganate before and 

after filtration with ADVANTEC GS-25 glass fiber filter. COD for the filtered sample 

is expressed as D-COD. Particulate COD (P-COD) was obtained as the difference 

between total COD (T-COD) and D-COD concentration. T-N and T-P concentrations 

were determined by ultraviolet absorption method and colorimetry, respectively, after 

heating with potassium peroxodisulfate. Suspended solids (SS) concentration was 

measured by filtration on a ADVANTEC GS-25 glass fiber filter (Ministry of the 

Environment). Chlorophyll-a concentration was photometry quantified by the 

trichromatic absorption method after the extraction of particles on a ADVANTEC 

0.45µm membrane filter with 90% acetone (Ministry of Land, Infrastructure, Transport 

and Tourism) 
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Figure 2-1. Sampling location. The closed circle indicates sampling site in Lake Kiba. 

Numerical map data are based on Fundamental Geospatial Data provided by the 

Geospatial Information Authority of Japan, and National Land Numerical Information 

provided by the Ministry of Land, Infrastructure, Transport and Tourism, Japan. 
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2.3. Results and discussion 

2.3.1 Water quality 

     Water temperature and pH show seasonal variation with higher in summer. The pH 

on 31 July 2013 and 19 August 2014 is lower value before and after the month due to 

heavy rain events with precipitation of 199.5 mm (maximum 46.5 mm h
-1

) on 29 July 

2013 and 189.9 mm on 15–18 August 2014 at the observation site in Komatsu (Japan 

Meteorological Agency, Past weather data, Komatsu observatory data). Suspended solid 

(SS) concentration shows seasonal variation and varies with each year. T-N 

concentration was higher in summer (July–August) and winter season (October–

November). T-P concentration ranged from 0.02 to 0.26 mg l
-1

. The chlorophyll-a 

concentration has two peaks in April and August 2015.  

2.3.2 COD concentration 

     T-COD and D-COD concentrations show seasonal variation with higher in summer 

season (Fig. 2-3). T-COD concentration ranged from 2.3 to 10.0 mg l
-1

 and maximum 

value is in the order of 2012 = 2013 < 2014 = 2015. T-COD concentration decreased 

significantly after the rain events on 29 July 2013 and 19 August 2014. The water 

sample collected on 15 September 2015 exhibited lower T-COD value with lower SS, 

total nitrogen and phosphorous concentration without any rain event. As shown in Fig. 

2-2, pH of the lake water showed small variation. This result indicates that the inflow of 

Dainichi River via the Kaga three lagoons waterway, as shown in Fig. 2-1, may be 

reflected to lower values by the dilution of lake water.  

     The D-COD and P-COD concentrations are 1.8–6.5 mg l
-1

 and 0.2–5.3 mg l
-1

, 

respectively. The percentage of P-COD to total COD is ranged from 8 to 57%. The 
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averaged percentage of P-COD is 34 ± 11% and lower than that of Lake Inbanuma and 

Lake Teganuma with higher T-COD concentration and SS concentration (Teganuma 

Aquatic Conservation Council, Inbanuma Aquatic Conservation Council). On the other 

hand, P-COD in the lakes with lower SS concentration are 20–30% for the Fuji five 

lakes (Yoshizawa, 2009), and 10% for the Akagi-Ohnuma and Lake Haruna (Ohtani , 

2006). The lower percentage was observed in winter season in Lake Kiba, when the SS 

concentration decreased.  

2.3.3 Relationship between COD and water quality 

     Figure 2-4 shows total COD concentration as a function of physicochemical 

parameters such as water temperature (WT), pH, suspended solids (SS) and chlorophyll-

a concentration. There are good positive correlations (correlation factors of 0.72–0.83, 

p<0.0001) for water temperature, pH and chlorophyll-a concentration. Increase in pH is 

caused by utilization of CO2 for phytoplankton activity. On the other hand, SS 

concentration has lower correlation factor of 0.47 (p<0.01) with COD concentration 

because of a mixture of freshly produced phytoplankton, re-suspension of surface 

bottom sediment and input of suspended solids from watershed. 

     To compare other lakes with higher COD concentration, we selected the lakes under 

the low concerning special measures for conservation of lake water quality by Ministry 

of Environment in Japan (e.g. Environmental Cooperation Office, Global 

Environmental Bureau, 2010).  T-COD concentration in Lake Kojima, which is input of 

agricultural and drainage from watershed, ranged from 6 to 9 mg l
-1

 and showed higher  
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Figure 2-2. Variation of water temperature (WT), pH, suspended solids (SS), total 

nitrogen (T-N), total phosphorous (T-P) and chlorophyll-a concentration in surface 

water from Lake Kiba. The arrows indicate the samples affected by rain events  
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in spring season (Takano, 2007). The T-COD value shows high correlation (r = 0.69) 

with chlorophyll-a concentration, but weak correlation with water temperature (r = 

0.03) and pH (r = 0.38) (Takano, 2007). Lake Inbanuma and Lake Teganuma have 

clearly COD peaks in May and August in the observation of 2014 (Chiba Prefectural 

Government, List of public water quality, results of water quality).  On the other hand, 

Lake Suwa indicates maximum of COD in September with higher percentage of P-COD 

(Nagano Prefectural Government, Water quality results, lakes ). T-COD has a positive 

correlation with chlorophyll-a concentration for Lake Teganuma and Inbanuma (r = 

0.63–0.73, p<0.0001) and Lake Suwa (r = 0.67, p<0.001) for monitoring data in April 

to March 2016 (Chiba Prefectural Government, List of public water quality, results of 

water quality, Nagano Prefectural Government, Water quality results, lakes). The water 

pH has correlation factor of 0.35 for Lake Inbanuma, 0.48 for Lake Suwa and 0.62 for 

the Teganuma (all data p<0.001) with T-COD concentration. Lake Kiba shows higher 

correlation factors, 0.72–0.83, as shown in Fig. 2-4. The variation was observed for 

each lake with the different in primary production, residence time of water mass, inflow 

from watershed and its social situation.   
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Figure 2-3. Variation of total COD (T-COD: ○) and dissolved COD (D-COD: ●) 

concentration (a) and percentage of particulate COD (P-COD) in surface water from 

Lake Kiba (b) during May 2012–March 2016. The arrows indicate the samples affected 

by rain events. 
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2.3.4 Dissolved COD and Particulate COD concentration and their implication 

     Figure 2-5 shows the D-COD and P-COD concentrations versus water temperature, 

pH and chlorophyll-a concentration. Two phases of COD concentration are positive 

correlations for water temperature (correlation factors of 0.65–0.84, p<0.0001), pH 

(0.71–0.76, p<0.0001) and chlorophyll-a concentration (0.63–0.72, p<0.0001). The 

results indicate that both phases are related with phytoplankton activity during spring–

summer season. 

     Figure 2-6 shows variation of D-COD and P-COD concentration in the five lakes 

with higher COD concentration ranging from 2.3 to 20 mg l
-1

. Averaged percentage of 

P-COD to T-COD is 27 ± 8% for the Kasumigaura (e.g. Kasumigaura River Office) 34 

± 11% for the Kiba, 43 ± 11% for the Suwa (Nagano Prefectural Government)  52 ± 

11% for the Teganuma (Chiba Prefectural Government), and 58 ± 9% for the Inbanuma 

Chiba Prefectural Government, List of public water quality, results of water quality). 

There is a positive correlation (r = 0.62–0.72, p<0.0001) with D-COD and P-COD 

concentration for Lake Kiba and Lake Suwa. Both lakes have semi-closed feature 

because of presence of the slice-gate and/or one outflow river (e.g. Environmental 

Cooperation Office, Global Environmental Bureau, 2010; Komatsu City Government). 

In these lakes, phytoplankton activity significantly reflects the abundance ratio of D-

COD to P-COD. The input of COD from watershed and bottom sediment appears to 

affect variation in the abundance ratio. On the other hand, Lake Inbanuma, Teganuma 

and Kasumigaura indicate no correlation between D-COD and P-COD concentration. 

The lakes are classified into shallow lakes with average water depth of 0.86–4 m and 

have inflow from watershed via the rivers (Teganuma Aquatic Conservation Council, 
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Inbanuma Aquatic Conservation Council, Nagano Prefectural Government). The 

suspended solid concentration shows almost correlation with chlorophyll-a 

concentration for the Kasumigaura, Teganuma and Inbanuma in 2014–2016 (r = 0.41–

0.70, p<0.01) (Teganuma Aquatic Conservation Council, Inbanuma Aquatic 

Conservation Council, Nagano Prefectural Government), not shown in figure. This 

result indicates higher contribution of phytoplankton production in the lake. One 

possibility of the lower correlation between D-COD and P-COD is considered that the 

input ratio of D-COD to P-COD was variable through one year in comparison with that 

of Lake Kiba and Lake Suwa because of variation of input and output of D-COD and P-

COD for the lake bottom sediment and watershed. For better understanding the 

phenomena, it is needed for the additional studies with relationship between COD value 

and organic matter concentration and its quality parameters such as carbon and nitrogen 

isotopes, biomarkers, fluorescence properties in the view point of their origin.      
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Figure 2-4.  T-COD as a function of water temperature (a), pH (b) and chlorophyll-a 

concentration (c) in the Lake Kiba surface water. WT indicates water temperature. 
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Figure 2-5. D-COD (●) and P-COD concentrations (○) as a function of water 

temperature (a), pH (b) and chlorophyll-a concentration (c) in the Lake Kiba surface 

water. 
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Figure 2-6. Relationship between D-COD and P-COD concentrations in surface water 

from Lake Kiba (a), Lake Suwa (b), Lake Teganuma (c), L. Inbanuma (d) and Lake 

Kasumigaura (e). Data was referenced from Nagano Prefectural Government (Lake 

Suwa) (Nagano Prefectural Government)and Chiba Prefectural Government (Lake 

Inbanuma and Lake Teganuma) (Chiba Prefectural Government ), in April 2012–March 

2016. Lake Kasumigaura was used from monitoring results during January 2012–

December 2015 by the Kasumigaura River Office (e.g. Kasumigaura River Office, 

Kanto Regional Development Bureau). Lake Kiba is used for data as shown in Fig. 2-3.    
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2.4 Conclusions 

     Lake Kiba is a small, shallow and semi-closed lagoon and is facing to organic 

pollution. Averaged annual COD concentration is about two times higher than that of 

national regulation at least 30 years. This study focuses on identifying factors 

controlling COD concentration through one year. The field expedition was carried out at 

a site of central part of the lake once in two-three months in May 2012–January 2013 

and monthly during May 2013–March 2016. The T-COD concentration ranged from 2.3 

to 10.0 mg l
-1

 and showed seasonal variation with higher COD in summer. T-COD 

value was positively correlated with water temperature, pH and chlorophyll-a 

concentration. These results indicate that the increase in the COD concentration during 

spring–summer is caused by phytoplankton activity, though decrease in the COD 

concentration during autumn season is controlled by the dilution of water mass from the 

watershed. Lake Kiba exhibits a positive correlation between dissolved COD (D-COD) 

and particulate COD (P-COD) similar with Lake Suwa having shallow and semi-closed 

condition. The results suggest that the COD variation is controlled by the input and 

output of D-COD and P-COD in the water column in Lake Kiba and its ratio is almost 

constant through one year. 
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Chapter 3. 

 
Temporal and spatial variations of organic pollution in 

Lake Kiba, Japan during 2014–2016 
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3.1 Particulate organic carbon 

3.1.1 Introduction 

Particulate organic carbon (POC) plays an important role in the global carbon cycle, 

functioning as a food source for heterotrophic organisms (Li and Minor, 2015), 

supporting transportation of organic matter produced in the eutrophic zone to the 

sediment (Wakeham et al., 1997; Hedges et al., 2000; Burdige, 2007), and ensuring 

turnover of organic metabolites (Llewellyn et al., 2015). In lake ecosystems, POC 

derives from two main natural sources: autochthonous production and allochthonous 

input. Autochthonous POC is originally produced within the lake by organisms such as 

aquatic plants, phytoplankton, algal, animal, and bacteria. The POC is an important 

source in terms of contributing to lake sediments, especially ponds with long resident 

time (Caraco and Cole, 2004; Moschen et al., 2009; Kumar et al., 2011). In contrast, 

allochthonous POC is transported from the catchment area, occurring as plant debris, 

leaves, grass, and humic substances (Aitkenhead and McDowell, 2000; Lozovik et al., 

2007) or as the input of terrigenous materials from atmospheric deposition (Oseguera et 

al., 2011). The study of POC behavior in the lakes provides useful information to 

elucidate water properties. 

In the last few decades, POC characteristics have become a matter of concern; almost 

all reports of the relevant literature describe studies of the many aspects of POC in 

oceans, river and lake sediments, and rivers. Dynamics of POC depend strongly on 

geochemical and environmental conditions such as lake shape, watershed condition, 

water pH, precipitation, and water temperature. The POC concentration is equal to or 

even greater than the dissolved organic carbon (DOC) value during intensive algae and 
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bacterial growth; it is quite lower in autumn (Wetzel, 2001a). The same pattern is 

observed in eutrophic Lake Taihu, China. The highest POC concentration was observed 

in summer, showing strong positive correlation with phytoplankton activity (Guangjia 

et al., 2015). 

Knowledge of POC dynamics is a useful tool for elucidating organic pollution in 

lake environments and for elucidating POC characteristics under changes of 

environmental factors during the year. Stable isotopic components and the elemental 

ratio of C/N have been widely used to discuss organic matter sources (Andrews et al., 

1998; Maksymowska et al., 2000; Gao et al., 2012). In fact, δ
13

C and δ
15

N are known as 

proxies for the isotopic component of POC sources in aquatic environments (Grey et al., 

2001; Cloern et al., 2002). Consequently, these parameters were used for this study to 

identify the original contributors to organic pollution in Lake Kiba based on monthly 

observations. 

Lake Kiba, located in the central Komatsu City, Ishikawa Prefecture, Japan, has 

sustained organic pollution for over 20 years, adversely affecting activities of residents 

around the lake. Some studies conducted at Lake Kiba have yielded only insufficient 

information about the dynamics of POC (Hasegawa et al., 2009; Komatsu City 

Government, 2014; Nagao et al., 2016). Consequently, this study was undertaken to 

find trends of variation in POC concentration and other characteristics of Lake Kiba 

throughout the year. Results from this study are expected to provide better 

understanding behaviors of POC in surface waters of the lake environment and to 

contribute to improvement of planning in support of better lake water quality. 
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3.1.2 Materials and methods 

3.1.2.1. Sampling location 

Lake Kiba is a small shallow eutrophic lake with area of 1.09 km
2
 and 37.4 km

2
 of 

watershed area. The surrounding land use is 51% forest, 18% paddy field, and 21% 

urban area. The highest and lowest water depths are, respectively, 3.5 m and 0.7 m. The 

water input is from the Hiyou River, with output to the Mae River (Fig. 1). 

Concentrations of chemical oxygen demand and total nitrogen were twice as high as the 

national standard level of class A (COD <3 mg l
-1

, T-N: 0.6 mg l
-1

) in the last decade 

(Komatsu City Government, 2014). The suspended solid concentration was 12–21 mg l
-

1
; total nitrogen was 0.92–1.3 mg l

-1
. The total phosphorous shifted within 0.066–0.11 

mg l
-1 

in the surveyed period of 2000–2011 (Komatsu City Government, 2014). 
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Figure 3.1-1. Sampling station () in Lake Kiba. Closed circles represent lake water 

sampling points. 
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3.1.2.2. Sampling and pretreatment 

Water sampling was conducted monthly at a central site KB3 of the lake from February 

2015 through March 2016. This report describes studies assessing winter (January–

March), spring (April–June), summer (July–September), and autumn (October–

December). In all, 60 liters of water samples were taken to assess suspended particles. 

After the samples were taken in collapsible water carriers, they were transported to the 

laboratory and were stored in a refrigerator. The suspended solids were collected by 

continuous flow centrifugation and were freeze-dried. Physicochemical parameters 

including water pH, water temperature (WT), dissolved oxygen (DO), conductivity, 

turbidity were measured directly in the field using a multi-parameter water quality 

meters WQC-24 (DKK- TOA corp.). 

3.1.2.3. Analytical methods 

A suspended solid sample was ground in an agate mortar. Then inorganic carbonates 

were removed with 1M HCl, rinsing with Milli-Q water, and drying again to analyze 

particulate organic carbon (POC), nitrogen (PN), and stable isotopic components (δ
 13

C 

and δ
 15

N). The POC and PN concentrations from suspended solids were found using an 

elemental analyzer (NA 2500; Thermo Fisher Scientific Inc., USA). Carbon and 

nitrogen stable isotopes were measured using a mass spectrometer (DELTA V 

Advantage; Thermo Scientific). The δ
13

C and δ
15

N values were expressed, respectively, 

in per mil units relative to Vienna PeeDee Belemnite (VPDB) and atmospheric N2. The 

stable isotope compositions were the following.  
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δ
 
X (‰) = (R sample/ R standard -1) × 1000 

Therein, X = C (carbon) or N (nitrogen); Rsample/ Rstandard is the ratio of 
13

C / 
12

C or 
15

N/ 

14
N. Standard materials were δ

13
C

VPDB
= -26.39 ‰, δ

15
Nair= -4.52 ‰, L-Alanine 

(δ
13

C
VPDB

= 19.6‰, δ
15

Nair= 1.6‰), ANU-sucrose (δ
13

C
VPDB

= -10.80 ‰), IAEA-N1 

(δ
15

Nair= 0.4 ‰), and IAEA-N2 (δ
15

Nair= 20.3 ‰). 

3.1.3 Results 

3.1.3.1 Seasonal variations in physicochemical parameters 

Information related to the dynamics of environmental factors in surface water is 

important for greater understanding of POC behaviors. Figure 3.1-2 shows monitoring 

results for different physicochemical parameters such as WT, pH, suspended solids (SS), 

conductivity, and turbidity from February 2015 through March 2016. The figure shows 

that WT was high in spring (14.8–22.1°C) and summer (27.3–30.1°C), but lower and 

lower in autumn (7.8–17.0°C) and winter (4.6–11.1°C) (Table 3.1-1). Water pH 

extended within the weak alkaline region of 6.8–9.32 and showed similar variation to 

that of WT. The pH-value increased from 7.64 in April to 9.32 in September, 

corresponding to an increase in phytoplankton activity during phytoplankton season 

(April–September). The SS concentration was 5.0–30 mg l
-1

, conductivity was 7.6–

12.25 mS m
-1

, and turbidity was 7.5–30.2 NTU. Estimation of SS, conductivity, and 

turbidity concentrations can be done only to a slight degree because the data fluctuated 

greatly upward and downward throughout the year (Table 3.1- 1). However, both SS 

and turbidity concentrations were low in winter, showing improved values in spring and 

early autumn. Other physicochemical parameters were the following: SS concentration 

of 5.0–30.0 mg l
-1

, conductivity of 7.6–12.3 mS m
-1

, and turbidity of 7.5–30.2 NTU. 
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Figure 3.1-2 Concentrations of particulate organic carbon (a), and particulate 

nitrogen (b), C/N ratios (c), POC and PN content (d), δ
13

C of POC (e), and δ
15

N of T-N 

(f) from suspended solids in surface waters at the center of Lake Kiba (KB3) from 

February 2015 through March 2016. 
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3.1.3.2 Temporal variations of particulate organic carbon and other parameters 

Organic carbon concentrations from suspended particulates fluctuated from 0.53 mg 

l
-1 

to
 
5.39 mg l

-1
 (Fig. 3.1-2a). The highest value was recorded in summer (July 2015). 

The POC concentration was lowest in winter (0.53 mg l
-1 

in February 2015), gradually 

increasing in April and May, and reaching the highest degree of concentration in July. 

The concentration increased again in September and October. November 2015 was 

about 0.28 times the value in December 2015. An increased trend was observed during 

February and March 2016. Variation of the particulate nitrogen (PN) concentration was 

similar to that of the POC concentration trend (Fig. 3.1-2b). The values were 0.47 mg l
-1 

to
 
0.83 mg l

-1
. The PN concentration increased during spring and summer, with the 

highest value observed in July, and the lowest observed in January. The data increased 

gradually from winter to spring, and decreased late autumn. 

Figure 3.1-2c shows the C/N ratio as 5.0–8.3. The ratio was almost constant around 

6.0 from late spring to early summer. It fluctuated slightly from summer through 

autumn (August–December), reaching its highest level in December 2015. 

Higher percentages of POC and PN were observed in summer 2015, with 13.7–

22.6% for variation of POC and 2.1–3.9% of PN. The δ
13

C of POC increased during 

summer and decreased during autumn–winter. 

Regarding variation of the stable isotopic component, carbon isotopes rose in 

summer (February–September, 2015), and declined during autumn–winter. The values 

were -29.4‰ to -24.6‰, with higher values observed during June and September 

(around -25.5‰). The values decreased slightly from October 2015 through March 



 
 
 

48 

2016 (Fig. 3.1-2e). The δ
15

N values fluctuated between 4.0‰ and 7.0‰, except in 

August 2015 and January 2016 (Fig. 3.1-2f). 
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Table 3.1-1: Physicochemical parameters of Lake Kiba surface waters during February 

2015 through March 2016 

 

 

 

 

 

 

 

 

 

 

 

 
Parameters pH DO (mg/L) Cond (mS/s) Turb (NTU) SS (mg/L) WT (°C) 

23. Feb.2015 6.87 ND 10.30 9.15 5.44 9.5 

06. Apr. 2015 7.64 ND 11.45 13.30 11.84 14.8 

15. May. 2015 8.50 ND ND ND 20.83 22.1 

24. Jun. 2015 9.32 ND 10.30 10.70 12.89 27.3 

29. Jul. 2015 9.18 ND 9.10 17.10 23.88 30.1 

18. Aug. 2015 8.92 ND 10.10 18.20 10.39 28.5 

29. Sep. 2015 8.93 ND 7.90 14.20 16.95 23.1 

26. Oct. 2015 7.33 5.42 12.25 23.85 24.25 17.0 

18. Nov. 2015 7.25 6.00 10.95 27.20 29.68 15.6 

25. Nov. 2015 7.40 6.59 9.00 30.20 27.96 7.8 

02. Dec. 2015 7.02 6.30 8.40 20.60 21.32 10.0 

09. Dec. 2015 7.03 6.35 9.60 22.10 15.37 8.2 

16. Dec. 2015 7.01 6.30 7.70 26.00 19.14 10.8 

28. Jan. 2016 7.01 7.92 11.10 7.50 5.06 4.6 

24. Feb. 2016 7.11 7.62 7.60 19.00 15.91 6.2 

23. Mar. 2016 7.33 6.96 8.90 16.60 17.36 11.1 

ND, not determined 
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3.1.3.3 Relations between POC and physicochemical parameters 

To understand variations in POC concentration, we examined physicochemical 

parameters of the water in Lake Kiba. The POC concentration was found to be 

positively correlated with water pH: r = 0.64 (Fig. 3.1-3a). Seasonal variations of WT 

and pH were similar during the survey (Fig. 3.1-3a, b). A close relation between POC 

and WT (°C) was also found: r = 0.72. The correlation coefficient was 0.71 of POC and 

SS (Fig. 3.1-3c). Weak correlation to POC concentration was found for C/N ratios and 

isotope components: r = 0.5 (Fig. 3.1-3d, e and f). 
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Figure 3.1-3 Particulate organic carbon (POC) concentration as a function of water 

pH (a), water temperature (WT) (b), suspended solids (SS) (c), C/N ratio (d), δ
13

C of 

POC (e), and δ
15

N of PN (f) in lake water suspended solids from February 2015 through 

March 2016.  
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3.1.4 Discussion 

3.1.4.1. Effects of physicochemical parameters of POC concentration 

Environmental factors of light intensity and light duration play crucially important 

roles in phytoplankton growth because they influence various weather conditions in 

different seasons (Jiang et al., 2014). Phytoplankton is regarded as the main 

autochthonous component in lake environments, contributing to POC concentration. 

Results show that changes of numerous environmental factors via the dynamics of 

phytoplankton in different seasons strongly affected the variation of POC concentration 

in Lake Kiba. Autochthonous products are organic carbon sources in many lakes 

(Watzel, 2001a). Phytoplankton, benthic algae, and aquatic macrophytes are the 

dominant contributors as autochthonous sources (Henderson et al., 2008; Lapierre and 

Frenette, 2009; Zhang et al., 2009). High positive correlation was found between WT, 

pH, SS, and POC concentrations (Fig. 3.1-3). These results indicate that the distribution 

of POC concentration is extremely sensitive to changes of environmental 

physicochemical factors over time, particularly for Lake Kiba. Also, water temperature 

(WT) is a key factor affecting phytoplankton activity in this lake environment 

(Nalewajko and Murphy, 2001). Phytoplankton communities use light for energy 

synthesis via photosynthesis activity. The pH value increases during photosynthesis 

because of carbon dioxide assimilation by phytoplankton (biochemical activity). 

Physicochemical parameters such as WT, pH, and SS were lower values in winter, 

corresponding to the lower POC concentration. Actually, WT almost decreased in 

winter because of light weakness and the consequent reduction of aquatic phytoplankton 
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density because they directly use light energy and consume carbon dioxide during 

photosynthesis (Graham et al., 2009). 

In spring and summer, WT increases and provides good conditions for phytoplankton 

bloom (Kosten et al., 2011). Jiang et al. (2014) found the highest number of algal cells 

in summer in Lake Chaohu, China. Higher POC concentrations were also observed in 

Lake Kiba in spring and summer. This result indicates that the phytoplankton activity 

might contribute to seasonal variations of POC concentration, corresponding to seasonal 

changes of WT and pH values. Furthermore, after 60 days of green algal cell 

decomposition, 50% of algal cell carbon remained in particulate form; 44% was 

transformed into particulate nitrogen (Wetzel, 2001b). In autumn, the POC value was 

reduced significantly in comparison to those of spring and summer. The energy source 

for photosynthesis is also restricted because WT gradually decreases during the season. 

Data show that POC concentrations increased because of biological production from 

photosynthesis activity. They decreased during decay and transformation to DOC or 

accumulation in sediment (Stramska and Stramski, 2005; Allison et al., 2010). Changes 

of POC concentrations in Lake Kiba surface waters were strongly affected by primary 

production, decomposition by bacteria, and settling as bottom sediment. 

Although phytoplankton material dominates POC in Lake Kiba, the contributions of 

other factors might be considered. High correlation between suspended solids and POC 

concentration (Fig. 3c) might be associated with allochthonous sources such as soil 

erosion (Smith et al., 2005). During heavy rainfalls, soil organic matter is moved by 

raindrop impact energy, thereafter contributing to high POC concentrations (Gomez, 
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2003; Nearing et al., 2005; Neitsch et al., 2009). To clarify sources of organic pollution 

in the lake, we assessed isotopic components of POC fraction continuously. 

3.1.4.2. Seasonal distributions of POC sources in the lake environment 

The ratio of organic carbon/total nitrogen in suspended particles has often been 

applied to distinguish various sources of organic matter, typically from distinctive 

sources of terrestrial (soil, vascular plant debris) and aquatic components 

(phytoplankton) (Mayer, 1997; Perdue and Koprivnjak, 2007). δ
13

Cand δ
15

N are major 

tissue components of plants. Therefore, they are affected to a great degree by local 

environment conditions, water availability, soil nutrients, and weather conditions. The 

C/N ratios were 5–8 (Redfield, 1958; LaZerte, 1983; Harris, 1986). The same inference 

was made for a plankton C/N ratio of around 6.6 (Redfield ratio). Cheng et al. (2012) 

reported some typical C/N for popular sources, such as approximately 4–9 for 

freshwater phytoplankton, greater than 10 for pure soil organic matter, and over 20 for 

vascular plant debris. In the present study, the C/N ratio was found to be 5.0–7.0, which 

does not conflict with earlier reports. Results show close relation to those reported for 

phytoplankton material. However, the ratios were quite different between the two 

periods, which suggests a difference in the POM components of spring–summer and 

autumn–winter. One possibility is the contribution of inorganic nitrogen. 

Organic matter in Lake Kiba has been affected by human activities around the 

watershed, but variations of organic matter concentration and characteristics were 

derived from both autochthonous and allochthonous sources. In this study, the δ
13

C was 

around -27.7‰ in spring, corresponding to that of terrestrial C3 plants (Boutton, 1991; 

Pancost and Boot, 2004). In summer, the δ
13

C values increased slightly from -28.1‰ to 
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-25.5‰, with an average value of -26.0‰. The isotopic fractionation assimilation 

during photosynthesis depends on several environmental factors such as nutrient 

concentrations, light (Savoye, 2003), aqueous CO2 concentration, diffusion rate, growth 

rate, and the degree of mixing (Fogel and Cifuentes, 1993; Laws et al., 1995). The 

isotopic fractionation of aquatic plants reflects the degree to which the different types of 

emergent and submerged plants use atmospheric CO2 (which has a constant δ
13

C) versus 

DIC for photosynthesis (Kendall et al., 2011). Therefore, when photosynthesis activity 

usually occurs in spring and summer, a large amount of dissolved inorganic carbon 

(CO2) and nitrogen (NH4-N and NO3-N) is used by phytoplankton. In that situation, 

δ
13

C of POC and δ
15

N of TN in suspended solids reach high values. In autumn, which is 

usually associated with the respiration stage and organic matter decomposition, much 

CO2 is released to the aquatic environment (DIC concentration increases), which is a 

cause of δ
13

C reduction. This process helps to explain the fluctuation of δ
13

C in Lake 

Kiba during February 2015 through March 2016 (Fig. 3.1-2d). This result reflects the 

input of organic matter derived from phytoplankton activity. 

In autumn and winter, δ
13

C shifted by around -29.0‰, which is often related to 

terrestrial materials. Leaf litter generally contributes about 69–80% of allochthonous 

organic material entering deciduous forest streams (Wallace et al., 1995); most of this 

was imported during autumn when leaves fell (Benfield, 1997;; Abelho and Graç, 1998). 

Lake Kiba is bounded by about 51% of forest land-use. Higher suspended solid 

concentrations were found also in autumn (Table 3.1-1). Therefore, terrestrial materials 

might be related to the increase in δ
13

C water. 
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The δ
15

N of organic matter is mainly influenced by the isotopic composition of DIN 

in the lake water (Teranes and Bernasconi, 2000; Dolenec et al., 2005; Vander Zanden 

et al., 2005). Lake Kiba is an open and shallow lake. For that reason, it does not stratify; 

The lake water is usually well oxygenated (Table 3.1-1). The main component of DIN 

in Lake Kiba water is nitrate. 

Variable mixtures of photosynthetic and non-photosynthetic organisms in addition to 

material can contaminate particulate nitrogen, presumably phytoplankton or algae 

(Fogel and Cifuentes, 1991). Moreover, the interpretation of the field data is hampered 

by the paucity of data related to δ
15

N of ambient inorganic nitrogen. Because 

nitrogenous nutrients are generally present in low concentrations and are incorporated 

into algae, the isotopic composition of the residual substrate is often altered (Mariotti et 

al., 1982; Cifuentes et al., 1989). Therefore, the mutual correlations among δ
13

C, δ
15

N, 

C/N, and POC concentrations are weak, showing the correlation factor of r = 0.5. In 

aqueous environments, δ
15

N of organic nitrogen derives from terrestrial sources, 

varying widely from - 6‰ to 18‰ as a result of complex nitrogen cycles that prevail in 

soil (Fogel and Cifuentes, 1991). Other studies have found a narrow range of 12–18‰ 

with δ
15

N of particulate nitrogen deriving from fresh materials (Mariotti et al., 1984; 

Cifuentes et al., 1988,1989). In almost all cases of the present study, δ
15

N fluctuated 

from 2.3‰ to 7.0‰, which shows good agreement with the results reported by 

McClelland et al. (1997). They reported that δ
15

N of phytoplankton in natural waters 

with little contribution of anthropogenic disturbance often has a value of 2‰ to 8‰, 

reaching 10–20‰ in terms of water pollution. Actually, POM in rivers or lakes is 
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composed not only of phytoplankton material but also terrestrial organic matter 

(Wedchaparn et al., 2016). 

In this study, higher concentrations of nitrogen isotopes were found in autumn, 

which apparently shows disagreement with results reported by Fogel and Cifuentes 

(1991), who concluded that the isotopic composition of the ammonium used by 

phytoplankton during growth was enriched in δ
15

N. Higher δ
15

N concentrations were 

observed in October and November when heavy rainfall occurred, so precipitation 

might influence the higher values of δ
15

N in autumn in Lake Kiba (Fig. 3.1-2f). The 

forest area around Lake Kiba might be the origin of terrestrial materials that easily enter 

the Lake with surface runoff, thereby contributing various isotopic components to POM. 

In summary, the variations of δ
13

C, δ
15

N and C/N from suspended particles indicated 

that POC shifts from phytoplankton in the spring–summer to forest soil in the autumn–

winter. Lower δ
13

C in the autumn–winter might be related to mixed sources between 

autochthonous and allochthonous organic matter. 

3.1.5 Conclusion 

Positive correlation between physicochemical parameters (WT, pH, SS, and POC) 

reflected the strong effect on seasonal POC in the Lake Kiba water. The POC and PN 

concentrations varied seasonally, exhibiting higher values in spring–summer, and lower 

values for autumn and winter data. The values of δ
 13

C, δ
15

N, and C/N are associated 

with a mixed range of planktonic and soil materials in the particulate organic carbon 

component. Phytoplankton activity is a major factor increasing POC concentration in 

Lake Kiba during spring–summer. 

3.2 Dissolved organic carbon 
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3.2.1 Introduction 

Dissolved organic matter (DOM), which is organic material that can pass through a 

filter with 0.1–0.7 µm micropores, accounts for 90% of the organic matter in aquatic 

environments (Thurman, 1986; Kececioglu et al., 1997). DOM consists of complex 

mixtures of proteins and organic acids. Generally, DOM is derived from three main 

sources, including allochthonous (terrestrial material from soils), autochthonous (algae 

or phytoplankton), and synthetic organic substances of industrial or other anthropogenic 

sources. In freshwater and coastal seawater, DOM is dominated by humic substances 

(humic and fulvic acid) of terrestrial origin (Mostofa et al., 2009a), whereas 

autochthonous fulvic acids of algae or phytoplankton and bacteria are the main 

contributors to the DOM fraction (Coble, 1996, 2007; Parlanti et al., 2000; Amado et al. 

2007; Mostofa et al., 2009a, b; Zhang et al., 2009). Humic acid and fulvic acid 

components are ubiquitous in natural waters, constituting approximately 40–60% of the 

dissolved organic carbon in water (Senesi, 1993). They play an influential role in 

physical, chemical, and biological functions in aqueous ecosystems. Usually, the DOM 

concentration is estimated via dissolved organic carbon (DOC) because organic carbon 

is a main component of the DOM formula. Therefore, identification of the original 

sources of DOC fraction is necessary to elucidate factors affecting variations of the 

amounts and characteristics of organic matter in Lake Kiba. 

Widely diverse characterization tools are available for identifying DOC components 

such as preliminary characterization, size characterization, chemical identification and 

behavior, and spectral signatures. Fluorescence spectroscopy has been a powerful tool 

that is widely applied to distinguish different organic carbon sources in a dissolved 
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fraction (Coble, 1996; Coble, 2007; Yamashita and Jaffé, 2008; Zhang et al., 2011b). 

Fluorescence spectroscopy is a rapid, sensitive, non-invasive approach to studying 

fluorescent organic substances (Bro, 2005). Some salient advantages of this technique 

making it the most effective method for investigating the composition and source of 

DOM are its simplicity, sensitivity, and low cost (Fellman et al., 2010). Excitation–

emission matrix (EEM) fluorescence spectroscopy has been used in marine 

environments since the early 1990s (Coble, 1990; Coble et al., 1993; Mopper and 

Schultz, 1993). Furthermore, this technique has been applied to elucidate organic matter 

characteristics via fluorescence properties in various aquatic environments such as 

marine ecosystems (Coble, 2007), freshwater areas (Yan et al., 2000; Nagao et al., 

2003; Hudson et al., 2007; Fellman et al., 2010), water treatment systems (Henderson et 

al., 2009), urban watersheds (Holbrook et al., 2006), municipal wastewater (Saadi et al., 

2006), landfill leachate (Baker and Curry, 2004), and industrial discharge (Baker, 2002). 

The fluorescence peak positions indicate the type of fluorescent substance. The intensity 

represents the concentration. The maximal peak position of excitation–emission 

(Ex/Em) can be detected for humic substances (fulvic acid or humic acid) depending on 

the nature and source in soil and nature water (Ghassemi and Christman, 1968; 

Levesque, 1972; Almgren et al., 1975; Brun and Milburn., 1977; Momzikoff et al., 

1992). The maxima Ex/Em wavelength for fulvic acid is often present at shorter Ex/EM 

wavelengths than those of humic acid. In this study, EEM and fluorescence 

spectroscopy were applied to ascertain sources of the organic matter in Lake Kiba.  
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3.2.2 Materials and methods 

3.2.2.1 Sampling location 

Lake Kiba, characterized as a small shallow eutrophic lake, has an area of 1.09 km
2
 

and a watershed area of 37.4 km
2
 (Fig. 3.1-1). The lake, which has sustained organic 

pollution for over two decades, is an open lake receiving water input from the Hiyou 

River, with output to the Mae River. Chemical oxygen demand and total nitrogen 

concentrations were over the national standard threshold, approximately twice as high 

as the standard level of class A (COD <3 mg l
-1

, T-N: 0.6 mg l
-1

) in the last decade 

(Komatsu City Government, 2014). 

3.2.2.2 Sampling and pre-treatment 

Water sampling was done monthly at a central lake from May 2014 through 

September 2016, spring (April–June), summer (July–September), autumn (October–

December), and winter (January–March). Samples were gathered at six locations on the 

lake, including surface water at five sites and one site at the bottom of the central Lake. 

The total water volume collected at each site was approximately 1.1 liters, of which 1 

liter was used for measuring DOC concentrations, DN, and the dissolved organic matter 

component, and relative fluorescence intensity. In addition, 100 ml was used for 

measuring mineral ions. The sampling was done using glass bottles, which were 

transported to the laboratory, where pretreatment was done in one day. 

Physicochemical parameters, which included water pH, water temperature (WT), 

dissolved oxygen (DO), conductivity, turbidity, and water depth, were measured 

directly in the field using a multi-parameter water quality meter (WQC-24; TOA-DKK). 
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3.2.2.3. Analytical methods 

After transport to the laboratory, the water samples were filtrated using a Whatman 

GF/F glass microfiber filter. The samples were stored in a freezer at -20°C until analysis. 

DOC and DN concentrations were found using high-temperature combustion methods 

using a total organic carbon analyzer (TOC-V CSN; Shimadzu Corp.). The standard 

solution was made from potassium hydrogen phthalate, potassium nitrate, 1M 

hydrochloric acid, and Milli-Q water at 100 mgC l
-1

. 

Characteristics of aquatic organic substances were determined using three-

dimensional excitation emission matrix spectra (3-DEEM). The EEM fluorescence was 

measured using a fluorescence spectrophotometer (Hitachi F-4500; Hitachi High-

Technologies Corp., Tokyo, Japan) with a 700 V xenon lamp at 25 °C. The scanning 

ranges were 250–500 nm for excitation and 250–500 nm for emission. Data were 

collected at 5 nm intervals for excitation and emission wavelengths. The scanning speed 

was set to 2400 nm/min. Fluorescence intensity was normalized in quinine sulfate units 

(QSU), where 1 QSU is the maximum fluorescence intensity of 0.01 mg l
-1

 of quinine in 

0.5M H2SO4 at the excitation wavelength (Ex; nm)/emission wavelength (Em; nm) of 

350/455. Monitoring wavelengths of fulvic-like materials are at excitation (Ex) and 

emission (Em) af 320 nm and 430 nm (Spencer et al., 2007; Baker et al., 2009). 

Tryptophan materials are at Ex./Em: 280 nm/330 nm (Coble, 1996; Spencer et al., 2007; 

Baker et al., 2008; Hudson et al., 2008). 
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 Figure 3.2-2. Variation of physicochemical parameters of surface waters at five 

stations in Lake Kiba during May 2014 through September 2016. The parameters are 

water temperature (WT) (a), pH (b), dissolved oxygen (DO) (c), conductivity (Cond) (d), 

and turbidity (Turb) (e). 
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3.2.3. Results 

3.2.3.1 Seasonal variations in physicochemical factors 

Elucidating the dynamics of seasonal environmental factors in surface water is 

necessary to examine behaviors of organic matter in a lake environment. Figure 3.2-2 

shows different physicochemical parameters such as WT, pH, SS, conductivity, and 

turbidity from February 2015 through September 2016. No significant variation in 

temperature was found among the six sampling stations. The seasonal temperature 

variations at the five sampling positions showed a typical trend: highest values in 

summer and lowest values in winter. Water temperatures were highest in spring (14.8–

22.1°C), except in June 2015, and summer (23.3–30.2°C), and were lower in autumn 

(4.3–16.9°C), except in October 2014 and winter (4.1–11.1°C), (Fig. 3.2-2a). The WT 

in October 2014 and June 2015 were recorded respectively as 23.8°C and 27.3°C, which 

is an abnormal WT in autumn and spring because the sample was collected early in the 

case of autumn (2 October, 2014) and late spring (24 June 2015). 

Water pH was almost alkaline (6.8–9.32), exhibiting seasonal changes and showing 

similar variation, with WT higher in summer and lower in winter (Fig. 3.2-2b). The pH-

value shifted from 7.64 to 9.32 during spring to summer (April–September), 

corresponding to the increased phytoplankton activity. The SS concentration was 5.0–

30 mg l
-1

. Conductivity was 7.6–12.25 mS m
-1

. Turbidity was 7.5–107.2 NTU. Actually, 

SS, conductivity, and turbidity were difficult to estimate because the data fluctuated 

greatly throughout the year (Fig. 3.2-2c, d, e). However, both the SS concentration and 

turbidity were low in winter. 
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3.2.3.2 Temporal variations of dissolved organic carbon and its component 

Variations of DOC concentrations in Lake Kiba were found, with significant 

difference between seasons (Fig. 3.2-3a, b). Higher concentrations were found from late 

spring through mid-autumn, with average values of 2.3–2.9 mg l
-1 

for data at different 

sampling positions (data from January 2015–September 2016), and altered from 1.8 to 

3.29 for surface site of the central lake (data from May 2014–Sep 2016). The lower 

concentration shifted from 0.9 to 1.6 during late autumn and winter. The highest DOC 

concentration was observed at 3.6 mg l
-1

at the bottom site of central Lake in June 2015. 

No significant change was found between sample collection at different sites throughout 

the lake, except for KB1 on 18 August 2015, 18 November 2015, and 23 March 2015, 

KB2 on 18 November 2015, and KBG3 on 24 June 2015. 

Seasonal changes of dissolved organic nitrogen concentrations are shown in Fig. 3.2-

3c, d. The values were characterized by great fluctuations between seasons. They 

fluctuated slightly between sampling positions with average values of 0.21–0.54 mg l
-1

. 

The DN concentration was almost higher than 0.2 mg l
-1

, or over international standard 

threshold (Japanese standard). Higher values were found in autumn and winter, except 

in July 2014 (0.43 mg l
-1

on average) and August 2016 (0.54 mg l
-1

on average). The 

highest concentration was 0.83 mg l
-1 

at the water input position (KB1) on 18 November 

2015 and the lowest one at a surface central position (KB3) on 20 April 2016. 

Determination of fluorescent peaks can provide useful information for us to ascertain 

the structure and properties of the dissolved fraction as well as determine its sources 

causing organic pollution in Lake Kiba. The wavelength of excitation and emission on 
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Fig. 3.2-4 was determined base on the highest value of the relative fluorescence 

intensity corresponding to the number of collected samples. The highest peak position 

indicated a dominant component in the samples. Fluorescent peaks were detected at 

Ex./Em: 305–310/ 420–430 nm for the spring–summer and Ex./Em: 320–335/430–435 

nm for the autumn–winter samples (Fig. 3.2-4b). Although fluorescent wavelength was 

measured in autumn–winter that was greater, those couple of peaks in both seasons 

were related to fulvic materials. Differences in fluorescence peaks reflected the different 

sources in spring–summer and in autumn–winter. The values of both fulvic-like 

component and tryptophan material are presented in Fig. 3.2-4a. Both components show 

a similar trend and are characterized by high values from late spring through summer. 

Clear distinction can be made among values from season to season. 
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Figure 3.2-3. Variation of dissolved organic (a), nitrogen (b) at five monitoring 

stations and average values of DOC (c) and DN (d) at Lake Kiba from May 2014 

through September 2016. 
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3.2.3.3 Relations between DOC and environmental factors 

To access influences of environmental factors to variations of DOC in Lake Kiba, we 

discussed the relation between DOC concentration and physicochemical parameters. A 

correlation factor between COC concentration and pH was 0.67, indicating weak 

correlation (Fig. 3.2-5b). A good relation was observed between DOC concentration 

and WT at all sampling positions during May 2014 through September 2016: r = 0.85 

(Fig. 3.2-5c). A weak relation was found between DOC concentration and DO: r = 0.46 

(Fig. 3.2-5d). A strong relation was found between DOC concentration and RFI, with a 

correlation coefficient r = 0.92 (Fig. 3.2-6a) at monitoring wavelengths of Ex/Em = 

320/430 nm, r = 0. 84 at Ex/Em: 280/335 nm (Fig. 3.2-6b). 
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Figure 3.2-4. Seasonal fluctuations of the relative fluorescence intensity (RFI) of 

fulvic-like materials at excitation/ emission wavelength (Ex/Em) of 320/430 nm, with 

Tryptophan-like components at Ex/Em of 280/335 nm (a) and maximum fluorescent 

peak positions (b) in surface water at KB-3, a site in the middle of Lake Kiba during 

May 2014 through September 2016. 
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3.2.4 Discussion 

3.2.4.1 Effects of environmental factors on DOC concentration variations 

Organic matter in an aqueous environment comprises complex components deriving 

from soil and the water column, which are related to dead and living organic matter in 

the hydrological cycle (Egeberg and Alberts, 2002; Kitis et al., 2002). Results show that 

WT and pH play important roles in the variation of DOC concentrations, especially in 

aqueous environments affected by organic pollutants such as phytoplankton. In the case 

of Lake Kiba, DOC concentrations and WT showed the same trend, with higher values 

in spring and summer and lower ones in autumn and winter. Strong correlation (r = 

0.85) was found as shown in Fig. 3.2-5c, which indicated that the DOC concentration 

fluctuation was influenced strongly by solar radiation and phytoplankton. Lancelot 

(1979) and Fogg (1983) pointed out that the contribution of extracellular release of 

photosynthetically-derived DOM varies from 5 to 70 % in natural waters. For the Arctic 

Ocean, the autochthonous production increased significantly with higher WT in 

comparison to those of lower WT (McKnight et al., 1994). 

Previous studies proved the effect of WT on DOM fluctuation in aquatic ecosystems 

in which WT can produce photosynthetic efficiency as either enhanced or hindered (Fu 

et al., 2010). At temperatures lower than 12°C, related to low insolation of natural 

surface waters, engender low reactants such as CO2, H2O2, and DIC, which are 

generated both photolytically and microbially from DOM and POM. The decrease of 

these reactants causes reduction of the aquatic microorganisms in natural waters. At 

moderate WT (12–25°C) usually with enhanced sunlight intensity, the key reactants are 

significantly increased. This effect might greatly enhance photosynthesis activity and 
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primary production in waters. Results suggest that phytoplankton biomass in natural 

waters is significantly enhanced at optimum water temperatures. In spring–summer, 

autochthonous production and degradation occurred in parallel as a consequence of 

increasing DOC concentration at lake water column and surface bottom sediment. 

In aquatic environments, water pH variations depend not only on phytoplankton 

activities (photosynthesis, respiration, and decomposition) but also on widely various 

factors such as organic detritus degradation, living organisms, and precipitation. In Lake 

Kiba, pH increased concomitantly with increasing WT during the summer period, which 

is able to link with photoinduced degradation of DOM and POM (Kopáček et al., 2003; 

Mostofa et al., 2005). The highest pH, 9.32, was measured in summer. Such high pH 

was believed to derive from phytoplankton activity. Phytoplankton activity is a crucially 

important factor for linking a positive relation between DOC concentration, WT, pH, 

and DOC. These results are consistent with those reported by Krustok (2015): water pH 

values increase because of rapid CO2 assimilation when the algae started to grow, and 

vice versa. 

The DO concentration is reduced by organic matter decomposition and respiration, 

but it increases because of O2 released from photosynthesis. In this lake environment, 

the lowest DO was recorded in autumn, with somewhat higher values in spring, winter, 

and summer, which differed from the DOC trend. Higher DOC concentrations, WT, pH 

and lower concentrations of NH4
+ 

and NO3
-
 were found for spring–summer, which 

suggests that phytoplankton activity resulted from variations of these parameters. 
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Phytoplankton engenders increased pH by CO2 depletion and NH4
+ 

and NO3
- 
reduction 

by phytoplankton assimilation. 

Turbidity is the most commonly applied parameter for elucidating water quality in a 

natural environment. Lower turbidity generally indicates high water quality. In this 

study, lower turbidity and high DOC were observed in summer, indicating that turbidity 

does not represent the status of pollution in this lake environment. The highest value of 

turbidity in November (107.2 NTU) occurred as a result of a heavy rain event, causing a 

huge amount of soil material runoff into the lake. Conductivity and turbidity varied 

throughout the year, indicating that at least a few factors influenced their fluctuation. 
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Figure 3.2-5. Dissolved organic carbon (DOC) concentration as a function of pH 

(a), water temperature (WT) (b), and dissolved oxygen (DO) (c).  
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3.2.4.2 Seasonal variations of DOC sources in the lake environment 

Fluorescent peak positions for humic substances revealed their sources and nature 

(either fulvic acid or humic acid) in soil and natural waters (Ghassemi and Christman, 

1968; Levesque, 1972; Almgren et al., 1975; Brun and Milburn, 1977; Gosh and 

Schnitzer, 1980; Momzikoff et al., 1992). The maximum fluorescence peak position for 

humic acid is often present at longer wavelengths than those of fulvic acid, and 

independently of the molecular weight. The fluorescent peaks are classified as peak C, 

peak M, peak A, peak T, and peak B, revealing characteristics and particular sources of 

DOM (Coble, 1996). Peaks C, M, and A are presented for humic-like substances while 

protein-like, tryptophan-like, and tyrosine-like materials are related to peak T and peak 

B. For this study, the fluorescence peak was calculated at an excitation/emission 

wavelength of 310/428 nm, on average, in the spring–summer and 318/432 nm in the 

autumn–winter. Those couple of peaks differed greatly from the peak A-region (215–

280/380–550 nm), the peak T-region (260–285/290–380 nm), and were related with 

peak C (280–400/380–550 nm), which included fulvic acid and humic acid derived 

from terrestrial vascular plants (C-like and M-like). The result was also consistent with 

fulvic-like components observed for surface water from Lake Biwa, Japan (Ex/Em: 

305–310/450–464 nm) (Mostofa et al., 2005b, 2010), implying dominance of fulvic-like 

materials in the DOM fraction. 
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Figure 3.2-6 Relation between DOC concentration and the RFI of fulvic-like (a), 

tryptophan-like materials (b) at the central site of Lake Kiba from May 2014 to 

September 2016.   
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It is important to ascertain whether autochthonous or allochthonous fulvic-like 

materials are dominant in lake water. Therefore, we considered fluorescence 

characteristics of the Kiba Lake water based on EEM spectroscopy. The Ex/Em maxima 

of fluorescence for Lake Kiba waters are shifted from shorter wavelengths in the 

spring–summer to the longer wavelength region in autumn–winter, which absorbed 

from blue to red light, corresponding to the mineralization of fluorophores that are 

present in the molecular structure of fulvic acids (Moran et al., 2000; Mostofa et al., 

2005a, 2007). Kirk (1976) reported that chloroplast pigments of cyanobacteria (algae) 

and aquatic higher plants absorbed bands in the blue region of the spectrum, whereas 

the red region was limited in absorption in the aqueous environment because the red 

light is rapidly attenuated by water. Autochthonous and allochthonous humic substances 

(fulvic and humic acids) absorbed light in the blue and ultraviolet range (Hutchinson, 

1957; Kalle, 1966; Parlanti et al., 2000; Zhang et al., 2009). The maximum fluorescence 

peaks of all samples in spring–summer implied autochthonous fulvic-like materials 

derived from algal or phytoplankton origin. The fluorescent wavelengths detected from 

the dissolved fraction differed from spring–summer to autumn–winter, although both 

were related to the fulvic–like component. Results suggest that the dominant 

contributions to dissolved organic matter in Lake Kiba were not similar in spring–

summer and autumn–winter. 
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Figure 3.2-7 Variation of relative fluorescence intensity (RFI) at the average 

maximum peak position between spring–summer and autumn–winter from May 2014 

through September 2016. 
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The RFI values were significant lower, 9.7–24.3 QSU (15.5 QSU on average) than 

those in spring–summer of 18.4–36.6 QSU, with a mean value of 26.4 QSU. The value 

of relative fluorescent intensity (RFI) for fulvic-like materials at an excitation /emission 

wavelength of 320/430 and DOC concentration showed a similar trend and strong 

positive correlation (r = 0.95), as depicted in Fig. 3.2-6(a). A high correlation factor was 

also observed between the DOC concentration and the RFI of tyrosine-like substances 

and maximum RFI of fulvic-like materials (Fig. 3.2-6b, c). That result suggests that 

autochthonous fulvic-like materials derived from phytoplankton or algae occupied a 

major fraction of DOM. The fulvic-like materials are dominant components of DOC. 

Figure 3.2-7 shows the ratio of RFI at the average fluorescence peak position 

between spring–summer (Ex/Em of 310/428 nm) and autumn–winter (Ex/Em of 

318/432 nm). The mixture of two types of fulvic-like materials is classified as three 

groups: 1) around 1.0 in spring–summer, 2) less than 1.0 in a change of season such as 

April and September, and 3) greater than 1.0 in autumn–winter. This classification 

shows that the contribution of phytoplankton has a decreasing trend in autumn–winter 

season. It augments the input of DOM from the lake watershed. 

The longer wavelengths detected in winter (Fig. 3.2-8) are explainable by a 

combination of algae/phytoplankton degradation and terrestrial organic materials 

transported by water runoff. The lower pH, high DOC concentration, and brownish 

water were a consequence of heavy precipitation in early autumn. Therefore, the input 

of the terrestrial origin of humic substances increases during autumn–winter. 
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Figure 3.2-8. Typical excitation–emission matrix spectra in water samples 

collected in summer and winter from Lake Kiba. 
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3.2.5 Conclusions 

DOC concentrations were higher during the spring–summer and showed strong 

correlation with RFI of fulvic-like materials, water temperature, and water pH. The 

fluorescent organic matter, including fulvic-like materials, was characterized by shorter 

wavelengths of peak positions and higher RFI values in the spring–summer, although 

the fluorescent properties are opposite characteristics in the autumn–winter. The 

fluorescence intensity monitoring for the highest wavelength at Ex/Em: 320/430 nm of 

fulvic acid and 280/335 nm of tryptophan, respectively, showed similar variation to that 

of the DOC concentration. A range of the RFI ratio is evident for the spring–summer 

and the autumn–winter, with slightly higher values found during spring–summer. Those 

results suggest a shifted variation of organic matter in Lake Kiba from the spring–

summer to the autumn–winter. Autochthonous fulvic acid derived from phytoplankton 

is the major contributor in increasing the DOC concentration. The lower value of DOC 

concentration and RFI along with high higher Ex/Em wavelength in the autumn–winter 

are expected to be contributed from terrestrial material because of surface water runoff.  
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Chapter 4.  

 
Combined use of δ

13
C and ∆

14 
C to analysis fate of 

organic matter in Lake Kiba  
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4.1 Introduction 

Radiocarbon abundance has become an indicator of terrestrial versus marine 

sources because nuclear weapons testing in the 1950s and 1960s injected large 

quantities of 
14

C into the atmosphere (Raymond, 2001; McNichol and Aluwihare, 2007). 

The ∆
14

C values of organic matter in river suspended particles are –980 to +75‰, but 

plankton and particulate organic carbon in marine environments have enriched 
14

C 

values of –45 to +110‰ (McNichol and Aluwihare, 2007 McNichol and Aluwihare, 

2007; Hedges et al., 1986). Radiocarbon is also useful as a tracer of the dynamics of 

organic matter in river systems and lake environments (Masieelo, and M. Druffel, 2001; 

Raymond et al., 2004; Nagao et al., 2007). The paired ∆
14

C versus δ
13

C distributions 

vary among river systems. They can be divided into three groups: wetlands, forest-

paddy fields, and permafrost watersheds (Nagao et al., 2010; Nagao et al., 2005; Guo et 

al., 2006). Riverine particulate organic matter (POM) from wetlands has lower δ
13

C 

and higher ∆
14

C than those of rivers in forests and fluvial plains, which indicates a 

greater contribution of apparently younger organic matter in wetland river systems. In 

lake environments, carbon isotopes have been applied to elucidate biogeochemical 

cycles and reservoir effect ranges and variations over time (Nagao et al., 2007; Abbott 

and Stafford, 1996; Nara et al., 2010). The phytoplankton ∆
14

C reflects the ∆
14

C of 

dissolved CO2, which might be a mixture of aged and modern carbon (Zigah et al., 

2012a;  Albéric et al., 2013; Keaveney et al., 2015). The POC has a wide range of Δ
14

C 

extending from –443 to +68‰ in these lakes. Their ∆
14

C values have been useful in 

assessing the age, reactivity, and sources of carbon in lake systems. Oguri et al. (1996) 
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and Ueda et al. (2007) have demonstrated that radiocarbon behavior is influenced 

strongly by environmental factors in the Lake Obuchi and Lake Hamana ecosystems. 

Lakes play important roles in the carbon cycle through carbon sequestration in 

sediments and efflux of CO2 to the atmosphere (FaGupta et al., 2008; Heathcote et al., 

2012). Some lake environments in economically developing countries have been 

sustaining organic pollution during the last decade because of rapid economic 

development and increased human populations around watersheds. In Japan, water 

quality survey results for lakes and reservoirs in 2014 indicated that the compliance rate 

of environmental quality standards for living environmental items is 55.5% for chemical 

oxygen demand (COD) concentrations (Ministry of Environmental Studies). Another 

water quality problem is the slight increase of COD concentrations in lakes, although 

total nitrogen, phosphorus, and biochemical oxygen (BOD) concentrations are constant 

or decreasing with time (National Institute for Environmental Studies, 1998, 2004; 

Hayakawa and Okamoto, 2012). The increasing annual measurements of COD appear to 

result from accumulation of refractory organic matter in the lakes. Therefore, the 

dynamics of organic matter are important to elucidate organic pollution mechanisms in 

lake systems. 

Lake Kiba (Kiba-gata), located at Komatsu City, Ishikawa Prefecture, Japan (Fig. 

4.1), has mean water depth of 1.7 m, area of 1.14 km
2
, and water volume of 1.7 × 10

4
 

m
3
. Its watershed area is 38 km

2
. In 1932, a counter slice gate was constructed at the 

conjunction of the Kakehashi River to protect against inflow of water from the river 

during flood events. Lake Kiba was affected by changes in the drainage system and land 

consolidation around the lagoon during 1954–1969 (Hokuriku Regional Agricultural 
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Administration Office, 1970). The Maekawa slice and drainage pump station was 

constructed at the Maekawa River to control the Lake Kiba water level. The organic 

matter flux recorded in the sediment core increased from 1.1 to 2.3 and from 3.9 to 7.5 g 

cm
-2

 y
-1

, respectively, during 1903–1974 and 1989–2012, although it was similar to the 

flux recorded for 1974–1989 following reclamation (Nagao et al., 2016). The COD 

concentration was at a maximum, 11 mg l
-1

 in 1990, corresponding to the second worst 

in Japan. It has remained about double the national standard of this lake class (3 mg l
-1

) 

during the last decade (Komatsu City Government, Research of Natural Environment 

and Watershed Culture in and around Lake Kiba, 2016), although treatments for water 

quality improvement have been conducted since 1991. 

The objectives of this study are to elucidate the dynamics of POM shallow and 

semi-closed Lake Kiba throughout a single year based on monthly observations 

obtained using carbon isotopes: δ
13

C and Δ
14

C. The simultaneous use of ∆
14

C and δ
13

C 

values adds a second dimension to observations of carbon cycling in surface aquatic 

environments. During the sampling period, we ascertained the fundamental 

physicochemical parameters, POC concentration, and carbon isotopes. Results of this 

study are expected to provide basic and useful information to clarify organic pollutants 

affecting shallow lakes and lagoons.   
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Figure 4.1: Sampling location. The closed circle denotes the sampling site at Lake Kiba. 

Numerical map data are based on Fundamental Geospatial Data provided by the 

Geospatial Information Authority of Japan, and National Land Numerical Information 

provided by the Ministry of Land, Infrastructure, Transport and Tourism, Japan. 

 

	

	
Fig. 1 
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4.2 Materials and methods 

Water sampling was monthly conducted at site St. KB3 at the central part of the 

lake during April 2014 – March 2016 (Fig. 4.1). Surface water samples were collected 

using a bucket on a boat. During 18 November – 16 December 2015, sampling was also 

conducted weekly to elucidate changes in water quality during water quality 

improvement experiments using the Maekawa slice and drainage pump station, as 

presented in Fig. 4.1 (Komatsu City Government, Field demonstration for water quality 

improvement of Lake Kiba, 2016). Detailed results of those experiments will be 

reported elsewhere. 

Water characteristics such as water temperature (WT), pH, conductivity, and 

turbidity in the surface water were measured using a water checker (WQC-24; DKK-

TOA Corp.). Chlorophyll-a concentration was photometrically quantified using the 

trichromatic absorption method after extraction of particles using a 0.45 µm membrane 

filter (Advantec MFS Inc.) with 90% acetone (Ministry of the Environment, 2016). 

Samples of chlorophyll-a were collected at a similar position during monthly research 

conducted by the Komatsu City Government. 

About 60 L of water was taken into polyethylene containers and was then 

transferred to the laboratory. Suspended particles in lake water samples were 

concentrated with a single-bowl continuous-flow centrifuge with a flow rate of 15 l h
-1 

(Nagao et al., 2010). The inside temperature was maintained at 10–20°C to avoid 

transformation of solids. Solid samples were dried at room temperature or freeze-dried. 

The suspended solids (SS) concentration was measured by weight of the suspended 

solids. Surface sediments were collected at six stations (Fig. 4.1) using an Ekman–Birge 
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grab sampler in 2012 and 2013. The sediment samples were freeze-dried and ground in 

an agate mortar after sieving with a 2 mm sieve. 

Organic carbon contents were found using an elemental analyzer (NA2500, CE 

Instrument or Flash EA1112; Thermo Fisher Scientific Inc.). Before analysis of the 

suspended solids, carbonates were removed by adding 1 M HCl solution. The respective 

levels of precision of TOC and TN analyses were ± 0.009% and ±0.003%. 
14

C 

measurements were taken using accelerator mass spectrometry at the Beta Analytic 

Radiocarbon Dating Laboratory. For this study, Δ
14

C is defined as the deviation in parts 

per thousand from the modern standard (NBS oxalic acid: SRM-4990C): 

 

[F 
14

C * e
λ(1950-x)

-1]*1000 

where x is the sampling date and F
14

C is the ratio of the sample and standard 
14

C/
12

C 

(Stuiver, and Polach, 1977). A positive Δ
14

C value reflects the presence of carbon 

released from atomic bomb tests in the 1950s and 1960s. Stable carbon isotopes were 

assessed for sub-samples of the CO2 gas generated during graphite production using 

mass spectrometry, or were found using EA-IRMS analysis (Delta V or Delta V 

Advantage coupled to Flash EA1112; Thermo Fisher Scientific Inc.). The δ
13

C value is 

expressed as follows. 

 

δ
13

C = [(
13

C/
12

C) sample /(
13

C/
12

C) standard –1] × 1000 
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Therein, (
13

C/
12

C) sample is the abundance ratio of 
13

C to 
12

C of the sample. (
13

C/
12

C) 

standard is the ratio of VPDB: ANU-Sucrose (δ
13

C = –10.80‰) and L-Alanine (δ
13

C = –

19.6‰). 

 

4.3 Results and discussion 

4.3.1 Water quality 

Water temperature and pH show seasonal variation. They are higher in summer. 

Increased pH results from utilization of CO2 for phytoplankton activity. Suspended 

solid (SS) concentration shows seasonal variation and varies among years. The 

particulate organic carbon (POC) concentration is higher in summer (July–August) and 

lower in winter (October–November). The chlorophyll-a concentration has two peaks in 

April and August, 2015. The POC concentration in the unit of mg l
-1 

is correlated with 

water temperature and pH (r = 0.67–0.70, p<0.05), but the POC content in % units, as 

portrayed in Fig. 4.4, shows a stronger positive correlation (r = 0.87, p<0.0001). This 

result suggests that the increase in POC is related to phytoplankton activity in the lake.  
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Figure 4.2: Variation of water temperature (WT), pH, suspended solids (SS), particulate 

organic carbon (POC) and chlorophyll-a concentration in surface water from Lake Kiba 

 

	

	
Fig. 2 
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4.3.2 Carbon isotopes of particulate organic matter 

The POC contents were 4.9–27%, showing a maximum in July–September. The 

maximum value in 2014 is higher than that of 2015. The C/N ratio is varied, 5.0–9.8, 

except for the sample on 2 December 2015. The δ
13

C value of organic matter in the 

suspended solids was –30.3 to –22.8‰. The maximum value in 2014 was higher than 

that of 2015. These values show similar variation along with POC contents (r = 0.80, p< 

0.0001). The δ
13

C values also correlated with pH of lake water (r = 0.75, p< 0.0005). 

Similar results were reported for the shallow lake environment (Yoshioka and Plankton, 

1997; Doi et al., 2006). The δ
13

C values of phytoplankton increase because of the 

reduced isotope fractionation during photosynthesis, when the phytoplankton biomass 

increases or the supply of dissolved inorganic carbon is limited (Yoshioka and Plankton, 

1997). 

The Δ
14

C value of POC is more depleted than in the present atmospheric CO2 

(Beramendi-Orosco  et al., 2015, exhibiting an average value of –81 ± 37‰. The lake 

water POC has lower Δ
14

C than with inorganic carbon, plankton, and present biota in 

the river and lake watershed (Ueda et al., 2007; Nakamura et al., 1998), although the 

maximum Δ
14

C value was observed in summer with higher pH, POC, and chlorophyll-a 

concentration. The bulk POC in a large lake, Lake Superior, had a mean Δ
14

C value of 

+10 ± 29‰ ranging from –55 to +39‰. The Δ
14

C of dissolved inorganic carbon (DIC) 

was +36 ± 62‰ (Zigah et al., 2012b). However, some lake water had lower Δ
14

C values 

(–443 to –80‰) of POC together with lower DIC in lake waters (Albéric et al., 2013; 

Keaveney et al., 2015. Increases in δ
13

C and Δ
14

C values of dissolved organic carbon 

were observed in Lake Kasumigaura water during spring because of the primary 
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production of phytoplankton, although Δ
14

C-DOC was more depleted than atmospheric 

CO2 (Nara et al., 2007). Therefore, the depleted Δ
14

C value of POC in Lake Kiba might 

be caused by lower Δ
14

C inorganic compounds in lake water, which includes inputs 

from groundwater and wetland water in the watershed.  
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Figure 4.3: Variation of POC content, particulate organic carbon/ nitrogen (C/N), 
13

C 

and 
14

C values of POC in surface water from Lake Kiba. Error bars correspond to 1 

uncertainty on 
14

C measurements.  

 

	

	
Fig. 3 
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Figure 4.4: 
14

C values of POC as a function of POC content in the Lake Kiba surface 

water. Error bars correspond to 1 uncertainty on 
14

C measurements   

	

	
Fig. 4 
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4.3.3 Factors controlling characteristics of particulate organic matter 

Radiocarbon of POC in lake water is derived from primary production within the 

lake system, re-suspension of sedimentary particulate matter, and inputs from the 

watershed. To elucidate the contribution of radiocarbon in Lake Kiba, relations between 

radiocarbon and characteristics of organic matter must be discussed. Figure 4.4 presents 

the relation between ∆
14

C values of organic matter and its contents in suspended solids 

in Lake Kiba. With the increase of POC contents in the suspended solids, ∆
14

C values 

increase (r = 0.82, p< 0.005). Similar variation of chlorophyll-a concentration 

represents the contribution of phytoplankton activity within the lake. 

Figure 4.5 presents ∆
14

C values of organic matter in the lake suspended solids, 

shown as a function of the C/N ratio and δ
13

C values. They have been used as a simple 

tracer to distinguish inputs of aquatic phytoplankton from soil organic matter (Finlay, 

and Kendall, 2007; Khan et al., 2015). A negative correlation was found between the 

C/N ratio and Δ
14

C of POC (correlation coefficient of 0.82, p<0.005). Apparently, a 

younger signal results from the larger contribution of a newly produced one from 

phytoplankton activity. The Δ
14 13

C 

values (r = 0.73, p< 0.01). Higher Δ
14

C of POC and lower C/N ratio suggests an 

increase in signals of phytoplankton activity in the lake. This result is consistent with 

the POC content variation, as presented in Fig. 4.2. 

Table 4.1 presents carbon isotope data for organic carbon in surface sediments at 

Lake Kiba. The δ
13

C values are –26.1 to –27.0‰, with an average of –26.6 ± 0.3‰, and 

narrower and higher than the average value of surface water POC (δ
13

C of –27.5 ± 

2.1‰). The C/N ratios in surface sediment samples also have higher values (10.6–11.8) 
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than the suspended POC in the lake water, as depicted in Fig. 4.3. A discrepancy exists 

in δ
13

C and C/N ratio of organic matter between the suspended solids and surface 

sediments. Therefore, resuspension of sediment particles from the surface sediment 

exerts a weak effect on the increase in δ
13

C and C/N ratio of POC during spring–

summer. Newly produced particulate organic matter in the lake is decomposed and/or 

mixed with organic matter transported from the watershed forests and paddy fields.    
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Depth TOC C/N δ13C

(cm) (%) (‰)

   St. 1 0-2 2.86 10.6 -27.0

   St. 2 0-2 5.61 11.2 -26.7

   St. 3 0-2 7.24 11.5 -26.1

   St. 4 0-2 5.27 10.6 -26.5

   St. 5 0-2 4.77 11.1 -26.9

   St. 6 0-1 7.32 11.8 -26.5

Table 1 TOC content, C/N ratio and δ 13C of organic matter in 
surface sediments from Lake Kiba
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Figure 4.5: 
14

C values of POC as a function of C/N ratio and 
13

C value for the POC 

in the Lake Kiba surface water. Error bars correspond to 1 uncertainty on 
14

C 

measurements.	

									 	
Fig. 5 
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4.4 Summary 

Simultaneous use of Δ
14

C and δ
13

C values adds a second dimension to results of 

isotopic studies of carbon cycling in surface aquatic environments. This study applied 

the analysis of carbon isotopes to a lake environment from a shallow and semi-closed 

lake, Lake Kiba located at Komatsu City in Ishikawa Prefecture, Japan. The field 

research was conducted during June 2014 to March 2016. Suspended solids were 

collected from ca. 60 L of surface lake water at a monitoring station of the central area 

of Lake Kiba using continuous flow centrifugation. Particulate organic carbon (POC) 

concentration and its contents were, respectively, 0.44–5.01 mg l
-1

 and 4.9–27%. Strong 

positive correlations of POC content were found with its Δ
14

C (–157 to –33‰) and δ
13

C 

(–30.3 to –22.8‰), and negative correlation with the C/N ratio (5.0–14.7). These results 

indicate that organic matter in the surface water suspended solids consists mainly of a 

mixture of organic matter produced by phytoplankton within the lake and watershed 

organic matter, although theΔ
14

C of POC is depleted to a greater degree than present 

atmospheric CO2. 
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Chapter 5. 

 
Reclamation and land consolidation effects on organic 

matter sedimentation in Lake Kiba-gata, Japan 
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5.1.  Introduction 

Lakes are globally important water resources for drinking water and for irrigation and 

hydroelectric power supply. Reclamation work, the process of creating new land from 

lakes, rivers, and coastal marine environments, is an important mode of human impact 

on aquatic environments such as landscape, earth surface processes and ecosystems. 

Land reclamation in and around lakes was prevalent in many parts of Japan during the 

1950s–1970s (e.g., Hachiro-gata, Lake Nakaumi, Kahoku-gata) in order to facilitate 

increased food production, but there were negative consequences, including lake 

shrinkage, water quality deterioration and dramatic changes to lakeshore ecosystems 

(Saito, 1964). Closed and semi-closed lakes, which have no substantial surface or 

subsurface outflow, are particularly sensitive to human activities such as agricultural 

and industrial activities and reclamation projects. For better understanding the effects of 

reclamation on aquatic environment, it is important to study changes in sedimentation 

processes by using organic matter because the quantity and quality of organic matter in 

sediments reflect the variation of production and preservation rates in lakes. 

The lowland around the three Kaga lagoons (Shibayama-gata, Imae-gata, and Kiba-

gata) is located in the central part of Japan (Fig. 5-1). The lagoons were previously 

subject to frequent floods from counter-currents of the Kakehashi River, which was the 

only outlet for water from these three lagoons. However, the drainage capacity in 

lowland areas is rather poor. Most of the farmland was flooded frequently (Ishikawa 

Prefectural Government, 1986). Water in the lagoons flowed from Shibayama-gata and 

Kiba-gata into Imae-gata through the Mae River to the Kakehashi River. Imae-gata, a 

brackish lake, had chloride concentrations of 1–10 g l
-1

 (Mashiko, 1976) because of 
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backward flow from the Sea of Japan through the Kakehashi River. The frequent floods 

were occurred especially after subside of farmland by the Fukui earthquake in 1948. 

The local residents and communities have been strongly making an appeal for the 

consolidation and improvement of drainage around farmland (Hokuriku Regional 

Agricultural Administration Office, 1970).  

A reclamation project, “Kaga three lagoons reclamation project” was planned to 

improve the lowland area drainage and to increase the productivity of surrounding 

farmland. The reclamation work was undertaken to open a new channel (Shinbori River, 

Fig. 5-1) to divert floodwaters from the related basins into the sea and the reclamation 

of Imae-gata and 2/3 of Shibayama-gata during 1954–1969 (Shigemi et al., 1966; 

Hokuriku Regional Agricultural Administration Office, 1970). Lake Kiba-gata was left 

untouched by reclamation because it plays an important role in irrigation and flood 

attenuation around the lowland area. However, the reclamation work was carried out in 

the marshy paddy field around Lake Kiba-gata. Farmland consolidation and the 

development of flow channels were also conducted. The drainage system was changed 

following reclamation. The Shibayama-gata water system was separated from the Imae-

gata and Kiba-gata systems. The present water flow direction is presented in Fig. 5-1.  

This study was conducted to assess reclamation effects such as drainage change on 

the watershed environment after reclamation in a small and semi-closed lagoon, Lake 

Kiba-gata. The sedimentation of organic matter in the lagoon was investigated using a 

sediment core sample collected from the central part of Kiba-gata in June 2012. Organic 

matter preserved in lake sediments can provide key information related to lacustrine 

nutrient dynamics as a function of the historical watershed scale land use change and 
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input of nutrients from the watershed (Meyers, 1994; Meyers and Teranes, 2001). The 

total organic carbon/ total nitrogen (TOC/TN) ratio, δ
13

C, and δ
 15

N are parameters that 

are useful to ascertain organic matter sources in lakes and lagoons (e.g., Yoshioka et al., 

1988; Brenner et al., 1999; Lawson et al., 2004; Das et al., 2008). We measured these 

parameters to investigate the sedimentary organic matter sources and to assess its 

variation over time in Lake Kiba-gata.  

The objectives of this study were to assess earth surface processes, especially 

erosion and transport of geo-materials and their effects on aquatic environment by 

reclamation and consolidation work. The changes in deposition of organic matter from 

watershed and lakes were identified from lake sediments because of high sensitivity and 

continuous records for the changes in aquatic environment (Meyers, 1994; Meyers and 

Teranes, 2001).  
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Figure 5-1. Sampling locations around Lagoon Kiba-gata. Reclaimed land is shown as 

shaded areas. The closed circle in Kiba-gata shows the sampling point of a core sample 

in this study. Dotted arrows indicate the past water flow direction before the 

reclamation. Numerical map data are based on Fundamental Geospatial Data provided 

by the Geospatial Information Authority of Japan, and National Land Numerical 

Information provided by the Ministry of Land, Infrastructure, Transport and Tourism, 

Japan. 
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5.2. Materials and methods 

5.2.1. Sampling location 

Lake Kiba-gata is located in the Kaga area of Ishikawa Prefecture in Japan (Fig. 5-1). 

Lake Kiba-gata has a mean water depth of 1.7 m, area of 1.14 km
2
, and water volume of 

1.7 × 10
4
 m

3
. The watershed area is 38 km

2
. The chemical oxygen demand (COD) 

concentration was at a maximum, 11 mg l
-1

 in 1990, and has remained about double the 

national standard of this lake class (3 mg l
-1

) over the last decade (Komatsu City 

Government, 2014). Suspended solid concentration was 12–21 mg l
-1

, and total nitrogen 

and phosphorous were 0.92–1.3 mg l
-1

 and 0.066–0.11 mg l
-1

, respectively in 2000–

2011 (Komatsu City Government, 2014). Bottom sediments consist of silt, but the 

inflow area of Hiyou River and Bou River is sandy sediments (Sekito et al., 2006).  

5.2.2. Sampling and pretreatment 

A sediment core was obtained at the central part of the lagoon, to avoid the direct 

influence of river systems, with a gravity core sampler (HR-type; Rigo Co., Japan) on 

11 June in 2012 (Fig. 5-1). The sediment core sample was sliced into 1 cm interval 

subsamples. To study the sources of lake sedimentary organic matter, we collected 

suspended solids in the surface waters in the central part of Lake Kiba-gata using a 

plankton net sampler (NXX17, mean mesh size of 0.072 mm) on 6 June 2013. We also 

collected the suspended solids using continuous flow centrifugation  (Nagao et al., 

2005) on 23 July and 2 October 2014. The sediment and suspended solid samples were 

freeze-dried and ground in an agate mortar. 
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5.2.3. Analytical methods 

Water content of the sediment samples was estimated from the loss of water after the 

freeze-drying operation. The grain size distribution was measured using a laser 

diffraction particle size analyzer (SALD-2200; Shimadzu Corp., Japan). The freeze-

dried and ground samples were treated with 1M HCl to remove inorganic carbon for 

analyses of total organic carbon (TOC), total nitrogen (TN), and stable carbon and 

nitrogen isotope ratios. The TOC and TN contents were measured using the elemental 

analyzer (2400 Series II; PerkinElmer Inc., USA). The precision of TOC and TN 

analyses was, respectively, ± 0.009% and ± 0.003%. The stable carbon and nitrogen 

isotope ratios were analyzed with mass spectrometers of three types (IsoPrime EA, GV 

Instruments Ltd., UK; DLTA plus and DELTA V Advantage, Thermo Fisher Scientific 

Inc., USA). Stable carbon and nitrogen isotope ratios are shown as δ
 13

C values relative 

to VPDB and δ
 15

N relative to atmospheric N2 as:
  

δ
 13

C, δ
 15

N = (R sample/ R standard – 1)* 1000 

where Rsample and Rstandard respectively denote the 
13

C/
12

C or 
15

N/
14

N atomic ratios of 

sample and international standard. The reference materials USGS40 (δ
 13

CVPDB = –

26.39‰, δ
 15

Nair= –4.52‰), L-Alanine (δ
 13

CVPDB = –19.6‰, δ
 15

Nair = 1.6‰), ANU-

sucrose (δ
 13

CVPDB = –10.80‰), IAEA-N1 (δ
 15

Nair = 0.4‰), and IAEA-N2 (δ
 15

Nair = 

20.3‰) were used to calibrate the measurement results. The precision of δ
 13

C and δ
 15

N 

analyses was, respectively, ± 0.18‰ and ± 0.31‰.  
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Figure 5-2. Water content, grain size, 
137

Cs and excess 
210

Pb radioactivity, total organic 

carbon (TOC) and total nitrogen (TN) contents of a sediment core sample from Kiba-

gata.  
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The 
210

Pb and 
137

Cs radioactive concentrations were measured to estimate the 

sedimentation rate of the core. First, 10 g of powdered samples was pressed into discs 

(0.5 cm thickness, 5.0 cm diameter) using a hydraulic press and sealed in a plastic bag. 

After establishing the radioactive equilibrium between 
222

Rn and 
214

Pb (about one 

month), the activity concentrations of 
210

Pb (46.5 keV), 
214

Pb (352 keV), and
 137

Cs 

(661.6 keV) were determined using gamma-ray spectrometry with a Ge detector (LO-

AX-51370-20; Ortec, USA). The activity of excess 
210

Pb (
210

Pbex) was estimated by 

subtracting the activity of 
214

Pb from that of 
210

Pb. The sedimentation rate of the cores 

was then estimated based on the 
210

Pbex as a function of mass depth (Krishnaswamy et 

al., 1971; Appleby and Oldfield, 1978) and obtained by fitting results of the constant 

rate of supply (CRS) model (Kanai et al., 1995). The sediment layer dating was carried 

out from the estimated sedimentation rate. 

 
5.3. Sedimentary physical properties and organic matter 

Profiles of basic parameters are presented in Fig. 5-2. The water content decreases from 

79% to 51% with depth in the core. Grain size increased with core depth from 11.5 to 

24.5 µm, although four weak peaks are apparent. 
137

Cs activity reaches a maximum at 

depth of 11–12 cm, but the radioactivity is almost constant with depth in the surface 

layer. This vertical profile is not a general trend and affected by changes in inflow flux 

of 
137

Cs from the watershed. Therefore, we do not use 
137

Cs profile to estimate the 

sedimentation rate.  
210

Pbex activity decreases concomitantly with increasing depth from 

0 to 9 cm, constant at 9–12 cm depth and also decreases with depth interval of 12 to 22 

cm. The sedimentation rate was estimated as 0.11–0.16 g cm
-2

 yr
-1

 (average 0.14 ± 0.02 

g cm
-2

 yr
-1

) at depths of 0–9 cm, 0.07–0.09 g cm-
2
 yr

-1
 (average 0.08 ± 0.01 g cm

-2
 yr

-1
) 
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at 9–12 cm and 0.04–0.06 g cm
-2

 yr
-1

 (average 0.05 ± 0.01 g cm
-2

 yr
-1

) at depths of 12–

22 cm by the CRC model. The sedimentation rate is changed at the three depth intervals. 

Total organic carbon (TOC) contents were 2.34–2.36% at depth of 25–27.4 cm and 

4.37–4.59% in the surface layer of 0–3 cm. The profile of TOC content varies with 

depth and is similar variation pattern with 
210

Pbex and total nitrogen (TN) content.  

 

5.4. Accumulation of organic matter and its characteristics 

The parameters of sedimentary organic matter are depicted in Fig. 5.3. The organic 

matter flux was estimated using the sedimentation rate and organic carbon content in the 

sediment core. The flux increased, respectively, from 1.13 to 2.26 mgC cm
-2

 yr
-1

 and 

from 2.66 to 7.46 mgC cm
-2

 yr
-1

 in two sedimentation steps during 1978–1989 and 

1989–2012. The rate of increase at the present interval is three times higher than that in 

the past. These results suggest that eutrophication and organic sedimentation occurred 

after the reclamation. From the variation trend, the TOC flux is divisible into four time 

intervals: A, increase trend in 1989–present (2012, collection of the sediment core); B, 

constant during 1974–1984; C, increase trend in 1968–1903, D, almost constant from 

1889 into the past. 

The C/N ratio, δ
 13

C, and δ
 15

N values also vary among these sediment layer intervals. 

The C/N ratio almost constant (10.7 to 11.0) with depth during period A, but decreased 

from 12.7 to 10.9 during period C. During periods B and D, the C/N ratio was almost 

constant as 10.5 ± 0.2 in period B and 13.4 ± 0.2 in period D. This range of C/N ratio 

corresponds to the mid-range of values between those of algae and terrestrial plants 

(Meyers, 1994). The mixture of both sources varies with each time interval due to the 
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changes in primary production of phytoplankton and the supply of terrestrial plants 

from the lake watershed.  

Sedimentary organic matter in Lake Kiba-gata exhibited δ
 13

C values of –27.5‰ to –

26.0‰. The δ
 13

C value increases slightly in magnitude from –26.4‰ to –26.0‰ and 

from –27.2‰ to –26.3‰ in periods A and C, respectively. In periods B and D, the δ
 13

C 

value is almost constant such as –26.3 ± 0.09‰ in period B and –27.2 ± 0.1‰ in period 

D. The δ
 13

C value was –27.5‰ for the TOC collected by the plankton net (7.65% of 

TOC and 9.1 of C/N ratio) on 6 June 2013, and was –22.8‰ to –23.5‰ for the TOC 

including phytoplankton (21.6–27.0% of TOC and 5.1–5.9 of C/N ratio) on 23 July and 

2 October 2014, respectively, in Lake Kiba-gata. These values are more enriched than 

those generally reported (–30 to –25‰) for other lakes (Yoshioka et al., 1988; Meyers, 

1994; Meyers and Lallier-Vergès, 1999; Vuorio et al., 2006). The δ
 13

C values of TOC 

shifted from –27.5‰ in June to –22.8‰ at the end of July in Lake Kiba-gata. Eutrophic 

lakes generally have great potential to exhibit large spatial and temporal variations in 

δ
13

C of phytoplankton because of dense algae blooms (Mizutani and Wada, 1982; 

Goericke et al., 1994). The pH of Lake Kiba-gata surface water was 6.7–9.5 during the 

year and was maximal during spring–summer (Sawada et al., 1988). The vertical 

distribution of pH exhibits decreasing values with depth (Sawada et al., 1988). A similar 

trend was observed at the monitoring station in the center of Lake Kiba-gata in 2013 

(Nagao, unpublished data). This fact reflects that the phytoplankton growth increases in 

the surface depth layer during spring–summer. Therefore, the shift of δ
13

C values of 

POC in surface lake waters during spring–summer is considered to be the effect of 

growth of phytoplankton in the small lake, Kiba-gata. The upper Kakehashi River 
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exhibited δ
13

C of –27.5‰ on 30 September 2014. Results indicate that the current 

organic matter characteristics in the Kiba-gata sediment shifted due to phytoplankton 

properties. 
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Figure 5-3. Total organic carbon (TOC) flux, TOC/total nitrogen (TN) ratio, δ
 13

C of 

organic mater and δ
 15

N of total nitrogen as a function of core depth for a sediment core 

sample collected from the central part of Lake Kiba-gata. 
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The δ
 15

N value of total nitrogen in the Kiba-gata sediment whole core ranges from 

1.82‰ to 3.30‰. The δ
 15

N value slightly increased from 2.81‰ to 3.30‰ and from 

2.17‰ to 2.92‰, respectively, during periods A and C. In periods B and D, the δ
 13

C 

value remains almost constant (3.06 ± 0.07‰ in period B and 1.97 ± 0.23‰ in period 

D). The δ
 15

N value was 6.64‰ for the suspended solids collected using a plankton net 

on 6 June, 2013 and was 2.33‰ on 23 July 2014 and 5.43‰ on 23 July and 2 October 

2014 for the suspended solids including phytoplankton. The trend resembles that of the 

δ
 13

C value of sedimentary organic matter. Despite the very real potential for digenetic 

biasing of the initial source character of organic matter, several parameters (C/N ratio, 

δ
13

C, and δ
15

N values) that describe composition of bulk organic matter provide reliable 

evidence of its sources (Meyers, 1994; Meyers and Lallier-Vergès, 1999). 

 

5.5. Effects of reclamation and land consolidation 

The drastic changing point might be related to the reclamation and land consolidation 

that occurred in Lake Imae-gata and Shibayama-gata during 1954–1969. Hydrological 

conditions were changed because of land reclamation of Shibayama-gata and Imae-gata, 

paddy field arrangement around Lake Kiba-gata and the construction of the Mae River 

gate (Fig. 5-1). The Cl concentration in surface waters was 27–30 mg l
-1

 for Kiba-gata 

and 30 mg l
-1

 for Shibayama-gata in 1960 (Kanetsuna, 1973). However, in 1987, it was 

as slightly lower value such as 12–22 mg l
-1

 (Sawada et al., 1988) and 12–13 mg l
-1

 in 

July–December 2014 measured in this study. Rainfall is almost similar value in 1960 

(2548 mm) and 2014 (2635 mm) (Japan Meteorological Agency, 2014). Therefore, 

dilution of lake waters by rain events is negligible. This reflects the decreased inflow of 
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brackish water from the Kakehashi River because of reclamation and the set up of 

counter slice at the junction of the Kakehashi River (Fig. 5-1). Increased organic carbon 

contents in present sediments commonly derive from human and industrial activities, 

reflecting the eutrophic status of a system (e.g. Meyers, 1994). 

Aquatic environmental changes were also observed for other water properties. The 

level of transparency tended to drop from 4.8 m on average in October and November 

1910 (Ishikawa Prefectural Fisheries Experimental Station, 1912), 1.3–2.4 m in 1930 

(Kawa, 1969) to 0.5 m in 1987 (Sawada et al., 1988). Aquatic plants such as water 

caltrops (Hydrilla verticllate, Potamogeton crispus) and water snowflake (Nymphoidas 

peltata, Trapa japonica) in Lake Kiba-gata disappeared in 1980 (Editorial Committee 

of Kiba Town History, 2009). Also, the COD concentration reached a maximum value 

in 1990 (Komatsu City Government, 2014). The surface lagoon water pH was 6.6–7.8 

in June 1974 and September 1976 (Sumita and Watanabe, 1979), but 6.7–9.5 on average 

8.5 during 1987. The suspended solids in the upper of Kakehashi River water exhibited 

12.8 for the C/N ratio, –27.5‰ for δ
 13

C of organic matter, and 3.38‰ for δ
 15

N. 

However, the suspended solids in the surface lake waters from Kiba-gata were 5.1–9.1 

for the C/N ratio, –27.5‰ to –22.8‰ for δ
 13

C of organic matter, and 2.33–6.64‰ for δ
 

15
N value. The C/N ratio, δ

 13
C, and δ

 15
N of the recent sediment samples have shifted to 

those of lake suspended solids including phytoplankton rather than those of terrestrial 

plants in the upper part of river. The results indicate that primary productivity in the 

lake is increasing over time and that the contribution of organic matter has shifted to 

phytoplankton. This inference is consistent with the variation of TOC flux and 

characteristics of organic matter recorded in the sediment core after “the Kaga three 
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lagoon reclamation project” and the land consolidation work around Lake Kiba-gata 

during 1954-1969. 

 

5.6. Conclusions 

Impacts of human activity on water quality, transport and deposition in aquatic 

environments are particularly strong in small, semi-closed, and closed lakes. This study 

specifically examined organic matter sedimentation in a lake during the last hundred 

years, before and after a reclamation project conducted during 1954–1969. Organic 

matter content and quality analysis provide information of the changes in erosion, 

deposition and water quality by reclamation and land consolidation. A sediment core 

was collected at the central part of Lake Kiba-gata, a semi-closed and small lake in June 

2012. The organic matter flux increased during 1978–2012 in two sedimentation steps 

during 1978–1989 and 1989–2012. The flux in the later period increased to twice that of 

the former period. The C/N ratio, δ
 13

C, and δ
 15

N values show similar variation. The 

parameters in 1989–2012 are lower in C/N ratio and higher in δ
 13

C and δ
 15

N than those 

in 1978–1989. The inflexion point is related to the reclamation and land consolidation 

of Lake Imae-gata and Shibayama-gata during 1954–1969, as indicated by changes in 

hydrological conditions. These results indicate that deposition of organic matter 

supplied from forest and paddy filed increases by the increase in erosion. The primary 

productivity in the Lake Kiba-gata is also increasing and the organic matter contribution 

to the sediment has shifted to phytoplankton because of the increased residence time of 

water as a result of reclamation and land consolidation, though organic matter supplied 

from forest and paddy filed increases with increasing the erosion. The organic matter 
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fluxes recorded in the sediment core is continuous loading record in lake watershed and 

can use basic data set to access positive and negative consequences, that is, the 

reclamation and consolidation effects on earth surface processes and water quality 

deterioration in lake environment. These studies may be available to assess qualitatively 

the relationship between environmental loading effects and changes in watershed 

environment including local communities and occupation such as agriculture and 

forestry in some time intervals by using sediment core records. 
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Chapter 6. 

Conclusions 
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Lake Kiba is located at Ishikawa Prefecture in Japan and is a small, shallow and semi-

closed lake environment. The chemical oxygen demand (COD) concentration was at a 

maximum, 11 mg l-1 in 1990, corresponding to the second worst in Japan. It has 

remained about double the national standard of this lake class (3 mg l
-1

) during a last 

few decades. Aim of this study is to understand past and present situation of organic 

pollution and its controlling factors. At last 100 years, we analyzed that organic matter 

flux increased from 1.1 to 2.3 and from 3.9 to 7.5 mgC cm
-2

 y
-1

, respectively, during 

1903–1974 and 1989–2012, although it was similar with the flux recorded for 1974–

1989 following reclamation. The C/N ratio, δ
13

C and δ
15

N also changed during these 

time intervals. These results indicate that the primary production is increasing with time 

and the recent contribution of phytoplankton to productivity has exceeded the level of 

past contribution. During 2014–2016, monitoring study was conducted for lake water 

environments. Strong positive correlation was found between the COD concentration 

and physicochemical parameters (water temperature, pH, and chlorophyll-a 

concentration). Results indicate that the COD variation is controlled by phytoplankton 

activity within the lake. A positive correlation exists with particulate and dissolved 

COD concentrations. To understand more detail variation mechanisms, we focused on 

dynamics of particulate and dissolved organic matter in lake water. Particulate organic 

carbon (POC) concentration ranged from 0.44 to 5.01 mg l
-1

. δ
13

C and Δ
14

C values were 

–30.3 to –22.8 ‰ and –156 to –33 ‰, respectively. The POC was consistently depleted 

for 
14

C and an averaged Δ
14

C value of –81 ± 37‰. The carbon isotopes showed 

seasonal variation with higher in summer and positive correlations with POC content. 

The results suggest that the variation in POC characteristics is controlled by a mixture 
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of two endmembers, organic matter produced by phytoplankton activity within the lake 

and the watershed organic matter. Dissolved organic carbon (DOC) concentrations were 

also higher in summer and had strongly relations with water temperature and water pH. 

Fulvic-like materials, which is refractory properties and major component of organic 

matter, was a good correlation with DOC concentration. However, maximum 

fluorescence position in spring-summer shifted to shorter excitation wavelength rather 

than that of autumn-winter. The sources of fulvic-like materials are different from the 

spring-summer and autumn-winter seasons. These results of this study provide basic 

and useful information of understanding organic pollution in shallow lakes and lagoons. 
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