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1.Introduction 

Lake sediments receive organic matters from both autochthonous and allochthonous sources. The former is produced by 

phytoplankton and the latter is derived from vascular plants. Knowledge of the source and composition of sedimentary organic matter 

(SOM) is very important as it closely related to current problems of shallow lakes such as occurrence of eutrophication, reduction of 

aquatic plants and disappearance of benthic animals (Schultz and Urban, 2008, Wijck et al., 1992, Omesová and Hele ic, 2010). 

Recent studies about the source of SOM have mainly focused on the estuarine, coastal and marine ecosystems, however, information 

from freshwater lakes still remain poorly documented especially for large, shallow and eutrophic lakes. Therefore, one of the main 

objectives of this study is to reveal potential source contributions to SOM pool in eutrophic lakes and identify the dominant source 

using multiple molecular biomarkers. Furthermore, several controlling factors including primary production, animal consumption, 

microbial utilization and hydraulic influence related to SOM source and composition were conducted in order to get a better 

understanding on the mechanisms of these processes.  

2.Material and methods 

2.1. Site description 

Lake Taihu ( 0 ), located in southeastern part of Yangtze Delta, is the third largest freshwater lake in China. The 

lake has a surface area of 2,338km2 and an average depth of 1.9m with more than 200 input rivers discharging about 7.6 billion m3 

water into the lake every year. Unfortunately, heavy cyanobacterial blooms occurred annually in the western and northern areas due to 

discharge of pollutants from surrounding basins. Aquatic macrophytes with more than 60% of total species composed of submerged 

macrophytes are mainly distributed in easterly portion of the lake. 

shallow lake, located in a cropland of northern Miyagi, Japan. It has a maximum and average depth of 1.6m and 0.76m, respectively, 

with a total area of 3.69km2. Owing to decades of nutrients discharge, the lake has been transformed into its present eutrophic state. 
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Approximate 80% of phytoplankton is green algae, however, emergent and floating-leaf plants are dominant among aquatic 

vegetation and cover almost the whole lake. Hence, the lake is also subjected to paludification as the average sedimentation rate is 

about 2 ~ 6mm/year. Lake Juni (40º34 39º58 ) and Lake Towada (40º28 40º53 ) are typically mountain lakes with the 

distance of about 80km, located in Aomori prefecture, Japan. Lake Juni consists of 33 pond waters with their total areas of 314km2, 

however, the lake has transformed into current mesotrophic state since last century due to the influence of anthropogenic activities. 

Lake Towada, a double caldera lake, is the 12th largest lake in Japan with the maximum depth of 327m and a surface area of 61.1km2. 

The lake is remote and oligotrophic with the extremely low concentration of nutrients. 

2.2. Sampling strategy 

To investigate the source and composition of SOM, sediment samples were collected from four studied lakes: (1) in Lake Taihu, 

thirty-three samples encompassing the whole lake were collected twice between August 22 ~ 30, 2012 and February 25 ~ March 5, 

2013; (2) in Lake Izunuma, fourteen samples encompassing the whole lake were collected in June 24, 2013; (3) in Lake Juni, 

nine samples from different ponds were collected in June 25, 2013. (4) in Lake Towada, five samples from different coastal 

areas were collected in June 26, 2013. Triplicate surface sediment samples from each site were combined and homogenized 

before being stored in the dark at <4°C in the field, using the Ekman-Birge grab. After transported to laboratory rapidly, all 

samples were freeze-dried for 24h and stored at -40°C for fatty acid analysis. 

To investigate the influence of primary production, animal consumption and microbial utilization on SOM source and 

composition, all field samplings were conducted in Lake Taihu. Surface water and corresponding sediment samples were collected 

from thirty-three locations of the whole lake, shrimps, fishes and benthic animals including snails and bivalves were collected in the 

northern region of the lake, and all these samples were collected during August 20 ~ 29, 2013. After transported to laboratory rapidly, 

all animals were dissected for removing shells or scales if there were, and then freeze-dried for 24h and stored at -40°C for fatty acid 

analysis. While for microbial utilization, sediment samples within benthic microbial were collected during November 3 ~ 13, 2011. 

To investigate the hydraulic influence on SOM source and composition, all field samplings were conducted in Lake Izunuma, 

fourteen samples were conducted in June 24, 2013. After transported to laboratory rapidly, the sediment samples from each location 

were separated into two parts, one part kept intact and the other part was classified into four size groups (<32µm, 32-63µm, 63-125µm, 

>125µm) using the method of wet sieving. Sediment samples were gently shaken by hand in large breakers filled with ultrapure water. 

The weight of each fraction was carefully measured to estimate the relative contribution to mass of the sediment. At last, all the bulk 

and separated samples were freeze-dried for 24h and stored at -40°C until be analyzed for fatty acids and TOC analysis. Current 

velocity at 5cm above the sediment surface was measured from June to July 2013. Two locations were measured together and lasted 

for one week. These data were collected at 1Hz by repeated 30s bursts with 10 min intervals by electromagnetic horizontal two 

dimensional current velocity meters (Alec Electronics, compact-EM).  

2.3. Sample analysis 
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Prior to analysis, sediment samples from each location were ground (<5um) and treated with the addition of 5ml 1M HCl to 

remove carbonates for determination of organic C and N contents. Thereafter, samples were dried to a constant weight (60 °C) and 

analyzed by elemental analyzer. Isotopic abundance analysis was carried out on an isotope analyzer. Samples were combusted and the 

resulting gases were separated by gas chromatography, and then analyzed by continuous flow-mass spectrometry. Stable isotope 

g 

equation: 

 X = ((R sample/R standard)-1) × 1000                                          (1) 

Where, X is 13C or 15N and R = 13C/12C or 15N/14N.  

One-step method (Abudulkadir and Tsuchiya, 2008) was used for extractions and esterification of all lipids to fatty acids methyl 

esters (FAMEs). Then, the FAMEs were separated and quantified using a gas chromatograph (GC-2014, Shimadzu) equipped with a 

split/splitless injector and a flame ionization detector (FID). The gas chromatograph was fitted with a Select FAME (100m, 0.25mm 

i.d., 0.20mm) capillary column. The GC oven was programmed as follows: 150°C (hold 5min) to 230°C (hold 10min) at 4°C/min and 

last hold at 250°C for 20min. The FAMEs assignments were made by comparison of retention times with those derivatives of 

authentic standards (Supelco, Aldrich, Sigma).  

Stable carbon isotopic compositions of individual fatty acids were determined using a GC combustion system interfaced with an 

isotope ratio mass spectrometer (IRMS). The compounds were separated with a column with a stationary phase of 100% 

dimethylpolysiloxane. Peaks eluted from the GC were combusted to CO2 over CuO/Pt wires at 850°C and on-line transported to the 

IRMS. The isotopic compositions of CO2 peaks were measured with the IRMS operated at 10 kV acceleration potential and by 

magnetic sector mass 13C values of the compounds were calibrated with a reference CO2 gas. The 13C values of 

FAMEs were corrected for the extra carbon atom added by methylation. 

3. Results and discussion 

3.1. Source and composition of SOM in shallow eutrophic lakes 

For the purpose of assessing SOM source and composition in shallow eutrophic lakes, multiple molecular biomarkers including 

elemental ratios, stable isotope ratios and fatty acid biomarkers were used, however, fatty acid biomarkers were proved to be valid and 

the best compared with other two indicators. Results of fatty acids biomarkers illustrated that microalgae, aquatic plant, terrestrial plant 

and bacterial-derived organic matters were potential sources and composition of SOM in these freshwater lakes, however, among 

them, terrestrial plant and bacteria were predominant as evidenced by high correlations with TOC content. Additionally, multiple 

regression analysis was used for simulation the sediment TOC with all the potential sources, and results followed the most appropriate 

model: TOC total = 0.015 FA terrestrial plant + 0.024 FA bacteria, further confirming the dominant sources of bacteria and terrestrial plants in 

shallow lakes. 

3.2. Primary production, animal consumption and microbial utilization controlling SOM source and composition 
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In order to analyze the reason that terrestrial plant and bacteria were the dominant sources in shallow lakes, several controlling 

factors including primary production, animal consumption and microbial utilization were tested in shallow eutrophic Lake Taihu. 

Firstly, fatty acids in suspended particulate organic matters (SPOM) and their corresponding surface sediments were analyzed, results 

showed that terrestrial plants had a relatively strong correlation between SPOM and surface sediment while other sources were very 

weak, suggesting these potential sources may be subjected different influence during sinking processes. Secondly, fatty acid 

biomarkers and stable isotope ratios of shrimps, fishes and benthic animals in Lake Taihu were analyzed, results indicated that animals 

would prefer consuming more cyanobacteria than terrestrial plants, which is corresponding with the low contribution of cyanobacteria 

to SOM pools. Lastly, 13C of bacteria-specific fatty acids was used to assess the carbon sources utilized by bacteria in Lake Taihu, 

results showed that cyanobacteria contributing more than 90% for bacteria utilization, suggesting bacteria preferentially utilize labile 

cyanobacteria from the sediment carbon pool than higher plants. 

3.3 Hydraulic influence on SOM source and composition in shallow eutrophic lakes 

The hydraulic influence on SOM source and composition were conducted in shallow eutrophic Lake Izunuma. Surface sediments 

were fractionated into four size groups: <32µm, 32-63µm, 63-125µm and >125µm. Results showed that, compared with different size 

groups, bacteria largely accumulated in <32µm fraction, microalgae was mainly present in two fractions of <32µm and 63-125µm, 

aquatic plants appeared to be averagely distributed in all size fractions and >125µm fractionated sediments were mainly comprised of 

terrestrial plants. However, compared with different organic matter sources, terrestrial plant and bacteria were dominant in all fractions. 

Additionally, the strong relation between sediment TOC and percentage of <32µm fraction was demonstrated probably caused by a 

relatively large accumulation of bacteria in <32µm fraction. On the other hand, although it displayed very weak correlation between 

average current velocity above 5cm of surface sediment and sediment TOC content in Lake Izunuma, the relationship between 

frequency of current velocity and sediment TOC content exhibited a relatively strong and negative correlation occurred at the current 

velocity at 1cm/s without considering different current velocity characteristics of several sample locations. 
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