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Abstract. The study aimed to examine the effect of the decomposition of macrophyte materials on the 

release potential of heavy metals (Zn, Cu, Pb and Cd) from the lake sediment to the overlying water. A 

laboratory experiment was carried out with a common macrophyte species (Carex cinerascens Kukenth) 

to examine the effects of macrophyte decomposition on the release of heavy metals (Cu, Zn, Cd, Pb) from 

the sediment. Fresh aboveground parts of the macrophyte were added to the sediment and the treated 

sediment was subsequently subjected to a permanent flood condition. Dissolved organic carbon (DOC), 

pH and heavy metal concentrations of the overlying water were measured during the 135-day experiment. 

In most cases, the rate at which heavy metals were released form the sediments was reduced after the 

addition of macrophyte biomass. The greater the amount of the macrophyte amendment, the greater the 

decrease in heavy metals released from the sediment. There is no significant correlation between the DOC 

concentration in the overlying water and the four heavy metals released from sediments. The addition of 

macrophyte biomass can reduce the heavy metals release from sediments. 

Keywords: dissolved organic carbon, Carex cinerascens Kukenth, metal mobility 

Introduction 

By acting as a sink of organic matter, wetland sediments generally play a 

fundamental role in determining the concentration of nutrients in waters (Yuan et al., 

2011; Dittrich et al., 2013). However, sediments usually suffer severe levels of heavy 

metal pollution – up to hundreds of parts per million (Yin, 2011). There are several 

reports that wetland sediments are heavily contaminated with heavy metals (Kouba et 

al., 2010; Yuan et al., 2011; Schaller et al., 2013). This results in an enhanced 

environmental risk for associated ecosystems and organisms, especially as the heavy 

metals may be at concentrations that are toxic to many species (Nriagu and Pacyna, 

1988). 

Sediment can become remobilized and release metals into the water column; 

therefore, sediments area potential source of contamination in wetland environments 

(Hafeznezami et al., 2012). Some studies have demonstrated that sediments can be a 

significant source of metal emissions (Chon et al., 2012; Schaller et al., 2013). The 

sediments most significant for binding metals are thought to be organic matter and Fe 

and Mn oxyhydroxides. Recent studies have demonstrated that organic matter in lake 

sediments can interact with heavy metals to form organometal complexes, and thus 

can significantly affect various aspects of heavy metals such as form, distribution, 

biotoxicity, migration and transformation (Yamashita and Jaffe, 2008; Guo et al., 

2012). 
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In freshwater environments, organic matter is a ubiquitous, naturally occurring, 

heterogeneous mixture of organic compounds formed from the degradation of lignin-

rich plant materials and the decay of dead organic biomass. Based on filtration, the 

organic matter fraction that passes through a 0.45-μm membrane is known as the 

dissolved organic matter (DOM), of which ≥50% by mass is carbon. The 

concentration of DOM is widely variable in freshwater and commonly reported in mg 

C L−1, as dissolved organic carbon (DOC) (Al-Reasi et al., 2013). 

Organic matter in sediments is highly influenced by the primary production in lake 

ecosystems (Noges et al., 1999). After decaying, the detritus from macrophytes and 

algal biomass settles into sediments and will eventually be decomposed by the 

microbial community (Han et al., 2015). Microbial decay of organic matter in 

sediments is accompanied by the release of DOC into the water (Schaller et al., 2008). 

DOC is known to complex heavy metals and remains mobile (Sachs et al., 2007; Zhao 

et al., 2009). Ashworth and Alloway (2008) showed that the solubility of the heavy 

metals copper (Cu), nickel (Ni), and lead (Pb)in soil have a strong positive 

relationship to the solubility of organic matter. Soil DOM may increase aqueous 

heavy metal concentrations by forming metal-DOM aqueous complexes, as 

demonstrated by Wang and Mulligan (2009). However, Ranville et al. (2007) showed 

that high DOC levels had no effect on uranium remobilization when the pH was above 

7. Moreover, there are observations that vegetated water bodies and related organic 

sediments have a higher capacity to immobilize the mobile metals (Dienemann et al., 

2006; Ross and Dudel, 2008). Plant litter can provide a metal sink if, during 

decomposition, metals are bound to the litter by passive sorption on the organic 

surfaces or by accumulation by microbial colonizers of the litter (Du Laing et al., 

2006, 2007; Guo et al., 2006). Accordingly, strong positive correlations have been 

found between metal concentrations in the sediment and organic matter concentrations 

in the upper sediment layer of the Scheldt marshes (Du Laing et al., 2007). As a result, 

the DOC produced during plant decomposition could enhance the mobility of heavy 

metals in the sediment or soil, but the plant materials could also provide a metal sink. 

It is unclear which process is dominant. 

Therefore, a laboratory experiment was conducted to examine the effect of the 

decomposition of macrophyte materials (Carex cinerascens Kukenth) on the release 

potential of heavy metals (Zn, Cu, Pb and Cd) from the lake sediment to the overlying 

water. 

Material and methods 

The wetland plant selection and collection 

Carex cinerascens is a good forage grass, and is distributed in Northeast, 

Northwest, North, East, Central and southwest alpine area of China. It grows on the 

lake, riverside or marshland. 

On April 5th, 2016, the aboveground biomass of C. cinerascens was sampled from 

Xicha Lake located in Gongqingcheng city of Jiangxi province in China. The 

aboveground parts were harvested and thoroughly washed with deionized water. After 

allowing most of the water to drip off, the fresh macrophytes were chopped into 

approximate one-centimetre sections. Chopped plant parts were mixed in order to 

equalize any differences in the composition of various plant organs, the variability in 

their decomposition rates, and the resultant activity of microbial decomposers. 
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The wetland sediment collection and treatment 

Surface sediment samples (0-10 cm) were collected from Xicha Lake located in 

Gongqingcheng city in December 2014 during the dry season. Upon return to the 

laboratory, the sediment was air dried and sieved through a 2-mm mesh nylon sieve. 

Heavy metals were added to the sediment in the form of CuSO4·5H2O, ZnCl2, 

CdSO4·8/3H2O and Pb(NO3)2. The sediment was increased artificially to reach final 

values of 394 mg·kg-1 of Cu, 775 mg·kg-1 of Zn, 7 mg·kg-1 of Cd and 352 mg·kg-1 of Pb 

for the low levels of heavy metal contamination (LS), and 691 mg·kg-1 of Cu, 

1445 mg·kg-1 of Zn, 12 mg·kg-1 of Cd and 596 mg·kg-1 of Pb for the high levels of 

heavy metal contamination (HS). The sediment was then placed in a plastic bucket and 

watered well. After 16 months, the sediment was sieved through a 2 mm mesh nylon 

sieve and was subjected to laboratory-scale incubation experiments. Table 1 reports 

selected characteristics of the sediment used in the experiment. 

 
Table 1. Physical and chemical properties of the two levels of heavy metal contamination 

Parameters 
Cu Zn Cd Pb Ca Mg TC 

pH 
mg kg-1 % 

LS 394 775 7 352 4911 4269 0.46 5.50 

HS 691 1445 12 596 5186 4597 0.48 5.54 

LS and HS represent the low and high levels of heavy metal contamination in the sediment, 

respectively 

 

 

The overlying water used in the experiment 

On April 5th, 2016, water was collected from Xicha Lake located in Gongqingcheng 

city, where the water quality is relatively good. After being transported to the 

laboratory, the collected lake water was filtered immediately through a 0.45-μm 

membrane and stored at 4C for the experiment. The pH of the lake water was 6.94. The 

concentrations of Cu, Zn, Cd, Pb, Ca and Mg in the lake water were 0.656 μgL-1, 4.980 

μgL-1, 0.533 μgL-1, 0.385 μgL-1, 27461 μgL-1 and 3038 μgL-1, respectively. 

Experimental conditions and design 

To investigate the effects of the decomposition of the aboveground parts of 

C. cinerascens in flooding season on the release of heavy metals from the sediment, two 

levels of macrophyte biomass additions were used in the experiment. One level is 17 g 

of fresh weight, which represents the macrophyte biomass in the spring in the field, and 

the other is 7 g fresh weight. For the experiment with sediments, there were six 

treatments: LS+water, LS+7 g macrophyte+water, LS+17 g macrophyte+water, 

HS+water, HS+7 g macrophyte+water, and HS+17 g macrophyte+water. In addition, 

two treatments without sediments were included: 7 g macrophyte+water and, 17 g 

macrophyte+water. In total, eight treatments were conducted with each treatment 

performed in triplicate. The sediment+water and sediment+macrophyte+water 

treatments were used to test the effect of plant decomposition on the release of heavy 

metals from the sediments. The macrophyte+water treatment was used to determine the 

amount of heavy metal release from the plant itself to the overlying water. 
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The release experiments were performed in 2.0-L glass beakers 13.3 cm in diameter and 

19.3 cm in height, and the beakers were side-wrapped in black plastic to avoid light 

exposure. First, 300 g of air-dried sediment were put into the bottom of the vessel, and 

mixed with increasing amounts of chopped fresh plant weight. Finally, 1.5 L of filtered lake 

water was added into each beaker. All experiments were conducted at the laboratory with 

no temperature control from April 5th to August 18th, 2016, and the incubation lasted 135 

days. During the experimental period, water samples were taken (after 1, 4, 11, 18, 32, 90 

and 135 days) from each vessel with a pipette at a depth of 5 cm above the sediment-water 

interface for the heavy metal and DOC analysis, and then the pH of the overlying water was 

determined. Before the first day of the sampling, the evaporated water was added and after 

the sampling, 20 ml of deionized water was added to supplement the sampling water. For 

heavy metal analysis, the 10-ml sample was centrifuged immediately after sampling and 

acidified with HNO3. For the determination of dissolved organic carbon (DOC), 10 ml of 

water was sampled using PE (polyethylene) vessels, filtered using 0.45-μm cellulose-

acetate filters and immediately measured. 

Analytical methods 

The element concentrations were analysed at the analytical laboratory of the Beijing 

Research Institute of Uranium Geology, which is registered to the China National 

Accreditation Service for Conformity Assessment and the China Metrology 

Accreditation system, using an inductively coupled plasma mass spectrometer (Perkin-

Elmer Elan DRC-e, American). The DOC of the water samples was determined using a 

TOC analyser (Tekmar Torch, American). Carbon content in the sediment samples was 

measured with an element analyser (ElementarVario Macro Cube, Germany). The pH of 

the overlying water was determined using a pH meter (Leici PHSJ-3F, Shanghai) and 

the pH of the sediment was also determined by a pH meter according to the Standard of 

the Ministry of Agriculture of the People’s Republic of China (NY/T 1377-2007). 

Statistical analysis 

The percent decrease of the concentration of metal X in overlying water at time t 

after addition of macrophytes (PDt) was calculated according to the following formula: 
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(Eq.1) 

 

where PDt is the decreased percentage of metal X concentration in the overlying water 

after the addition of the macrophyte; Xt0 is the metal X concentration in the overlying 

water with no addition of the macrophyte at time t; and Xtp is the metal X concentration 

in the overlying water after addition of the macrophyte at time t. PDt<0 indicates a net 

increase of metal ‘X’ released from the sediment by the decaying plant, while PDt>0 

indicates a net decrease of metal ‘X’ released by the decaying plant. 

For each heavy metal pollution level, differences in the measured parameters among 

three treatments were tested by a one-way analysis of variance (ANOVA) followed by 

Tukey’s post hoc analysis when appropriate. A correlation analysis (Pearson’s 

correlation coefficients) was used to test the relationships between DOC and heavy 

metal concentration during the 135-day period. Differences in the percentage decrease 

of the heavy metal concentration in overlying water after the macrophyte biomass 
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addition, between the earlier stage of the experiment (treatments for 1 day, 4 days and 

11 days) and the later stage (treatments for 18 days, 32 days, 90 days and 135 days), 

were tested with a paired samples test. All statistical analyses were performed using the 

SPSS 11.5 software package. 

Results 

Dynamic changes in pH and DOC concentration in overlying water 

The pH of the overlying water was significantly decreased by the macrophyte 

addition on the first day and then increased by the macrophyte addition (Fig. 1). 

However, there were no significant differences in pH between the sediment+water+7 g 

macrophyte treatment and the sediment+water+17 g macrophyte treatments (p>0.05). 

And there were no significant differences in pH between the two treatments with low 

and high concentrations of heavy metals in sediments (p>0.05) and the pH values 

shown in Fig. 1 were the average of the treatments with low and high concentrations of 

heavy metal in sediments. 

 

Figure 1. Change in pH value of overlying water during the C. cinerascens amendment. The pH 

values shown in the figure were the average of the treatments with low and high concentrations 

of heavy metal in sediments 

 

 

The DOC concentrations of the overlying water in the treatments with macrophyte 

biomass amendments increased remarkably, and showed similar variation during the 

135-day decomposition process (Fig. 2). For the treatments with low and high levels of 

heavy metal contamination in sediments, the DOC concentrations in treatments with the 

macrophyte addition increased with time and peaked around day 4 and day 11, and then 

decreased or remained relatively stable. In addition, the mean DOC concentrations 

followed the order: sediment+water+17 g macrophyte>sediment+water+7 g macrophyte 

>sediment+water (Fig. 2a,b). Within the treatments with the same amount of 

macrophyte biomass addition, there were no significant differences in DOC 

concentrations between the two treatments with low and high concentrations of heavy 

metal in sediments (p>0.05). DOC concentrations ranged from 0.47-5.05 mgL-1 in the 

sediment treatments, 1.5-21.27 mgL-1 in the sediment+water+7 g macrophyte treatment 

and 0.65-50.82 mgL-1 in the sediment+water+17 g macrophyte treatments. 
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Figure 2. Change in DOC concentrations in overlying water during the C. cinerascens 

amendment. (a) The treatments with low concentrations of heavy metal in sediments; (b)the 

treatments with high concentrations of heavy metal in sediments; (c) the treatments without 

sediments, as a function of time after flooding. Error bars indicate standard deviations 

 

 

However, DOC concentrations in the water+macrophyte treatment were significantly 

higher than in the sediment+water+macrophyte treatments with the same amount of 

macrophyte biomass added (p<0.05). DOC concentrations in the water+7 g macrophyte 

treatments ranged from 15.93-58.49 mgL-1 and from 45.83-171.75 mgL-1 in the 

water+17 g macrophyte treatment. However, for the water+macrophyte treatments, 

DOC concentrations increased during the first few days, then declined, and increased at 

a later stage. 
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The effect of macrophyte addition on the release of heavy metals from sediments 

Dynamic changes in heavy metal concentration of the overlying water 

For the water+macrophyte treatments, the concentrations of four heavy metals in the 

water body were very low, at several parts per billion. Thus, the effect of heavy metals 

released by the macrophyte itself into the overlying water is negligible in the 

sediment+water+macrophyte treatment (Fig. 3c, Fig. 4c, Fig. 5c, and Fig. 6c). 

 

Figure 3. Changes in Cd concentrations in overlying water during the C. cinerascens 

amendment. (a)The treatments with low concentrations of heavy metal in sediments;(b) the 

treatments with high concentrations of heavy metal in sediments; (c) the treatments without 

sediments, as a function of time after flooding. Error bars indicate standard deviations 
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Figure 4. Changes in Zn concentrations in overlying water during the C. cinerascens 

amendment. (a)The treatments with low concentrations of heavy metal in sediments;(b) the 

treatments with high concentrations of heavy metal in sediments; (c) the treatments without 

sediments, as a function of time after flooding. Error bars indicate standard deviations 

 

 

The release of four kinds of heavy metals in the sediments was not the same, as a function 

of time after flooding. However, in general, in the later stage of the experiment, the mean 

concentrations of Cd, Zn, Cu and Pb in the overlying water followed the order: 

sediment+water > sediment+water+7 g macrophyte > sediment+water+17 g macrophyte. 

For both levels of heavy metal contamination in the sediment, Cd and Zn concentrations 

in the overlying water first increased with time and then decreased. In general, the effect of 
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the macrophyte addition on the release of heavy metals from sediment was not obvious in 

the early stage of the experiment, but in the later stage, the macrophyte addition could 

significantly reduce the release of heavy metals from sediment to the overlying water 

(p<0.05). In general, the mean Cd and Zn concentrations in the overlying water followed 

the order: sediment+water > sediment+water+7 g macrophyte > sediment+water+17 g 

macrophyte (Fig. 3a,b and Fig. 4a,b). 

 

Figure 5. Changes in Cu concentrations in overlying water during the C. cinerascens 

amendment. (a) The treatments with low concentrations of heavy metal in sediments; (b) the 

treatments with high concentrations of heavy metal in sediments; (c) the treatments without 

sediments, as a function of time after flooding. Error bars indicate standard deviations 
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Figure 6. Changes in Pb concentrations in overlying water during the C. cinerascens 

amendment. (a) The treatments with low concentrations of heavy metal in sediments; (b) the 

treatments with high concentrations of heavy metal in sediments; (c) the treatments without 

sediments, as a function of time after flooding. Error bars indicate standard deviations 

 

 

The release of Cu and Pb were slightly different from Cd and Zn, as a function of 

time after flooding. At low levels of heavy metal sediment contamination, both the Cu 

and Pb concentrations in the overlying water began to increase after 32 days, and the 

macrophyte addition significantly reduced the metal concentrations in the overlying 

water (p<0.05). At high levels of heavy metal contamination, the Cu and Pb 
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concentrations in the overlying water first increased, then decreased and tended to be 

stable. At the two levels of heavy metal sediment contamination, the mean Cu and Pb 

concentrations in the later stage of the experiment followed the order: sediment+water> 

sediment+water+7 g macrophyte > sediment+water+17 g macrophyte (Fig. 5a,b and 

Fig. 6a,b). Moreover, the heavy metal concentration in the overlying water was 

significantly lower in the treatments with 17 g macrophyte addition than without 

macrophyte addition (p<0.05). 

The decreased heavy metal concentrations in overlying water after the plant biomass 

addition to the sediment 

To investigate the effect of the macrophyte biomass addition on the release of heavy 

metals from the sediments, PDt(%)was calculated according to Eq. (1), and the results 

are shown in Table 2. It was found that the PDt(%) values of Cd and Zn were all greater 

than zero. With low levels of heavy metal contamination in sediments, the Cd and Zn 

concentrations in the overlying water were decreased 6%-20% and 7%-23%, 

respectively, with the7 g macrophyte biomass addition, and 6%-57% and 2-60%, 

respectively, with the 17 g macrophyte biomass addition. 

 
Table 2. The decreased percentage of heavy metal concentration in overlying water after 

addition of plant biomass 

Treatment 1d 4d 11d 18d 32d 90d 135d 

Cd 

LS+water+7g macrophyte 19 21 6 19 8 24 20 

LS+water+17g macrophyte 6 20 13 38 27 50 57 

HS+water+7g macrophyte 8 12 9 12 11 10 11 

HS+water+7g macrophyte 26 53 26 30 33 30 25 

Zn 

LS+water+7g macrophyte 20 23 14 9 22 7 19 

LS+water+17g macrophyte 2 7 5 12 48 20 60 

HS+water+7g macrophyte 10 13 6 6 10 14 13 

HS+water+7g macrophyte 23 26 15 20 25 35 32 

Cu 

LS+water+7g macrophyte -18 -28 -14 81 53 27 31 

LS+water+17g macrophyte -115 -145 -338 8 26 66 68 

HS+water+7g macrophyte -65 -12 3 37 43 28 18 

HS+water+7g macrophyte -128 -163 7 84 90 63 65 

Pb 

LS+water+7g macrophyte 31 39 24 62 48 48 58 

LS+water+17g macrophyte 27 -13 -45 36 55 97 96 

HS+water+7g macrophyte 24 6 35 28 39 30 20 

HS+water+7g macrophyte 48 42 80 94 89 77 69 

 

 

With high levels of heavy metal contamination in sediments, the Cd and Zn 

concentrations in the overlying water were decreased 8%-12% and 6%-14%, 

respectively, with the 7 g macrophyte biomass addition, and 26%-53% and 15%-35%, 

respectively, with the 17 g macrophyte biomass addition. The PDt(%) values of Cu and 
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Pb were all greater than zero in the late stage of the experiment. At low levels of heavy 

metal contamination in sediments, the Cu and Pb concentrations in the overlying water 

were decreased 27%-81% and 7%-23%, respectively, with the 7 g macrophyte biomass 

addition, and 6%-57% and 2%-60%, respectively, with the 17 g macrophyte biomass 

addition. The PDt(%) values of Cu were less than 0 in the early stage, indicating that the 

addition of the macrophyte biomass promoted Cu release, but in the later stage of the 

experiment, the macrophyte biomass addition significantly reduced the release of Cu, 

reaching a maximum of 90%. For Pb, the addition of the macrophyte biomass reduced 

the release of Pb by up to 97%. The macrophyte additions have greater decreasing 

effects on the release of Pb and Cu than on the release of Cd and Zn. 

There were no significant differences in the percentage of Cd and Zn concentrations 

in the overlying water in the macrophyte biomass addition treatments between the 

earlier stage and the later stage of the experiment (p>0.05). The decreased 

concentrations of Cu and Pb in the overlying water of the macrophyte biomass addition 

treatment in the later stages of the experiment were significantly higher than in the 

earlier stages of the experiment (p<0.01 and p<0.05, respectively). 

Correlation between DOC and heavy metal release to the overlying water 

The DOC concentration in the overlying water was tested for correlations with heavy 

metal concentrations in order to determine the share of metals bound directly to the 

DOC. With low levels of heavy metal contamination in sediments, DOC had a 

significantly negative correlation with Pb concentration (R2=-0.284, p<0.01). No 

correlations between DOC concentration and Cd, Zn and Cu concentrations were 

observed. With high levels of heavy metal contamination in sediments, DOC had a 

significantly negative correlation with the Cd and Pb concentrations (R2=-0.266 and -

0.443, respectively, p<0.01). No correlation between the DOC concentration and the Zn 

and Cu concentrations was observed. 

Discussion 

DOC is released during plant litter decomposition, when soluble polymeric organic 

substances are released into the water in the form of dissolved carbon (Bonanomi et al., 

2014). The ability of DOC to bind metals during transport through water or soil and to 

form stable, aqueous complexes with copper, nickel, zinc and other ions has been 

shown in numerous works (Li and Shuman, 1997; Refaey et al., 2017). However, in this 

study, there were no significant positive correlations between the DOC concentration in 

the overlying water and the four heavy metals released from sediments. Some results 

also report that total dissolved metal concentrations (Cd, Zn, Cu, Pb, Co, Mn, Ni) 

generally did not show any significant or systematic correlation with DOC 

concentrations in river waters of Texas, and concluded that natural organic matter 

complexation was generally not a major process controlling trace metal concentrations 

(Jiann et al., 2013). Our results are also in accordance with other studies revealing an 

impact of invertebrate shredders on metal (calcium, manganese, iron, copper, zinc, 

arsenic, lead) fixation/remobilization with no influence on the DOC level (Schaller et 

al., 2010, 2013). 

The releases of Cd, Zn, Cu and Pb from sediments were not identically affected by 

the fresh macrophyte biomass amendments. In most cases, the greater the amount of the 

plant biomass amendment, the greater the decrease in heavy metals released from 
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sediment to the overlying water. It was demonstrated that in the process of plant litters 

decomposition, metals are combined with litters through passive adsorption on organic 

surfaces or accumulated by microbial colonizers of the litter. And then plant litters can 

be places for metal sink (Du Laing et al., 2006, 2007; Guo et al., 2006). Therefore, 

studies have shown a strong positive correlation between the concentration of metal in 

the sediment and the concentration of organic matter in the upper sediment layer of the 

Scheldt marshes (Du Laing et al., 2007). The negative correlation and lack of 

correlation between the formation of DOC and the release of heavy metals in this study 

may be attributed to the fact that heavy metals were strongly bound to solid biomass and 

other colloids fixed on larger fractions but neither attached nor adsorbed the DOC 

(Schaller et al., 2010). 

Conclusion 

This study aimed to investigate the effects of the decomposition of macrophyte 

materials on heavy metals released from the lake sediment to the overlying water. In 

conclusion, wetland macrophytes could reduce the release of heavy metals from 

sediments to the overlying water. The release of heavy metals was not affected by DOC 

and the plant material may act as a metal sink. 

The control of plant harvest or the stimulation of plant biomass production could be 

considered as management techniques to reduce the mobility of heavy metals in wetland 

ecosystems. Nevertheless, it is important to note that besides DOC and pH, the effects 

of decomposing plant materials on environmental conditions, such as electrolytic 

conductivity, dissolved oxygen and decomposition rate, are not considered in this study. 

Moreover, more investigations are necessary to understand the mechanisms and the fate 

of immobilized heavy metals after further decomposition. 
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