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Abstract
The objective of this study was to analyze the influence of periphyton biofilm on nutrient releases from sediments in ponds 
and lakes. The physico-chemical parameters in the overlying water, the TP content, and the P forms in the sediments and 
periphyton biofilm were measured. The results showed that (1) periphyton biofilm could change the physico-chemical indexes 
in the overlying water; furthermore, the periphyton biofilm influenced the release of N and P from sediments, and its extent 
of influence was closely related to the nutrient levels of the sediments. (2) The periphyton biofilms effectively reduced the 
concentrations of N and P in sediments with different nutritional levels (P < 0.05). The average daily TN removal rates were 
52% and 25% in the pond and lake microcosms, respectively, and the average daily TP removal rates were 1.06% and 20.9% 
in the pond and lake microcosms, respectively. This result suggested that periphyton biofilms acted as biological buffers 
for nutrient cycling between sediments and overlying water; these buffering effects were mainly through the absorption, 
filtration, and precipitation of nutrients. (3) The TP content and P forms of the periphyton biofilm were different between 
the pond and lake microcosms, which indicated that the P forms of the periphyton biofilm were potentially influenced by 
the nutritional levels of the sediments.

Article Highlights

• There are different in the influence of periphyton biofilm on nutrient releases from sediments in ponds and lakes.
• Periphyton biofilm could change the physico-chemical indexes in the overlying water; furthermore, the periphy-

ton biofilm influenced the release of N and P from sediments, and its extent of influence was closely related to the 
nutrient levels of the sediments.

• The TP content and P forms of the periphyton biofilm were different between the pond and lake microcosms.
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Introduction

Compared with heavy metal pollution (Das Sharma 2019), 
lake eutrophication also has become a serious environmental 
problem (Najar et al. 2017), especially for shallow lakes in 
China, and eutrophication has resulted in serious blue–green 

algal blooms in recent years (Wang et al. 2006; Yang et al. 
2013). As major nutrients in aquatic ecology, nitrogen (N), 
and phosphorus (P) have been recognized as the most criti-
cal nutrients that limit lake productivity. Excessive inputs 
of N and P have resulted in the eutrophication of freshwater 
bodies, which has subsequently led to the deterioration of 
these aquatic environments (Zhang et al. 2015). In the last 
decade, exogenous nutrient substances have been controlled; 
however, source control is not always possible, especially 
because nutrients may also come from internal sources, such 
as lake sediments (Dittrich et al. 2011). Some related stud-
ies have reported that P and N releases from sediments may 
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have a significant impact on water quality and may result in 
continuing eutrophication (Xie et al. 2003).

The release of P from sediments is a highly complex pro-
cess and involves a number of physical, chemical, and bio-
logical processes (Christophoridis and Fytianos 2006). Some 
factors can influence the release of P from the sediments 
to the water interface; potential influencing factors include 
redox potential (Eh), pH, temperature, dissolved oxygen 
(DO), salinity, and sediment resuspension (Wang et  al. 
2013). Moreover, not only the physico-chemical parameters 
reflect water quality (Ajayan and Kumar 2016), but also can 
be affected by the presence of periphyton biofilm. Thus, to 
assess and solve the risk of eutrophication in aquatic sys-
tems, it is necessary to know the conditions related to the 
release of endogenous P and how to control internal loading 
from sediments. In the overlying water, the P forms can be 
divided into total dissolved phosphorus (TDP) and particu-
late phosphorus (PP); there is a dynamic balance between 
the TDP and PP, and they can be transformed from one form 
to the other (Solórzano and Sharp 1980). Although the PP is 
not usually directly absorbed and utilized by biota, it could 
have an effect on water eutrophication over the long term. 
Soluble reactive phosphorus (SRP) is a component of TDP, 
and could be directly and readily available to periphyton 
biofilm (Zhang and Mei 2015).

Periphyton biofilms are biota that are ubiquitously dis-
tributed between the overlying water and the sediments; 
these periphyton biofilms consist of complex consortia of 
algae, bacteria, and other micro- and meso-organisms (Wu 
et al. 2010, 2012). As the basis of the food chain, periphy-
ton biofilm is one of the most important food sources for 
other aquatic organisms (Wu 2016). It not only controls 
the assimilation, retention, and transformation of nutrients 
but also weakens the nutrients released from sediments and 
accelerates the recovery of eutrophication; thus, periphyton 
biofilm plays an important role in stabilizing ecosystems and 
promoting the recovery of aquatic plants (Wu et al. 2014, 
2017). As not all forms of P present similar mobility and 
bioavailability, it is important to know the total phosphorus 
content and forms in the different types of sediments and 
their distribution in periphyton biofilms (Lu et al. 2014). 
Periphyton biofilms could adjust the ecological conditions of 
the aquatic environment, such as the retention of nutrients in 
the overlying water, which would reduce the release of sedi-
ment P to the overlying water and improve the water quality. 
However, thus far, the influence of periphyton biofilm on 
phosphorus migration in sediments with different nutritional 
levels has not been systematically investigated. Therefore, 
the primary objective of the experimental exploration was 
to (1) assess the effect of periphyton biofilm on changes in 
aquatic environmental factors and the influence on P release 
from the sediments; (2) systematically evaluate the changes 
in the P concentration and species between the overlying 

water and sediments with and without periphyton biofilm; 
and (3) explore the potential role of periphyton biofilm on 
phosphorus retention in sediments with different nutritional 
levels.

Materials and Methods

Preparation of Sediments

Two nutritional levels of surface sediments were collected 
from the center shallow area of a pond and a lake using 
Grab-type dredger (Haijing HJ-801) on December 8, 2015. 
The sediments were crushed to a fine consistency and 
homogenized after air drying for 2 days; then, any large par-
ticles and plant residues were carefully removed from the 
sediments (lake sediments: TP 3.51 mg g−1, IP 2.74 mg g−1, 
OP 0.50  mg  g−1. Pond sediments: TP 1.85  mg  g−1, IP 
1.23 mg g−1, OP 0.25 mg g−1.)

Cultivation of the Periphyton Biofilm

Periphyton biofilms were incubated in the littoral zone of a 
shallow eutrophic lake in Wuhan, Hubei Province of China. 
Industrial soft carriers (composed of polyester fiber mate-
rial, diameter of 5 cm and length of 20 cm) were immersed 
to an underwater depth of 0.3–0.5 m for native periphyton 
colonization. Then, the periphyton biofilm was collected 
from the coastal zone of the lake after 2 weeks and used in 
a follow-up experiment.

Experimental Design

The simulations of the process of N and P release from the 
sediments to the water were conducted in microcosms. First, 
3.0 kg dry sediment was evenly spread on the bottom of 
glass tanks (40 × 25 × 30 cm) at a depth of approximately 
5 cm. Second, six periphyton biofilms (approximately 210 g) 
were placed into corresponding microcosms. Finally, 22 L 
distilled water was slowly poured into the tanks along the 
inner wall to avoid resuspending the sediments. The micro-
cosms that contained the sediments from the pond and lake 
were labeled the L-group and the P-group, respectively. Each 
microcosm had one control group and treatment group (LC 
and LT, PC and PT, respectively) (Table 1), and each group 
had three replicates. To avoid the influence of environmental 
conditions on the experiment, each microcosm was kept in 
a greenhouse, which had a temperature of 23 ± 2 °C and 
cool-white fluorescent light illumination of approximately 
100–200 μmol photons  m−2 s−1 (14 h L: 10 h D). In addi-
tion, the control was covered with black cardboard to prevent 
the formation of periphyton biofilm at the water–sediment 
interface. The entire experiment period was sustained for 
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48 days, and the volumes of water in the glass tanks were 
maintained by adding distilled water every week.

Sampling and Measurement

The experiment started on December 12, 2015, and water 
samples were collected at 2 d, 4 d, 6 d, 8 d, 12 d, 16 d, 20 
d, 24 d, 28 d, 32 d, and 48 d. The total P (TP), particulate 
P (PP), total N (TN), and particulate N (PN) of the water 
were determined according to APHA (2002). To measure 
whether the environmental parameters were synchronized 
with the N and P in the overlying water, various parameters, 
such as the water pH (portable pH meter, PHB-4, China), 
dissolved oxygen (portable dissolved oxygen meter, JPB-
607, China), redox potential (ORP meter, SX712, China), 
and conductivity (portable conductivity meter, DDB-303A, 
China), were measured.

At the beginning and end of the experiment, the P frac-
tions in the sediments and in the periphyton biofilms were 
subjected to sequential P fractionation according to the 
method of Ruban (Ruban et al. 2001). The TP was divided 
into two main groups: inorganic P (IP) and organic P (OP); 
the IP included Fe/Al–P (NaOH-extractable P, P bound to 
Al, Fe, and Mn oxides and hydroxides) and Ca–P (HCl-
extractable P, P associated with Ca). All experiments were 
conducted in triplicate, and the mean results (± SD) were 
reported. Statistical analysis was performed using SPSS 
19.0. Pearson’s correlation analysis was used to analyze the 
relationship between the aquatic environmental factors and 
P, and independent-sample t tests were used to assess vari-
ous indexes between the control and treatments. All figures 
were produced using Origin 9.0, Excel 2010. Sample acqui-
sition, pretreatment, analysis and testing, data processing, 
and result report all conform to the standards and specifica-
tions (Michener 2018).

Results and Discussion

The Influence of the Periphyton Biofilms on Water 
Quality and P Release from the Sediments

The influence of periphyton biofilm on water quality was 
obviously different in the sediments with different nutri-
tional levels. In the lake microcosms (i.e., the L-group), the 

pH, DO, and Eh values were higher in the treatment groups 
than those in the control, but the EC values in the treat-
ment groups were lower than those in the control. In the 
pond microcosms (i.e., the P-group), the DO values in the 
treatment groups were significantly higher than those in the 
control (P < 0.05); in addition, the EC values in the treatment 
groups were significantly lower than those in the control 
(P < 0.05). In the two microcosms, the pH, DO, and Eh val-
ues in the P-group were higher than those in the L-group, 
while the EC values in the P-group were lower than those in 
the L-group (Fig. 1). The Eh values in the P-group presented 
oxidation potential during the entire experiment, but the Eh 
values in the L-group presented reduction potential in the 
first 16 days of the experiment; after 16 days, the Eh of the 
water body changed to oxidation potential.

On the other hand, the TP concentrations in the LC and 
LT groups were 0.25 and 0.19 mg L−1, respectively, and the 
average daily TN removal rates were 25% in the LT treat-
ment. This result implied that water quality can be improved 
with the presence of the periphyton biofilm. In the L-group, 
TN was positively correlated with EC (r = 0.742, P < 0.01), 
and TP was negatively correlated with DO (r = − 0.633, 
P < 0.01) and Eh (r = − 0.831, P < 0.01). Compared to the 
L-group, the TP concentrations in the PC and PT groups 
were 0.034 and 0.037 mg L−1, respectively, and the aver-
age daily TN removal rates were 52% in the PT treatment. 
Meanwhile, Pearson’s correlations revealed several nota-
ble relationships among the water-quality variables. In the 
P-group, TN was negatively correlated with pH (r = − 0.692, 
P < 0.05), while TP was negatively correlated with pH 
(r = − 0.681, P < 0.05) (Table 2). These results implied that 
periphyton biofilms could influence changes in the physical 
and chemical indexes of water. Furthermore, these changes 
influenced the release of P from sediments, and their degree 
of influence was closely related to the nutrient level of the 
sediments.

Some previous studies have focused on how periphyton 
biofilms may play an important role in the P biogeochemis-
try of aquatic ecosystems (Mccormick et al. 2006); however, 
these studies have ignored how periphyton biofilms have 
a stronger ability to improve water quality and adjust the 
P cycle. In this study, it was notable that the DO and pH 
of water in the treatments were substantially higher than 
those in the control. The reason for this observation was 
most likely that the periphyton biofilm consisted mainly 

Table 1  Experimental design 
of sediments and periphyton 
biofilm in microcosms

Serial number Treatment designs

PC (control) Pond sediments + distilled water
PT (treatment) Pond sediments + distilled water + Periphyton biofilm
LC (control) Nanhu Lake sediments + distilled water
LT (treatment) Nanhu Lake sediments + distilled water + periphyton biofilm
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of phototrophic algae whose intense photosynthesis could 
consume  CO2 from the water and release  O2, resulting in 
an increase in the water pH and DO (Zhang et al. 2013). 
At the same time, with the increased DO in the water body 
under the distribution of periphyton biofilm, the Eh values 
also changed. In the later stage of the experiment, the DO 
values in the L-group presented a large increase, and the 
Eh of the water body changed from a reducing penitential 

to an oxidation potential. The changes in the physical and 
chemical indexes of the water body were important factors 
that affected the release of P in the sediments (Kaiserli et al. 
2002). Based on the results of this experiment, the influence 
of pH and DO on the release of P from the sediment cores 
was clear, and the sediments released more P under low pH 
than under high pH conditions; in addition, the sediments 
released more P under anaerobic and anoxic conditions than 

Fig. 1  Changes in aquatic environmental factors in the pond and lake microcosms during 48 d

Table 2  The correlation 
coefficients between 
environmental factors in water 
body

*P < 0.05, **P < 0.01

Pond Nanhu Lake

pH DO EC Eh pH DO EC Eh

TN − 0.692* − 0.171 − 0.648 0.448 − 0.633 − 0.477 0.742** 0.095
TP − 0.681* − 0.133 − 0.728 0.646* − 0.588 − 0.633** − 0.192 − 0.831**
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under aerobic and oxygen-saturated conditions. The P con-
centration released from the sediments was closely related 
to the pH and DO (Wang et al. 2008). Christophoros and 
Fytianos also noted that the P release from the sediments 
was related to the redox potential (Eh). When the water 
body presented a reduction potential, a higher concentra-
tion of P was released from the sediments (Christophoridis 
and Fytianos 2006). This view was in conformity with the 
results of our experiment. In this study, there was a positive 
or negative correlation between the P concentrations and the 
pH, DO, and Eh in the water in the P and L groups, suggest-
ing that periphyton biofilms were able to change the aquatic 
environmental factors in the water and then influenced the 
P concentrations released from the sediments.

The Form and Transformation of N and P in Water

There were tremendous differences in the N and P levels and 
the N/P ratios of the overlying water based on the distribu-
tion of periphyton biofilm in the sediments with different 
nutritional levels (P < 0.05). In the L-group and P-group, the 

TN concentrations in the treatments were lower than those in 
the control throughout the experiment, and the average daily 
TN removal rates were 24% and 52%, respectively. One-
way ANOVA indicated that there was a significant difference 
between the LT and LC in terms of the TN concentration 
and the N/P ratio (P < 0.05), but there were no differences in 
pond microcosms (P > 0.05). This result suggested that the 
role of N removal on periphyton biofilms in sediments with 
different N concentrations was different. The PN contents in 
the LC and LT were 1.9 and 1.5 mg  L−1, respectively, and 
in the PC and PT, the values were 0.22 and 0.14 mg  L−1, 
respectively (Fig. 2); these results implied that the periphy-
ton biofilm had a stronger ability to detain PN.

In the microcosms with the lake sediments, the TP con-
centrations in the LC and LT were 0.25 and 0.19 mg L−1, 
respectively, and the average daily TP removal rates were 
20.9%. The PP concentrations in the LC and LT were 0.19 
and 0.13 mg L−1, respectively, and the PP exhibited similar 
patterns to those of the TP in the L-group; furthermore, the 
proportion of the PP concentrations accounted for more than 
50% of the TP (Fig. 2). The concentration of SRP in the 

Fig. 2  Temporal changes in water TN, N/P, PP, and PN in the pond and lake microcosms during 32 d
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overlying water was lower than that of the other P fractions 
(Fig. 3), and the SRP concentrations in the LT were higher 
than those in the control during the whole experiment.

In the microcosms with the pond sediments, the TP con-
centrations were lower than those in the L-group, but the 
TP concentrations in the PT had no obvious difference from 
those in the PC (P > 0.05). The PP accounted for approxi-
mately 45% of the TP in the P-group, and the changes in the 
contents of PP and TP were similar. Meanwhile, Pearson’s 
correlations revealed several notable relationships between 
the PP and TP of the water. The PP was positively correlated 
with the TP in the microcosms with the pond sediments [P1 
(r = 0.709, P < 0.05), P2 (r = 0.790, P < 0.01)]. The SRP 
concentrations in the PT were also higher than those in the 
PC, which was consistent with the experimental results of 
the L-group (Fig. 3). The presence of periphyton biofilm 
significantly reduced the concentrations of TN, PN and PP 
in the sediments with different nutritional levels (P < 0.01), 
and the periphyton biofilm effectively reduced the TP, SRP, 
and N/P ratio of lake sediments (P < 0.05) (in the later stage 
of the experiment); however, there was no obvious differ-
ence in the removal of TP and SRP in the pond sediments 
(P > 0.05), but the N/P ratio decreased obviously (P < 0.05). 
This result suggested that periphyton biofilms acted as bio-
logical buffers for nutrient cycling between sediments and 
overlying water through the processes of nutrient absorption, 
filtration, and precipitation.

In the pond and lake microcosms, the PP accounted for 
nearly 50% of the TP, and the PP had positive relationships 
with the TP. This result was in accordance with those of 
past studies (Rydin and Brunberg 1998), which suggested 
that PP concentrations had a very important contribution 
to the TP. In the overlying water, the PP was divided into 
suspended PP and sediment PP. Typically, the PP cannot 
be directly absorbed and utilized by aquatic organisms, and 

their spatial distribution and transformation in the water 
body were related to the processes of biotransformation and 
physical sedimentation (Zhou et al. 2001). In the pond and 
lake microcosms, the concentration of PP increased in the 
first half of the experiment and began to decline in the mid-
dle stage of the experiment. The reason for this phenomenon 
may be that the sediment PP and suspended PP transformed 
between each other (House et al. 1995), and some relevant 
literature has presented that the physical deposition and sus-
pension of PP commonly migrate as fluid elements between 
water bodies and sediments.

According to the biological activity, the SRP could be 
directly utilized by aquatic organisms, and it was an impor-
tant source of endogenous phosphorus. The proportion of 
the SRP concentrations to the TP concentration fluctuated 
between 10 and 30% (Duhamel et al. 2011). Because the 
SRP could be directly and readily available to aquatic organ-
isms, when the SRP was insufficient, the organisms needed 
to convert more SRP to ensure their own growth. In this 
study, the SRP concentrations in the treatments were higher 
than those in the control, suggesting that periphyton biofilms 
could transform more SRP during growth. The concentra-
tions of SRP could also be used as an indicator for the utili-
zation of phosphorus by aquatic organisms. When the con-
centration of the SRP decreased in the water, the periphyton 
biofilms effectively absorbed and utilized the P in water; 
however, when the concentration of the SRP increased in 
the water, it was likely that the periphyton biofilms did not 
need any more P.

The Retention of Phosphorus by Periphyton Biofilm 
in the Different Sediments

The TP concentrations in the water, sediments, and periphy-
ton biofilm in the pond and lake microcosms were estimated 

Fig. 3  Temporal changes in water TP and SRP in the pond and lake microcosms during 32 d
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after 48 d. There was an obvious difference in the P contents 
between the pond and lake sediments; for example, the P 
concentration in the lake sediments was greater than  104 
mg, but the P content in the lake sediments was half that of 
the pond sediments after 48 d. Based on the analysis of the 
P content, we suggested that the sediments from the lake 
had higher nutrient contents than did the sediments from 
the pond (Table 3). It was also observed that the TP concen-
trations of the periphyton biofilms in the PT and LT were 
18.42 and 20.92 mg, respectively, and the P concentrations 
of the periphyton biofilms at 48 d were slightly higher than 
those at 0 d in the PT and LT. On the other hand, there was 
also an obvious difference in the release of P from sedi-
ments with different nutritional levels, and the TP content 
of water in the L-group was significantly higher than that in 
the P-group (P < 0.05) (Table 3). At the same time, the TP 
content of water with periphyton biofilm was lower than that 
of the control group, which also implied that the growth of 
periphyton biofilm reduced the release of P from sediments.

The TP content and P forms were significantly differ-
ent (P < 0.05) in sediments with different nutritional levels 
were significantly different. The initial P concentration of 
sediment in the lake microcosms was 3.51 mg g−1, and the 
Fe/Al–P, Ca–P, and OP concentrations were 2.22, 0.52, and 
0.5 mg g−1, respectively; however, in the pond microcosms, 
the TP concentration in the sediment was 1.85 mg g−1, 
and the Fe/Al–P, Ca–P and OP concentrations were 0.72, 
0.51, and 0.25 mg g−1, respectively. The TP content of the 
periphyton biofilm was similar in the two microcosms, 
but the P form composition was different. After 48 d, the 
total P content of the periphyton biofilm in the lake micro-
cosms increased from 0.59 to 0.84 mg g−1, but, in the pond 
microcosms, the total P content of the periphyton biofilm 
increased from 0.59 to 0.61 mg g−1 (Table 3). This result 
implied that the periphyton biofilm had a large potential 
to remove P from the water–sediment interface and then 
store it. Specifically, the levels of the Fe/Al–P of periphy-
ton biofilm in the pond and lake microcosms were high-
est in terms of the TP, at 41.7% and 19.7%, respectively. 
The OP content was next, at 14.2% and 19.6%, respectively, 
and the Ca–P was lowest, at 8.3% and 9.8%, respectively 
(Fig. 4). This result suggested that the P forms retained by 

the periphyton biofilms were affected by the composition of 
P in the sediments.

Research on the influence of periphyton biofilms on the P 
cycle is one of the most important topics for the restoration 
of the aquatic ecological environment, and periphyton bio-
films have been considered a short-term sink for P by a few 
scholars (Cao et al. 2014). In the sediments with different 
nutritional levels in the microcosms, there was a difference 
in the TP concentrations of the periphyton biofilms. In the 
TP pool of the lake microcosms, the highest concentrations 
of P in the periphyton biofilms were found in the Fe/Al–P 
fractions; however, in the TP pool of the pond microcosms, 
the highest concentrations of P in the periphyton biofilms 
were found in the Fe/Al–P and OP after 48 d. The results 
suggested that periphyton biofilms have a stronger ability 
to retain phosphorus, and with the change in sediment P 
concentration, the ability of periphyton biofilms to retain 
phosphorus is different.

In the periphyton biofilm, Ca–P was considered to be a 
non-available phosphorus; in contrast, Fe/Al–P was consid-
ered to be an available phosphorus (De-Bashan and Bashan 
2004). The presence of periphyton biofilm in waters could 
lead to the co-precipitation of P with  CaCO3 or its adsorp-
tion onto  CaCO3 crystals (Dodds 2010). The Ca–P content 

Table 3  TP content in water, periphyton biofilm, and sediment after 48 days

Serial number P concentration in periphyton 
biofilm (mg g−1DW)

TP content in periphyton 
biofilm (mg)

TP content in water 
(mg)

TP content in sediments (mg)

0 d/48 d 48 d 48 d 48 d

PC – – 0.43 ± 0.03 5346.68 ± 87.63
PT 0.59 ± 0.04/0.61 ± 0.07 18.42 ± 0.42 0.42 ± 0.06 5337.13 ± 16.54
LC – – 1.83 ± 0.10 10334.76 ± 364.19
LT 0.59 ± 0.04/0.84 ± 0.06 20.92 ± 0.95 1.39 ± 0.07 10370.66 ± 3.83

Fig. 4  The P fractions of periphyton biofilm and sediments in the 
pond and lake microcosms
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could account for nearly 30% of the TP in the periphyton 
biofilm at the end of experiment (Lu et al. 2016), and sim-
ilar proportions of Ca–P in the periphyton biofilms were 
found in our experiments. Furthermore, most of the P in the 
periphyton biofilms was found in exchangeable and loosely 
bound forms, such as Fe/Al–P, which could account for more 
than 50% of the total P (Lu et al. 2016); in addition, the 
content of Fe/Al–P is also considered a pollution indicator 
(Hantke et al. 1996). In the study, the Fe/Al–P content had 
the highest content of TP over 48 d, which provided indirect 
evidence that periphyton biofilms could absorb P to ensure 
their own growth. As a result, the evaluation of P migra-
tion and transformations based on a sediment-periphyton 
biofilm-water system will improve our understanding of P 
cycling in aquatic ecosystems.
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