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Abstract In this study, we constructed aquatic micro-
cosms, including four experimental groups, to simulate
eutrophic lakes. Using polyurethane sponges as artifi-
cial substrates to support periphyton, we conducted a
systematic study of the effect of periphyton on the
water quality of eutrophic lakes by monitoring water-
quality indexes including TN, TP, and NTU. The
results show that periphyton can effectively degrade
N and P in these bodies of water, reduce NTU and the
concentration of Chl-a, and restore the aquatic envi-
ronment. Periphyton can also promote the formation of
the DO-Chl-a-NTU-TN-TP synergistic system, which
can provide a basis for the comprehensive manage-
ment of eutrophic lakes. Periphyton can also effective-
ly improve the water quality of eutrophic lakes, and its
positive impact on lake ecosystems cannot be ignored
during the treatment of eutrophic lakes.
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1 Introduction

Periphyton is comprised of green algae, diatoms, bacteria,
and some smaller invertebrates (Azim et al. 2005), and is
an important part of lake ecosystems. It can remove
nutrients, toxic substances, and metals from bodies of
water (Hill et al. 2000; Vymazal 1988) and is also a good
indicator of water quality (Wu 2016). Meanwhile, it also
plays an important role in the bio-productivity of lake
ecosystems, especially those with sufficient light (Nelson
et al. 1999; Wolfstein et al. 2000). The eutrophication of
lakes will increase the amount of planktonic algae in lake
water and change nutrient structures and environmental
conditions, especially light conditions. Therefore, plank-
tonic algae will inhibit the growth of periphyton and
replace periphyton to become the main primary producer
in lake ecosystems, degrading lake water and ecosystem
quality (Zhiqiang et al. 2017). Methods of controlling
conditions in eutrophic lakes by reducing the amount of
planktonic algae are becoming more effective, but inad-
equacies remain. Physical methods including ultrasound
(Park et al. 2017), UV irradiation (Alam et al. 2001), and
membrane filtration techniques (Zhao et al. 2017) are
eco-friendly but are high-cost and complex. Chemical
methods including the addition of metals (such as copper)
(Magdaleno 2014), photosensitizers (such as hydrogen
peroxide), and herbicides (such as diuron) are highly
efficient and low-cost, but the associated toxicity can be
detrimental to other species. Biological methods includ-
ing the use of aquatic plant techniques (Zuo et al. 2014)
are user friendly and economical but include the risk of
additional eutrophication. Since the 1980s, ecological
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restoration, using the self-purification ability of ecosys-
tems to improve environmental health and sustainability,
has a place in the control of eutrophic lakes because of its
green and efficient characteristics. Periphyton plays an
important role in restoration activities (Gaiser 2009).
There are many reports on the effect of periphyton on
water quality: Szlauer’s study shows that periphyton can
improve the self-purification ability of eutrophic lakes
(Szlauer and Szlauer 1996); Mariñelarena found that
periphyton can rapidly reduce the concentration of P
(phosphorus) in an artificial stream containing agricultur-
al sewage (Mariñelarena and Di Giorgi 2001); and
Jöbgen’s result illustrates that periphyton can remove
nutrients from water bodies and retain them in their
tissues (Jöbgen et al. 2004). These results lay a founda-
tion for the application of periphyton in the control of
eutrophic lakes. After consulting the literature, we found
that there are many studies on the removal of phosphorus,
heavy metals, and other pollutants but less published
work on the systematic study of the effect of periphyton
on eutrophic aquatic systems. Lake water is an important
biochemical reaction site in this aquatic ecosystem and
provides a medium for its material flow. Therefore, there
must be some synergy and antagonism within the aquatic
environment. Careful study of the relationship between
water and its components can provide reference and a
decision basis for the management of eutrophic lakes.We
simulated eutrophic lakes using aquatic microcosms and
added artificial substrates to provide space for the growth
of periphyton and record the change in water-quality
indexes during the experimental period. We then ex-
plored the effect of periphyton on the water quality of
eutrophic lakes and the interaction among the water-
quality indexes in order to provide reference and a deci-
sion basis for the management of eutrophic lakes.

2 Methods and Materials

2.1 Experimental Design

This experiment was carried out at Wuhan University,
Wuhan, China (114° 21′ E, 30° 32′ N, 34 m above the
sea level), from September 8, 2017 to October 8, 2017 (a
total of 31 days). We built a medium-sized aquatic
microcosm to simulate eutrophic lakes that comprised
four experimental groups. Each group consisted of a
concrete experiment pool (3 m × 1 m × 2 m), water
pump, flow meter, and several PVC pipes (Fig. 1). We
also put a deposition tank, geometrically similar to the
experimental group tank, next to the aquatic microcosm
(0.3 m × 0.1 m × 0.2 m) to measure atmospheric depo-
sition of N (nitrogen) and P (phosphorus).

The artificial substrate in the experiment is a
polyurethane sponge that was blasted with oxygen,
with a density of 0.92 g/cm3 and a specific surface
area of 40 cm2/cm3. The artificial substrate was in
the form of a cube with 0.45 m edges, attached to a
bar frame and placed into the experimental group.
The placement is shown in Table 1. On September 7,
2017, we added pure water (1.5 m in depth, without
nutrient) and clear lake water (0.3 m in depth) taken
from Donghu Lake, Wuhan, which served as the
microbial inoculant, into each experimental group.
The total volume was 5.4 m3. A total 3 L of ultra-
pure water was added to the deposition tank. To each
experimental group, 100 g of glucose and 250 mL of
nutrient solution containing KH2PO4 (119.5 g/L) and
NH4Cl (104 g/L) was added to simulate the aqueous
composition of eutrophic lakes. The water pump of
each experimental group was turned on, and the
initial value of TN (total nitrogen), TP (total

Fig. 1 Structure of the
experimental group, indicates
flow meter, and indicates water
pump; the quantity of artificial
substrates is for reference only
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phosphorus), NTU (nephelometric turbidity unit),
and WCR (water circulation rate) of each experimen-
tal group was measured (Table 1).

By comparing the concentration of the initial values
and the design values of TN and TP, we found that all of
the experimental groups reached the requirements of the
design. The WCR of each group exceeded 5.4 m3/day
(5.4 m3 is the total water of each experimental group).
The water of each group can be regarded as completely
mixed. According to Ling Ding’s research on hydrody-
namic conditions (Ling et al. 2005), we eliminated the
effect of low fluidity on water-quality indexes. All initial
NTUs were less than 1, so we eliminated the effect of
impurities on initial water quality.

2.2 Sampling and Analyzing

This experiment began on September 8, 2017 (day 1).
Every 2 days, we used 1.5-L glass samplers to collect
water samples from 20 cm below the surface of each
experimental group. At the time of sampling, the HACH
HQ30D water-quality measuring instrument and the
XIN RUI portable turbidimeter instrument were used
to measure DO, water temperature, and NTU for each
experimental group. The collected water samples were
divided into three aliquots of 500 mL each. A portion of
each was filtered usingWhatman GF/F nucleopore filter
paper, and then Chl-a (chlorophyll a) was leached from
the filter paper by 90% acetone. Chl-a concentration was
measured, and the filtered water samples were measured
for TDP (total dissolved phosphorus), TDN (total dis-
solved nitrogen), SRP (soluble reactive phosphorus),
NO3

− (nitrate ion), and NH4
+ (ammonium ion). Another

sample was used to measure TN (total nitrogen) and TP
(total phosphorus), and the last sample was retained as a
spare. During this experiment, we used a spectrophoto-
metric method to measure the concentration of Chl-a
and NO3

−. The alkaline potassium peroxodisulfate spec-
trophotometric method was used to measured TN and
TDN,while the concentration of NH4

+ was measured by

the Nessler reagent spectrophotometric method. The
concentration of TP, TDP, and SRP was measured using
the ammonium molybdate spectrophotometric method.

In this experiment, the concentration of PP (particu-
late phosphorus) was calculated using Eq. (1), and the
concentration of PN (particulate nitrogen) was calculat-
ed using Eq. (2):

PP ¼ TP−TDP ð1Þ

PN ¼ TN−TDN ð2Þ
This experiment was ended before a large-scale natu-

ral precipitation event in order to eliminate the effect of
precipitation on water quality. There was no external
runoff input in any of the experimental groups. To elim-
inate the effect of the deposition of atmospheric N and P
on the water-quality indexes, the concentration of N and
P in each group was corrected according to Eq. (3):

C ¼ C0−n*
Md

Vp
ð3Þ

whereMd is the average daily deposition of each exper-
imental group, Vp is volume of water in each experi-
mental group, n is the number of days of experiment, C′

is the concentration of the substance to bemeasured, and
C is the corrected concentration.

We used 0-stage and 1-stage dynamic equations to fit
the change of nutrient concentration during the experi-
ment as shown in Eqs. (4) and (5):

C ¼ −k*t þ C0 ð4Þ

C ¼ C0*e−kt ð5Þ
where C is the concentration of the substance to be
measured, k is the degradation coefficient, t is time,
and C0 is the initial concentration of the substance to
be measured.

Table 1 Initial water-quality in-
dexes of each group (ZAG zero
artificial substrate group)

Name Quantity TN (mg/L) TP (mg/L) WCR (m3/day) NTU

ZAG 0 7.97 1.81 9.13 0.84

TAG 2 8.13 1.67 8.94 0.73

FAG 4 7.83 1.71 9.94 0.91

EAG 8 8.10 1.74 9.57 0.86
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Equation (6) was used to standardize each monitored
water-quality index. Equation 7 was used to standardize
the water-quality index, calculate the correlation coeffi-
cient, and list the correlation coefficient matrix. Then,
SPSS was used to analyze water-quality indexes.

Zij ¼ X ij−X j

S j
ð6Þ

Rij ¼
∑
m

k¼1
Zik−Zi

� �
Zjk−Z j

� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
m

k¼1
Zik−Zi

� �2
∑
m

k¼1
Zjk−Z j

� �2
s ð7Þ

where i = 1, 2, 3,…, n(n is number of samples), j = 1, 2,

3,…, m(mis number of variate), Xij is the initial data, X j

is the average value of j variate in the sample, Sj is the
standard deviation of variate, and Zij is standardized data

Zi ¼ 1
m ∑m

k Zik and Z j ¼ 1
m ∑

n

k−1
Zjk .

All data and figures in this paper were processed
using Excel (version 2016), Origin pro (version 8),
Rhinoceros (version 5), and SPSS (version 19.0).

3 Results

On day 31, we took water samples from the deposition
tank to measure atmospheric N and P settlement during
the experiment. We determined that after conversion,
the daily average settlement of N in each group was
19.7 mg/day and that of P was 0.34 mg/day. To

eliminate the effect of atmospheric sedimentation on
water quality, we used Eq. (3) to correct the N and P
data. The average temperature of the water was 28.1 °C
in this experiment, and there was no extreme weather in
Wuhan that would have been bad for the growth of algae
(in this paper, algae refers to all the microbial producers
with chlorophyll). As a result, the influence of atmo-
spheric settlement and meteorological factors in this
experiment was eliminated.

3.1 Distributions of Algae

We took algae samples from the water bodies and the
artificial substrates and observed them on day 31. The
distributions of algae are shown in Fig. 2.

3.2 Changes of DO and NTU

The concentration of DO in each group decreased from
day 1 and reached aminimum value on day 5. It then rose
slowly and was slightly higher at the end of experiment
than the initial value. The slopes of the fitted curves for
DO concentration of each group increased with the num-
ber of artificial substrates in the early stage (after day 5,
except TAG). The NTU of each group (except ZAG) was
between 1 and 2 on day 1 and exhibited a downward
trend up to day 23. It then rose slightly until the end of the
experiment. The NTU of ZAG was different from that of
other groups; it gradually rose starting on day 1 and
began to increase sharply on day 25 (small pieces of
water blooms were found in ZAG on day 25), with a
peak of 16.42 on day 29 (Fig. 3).

Fig. 2 Distributions of algae in experimental group (under optical microscopy × 400). a Planktonic algae (such asOocystis, Sphaercystis). b
Periphyton on artificial substrates (mainly Cyanobacteria)
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3.3 Changes in Chl-a

During the experiment, the concentration of Chl-a of
each group was as follows: ZAG = 92.6 mg/L, TAG =
2.53 mg/L, FAG = 1.98 mg/L, and EAG = 1.92 mg/L
(Fig. 4a). To show the changes in Chl-a in each group
more clearly, each group of data was plotted on a
figure (Fig. 4b). We found that the concentration of
Chl-a of ZAG and TAG changed dramatically in the
late stage of the experiment (after day 21), similar to
the planktonic algae.

3.4 Changes in Particulate Nutrient

The changes in PN and PP in each group can be calcu-
lated by Eqs. (1) and (2), as shown in Fig. 5.

The PP and PN of all the experimental groups
decreased substantially prior to day 7 and then tended
to be stable until the end of this experiment. Changes

to the groups with artificial substrates were more
subtle.

3.5 Changes in N Series Indexes

The TN concentration of each group (except EAG)
reached the maximum value on day 1 and then decreased
slowly. TAG, FAG, and EAG showed large fluctuations
in TN concentration in the middle to late stages of the
experiment (Fig. 6). The decrease in TN concentration of
each group was 0.37 mg/L (ZAG), 0.40 mg/L (TAG),
0.55mg/L (FAG), and 1.14mg/L (EAG) at the end of the
experiment. The plotted results of changes in TN con-
centration successively satisfied the 0-stage dynamic
equation (R2 ≥ 0.71). The concentration of NH4

+ in each
group reached the maximum value on day 1 and then
declined sharply and reached a lower value on day 3. The
change in NO3

− concentration in each group significant-
ly lagged behind NH4

+, by approximately 2 days (except

Fig. 3 Changes in DO and NTU in each group
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EAG), increased rapidly from day 3, and reached a
maximum on day 5 and then decreased slowly (Fig. 6).

3.6 Changes of P Series Indexes

The concentration of TP was at its maximum on day
1, declined irreversibly and sharply until day 12, and
then continued to decline slowly (Fig. 7). The de-
crease in TP concentration of each group was
0.55 mg/L (ZAG), 0.58 mg/L (TAG), 0.75 mg/L
(FAG), and 0.85 mg/L (EAG) at the end of the ex-
periment. In this experiment, the trend of the changes
in TP and SRP concentrations was the same and
almost coincided at the late stage of experiment.

The linear fitting result of TP successively satisfies
the 1-stage dynamic equation (R2 ≥ 0.75).

3.7 Changes in N/P Ratio

The initial N/P ratio of each group was approximately 3
(Fig. 8a). As the experiment progressed, the N/P ratio of
each group tended to increase. However, the final value
of the N/P ratio of each group was less than 7, and the
changes to the N/P ratio were ZAG = 0.95, TAG = 1.44,
FAG = 2.72, and EAG = 3.54. To show the changes to
the N/P ratio more clearly, data were plotted in a contour
graph (Fig. 8b). We found that the N/P ratio of FAG and
EAG increased dramatically in the late stage of this
experiment (after day 21).

Fig. 4 Changes in Chl-a in each group (b begins at day 3)

Fig. 5 Changes in particulate nutrients in each group
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3.8 Cluster Analyze of Water-Quality Indexes

Based on the water-quality data of ZAG, we used that of
EAG (the change is more obvious) to calculate the var-
iations in water-quality indexes during this experiment
(we did not include SRP because it is only related to TP).
After cluster analysis, we found that the water-quality
indexes can be divided into three categories: DO and
NH4

+; Chl-a and NTU; and TN, TP, and NO3
− (Fig. 9).

4 Discussion

4.1 Inhibitory Effects of Periphyton on Planktonic
Algae

At the start of this experiment (day 1), the concentration
of DO in each group was between 6 and 8 mg/L (Fig. 3).
According to Bensen’s research (Benson and Krause
1984), the concentration of DO in each group was at a

high level and eliminated the influence of hypoxia on
the growth of algae during the early stages of the exper-
iment. In the first half of the experiment, the NTU of
each group first showed a decline, fluctuated slowly, and
then rose (except for ZAG, which showed a slight
fluctuation on day 5). The concentration of DO in all
groups reached a minimum on day 5. Because there was
no sediment and runoff input in this experiment, consis-
tent with Shou-bing Wang’s research (Shou-bing et al.
2014), we found that there was a positive correlation
between NTU and the amount of planktonic algae,
which fits well with the NTU changes in ZAG, while
in the other three groups, the decline of NTU may have
been related to the retention of nutrients in the periphy-
ton (Adey et al. 1993). In combination with Figs. 3 and
4b, the changes in the concentration of Chl-a in each
group coincided with the changes in NTU, which sup-
port the above viewpoint (NTU and the number of
planktonic algae). In the middle stage of this experiment
(about day 17), there was a moderate fluctuation of NTU

Fig. 6 Changes in N series indexes
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in each group (except TAG) combined with a decrease
in the concentration of Chl-a in each group in Fig. 4b
(except TAG). According to Gejun Chen’s research
(Chen et al. 2013), this phenomenon was related to the
succession of the algal community caused by the
change in nutrient concentration in the water body
of the experimental groups. The NTU of each group
reached a maximum value on day 25 and then de-
creased slowly. The concentration of Chl-a showed
the same trend that was related to the decline of the
algal community after the concentration of algae
reached the environmental capacity. At the end of
this experiment, the NTU and the concentration of
Chl-a of ZAG were much greater than those of the
other three groups. This showed that periphyton has
the effect of inhibiting the growth of planktonic algae
in the water bodies (both NTU and the concentration
of Chl-a are closely related to the number of plank-
tonic algae). The changes in NTU and the concentra-
tion of Chl-a in TAG, FAG, and EAG were more
stable with the increase in the amount of periphyton
(TAG<FAG<EAG), but the final value of NTU and
the concentration of Chl-a was independent of the
amount of periphyton.

4.2 Degradation Effect of Periphyton on N and P

According to Fig. 5, the concentration of PN and PP in
each group reached the minimum value (near 0) on day
5 and then showed a slight fluctuation until the end of
this experiment. Thus, we eliminated the influence of
particulate nutrients on water quality. The concentration
of NH4

+ of each group showed a large-scale decline in
the early stage of the experiment (day 5) with the
reduction in each group about equal to the increment
of NO3

− and with a time difference of 3 days between
them (Fig. 6). Meanwhile, the DO concentration of
each group showed a downward trend and reached its
minimum value (Fig. 3). According to the research of
Junzhuo Liu (Liu et al. 2017), we suggest that this
phenomenon may be related to the oxidation of NH4

+

and its incomplete oxidation products NO2
− to NO3

−

associated with the nitrification by nitrifying bacte-
ria. During the whole experiment, changes in the
concentration of NO3

− were not obvious. This con-
dition may be associated with the dominant algae in
the experimental group, which were associated with
other forms of nitrogen as a nitrogen source. The
concentrat ion of NO3

− of each group was

independent of the amount of periphyton in this
experiment. During the entire period of the experi-
ment, the concentration of TN in each group de-
creased slowly, and the degree of TN fluctuation of
the experimental group containing artificial substrates
was larger (Fig. 6). According to Linlin Bao’s research,
the fluctuation of TN is related to the N cycle in the
water body (Bao et al. 2015) because when periphyton
(the main producers of the experimental groups contain-
ing artificial substrates were periphyton) died, the re-
mains were widely distributed on the artificial sub-
strates, and the decomposer needed sufficient time to
decompose the N containing organic matter. At the end
of this experiment, the concentration of TN in the ZAG
was higher than in the other three groups, indicating that
periphyton could effectively degrade N in water bodies.
Compared with the three experimental groups contain-
ing artificial substrates, we found that the amount of
periphyton was positively correlated with the degrada-
tion ability of N in the water bodies. The concentration
of TP and SRP in each group changed gradually during
this experiment (Fig. 7). According to Xing-yong Xie’s
research (Xie et al. 2011), this shows that all the other
forms of P in each group were transformed into SRP for
biochemical reaction during this experiment. The con-
centration of TP in each group showed an irreversible
slow decline during this experiment that may be related
to the properties of P being easily adsorbed onto iron
hydroxide and organic particles (mainly algae in this
paper) (Mortimer 1942). At the end of this experiment,
the concentrations of TP and SRP in the ZAG were
significantly greater than those of the other three groups,
indicating that periphyton had a larger degradation ef-
fect on P in water bodies and that the degradation of P
was sensitive to the amount of periphyton, increasing
with an increase in the quantity of periphyton.

4.3 Restoration Effect of Periphyton to Water
Environment

At the beginning of this experiment, we found that the
initial N/P ratio of each group was very low (approxi-
mately 3) (Fig. 8a). According to Ling Sun’s research
(Ling et al. 2006), the water body of each group was in a
state of N restriction. Simultaneously, periphyton dom-
inated the community, growing substantially because it
is mainly composed of Cyanobacteria that has a
nitrogen-fixing ability and is insensitive to the concen-
tration of N in water bodies. During the whole
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experiment, the N/P ratio of all groups showed an
upward trend (Fig. 8a). Because of the small changes
in the concentration of TN during this experiment,
and in consideration of the input of external N, mainly
the nitrogen fixation by algae, we believe that the

increase in N/P ratio mainly depends on the degrada-
tion of P by periphyton. This shows that periphyton
can effectively improve the nutrient structure and
repair an unbalanced aqueous environment, and this
effect is positively correlated with the amount of

Fig. 8 Changes to N/P ratio (b begins at day 3)

Fig. 7 The changes in P series indexes
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periphyton (Fig. 8b). At the end of this experiment,
the increment of the concentration of DO in the ZAG
was 2.38 mg/L, and the other three groups were
approximately 3.55 mg/L (Fig. 3). This shows that
periphyton can significantly increase the DO concen-
tration of a body of water by photosynthetic activity,
and this process will increase the oxidation-reduction
potential of water and further reduce the concentra-
tion of sulfur, methane, ammonia nitrogen, and other
strong reducing substances, thereby improving water
quality. Additionally, the amount of periphyton was
only related to the change in rate of the concentration
of DO and does not alter the final conditions associ-
ated with restoration of the aqueous environment.

4.4 Cluster Analysis Results of Water-Quality Indexes

According to Fig. 9, the analysis of the three categories
is as follows. First, based on Figs. 3 and 6, the system of
DO and NH4

+ showed a dramatic decrease in the first
5 days of this experiment because in this period of time,
periphyton was in a growth stage and consumed oxygen
and nutrients. After day 5, the concentration of NH4

+

reached its lowest value, while the concentration of DO
showed a slight increase until the end of this experiment.
Second, from the above analysis of the Chl-a and NTU
system, we know that the changes in the concentration
of Chl-a and NTU were the same during the whole
experiment. This is because they both have a positive
correlation to the concentration of the planktonic algae,
and the growth of periphyton inhibits the amount of

planktonic algae. Third, based on the results as shown
in Figs. 6 and 7, the TN, TP, and NO3

− system existed in
a state of decline during the entire period of the exper-
iment. We found that periphyton displays a variety of
beneficial effects on the lake ecosystem at different
stages of this experiment and exerted synergistic regu-
latory control on DO, NH4

+, Chl-a, NTU, TN, TP, and
NO3

−. Combined, these factors establish a DO-Chl-a-
NTU-TN-TP coordination regulation system (except for
NO3

− because it is one of the components in TN) in
eutrophic lakes, which provides a basis for the compre-
hensive management of eutrophic lakes.

5 Conclusion

This experiment systematically evaluated the effect of
periphyton on the water quality of eutrophic lakes. Based
on our findings, periphyton can effectively degrade N
and P and reduce NTU and the concentration of Chl-a in
eutrophic lakes; however, the changes to water-quality
indexes were not sensitive to the amount of periphyton
(except for the degradation of P that was positively
correlated with the amount of periphyton). Further, pe-
riphyton can promote the formation of a TN, TP, Chl-a,
and NTU synergistic system in eutrophic lakes that pro-
vides a theoretical basis for the management of eutrophic
lakes. Overall, periphyton increased the self-purification
ability of eutrophic lakes, and its positive impact on lake
water quality and lake ecosystem cannot be ignored
during the treatment of eutrophic lakes.
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