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Abstract: Periphyton is known to play an important role in the self-purification of aquatic ecosystems.
However, little attention has been paid to the understanding of P distribution and its partitioning
influenced by the physical parameters when periphyton is separated from the sediment. In this work,
the effect of periphyton on the capture and release of phosphorus in closed water systems was studied
and the influence of illumination and temperature conditions were investigated. Results showed that
phosphorus was transferred from water to periphyton during the experiment at 15 ◦ C, but periphyton
turned from a sink to a source of phosphorus in a few days at 25 and 35 ◦ C. Phosphorus capture in
periphyton was more enhanced when illuminated at 70 than 20 µmol photons m−2 s−1 at 25 and 35 ◦ C,
but not at 15 ◦ C. At the end of the experiment, cyanobacteria became more abundant at 25 and 35 ◦ C
and phosphorus fractionation showed that labile-P was predominant in periphyton. The release of
the captured phosphorus could be related to the disaggregation of periphyton following the depletion
of nutrients. Therefore, periphyton act as a temporary storage of phosphorus following nutrient
input in closed water systems and the capture and release of phosphorus is strongly influenced by
the environmental conditions.
Keywords: periphyton; phosphorus cycle; phosphorus fractionation; closed water systems;
environmental conditions

1. Introduction
Closed water systems, such as ponds, paddies, and lagoons, are sensitive to nutrient input.
Nutrients from point or non-point sources can lead to a significant change in water quality in these
closed water systems. Microorganisms such as algae and bacteria can response quickly to such
changes due to their rapid propagation. Periphyton, with microbial assemblages consisting of algae,
bacteria, fungi, protozoa, metazoan, and detritus, can develop rapidly in these closed water systems
under suitable environmental conditions [1,2]. Periphyton is considered to be an important sink for
phosphorus (P) and participates actively in P retention and turnover. The diverse microbial community
in periphyton also plays a significant role in the self-purification of aquatic ecosystems [3–5]. Many
technologies are currently in place to remove excess P from waters, including biological methods using
periphyton as a subject of great interest [6–8].
Development and function of periphyton have been found to be affected by many factors such as
nutrient levels, environmental conditions, and grazing [9–11] and these factors can have interactive
effects on periphyton [12–14]. Generally, higher nutrient level, suitable illumination, moderate
temperature, and lower disturbance favor the development of periphyton while lower nutrients,
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grazing pressure, higher disturbance, and extreme (too high or too low) illumination or temperature
conditions can inhibit periphyton growth. Among these factors, illumination and temperature are
important and more easily controlled variables for affecting the P cycle, but their interactive effects on
periphytons are complex and are not well characterized [15].
In closed waters, nutrient loadings are retained in the system and are subjected to physicochemical
and biological transformation processes. Nitrogen can leave the system via denitrification, while
phosphorus can only change between different forms. Phosphorus capture and release in periphyton
could change under the influence of illumination and temperature. Previous research mainly focused on
open water systems; few studies have investigated the role of periphyton in phosphorus transformation
in closed water systems. Therefore, the purpose of this study is to characterize the temporal changes of
periphyton in a closed water system following nutrient enrichment and to investigate the capacity of
periphyton to capture P from overlying water and the potential for P to be released back to the water
column. The influence of two important environmental factors (illuminance and temperature) and
their interactive effects on periphyton and the subsequent effects on the P cycle were studied.
2. Materials and Methods
2.1. Experimental Setup
Three water baths (120 × 90 × 30 cm) were used for the experiment. The temperature of each
water bath was maintained using a circulating water temperature control system and were 15, 25, and
35 ◦ C, respectively. Each microcosm was illuminated with light-emitting diodes (LED) lights with a 16
to 8 h light–dark cycle. Each water bath was divided into two parts and the photosynthetically active
radiation (PAR) of each part at the water surface was 20 and 70 µmol photons m−2 s−1 , respectively.
This experimental setup resulted in six treatments, including H15 (70 µmol photons m−2 s−1 , 15 ◦ C),
H25 (70 µmol photons m−2 s−1 , 25 ◦ C), H35 (70 µmol photons m−2 s−1 , 35 ◦ C), L15 (20 µmol photons
m−2 s−1 , 15 ◦ C), L25 (20 µmol photons m−2 s−1 , 25 ◦ C), and L35 (20 µmol photons m−2 s−1 , 35 ◦ C).
A total of 108 plastic boxes (150 × 105 × 94 mm) were used as microcosms for closed water systems
and 5 glass slides (76 × 25 × 2 mm) were placed on the bottom of each box as substrates for periphyton.
Each box was filled with WC medium (https://utex.org/products/wc-medium) to sustain periphyton
growth and inoculated with 10 mL slurry of periphyton collected from East Lake in May, which is
a mesotrophic urban lake in Wuhan, China. The slurry was expanded in the laboratory at 25 ◦ C,
20 ± 5 µmol photons m−2 s−1 as the temperature and light in East Lake, respectively. The slurry passed
through a 0.064 mm mesh size net to remove large debris and zooplankton. The biomass of the slurry
was 0.018 g mL−1 . The periphyton was allowed to develop for 5 days at 25 ◦ C, 20 ± 5 µmol photons
m−2 s−1 . Then the boxes for each treatment were moved to the corresponding water bath to start the
experiment and the nutrient concentration was measured as the initial concentration.
2.2. Sampling and Analysis
The experiment lasted for 12 days and three plastic boxes were retrieved from each water bath on
day 0, 1, 2, 4, 6, 9, and 12. In order to keep the same amount of water, deionized water was added to
the boxes periodically to compensate for the evaporation loss.
In the water samples, dissolved oxygen (DO) and pH were measured using an HQ40d meter
(Hach, Loveland, CO, USA) at the same time (9:00 am) on the sampling day. Total phosphorus (TP),
total dissolved phosphorus (TDP), dissolved inorganic phosphorus (DIP), total nitrogen (TN), and
NH4 + -N of the water were determined following standard methods [16]. Particular phosphorus
(PP) and dissolved organic phosphorus (DOP) were calculated by subtracting TDP from TP and by
subtracting DIP from TDP, respectively. Initial concentrations of TP, TSP, DIP, DOP, PP, TN, and
NH4 + -N were measured and found to be 1.1, 0.93, 0.89, 0.09, 0.12, 7.34, and 4.18 mg/L, respectively.
Periphyton samples were removed from the glass slides with a spatula. Ash-free dry weight
(AFDW) was determined gravimetrically after drying at 105 ◦ C and burning at 450 ◦ C. Chlorophyll a
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(Chl.a) was measured colorimetrically after extraction with 90% acetone. Alkaline phosphatase (APase)
activity was measured following [17]. The content of TP in periphyton samples was determined after
extraction with concentrated HCl [18]. Phosphorus was fractionated into loosely sorbed P (Labile-P),
reductant-soluble P (BD-P), metal oxide-bound P (Fe/Al-P), calcium-bound P (Ca-P), and residual P
(Res-P). Labile-P, BD-P, Fe/Al-P, and Ca-P were determined following sequential extraction with 1.0 M
MgCl2 , BD reagent (0.11 M dithionite buffered by bicarbonate), 0.1 M NaOH, and 0.5 M HCl and Res-P
was calculated by subtracting all extractable P fractions from TP. On day 12, the algae composition of
the periphyton samples was identified by referring to Hu and Wei [19].
2.3. Statistical Analysis
Differences among treatments and interactive effects between illumination, temperature, and
time were analyzed using repeated measurement analysis of variance (ANOVA). Probabilities within
groups (day and interactions) were corrected for sphericity using the Greenhouse–Geisser correction.
All probabilities were adjusted by an LSD post-hoc test. Statistical analysis was performed using
SPSS software Version 18.0 (SPSS Inc, Chicago, IL, USA). A confidence level of 95% was used. All
figures were plotted by the GraphPad Prism 6 software. The results are expressed as mean ± standard
deviation (SD) of three replicates and SD is indicated using error bars in the figures.
3. Results
3.1. Changes in DO and pH in Water
Changes in DO and pH in water during the experiment are presented in Figure 1 and follow
similar trends. In H15 and L15, DO and pH increased significantly from day 0 to day 1 (p < 0.05) and
were maintained at about 20 mg/L and 10 mg/L, respectively. For the rest of treatments, DO and pH
increased first and then decreased. In H25 and L25, DO and pH began to drop on day 2, while in H35
and L35 DO and pH begun to drop on day 4; both changes were more marked in H25 and L25. Among
treatments, DO and pH showed no statistically significant difference during the experiment between
H15 and L15 (p > 0.05), and both were significantly higher in H25 than in L25 on day 1 and 2 (p < 0.05)
and were higher in H35 than in L35 on day 1, 2, and 4 (p < 0.05). On day 12, no significant difference
was observed among H35, L35, H25, and L25 for DO (p > 0.05), while L25 had the lowest pH.
3.2. Changes in Phosphorus in Water
Concentration changes in different forms of phosphorus in water during the experiment are
presented in Figure 2. TP (Figure 2A) and DIP (Figure 2B) show similar trends, with both decreasing
over time in H15 and L15. TP and DIP decreased first and turned to an increasing trend on day 2 and
day 4 in H25 and L25 and in H35 and L35, respectively. In those treatments, TP and DIP were even
higher on day 12 than on day 0. DOP increased slightly in H15 and L15 on day 1 and then decreased
gradually thereafter, while DOP increased gradually over time in the rest of treatments. Changes in PP
were similar to that of TP, except that PP turned to increase on day 1 in H25 and L25.
3.3. Development of Periphyton
Changes in AFDW and Chl.a content of the periphyton is presented in Figure 3. AFDW increased
over time in H15 and L15, while AFDW increased first and remained unchanged thereafter. On day 12,
AFDW was the lowest in L25 and L35 and showed no difference in the rest of treatments. Chl.a showed
similar trends to AFDW in H15, L15, L25, and L35. However, Chl.a increased first and then began to
decrease in H25 and H35 on day 2 and day 4, respectively. On day 12, Chl.a was the highest in H15
and L15 and was the lowest in H25.

and L35 DO and pH begun to drop on day 4; both changes were more marked in H25 and L25. Among
treatments, DO and pH showed no statistically significant difference during the experiment between
H15 and L15 (p > 0.05), and both were significantly higher in H25 than in L25 on day 1 and 2 (p <
0.05) and were higher in H35 than in L35 on day 1, 2, and 4 (p < 0.05). On day 12, no significant
difference was observed among H35, L35, H25, and L25 for DO (p > 0.05), while L25 had the lowest
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Figure 1. Changes in (A) DO and (B) pH in water in different treatments during the experiment.
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3.4. Changes of Phosphorus and APase Activity in Periphyton

Changes in TP and APase activity in periphyton are presented in Figure 5. Changes in TP in
periphyton show an opposite trend to that in water. TP increased over time in H15 and L15, but first
increased and then decreased in the rest of the treatments, in which TP was even lower on day 12 than on
day 1. APase activity in H15 and L15 decreased on day 1 and remained at a relatively low level thereafter,
while in
the rest
of treatments,
the trend
of periphyton
the APase activity
opposite
of TP treatments.
in water.
Figure
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Changes in TP and APase activity in periphyton are presented in Figure 5. Changes in TP in
periphyton show an opposite trend to that in water. TP increased over time in H15 and L15, but first
increased and then decreased in the rest of the treatments, in which TP was even lower on day 12
than on day 1. APase activity in H15 and L15 decreased on day 1 and remained at a relatively low
level thereafter, while in the rest of treatments, the trend of the APase activity was opposite to that of
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Figure 6. Phosphorus fractionation in the periphyton on day 0 and day 12 in different treatments.

Figure 6. Phosphorus fractionation in the periphyton on day 0 and day 12 in different
treatments.

3.5. Effects of Time and Treatments
The results of the repeated measurement ANOVA are summarized in Table 1. All parameters
were significantly affected by time, illumination, and temperature. The interactive effects between
time × illumination and time × temperature on all parameters were also significant for all parameters.
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3.5. Effects of Time and Treatments
The results of the repeated measurement ANOVA are summarized in Table 1. All parameters
were significantly affected by time, illumination, and temperature. The interactive effects between
time × illumination and time × temperature on all parameters were also significant for all parameters.
However, the interactive effects of temperature x illumination on DO and APase activity and the
interactive effects of time × illumination × temperature on pH and APA were not significant.
Table 1. Results (p values) of repeated measurement ANOVA. Illumination (I), time (day), and
temperature (T).
Source

df

pH

DO

AFDW

Chl.a

TP

DIP

DOP

PP

APase Activity

Day
I
T
Day × I
Day × T
T× I
Day × I × T

6
1
2
6
12
2
12

0.000 *
0.000 *
0.000 *
0.000 *
0.000 *
0.001 *
0.052

0.000 *
0.000 *
0.000 *
0.001 *
0.000 *
0.231
0.024 *

0.000 *
0.000 *
0.000 *
0.001 *
0.000 *
0.000 *
0.000 *

0.000 *
0.001 *
0.001 *
0.000 *
0.000 *
0.000 *
0.000 *

0.000 *
0.000 *
0.000 *
0.000 *
0.000 *
0.000 *
0.000 *

0.001 *
0.000 *
0.000 *
0.000 *
0.000 *
0.000 *
0.000 *

0.000 *
0.024 *
0.000 *
0.000 *
0.000 *
0.001 *
0.034 *

0.000 *
0.000 *
0.000 *
0.000 *
0.000 *
0.000 *
0.001 *

0.000 *
0.000 *
0.000 *
0.000 *
0.000 *
0.053
0.45

Note: * indicates significant difference at 95% confidence interval.

4. Discussion
In general, changes in pH and DO are used as important indicators of water chemistry and
growth of aquatic organisms in water system. The DO was oversaturated and the pH was slightly
basic in all treatments. This is related to the photosynthesis of algae in periphyton, which releases
O2 and consumes CO2 during photosynthesis [13]. At 15 ◦ C, DO and pH were relatively stable from
day 1, suggesting that the photosynthetic activities can be maintained at a lower temperature, and the
production and depletion of O2 reach an equilibrium. The decrease in DO and pH in the rest of the
treatments after a few days suggests that the photosynthetic activities decreased and the activity of
heterotrophic microorganisms was enhanced. As indicated in Figure 3B, Chl.a of the periphyton also
decreased after few days, which is in accordance with the trend of DO. This is likely attributed to the
senescence or the changes in the algae community structure in periphyton. Organic matters released
during the decomposition of algae can stimulate the growth and activity of heterotrophic bacteria [20].
In closed water, phosphorus cannot be lost from the system. Comparing the initial concentration
(D0) of phosphorus in the overlying water and the periphyton can be used as an indicator of phosphorus
migration and transformation between them. Changes in phosphorus in the water and periphyton
showed opposite trends. Phosphorus accumulated in periphyton over time at 15 ◦ C, while phosphorus
was firstly captured by periphyton and then released into the water after few days in other treatments,
indicating that phosphorus can be retained in periphyton for a longer time under lower temperature
conditions (15 ◦ C). However, at 25 and 35 ◦ C, periphyton turned from a sink to a source of phosphorus
in closed water systems in a few days. Moreover, the initial rate of P captured by periphyton was greater
and showed the greatest subsequent P release rate from day 4 to 6 in the 25 ◦ C treatment (Figure 2).
Higher temperatures can enhance the nitrification and denitrification processes in periphyton [21],
which leads to a rapid depletion of nutrients for algae growth and initiates the senescence of periphyton.
The depletion of phosphorus in water stimulated bacteria and algae produced APase. The APase
activity increased in treatments at 25 and 35 ◦ C and was maintained at low levels in treatments at
15 ◦ C. The production of APase is an important process for microorganisms to deal with phosphorus
limitation, which is responsible for the mineralization of organic phosphorus [22]. Many studies
have showed that APase activity is affected by many factors such as pH, temperature, and substrate
conditions [23]. The optimum pH was found to be around 9.5, which is close to the pH detected in this
experiment, while lower temperatures generally inhibit APase activity [24,25].
Phosphorus capture in periphyton was more enhanced when illuminated at 70 than 20 µmol
photons m−2 s−1 and similar trends were observed for treatments under the same temperature.
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However, a significantly higher amount of TP in periphyton was detected in treatments with higher
illumination at 25 and 35 ◦ C, which can be related to a higher biomass developed under higher
illumination conditions, as reflected by AFDW (Figure 3A). However, TP in water and periphyton was
not significantly different at 15 ◦ C, suggesting that the effect of illumination on the development of
periphyton was temperature dependent. This could be related to a different physiological acclimation
of different algal species to different environmental conditions [26,27].
As illustrated in Figure 6, labile-P was the most abundant phosphorus fraction, suggesting that
phosphorus captured in the periphyton can be easily released. The release of the phosphorus can be
related to the disintegration of periphyton and the mineralization of organic phosphorus captured
in periphyton [28]. An increase in DOP and PP for treatments at 25 and 35 ◦ C toward the end of the
experiment also reflect the disaggregation of periphyton. As showed in Table 1, time, illumination,
and temperature had significant interactive effects on different forms of phosphorus. Therefore,
periphyton in closed water systems act as a temporary storage for the introduced phosphorus and the
transfer between water and periphyton changes overtime and was influenced by both illuminance and
temperature conditions.
McCormick et al. [29] studied the role of periphyton in the Everglades Nutrient Removal Project
and found that periphyton was an important short-term sink for phosphorus in treatment wetlands.
They demonstrated that the retention of phosphorus is strongly related to the taxonomic composition of
the periphyton, with cyanobacteria releasing more phosphorus back into the water. In our experiment,
treatments at 25 and 35◦ C had a higher abundance of cyanobacteria at the end of the experiment
(Figure 4), indicating that higher temperatures may favor the development of cyanobacteria-dominated
periphyton and cause a quick shift from phosphorus capture to release. Drake et al. [30] studied
the phosphorus immobilization and release in streams and demonstrated that phosphorus release
occurred only in periphyton when light availability was low and the C:P ratio was also low. In open
water systems such as streams, nutrients are continuously supplied and the microbial community
can be maintained. In closed water systems, impulsive inputs of nutrients can temporarily stimulate
the development of periphyton, but the rapid depletion of nutrients will cause the senescence of
periphyton and release the captured phosphorus. Wu et al. [31] investigated the role of periphyton on
phosphorus bioavailability in paddy fields and found that periphyton reduced phosphorus in water
but increased phosphorus bioavailability for crops. The role of temporary phosphorus storage might
contribute the increase of phosphorus bioavailability in paddy fields.
Periphyton can also have indirect effects on the phosphorus cycle. Although it has not been
investigated here, previous works showed that periphyton can alter the environmental conditions
at the water–sediment interface and subsequently affect the phosphorus retention and release in
sediment [32,33]. Photosynthesis of periphyton can increase phosphate precipitation with calcium
by increasing pH and promote phosphate adsorption by creating oxic conditions near the sediment
surface [3]. However, decomposition and respiration of periphyton can lead to anoxia, which can
release redox-sensitive phosphorus from the sediment [34]. Both direct and indirect effects lead to
an initial decrease of phosphorus in water, followed by a release of phosphorus into the water from
periphyton and sediment. This process is influenced by both temperature and illumination conditions,
as shown in this work.
5. Conclusions
Results of this study reveal that periphyton act as a short-term sink of phosphorus in closed water
systems following nutrient input. Phosphorus captured in periphyton can be released back to water
following the depletion of nutrients, which causes the senescence of the periphyton. This process is
strongly affected by illumination and temperature conditions and their interactions. Phosphorus can
be retained in periphyton for a longer time at lower temperatures. Illumination enhanced phosphorus
capture at higher temperatures. This work contributes to a better understanding of the role of
periphyton in phosphorus cycling in closed water systems.
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