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ABSTRACT
An experiment was conducted to investigate the response of periphyton biomass to addition of phosphorus (P) in an
aquatic ecosystem dominated by submersed plants. Aquatic ecosystems dominated by Hydrilla verticillata (L.f.) Royle
and Vallisneria natans (Lour.) Hara were constructed in mesocosm aquaria. Mesocosms were dosed weekly with different P loads (0 µg/L/Week and 100 µg/L/Week) for 17 weeks. Total P (TP), total soluble P (TSP), and soluble reactive P (SRP) concentrations in the waters of mesocosms added with P were significantly higher as opposed to the unenriched control mesocosms. The biomass of the attached periphyton and the cover of floating periphyton remained
abundant in P-unenriched control mesocosms throughout the test period with a TP, TSP, and SRP concentration ranging
of 0.021 - 0.049 mg/L, 0.004 - 0.024 mg/L, and 0.003 - 0.018 mg/L, respectively. P addition caused the decline of attached periphyton biomass to a low level and loss of floating periphyton. Results indicate that P enrichment in an
aquatic ecosystem dominated by submersed plants could reduce attached periphyton biomass and eliminate floating
periphyton. The research would be useful to maintain periphyton by reducing excessive P in aquatic ecosystem dominated by submersed plants.
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1. Introduction
Attached (epiphytic) and floating (metaphytic) periphyton mats are a dominant ecological feature in many aquatic ecosystems [1]. Periphyton provides both habitat and
food source for aquatic consumers, and plays a key role
in nutrient cycling [1]. In addition, periphyton also influences many other features of aquatic ecosystem, as
evidenced by its interactions with physiochemical environment and other biota [2,3]. Thus, changes in periphyton biomass, productivity, and taxonomic composition
could affect many aspects of fresh water ecology [4,5].
Periphyton responds rapidly to changes in water quality [6]. Many studies have confirmed that the biomass of
periphyton is positively correlated with total phosphorus
(TP) concentration in water [7-9]. However, some studies
indicate that enrichment concentrations may have little or
negative effect on periphyton biomass [10-12]. For example, P fertilization did not cause any increase in epipelic production both in laboratory and actual lake conditions [9,13]. Even in large scale, losses of periphyton also
occurred due to excessive P enrichment [14,15]. Thus,
periphyton declines can also be strongly linked with P
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enrichment [14].
Decline or loss of periphyton, which could be an unusual characteristic of aquatic ecosystems subjected to P
enrichment, requires further examination [18]. Meanwhile, most experimental work examining the response
of periphyton merely deals with P enrichment in aquatic
ecosystems dominated by none or low plant biomass
[11,14,16]. Therefore, there is limited information explaining decline or loss in periphyton assemblage in relation to increases in P inputs [17,18]. Periphyton response to P additions in aquatic ecosystems dominated by
submersed plants ought to be more thoroughly investigated.
The aim of the study was to evaluate the response of
periphyton biomass to P enrichment in aquatic ecosystem
dominated by submerged plants. Hydrilla verticillata
(L.f.) Royle and Vallisneria natans (Lour.) Hara were
used. These aquatic plants are among the most commonly used plants for restoration of eutrophicated lakes [1921]. H. verticillata is a rooted submersed species that is
widely distributed [22]. V. natans, a perennial submersed
plant with a wide geographical range, can be found in
different freshwater habitats.
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2. Material and Methods
2.1. Plant Materials
H. verticillata and V. natans were collected from Xihu
Lake in Huizhou, Guangdong Province in South China,
then pre-incubated at the laboratory of Jinan University
for about half a year. For H. verticillata, apical shoots
with a length of 20 cm were separated from the mother.
For V. natans, whole plants of approximately 20 cm long
were selected. Both species were washed with distilled
water to remove the periphyton prior experimental use.

2.2. Set-Up of an Aquatic Ecosystem Dominated
by Submersed Plants
The experiments were carried out in aquaria with the
same dimensions (40 cm L × 30 cm W × 50 cm H), containing sediments and water. Sediments obtained from a
lake in the suburb of Guangzhou City was air-dried then
sieved (mesh size: 0.5 mm) to remove coarse debris. The
mixed sediment was homogenized and added to about 10
cm in thickness in each aquarium. Aquaria were then
filled to full using 55 liters lake water. This was obtained
from the lake by filtering over a plankton net (mesh size:
0.064 mm) to remove both zooplankton and phytoplankton.
The plants were introduced in the aquaria on October 1,
2008. Aquaria with the submersed plants were exposed
to natural sunlight with all of their sides covered with
insulating material to prevent incidental light from penetrating the experimental system setup. The filtered lake
water (TN 0.143 mg/L; TP 0.177 mg/L; SRP 0.013 mg/L)
was added to the aquaria to maintain water level.
On May 9, 2009, all aquaria were dominated by submersed plants, thereby creating the desired aquatic ecosystem. Water from each aquarium was sampled to check
similarity in some physico-chemical characteristics (nutrients) before the addition of nutrients.

2.3. Experiment Design
KNO3 was prepared and nitrogen load 2 mg/L/Week
was added to each aquarium. Three of the aquaria, which
served as unenriched P controls, were not added with P.
The three remaining aquaria were enriched with P loading rates of 100 µg/L/Week by adding analytical grade
anhydrous NaH2PO4 (hereinafter referred to as P-added
treatments). The nutrients loading rate were based on the
preliminary experiment in 2007 [23].

the experimental system using a clean bottle.
Water quality samples were analyzed for TP, total soluble P (TSP), soluble reactive P (SRP) and chlorophyll a.
TP was were analyzed after persulfate digestion [24].
Analytical methodology for TSP was the same with TP,
except that the analysis was performed on filtered samples. SRP was determined using the same test on filtered
(0.45 µm) but undigested samples, and measured immediately after their arrival in the laboratory. The remaining
samples were acidified to pH < 2 with H2SO4 and then
stored below 4˚C for TP and TSP measurement until
analyzed within holding times as specified by standard
methods. Chlorophyll a was determined spectrophotometrically after ethanol extraction at room temperature
[25].

2.5. Periphyton Sampling and Dry Biomass
The periphyton measured on the artificial substrate was
assumed to be a fair estimate of periphyton growth on
submersed macrophytes [26,27]. Artificial substrates
(plastic net) were used to sample periphyton. Substrates
with the same size of 20 cm L × 10 cm W were suspended vertically just below the water surface in each
aquarium. Every four weeks, a substrate with periphyton
was taken out to assess accumulated biomass; at the same
time, a new artificial substrate was placed into each
aquarium. Substrates with periphyton were oven-dried to
a constant weight of 80˚C and then weighed. To determine the dry weight (DW) of the periphyton biomass, the
weight of the artificial substrate was subtracted from
total weight (i.e., artificial substrate with periphyton).

2.6. Periphyton Coverage in Water Surface
Periphyton mats are usually attached to submersed macrophytes and/or to sediments. However, many mats can
break away from their substrates and free-float because
of the trapped oxygen formed during photosynthesis [28].
During the experiment, some floating (i.e., metaphytic)
periphyton mats were observed at the water surface. The
percent coverage of the aquaria was determined by visual
assessment. Meanwhile, overhead photographs of each
aquarium were taken when attached periphyton was sampled. Thus, an approximation of the coverage of the surface mats was made possible by these photographs. By
the end of the experiment, all floating periphyton at the
water surface was sampled by a nylon net (mesh size:
200 μm), oven-dried to constant weight of 80˚C, and then
weighed.

2.4. Water Sampling and Analysis
Samples for water quality analyses were collected on a
weekly basis from May 9 to September 5, 2009. Water
samples (500 ml) were obtained from each aquarium in
Copyright © 2013 SciRes.

2.7. Plant Dry Biomass
Plants were harvested and separated according to the
species at the end of the experiments. Then they were
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washed over a 1-mm sieve to remove accumulated sediments and epiphytes. And then, they were oven-dried to
constant weight at 80˚C and weighed.

2.8. Statistical Analyses
One-way ANOVA was performed to detect differences
of P concentration, periphyton and submersed plant biomass under different enrichments. For all analyses, the
significance level was α = 5%. All results were presented
as the mean ± SD.

3. Results
3.1. P Concentration in Water
On May 9, the TP, TSP, and SRP concentration in the
water of the unenriched control mesocosms were 0.021 ±
0.010 mg/L, 0.014 ± 0.006 mg/L, and 0.001 ± 0.000
mg/L, respectively (Figures 1-3). In the P-added mesocosms, prior the addition of P, the concentrations were
0.027 ± 0.007 mg/L, 0.017 ± 0.005 mg/L, and 0.001 ±
0.000 mg/L, separately (Figures 1-3). There was no significant difference (p > 0.05) between the two treatments.
After nutrients were added (after May 9), the TP, TSP,
and SRP water concentrations of the unenriched control
mesocosms showed similar trends (Figures 1-3). Concentrations changed slowly at low levels with time,
ranging of 0.021 - 0.049 mg/L, 0.004 - 0.024 mg/L, and
0.003 - 0.018 mg/L with averages of 0.028 ± 0.007 mg/L,
0.013 ± 0.005 mg/L, and 0.009 ± 0.005 mg/L for TP,
TSP, and SRP, respectively. In the P-added mesocosms,
the TP, TSP, and SRP concentrations showed similar
trends (Figures 1-3). Concentrations increased at high
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levels with time, in a range of 0.038 - 0.089 mg/L, 0.030
- 0.071 mg/L, and 0.012 - 0.055 mg/L with averages of
0.071 ± 0.015 mg/L, 0.050 ± 0.014 mg/L, and 0.034 ±
0.010 mg/L for TP, TSP, and SRP, respectively. TP concentrations in the water of P-added mesocosms were significantly higher (p < 0.05) compared with unenriched
control mesocosms. The same result was also found for
TSP and SRP.

3.2. Dry Biomass of Attached Periphyton
Both in the control and in the P-added mesocosms, the
dominant species of attached periphyton was Rhizoclonium hieroglyphicum, Spirogyra sp. For the unenriched
control mesocosms, the monthly accumulation of dry
biomass of attached periphyton on the artificial substrate
quickly increased during the first two sampling dates,
peaking at the second sampling time, and remaining relatively constant for the remainder of the study period
(Figure 4).
The dry biomass of attached periphyton increased
from 29.500 ± 9.214 g/m2 in the first sampling date to
71.867 ± 12.097 g/m2 in the second sampling time, stabilizing at this high level with an average of 57.163 ±
19.449 g/m2. Meanwhile, for the P-added mesocosms,
the dry biomass of the attached periphyton increased
quickly and peaked in the first sampling date with a dry
biomass of 33.433 ± 14.289 g/m2, decreasing to a very
low level at around 4.483 ± 0.973 g/m2, and then stabilizing at this low level at an average of 4.078 ± 0.875
g/m2 for the last three sampling times (Figure 4). Except
on June 6, the biomass of the periphyton was significantly lower (p < 0.05) in the P-added mesocosms com-
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Figure 1. TP in water (triplicate, mean ± SD) of unenriched control and P-enriched mesocosms.
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Figure 2. TSP in water (triplicate, mean ± SD) of unenriched control and P-enriched mesocosms.
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Figure 3. SRP in water (triplicate, mean ± SD) of unenriched control and P-enriched mesocosms.

pared with the unenriched control mesocosms.

3.3. Floating Periphyton Coverage and Biomass
Some periphyton (dominated by Rhizoclonium hieroglyphicum, Cladophora oligoclona, Spirogyra sp.) were
observed floating at the water surface in the unenriched
control mesocosms on June 6. As the experiment progressed, surface mats coverage increased quickly from
11.7% ± 7.6% (June 6) to 63.3% ± 20.2% (August 29)
(Figure 5). At the end of the experiment (August 29), the
Copyright © 2013 SciRes.

weight of floating periphyton was 55.880 ± 16.108 g/m2.
In unenriched mesocosmos, only on June 6 some periphyton was observed at the water surface measuring
about 3.7% ± 1.5% (Figure 5); this later disappeared until
no periphyton were present in the P-added mesocosms.

4. Discussion
This study indicates that periphyton biomass may decrease or disappear in response to P additions in aquatic
ecosystem dominated by submersed plants. However,
JEP
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Figure 4. Attached biomass (DW, triplicate, mean ± SD) in unenriched control and P-enriched mesocosms.
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Figure 5. Percent cover of floating periphyton (triplicate, mean ± SD) in unenriched control and P-enriched mesocosms.

opinions on the loss mechanisms of matrix periphyton
subjected to P enrichment were controversial [15]. Some
researchers believe that the decline in periphyton biomass in response to nutrient enrichment could be attributed to increased phytoplankton biomass and the consequent inhibition of periphyton growth through shading
[29]; others suggest the loss of substrate (i.e., death of
submersed plants additionally induced with P) available
for the attaching periphyton [30]. Meanwhile, others
claim that P enrichment may stimulate the growth of other
algae and bacteria within periphyton, which could also
Copyright © 2013 SciRes.

reduce mat growth through competition or other inhibitory interactions (e.g., allelopathy and lytic bacteria) [14].
Some believe that P enrichment has increased macrophyte growth, which in turn has caused a corresponding
decline in periphyton biomass, productivity [31]. However, in the present experiment, the concentration of
phytoplankton was not higher in the P-added mesocosms
compared with the unenriched control mesocosms (Figure 6). Similarly, low attached periphyton biomass and
floating periphyton eliminated in the P-added mesocosms
could not be explained by competetion for nutrients or
JEP
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Figure 6. Chl-a concentration in water (triplicate, mean ± SD) of unenriched control and P-enriched mesocosms.

light with macrophytes because of higher water P concentrations in the P-added mesocosms. In addition, no
plant died and no significantly difference (p > 0.05) was
found of the plant biomass in the P-added mesocosms
(185.875 ± 4.208 g/m2) compared with the unenriched
control mesocosms (175.225 ± 6.475 g/m2). Moreover, in
the present study, the cover of floating periphyton was
never greater in P enrichment treatment, as compared
with the unenriched control mesocosms.
In addition, unimodal relationships between periphyton and TP in shallow lakes were found by researchers
[32-34]. Periphyton biomass would increase with the P
enrichment when the nutrient gradient was below the
optimal concentration for growth [34]. Whereas, when
the water P concentrations exceeded a certain level, the
decline of periphyton would occur. In the present study,
the decline or loss of periphyton in the P-added mesocosms may indicate that the P exceeds a threshold (optimal concentration) in maintaining mat integrity. Though,
the exact threshold of P for periphyton growth was not
found in the study, the optimal concentration varies in
different aquatic ecosystems [34]. For example, in littoral
zone of Lake Okeechobee, Havens et al. (1999) documented the decline of periphyton assemblage in response
to P loads of 2.8 g/m2/yr [35]. While, in Everglades
(south of Florida), loads of P at 1.2 g/m2/yr was expected
to gradually eliminate periphyton [36].
Though, the loss mechanisms of the periphyton subjected to P enrichment was not clear [15], the existed
threshold (optimal concentration) of P in determining
periphyton may be one reason. Loss of periphyton, or
Copyright © 2013 SciRes.

enhanced periphyton growth would markedly alter many
aspects of fresh water ecology. Under the background of
human activity has profoundly altered the global biogeochemical cycle of P, and has enhanced P loading to
the world’s aquatic ecosystems. Elevated concentrations
of P are likely to lead to significant variation of periphyton in shallow aquatic ecosystems. Therefore, greater
attention should be given to P when assessing the effects
of P loading on periphyton in shallow aquatic ecosystems.
Thus, the research would be helpful to maintain periphyton by reducing excessive P in aquatic ecosystems dominated by submersed plants.
In conclusion, periphyton biomass decreases in response to P additions in aquatic ecosystem dominated by
submersed plants.
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