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RECENT STUDY ON PLANT-SOIL INTERACTIONS IN CHINA - PART I

Influence of outbreak of macroalgal blooms on phosphorus release from
the sediments in Swan Lake Wetland, China

L. GAO!, Q. WEI, F. FU!, & H. SHAO?*?

YOcean School, Yantai University, No. 32 Qingquan Road, Laishan District, Yantai, Shandong 264005, PR. China;
2Key Laboratory of Coastal Biology and Bioresources Utilization, Yantai Institute of Coastal Zone Research (YIC), Chinese
Academy of Sciences (CAS), Yantai 264003, PR. China and > Institute for Life Sciences, Qingdao University of Science and
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Abstract

Macroalgal blooms have occurred worldwide frequently in coastal areas in recent decades, which dramatically modify
phosphorus (P) cycle in water column and the sediments. Rongcheng Swan Lake Wetland, a coastal wetland in China, is
suffering from extensive macroalgal blooms. In order to verify the influence of macroalgal growth on sediment P release, the
sediments and filamentous Chaetomorpha spp. were incubated in the laboratory to investigate the changes of water quality
parameters, P levels in overlying water, and sediments during the growth period. In addition, algal biomass and tissue P
concentration were determined. In general, Chaetomorpha biomasses were much higher in high P treatments than in low
P treatments. Compared with algae + low P water treatment, the addition of sediments increased the algal growth rate and P
accumulation amount. During the algal growth, water pH increased greatly, which showed significant correlation with algal
biomass in treatments with high P (P < 0.05). P fractions in the sediments showed that Fe/Al-P and organic P
concentrations declined during the algal growth, and great changes were observed in algae 4+ low P water 4+ sediment
treatment for both. As a whole, the sediments can supply P for Chaetomorpha growth when water P level was low, and the
probable mechanism was the release of Fe/Al-P at high pH condition induced by intensive Chaetomorpha blooms.

Keywords: Macroalgal blooms, Chaetomorpha growth, sediments, phosphorus release, Swan Lake Wetland

Introduction . _
remove nutrients from the water column and exhibit

In recent decades, large macroalgal blooms have
occurred throughout the world with an increase in
frequency and magnitude (Morand & Briand 1996;
Gubelit & Berezina 2010; Ye et al. 2011; Pulina et al.
2012). Since 2007, China has also been subjected to the
excessive growth of green macroalgae in Yellow Sea (Liu
etal. 2009; Ye et al. 2011; Shao et al. 2012). Macroalgal
blooms are vast accumulations of fast-growing filamen-
tous macroalgae in shallow coastal zone, and water
eutrophication is generally considered one of the main
reasons (Valiela et al. 1997; Anderson et al. 2002; Raven
& Taylor 2003; Fenu et al. 2012; Manolaki &
Papastergiadou 2012). High nutrient loads, notably
nitrogen (N) and phosphorus (P), are the primary factor
in the expansion of macroalgal blooms (Menéndez et al.
2002; Dell’'uomo & Torrisi 2011; Minggagud & Yang
2013). Bloom-forming macroalgae can efficiently

nutrient uptake and storage greatly in excess of their
physiological needs (Pecktol et al. 1994; Valiela et al.
1997; Ceschin et al. 2010). When macroalgal blooms
break out, the huge uptake coupled with high growth
rate result in nutrient depletion in water column. On the
other hand, the macroalgal mats constitute an
important sink of nutrients in the coastal ecosystem,
and the P accumulated can be rapidly recycled into the
water during the decomposition phase (Paalme et al.
2002; Nedzarek & Rakusa-Suszczewski 2004; Lan et al.
2012). As a whole, large macroalgal blooms can
significantly influence nutrient cycle in the coastal
ecosystem. P is a key element of eutrophication
processes in many aquatic ecosystems. Due to the
frequent outbreak of macroalgal blooms worldwide, P
biogeochemical cycle in the sediment—water—algae
system is becoming a concern.
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The excessive growth of filamentous algae can
destroy P concentration equilibrium at the sediment—
water interface, which thus causes modification of P
dynamics between the water and sediments (Lavery &
McComb 1991; Gomezetal. 1998; Corzo et al. 2009;
Garcia-Robledo & Corzo 2011; Zhang et al. 2012).
It has been recognized that nutrient exchange
between the sediments and macroalgae occurred,
and the macroalgae could derive nutrients stored in
the sediments to maintain growth in many estuaries
(Liere et al. 1982; Gomez et al. 1998; Boyle et al.
2004). For example, Boyle et al. (2004) investigated
seasonal variations of nutrients in water column and
sediments in a eutrophic southern California estuary,
and found that the decreases in sediment nutrients
were concurrent with increases in macroalgal cover.
Several laboratory studies have demonstrated the
ability of macroalgal mats to intercept nutrients
releasing from sediments during periods of low water
nutrients (Kamer et al. 2004; Garcia-Robledo &
Corzo 2011). Kamer et al. (2004) studied the
importance of water column and sediments as sources
of nutrients to support the growth of Enteromorpha
ntestinalis, and stated that the water column was a
primary source of nutrients to the algae when water
column nutrient supply was high, and the sediments
supplemented nutrient supply to the algae when water
column nutrient levels were low. Therefore, the
knowledge of P cycle in the macroalgae—sediment—
water system is necessary to the control and
prediction of macroalgal blooms. Previous studies
mainly focused on the contribution of sediments to
macroalgal growth as a nutrient source, but the
information regarding the effects of macroalgal
growth on P release from the sediments is scarce.
Liere et al. (1982) earlier inferred that macroalgal

Figure 1. Location of the study area.

growth gave rise to a steeper soluble reactive P (SRP)
gradient, which thus stimulated sediment P release.
However, it is not clear how macroalgal blooms affect
the P exchange at sediment—water interface during
the growth phase.

Rongcheng Swan Lake Wetland is an important
coastal wetland in eastern Shandong Peninsula,
China. Swan Lake is a shallow lagoon connected to
Rongcheng Bay of Yellow Sea by a narrow mouth.
During the past 3 years, massive filamentous
macroalgae (Chaetomorpha linum is the dominant
species) bloomed in the western and northwestern
lake strongly affected by excessive nutrient inputs
and others. In this study, surface sediments and
living Chaetomorpha obtained from algae-dominated
region were incubated in the laboratory to investigate
the changes of water quality parameters, P levels in
overlying water, and sediments during the algal
growth, as well as algal biomass and P accumulation
amount. The aims of this study were to verify the
importance of the sediments as a nutrient source for
Chaetomorpha growth and to determine the influence
of macroalgal growth on P release from the
sediments.

Materials and methods
Experimental materials

All materials were collected from Rongcheng Swan
Lake, China. In May 2012, surface sediments
(0-10cm) were sampled from the northwestern
lake (37°21.447' N, 122°34.301’ E), at which severe
Chaetomorpha blooms break out in recent few years
(Figure 1). After homogenization, all the samples
were kept in the portable refrigerator and delivered to
the laboratory immediately. Fresh sediment samples

Shandong Peninsula

Google
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were stored at 2°C for the experiment. Sediment pH
value was 6.97.

Filamentous Chaetomorpha linum was sampled
from the same lake region as sediments. The freshly
collected algae were cleaned from macroscopic
epiphytes and mud, and then incubated in filtered
lake water for 2 days in the laboratory. Thereafter,
the algae samples with good health were selected for
the growth experiment. The initial tissue P concen-
tration was 1.50 = 0.05mgg !, and the water
content was 89.65%.

Water samples were taken from the eastern lake
where the water quality was good. After being
transported to the laboratory, the collected lake
water was filtered immediately. To avoid the
influence of microbial activity, the filtered water
was sterilized by boiling for 10 min. Water pH value
was 8.14 and salinity was 31.85 psu. Concentrations
of total P (TP) and SRP in water were 0.013 and
0.002mgL !, respectively.

Experiment design

Two initial P concentrations in water were set in the
experiment: the addition and no addition of
nutrients, which represent high P and low P
concentrations in the field, respectively. The high P
concentration (30 pmol L") was obtained by the
addition of KH,PO,, while the N was added as
KNOj; (480 pmol L™ ). In this study, there were five
treatments: algae + low P water (ALW), algae +
high P water (AHW), algae + low P water +
sediment (ALWS), algae + high P water + sediment
(AHWS), and low P water 4+ sediment (LWS). Each
treatment was performed in triplicate.

The incubation experiments were performed in
5.0-L glass beakers of 14 cm in diameter and 24 cm
in height. At first, 500 g of fresh sediment was evenly
put into the bottom of container, then 3.0 L of sterile
lake water was added into each beaker slowly to avoid
the suspension of sediments, and, after 24 h, 10.0g
wet weight (i.e., 1.0g dry weight) of living
Chaetomorpha was placed. Before weighing the
algae, water was gently squeezed out to get
comparable biomasses in all the containers. For the
treatment with sediments, the bottom of the
container was side-wrapped in black plastic to
avoid light. This experiment was conducted under
natural light and temperature conditions (about
20°C). Throughout the incubation period, all
treatments were kept aerated with air continuously.
The incubation lasted 30 days.

During the experimental period, water samples
were collected at different time intervals with a
pipette for TP, SRP, and chemical oxygen demand
(COD) analyses, and the same volume of lake water
was added to the container after sampling. The water

Influence of outbreak of macroalgal blooms 1177

quality parameters, including pH, dissolved oxygen
(DO), and electrical conductivity (EC), were
detected i situ using a Multi-Parameter Water
Quality Instrument (YSI16600). TP and SRP were
determined every day during the first 2 weeks and
every other day thereafter, while pH was measured
every 3 days, and DO, COD, and EC every 5 days.
Algal biomass was determined by wet weighing every
3 days, and the growing algae were put back into the
container after measuring. Relative growth rates
(RGRs) at different time intervals were calculated as
RGR (gFWd ™) = (In Wo—In W})/(t,—1,), in which
W, is the fresh biomass (g) on day z; and W, is the
fresh biomass (g) on day z,. At the start and end of
incubation, TP and P fractions in sediments and P
concentration in algal tissue were analyzed.

Analytical methods

For water sample, the TP concentration was
determined through the molybdenum blue colori-
metric method after digestion with K,S,05 + NaOH
to orthophosphate (Chinese State Environment
Protection Bureau [CSEPB] 2002). After filtering
through a 0.45-pm membrane, the SRP concen-
tration was analyzed using the molybdenum blue
method. COD was measured by the titration method
with alkaline potassium permanganate.

For algal sample, the biomass was expressed as
wet weight by weighing. The water content was
determined by drying at 60°C for 24 h. The tissue P
concentration was analyzed using the molybdenum
blue method after digestion with H,SO, + H,O, of
dried algae sample.

For the sediments, the TP concentration was
determined using the molybdenum blue method
after digestion with H,SO, + HCIO,4. P fractions
were carried out using following method, i.e.,
according to which sediment P was classified into
NaOH-extractable P (Fe/Al-P, P bound to Al, Fe,
and Mn oxides and hydroxides), HCl-extractable P
(Ca-P, P associated with apatite), inorganic P (IP),
and organic P (OP) (Ruban et al. 2001). Fe/Al-P
was extracted by 1.0 M NaOH; Ca—P was extracted
by 1.0M HCIL In a separated extraction, IP was
extracted by 1.0 M HCI and the residual was treated
at 450°C to analyze OP. The P concentration in the
filtrate was analyzed using the molybdenum blue
method.

Statistical analysis

All statistical analyses were performed using the
SPSS 17.0 software package. The correlation
analyses were performed using Pearson correlation.
The differences in the measured parameters between
various treatments were tested by one-way analysis of
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Figure 2. The change of Chaetomorpha biomass.

variance (ANOVA) followed by Tukey’s test post hoc
analysis when appropriate. A two-way ANOVA was
conducted to compare the effects of sediments,
P level in water, and their interaction with algal
biomass and P accumulation amount.

Results
The growth starus of Chaetomorpha

Algal biomass. Figure 2 shows that Chaetomorpha
biomasses were much higher in high P treatments
than in low P treatments through the 30-day period.
During the first 7 days, there was no great difference
among different treatments, after that the difference
increased with time. At the end of the experiment,
the biomass in AHWS treatment was significantly
higher than that in low P treatments (P < 0.05).
A two-way ANOVA revealed that the water P level
(F=24.899, P=0.001) and the sediments
(F=28.988, P=0.017) both had a significant effect
on algal biomass.

For all the treatments, Chaetomorpha grew rapidly
during the first 12 days, at which the growth rates
ranged from 0.0589 to 0.1073gFWd71; then the

algae grew slowly with the exception of AHWS
treatment; and, after 20 days, the growth rate became
very low (Table I). For low P treatments, algae color
became yellow and some dead algae occurred at the
late stage.

P accumulation amount in algae. Compared with
initial concentration (1.50mgg '), tissue P concen-
trations in different treatments all declined after the
30-day incubation, especially for low P treatments
(Table II). The accumulation amount in algae was
significantly higher in high P treatments than in low P
treatments (Table II), and the water P level showed a
significant effect on P accumulation amount
(F=174.76, P=0.000). However, at the same
initial P concentration, there was no great difference
between treatments with and without sediments
(P> 0.05).

The changes of water quality parameters

pH change. The pH value in overlying water showed a
visible increase during the incubation, especially for
high P treatments (Figure 3(A)). For example, the
pH value in AHW treatment increased by about 1.3
units compared with the initial value. There were
significant differences between treatments with high
P and low P concentrations (P < 0.05). At the same
P concentration, the great difference between
treatments with and without sediments may be
related to the buffering capacity of sediments against
water pH.

DO change. The highest DO concentration was
observed in AHW treatment throughout the incu-
bation period (Figure 3(B)). The similar changing
tendency with time was observed in different
treatments with algae. The DO concentration
increased with time during the first 12 days, then
declined, and thereafter changed slightly after

Table I.  The growth rate of Chaetomorpha at different time intervals (gFW d ™).

Time (days) ALW AHW ALWS AHWS

0-12 0.0589 =+ 0.0015 0.0917 + 0.0024 0.0862 = 0.0023 0.1073 + 0.0032
13-20 0.0017 *+ 0.0007 0.0093 =+ 0.0003 0.0099 = 0.0004 0.0236 + 0.0018
21-30 0.0136 *+ 0.0006 0.0064 + 0.0007 ~0.0059 + 0.0006 0.0066 + 0.0009

Table II.  Tissue P concentration and P accumulation amount in Chaetomorpha.

Treatment ALW AHW ALWS AHWS
P concentration (mgg ') 0.51 = 0.08 ¢ 1.36 £ 0.11 a 0.60 = 0.15 ¢ 1.04 = 0.03 b
P accumulation amount (mg) 1.16 = 0.18 b 5.28 £ 0.43 a 1.76 = 0.47 b 523+0.14a

Note: Different lower case alphabets represent the significance at P < 0.05.
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Figure 3. The changes of water quality parameters during the incubation. (A) pH, (B) DO, (C) EC, and (D) COD.

16 days. Compared with treatments with algae, the
DO concentration in LWS treatment was lower,
which indicated that the Chaetomorpha growth led to
the DO increase with the exception of aeration in
water.

EC and COD changes. In treatments with algae,
water EC value increased during the incubation
(Figure 3(C)). After 16 days, EC values were much
higher in treatments with algae than those without
algae, which may be caused by algal death in low P
condition. There was no great difference in COD
concentration among different treatments
(P > 0.05), and relatively high concentrations were
observed in ALW treatment (Figure 3(D)). For

A 1.0

treatments with algae, the COD concentration had
an increasing trend with time, especially at the late
stage.

Dynamic changes of TP and SRP in overlying water

TP change. TP concentrations in different treatments
varied from 0.01 to 0.92mgL ™' during the 30-day
period, and the changing tendency with time was
different among the treatments (Figure 4(A)). For
the two treatments with high P, TP concentrations
decreased rapidly with time during the first 10 days,
especially for AHW treatment, and then remained
stable. However, for low P treatments, TP concen-
trations were very low (<0.07mgL ') and changed

1.0
5& o ALW i
—a— AHW
= L o= ALWS B8 \
T_I —s— AHWS
2 06 . ——LWS 061
= Tha
,5 \ Y
® 04 \ 0411 Y
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Figure 4. The changes of TP (A) and SRP (B) in overlying water during the incubation.
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slightly during the whole period. At the late stage, TP
concentrations in all the treatments remained at low
levels due to the uptake of the algae.

At low P condition, TP concentrations in ALWS
were slightly higher than those in ALW treatment
during the 0- to 23-day period. While at high P
condition, TP concentrations in the treatment with
sediments were significantly lower than those with-
out sediments during the early period, which may be
due to P adsorption by the sediments.

SRP change. SRP concentrations in overlying water
varied widely through the 30-day incubation, whose
rank order of different treatments was similar with
TP (Figure 4(B)). For AHWS treatment, SRP
concentrations decreased rapidly during the first
3 days and then changed slightly. After 15 days, there
was no great difference between the two treatments
with high P. For low P treatments, the SRP
concentration was very low during the whole period.
Compared with TP, SRP showed relatively small
difference between the same P treatments at the
late stage.

P fractions in the sediments

Ca—P concentration was relatively high in the
studied sediments, followed by Fe/Al-P, the lowest
being OP (Figure 5). Ca—P showed small change
before and after the experiment. During the
incubation period, water pH was alkaline, which
was unsuitable to the Ca-P release. Fe/Al-P
concentrations in different treatments ranged from
117.07 to 127.80 mgkg . Compared with the initial
value, Fe/Al-P concentration in the treatments with
algae declined after the incubation, especially for
ALWS treatment (decreased by 8.40%). OP con-
centrations in the ALWS and AHWS treatments
decreased by 6.16 and 3.92mgkg !, respectively.
For Fe/Al-P and OP, great changes were observed in

250

777)Fein-p [l ca-P I OP|
—~ 200 I

1504

1004

50+

Concentration (mg kg

Initial value ~ AHWS ALWS LwWs
Treatment

Figure 5. Concentrations of various P forms in sediments before
and after the incubation.

ALWS treatment. These results showed that Fe/Al-
P and OP were mobile during Chaetomorpha growth.

Discussion

The influence of Chaetomorpha growth on water quality
parameters

Previous researches have reported that water pH
increased significantly as a result of intensive
photosynthesis of primary producers and the release
of OH during the assimilation of nitrate (Seitzinger
1991; Rydin et al. 2002; Xie et al. 2003). Niemisto
etal. (2011) made a comparison between the day and
night experiments, and found that water pH also can
stay at a high level at night during strong
phytoplankton blooms. In this study, Chaetomorpha
growth resulted in a large increase in water pH
during the 30-day incubation, and there were
significant differences between the treatments with
high P and low P concentrations (P < 0.05). In the
two treatments with high P, pH showed close
relationship with algal biomass (P < 0.05); while,
for low P treatments, no significant correlation was
observed (Table III). This indicated that large
Chaetomorpha blooms could cause a visible increase
in water pH. During the first 12 days, the algal
growth rate was fast, consequently DO concentration
increased with time. However, there was a poor
correlation between DO and biomass (P > 0.05)
probably due to the continuous aeration with air
during the incubation. For pH and DO, great
changes were found at high P treatments. Compared

Table III. Relationships between algal biomass with water pH,
COD, DO, and EC in different treatments.

Parameters Equation r P

ALW treatment

Biomass pH y=—0.023x + 8.692 0.547 0.102

COD y=0.566x — 2.660 0.901 0.006
DO y=0.088x + 6.672 0.346  0.447
EC y=2.012x + 47.054 0.964 0.000

AHW treatment

Biomass pH y=0.038x + 8.019 0.929 0.000
COD y=0.125x + 1.813 0.567 0.184
DO y=0.074x + 7.512 0.482 0.273
EC y=0.794x + 64.526 0.965 0.000

ALWS treatment

Biomass pH y=—0.003x + 8570 0.090 0.806
COD y=0.255x — 0.644 0.936  0.002
DO y=0.065x + 6.994 0.285 0.536
EC y=1.033x + 59.567 0.944 0.001

AHWS treatment

Biomass pH y=0.013x + 8.441 0.690 0.027
COD y=0.054x + 3.986 0.468 0.289
DO y=0.011x + 8.286 0.107 0.819
EC y=0.521x 4+ 66.802 0.948 0.000
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with the treatments without sediments, the corre-
lation coefficients in the treatments with sediments
were relatively small, which may be attributed to the
buffering capacity and microbial consumption of
sediments (Gao et al. 2004; Zhang et al. 2013).

The influence of water SRP concentration on
Chaetomorpha growth

The bloom-forming macroalgae, such as Ulva,
Chaetomorpha, and Cladophora, are characterized by
rapid nutrient uptake and growth rates (Peckol et al.
1994; Villares et al. 1999; Anderson et al. 2002;
Raven & Taylor 2003; Tel-or & Forni 2011). In this
study, the water P level and the addition of sediments
both had a significant effect on Chaetomorpha
biomass (P < 0.05). During the first 12 days,
Chaetomorpha grew well and the biomass increased
rapidly with time; after that, the algae grew slowly
and the biomass remained stable (except in AHWS
treatment) (Figure 3). For AHW treatment, algal
biomass showed significant correlation with water
SRP concentration (P < 0.05). In AHW treatment,
Chaetomorpha grew fast at the early stage, and
meanwhile SRP concentration decreased rapidly;
after 12 days, the algae grew slowly at low SRP
condition (Figure 6). While, for AHWS treatment,
the SRP concentration decreased sharply during the
first 3 days, which may be a result of P adsorption by
the sediments at high P condition as well as the
uptake of algae. In low P treatments, the SRP
concentration was very low, and algal biomass
changed slightly with time at the late stage. As a
whole, algal biomasses were much higher in high P
treatments than in low P treatments. These results
indicated that filamentous algae Chaeromorpha could
not grow at low P conditions for a long time, but had
high uptake ability for P at high P conditions.

In previous studies, tissue nutrient concentration
showed different relationships with algal growth rate

50
4 e ALW
i 2 o AHW
1 N o ALWS
@ 4 AHWS
CERFSE
2 i
© L
R
o .
e, i
104 o a
0

00 01 02 03 04 05 06 07 08
SRP concentration (mg L™")

Figure 6. Relationships between algal biomass and SRP
concentration during the 30-day incubation.
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(Peckol et al. 1994; Villares et al. 1999; Menéndez
etal. 2002). For example, Villares et al. (1999) found
a significant relationship between tissue P levels and
growth rate of Ulva sp. in the Rias Bajas (northwest
Spain). However, no close relationship was observed
between tissue N and RGR for both Cladophora
vagabunda and Gracilaria nkvahiae (Peckol et al.
1994). In this study, the tissue P concentration had
no significant correlation with the RGR (P > 0.05),
which may be a result of the algae immediately
allocating nutrients to the formation of new tissue,
rather than storing the compounds.

The influence of Chaetomorpha growth on sediment P
release

At the same P concentration, there were great
differences in RGR between treatments with and
without sediments, especially for the low P level
(Table II), which indicated that the sediments
supplied nutrients for Chaetomorpha growth. This
was also confirmed by the concentration changes of
various P forms in sediments before and after the
incubation (Figure 5). Sediment P release mainly
depends on P fractions in sediments, P concentration
gradients at the interface, and environmental
conditions (Gomez et al. 1998; Shao et al. 2012;
Zhang et al. 2012). Fe/Al-P and OP have been
reported to be mobile and bioactive for algae in
several researches (Gao et al. 2005; Zhu et al. 2013).
Similar to these findings, Fe/Al-P and OP concen-
trations declined during the algal growth in our
study, and great concentration change was observed
in low P treatment for both. The OP decrease may be
caused by mineralization of the organic matter by
bacterial activity, as Gomez et al. (1998) observed by
seasonal investigation in a Mediterranean lagoon.

Water pH has an important role in controlling the
P release. High pH value in the water can induce P
release from aerobic sediments by OH™ exchange
with PO;” on the surfaces of metal oxides—
hydroxides (Seitzinger 1991; Steinberg 2011). Xie
et al. (2003) stated that cyanobacterial bloom in
freshwater systems induced sediment P release in
summer, which was mediated by high pH caused by
intense algal photosynthesis and depressed concen-
trations of nitrate N. Similar results were observed in
the Lake Hiidenvesi subjected to strong phytoplank-
ton blooms (Niemist6 et al. 2011). In this study, the
water column was under oxidation condition during
the incubation (Figure 3(B)). The Fe/Al-P decline in
sediments may be contributed to water pH increase
induced by Chaetomorpha growth, the maximum
reaching 9.49, in which Fe/Al-P was easy to release
from sediment by ligand-exchange reactions.

In conclusion, the P cycle at the sediment—water
interface in Swan Lake was influenced by both pH
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and P concentration gradients during the Chaeto-
morpha growth period. At high water P condition, the
sediments can adsorb P in water and act as a P link.
When water P level was low, Chaetomorpha could not
keep alive for a long time, at which the sediments can
supply P for macroalgal growth, such as the release of
Fe/Al-P at high pH condition. In Swan Lake, mobile
P concentration (the sum of Fe/Al-P and OP) was
high, which may be one of the reasons why massive
amounts of Chaetomorpha occurred throughout the
year. The water column, sediments, and macroalgal
tissue are three nutrient pools, and P transfer
mechanism among them during the outbreak of
macroalgal blooms needs further study.

Funding

This study was financially supported by the National
Natural Science Foundation of China [grant num-
bers 41273130, 40801084, and 41171216], the
Promotive Research Fund for Young and Middle-
Aged Scientists of Shandong Province, China [grant
number 2007BS08017], One Hundred-Talent Plan
of Chinese Academy of Sciences (CAS), the CAS/
SAFEA International Partnership Program for
Creative Research Teams, the Science and Technol-
ogy Development Plan of Shandong Province [grant
number 2010GSF10208], the Science and Technol-
ogy Development Plan of Yantai City [grant numbers
2011016 and 20102450], Yantai Double-Hundred
High-End Talent Plan [grant number XY-003-02],
135 Development Plan of YIC-CAS, and the
National Basic Research Program of China [grant
number 2013CB430403].

References

Anderson DM, Glibert PM, Burkholder JM. 2002. Harmful algal
blooms and eutrophication: Nutrient sources, composition,
and consequences. Estuaries 25: 704—726.

Boyle KA, Kamer K, Peggy F. 2004. Spatial and temporal patterns
in sediment and water column nutrients in a eutrophic
southern California estuary. Estuaries 27: 378—388.

Ceschin S, Zuccarello V, Caneva G. 2010. Role of macrophyte
communities as bioindicators of water quality: Application on
the Tiber River basin (Italy). Plant Biosyst 144: 528—-536.

Chinese State Environment Protection Bureau (CSEPB). 2002.
Water and wastewater monitoring analysis methods (press 4).
Beijing: Science Press.

Corzo A, Van Bergeijk SA, Garcia-Robledo E. 2009. Effects of
green macroalgal blooms on intertidal sediments: Net
metabolism and carbon and nitrogen contents. Mar Ecol
Prog Ser 380: 81-93.

Dell’uomo A, Torrisi M. 2011. The eutrophication/pollution
index-diatom based (EPI-D) and three new related indices for
monitoring rivers: The case study of the river Potenza (the
Marches, Italy). Plant Biosyst 145: 331-341.

Fenu G, Cogoni D, Ferrara C, Pinna MS, Bacchetta G. 2012.
Relationships between coastal sand dune properties and plant

community distribution: The case of Is Arenas (Sardinia).
Plant Biosyst 146: 586—602.

Gao L, Yang H, Zhou JM, Chen ]J. 2004. The function of lake
sediments from Dianchi Lake: Phosphorus sink or source?
Pedosphere 14: 483-490.

Gao L, Zhou JM, Yang H, Chen J. 2005. Phosphorus fractions in
sediment profiles and their potential contribution to eutrophi-
cation in Dianchi Lake. Environ Geol 48: 835—-844.

Garcia-Robledo E, Corzo A. 2011. Effects of macroalgal blooms
on carbon and nitrogen biogeochemical cycling in photoauto-
trophic sediments: An experimental mesocosm. Mar Pollut
Bull 62: 1550-1556.

Gomez E, Fillit M, Ximenes MC, Picot B. 1998. Phosphate
mobility at the sediment—water interface of a lagoon (etang du
Méjean), seasonal phosphate variation. Hydrobiologia
373/374: 203-216.

Gubelit YL, Berezina NA. 2010. The causes and consequences of
algal blooms: The Cladophora glomerata bloom and the Neva
estuary (eastern Baltic Sea). Mar Pollut Bull 61: 183—-188.

Kamer K, Fong P, Kennison RL, Schiff K. 2004. The relative
importance of sediment and water column supplies of nutrients
to the growth and tissue nutrient content of the green
macroalga Enteromorpha intestinalis along an estuarine resource
gradient. Aquat Ecol 38: 45-56.

Lan Y, Cui BS, You ZY, Li X, Han Z, Zhang YT, Zhang Y. 2012.
Litter decomposition of six macrophytes in a eutrophic shallow
lake (Baiyangdian Lake, China). Clean Soil Air Water 40:
1159-1166.

Lavery PS, McComb AJ. 1991. Macroalgal-sediment nutrient
interactions and their importance to macroalgal nutrition in a
eutrophic estuary. Estuar Coast Shelf Sci 32: 281-295.

Liere LV, Peters J, Montijn A, Mur LR. 1982. Release of
sediment—phosphorus and the influence of algal growth on this
process. Hydrobiol Bull 16: 191-200.

Liu DY, Keesing JK, Xing QG, Shi P. 2009. World’s largest
macroalgal bloom caused by expansion of seaweed aquaculture
in China. Mar Pollut Bull 58: 888—895.

Manolaki P, Papastergiadou E. 2012. Responses of aquatic
macrophyte assemblages to nutrient enrichment in a lowland
river basin of western Greece. Plant Biosyst 146: 1064—1077.

Menéndez M, Herrera J, Comin FA. 2002. Effect of nitrogen and
phosphorus supply on growth, chlorlphyll content and tissue
composition of the macroalga Chaetomorpha linum (O.F. Miill.)
Kiitz in a Mediterranean coastal lagoon. Sci Mar 66: 355-364.

Minggagud H, Yang J. 2013. Wetland plant species diversity in
sandy land of a semi-arid inland region of China. Plant Biosyst
147: 25-32.

Morand P, Briand X. 1996. Excessive growth of macroalgae:
A symptom of environmental disturbance. Bot Mar 39:
491-516.

Nedzarek A, Rakusa-Suszczewski S. 2004. Decomposition of
macroalgae and the release of nutrient in Admiralty Bay, King
George Island, Antarctica. Polar Biosci 17: 26—35.

Niemistd ], Holmroos H, Horppila J. 2011. Water pH and
sediment resuspension regulating internal phosphorus loading
in a shallow lake-field experiment on diurnal variation.
J Limnol 70: 3—-10.

Paalme T, Kukk H, Kotta J, Orav H. 2002. In vitro and in situ
decomposition of nuisance macroalgae Cladophora glomerata
and Pilayella lLittoralis. Hydrobiologia 475/476: 469—476.

Peckol P, DeMeo-Anderson B, Rivers J, Valiela I, Maldonado M,
Yates J. 1994. Growth, nutrient uptake capacities and tissue
constituents of the macroalgae Cladophora wvagabunda and
Gracilaria tikvahiae related to site-specific nitrogen loading
rates. Mar Biol 121: 175-185.

Pulina S, Padedda BM, Satta CT, Sechi N, Luglie A. 2012. Long-
term phytoplankton dynamics in a Mediterranean eutrophic
lagoon (Cabras Lagoon, Italy). Plant Biosyst 146: 259-272.



Downloaded by [National Science Library] at 07:41 19 May 2014

Raven JA, Taylor R. 2003. Macroalgal growth in nutrient-enriched
estuaries: A biogeochemical and evolutionary perspective.
Water Air Soil Poll 3: 7-26.

Ruban V, Lopezsanchez JF, Papdo P, Rauret G, Muntau H,
Quevauviller P. 2001. Development of a harmonised phos-
phorus extraction procedure and certification of a sediment
reference material. ] Environ Monitor 3: 121-125.

Rydin E, Hyenstrand P, Gunnerhed M, Blomgvist P. 2002.
Nutrient limitation of cyanobacterial blooms: An enclosure
experiment from the coastal zone of the NW Baltic proper. Mar
Ecol-Prog Ser 239: 31-36.

Seitzinger SY. 1991. The effect of pH on the release of phosphorus
from Potomac Estuary sediments: Implication for blue-green
algal blooms. Estuar Coast Shelf Sci 33: 409-418.

Shao HB, Cui BS, Bai JH. 2012. Outlook: Wetland ecology in
China. Clean Soil Air Water 40: 1011-1014.

Steinberg CEW. 2011. Aerobic phosphorus release from shallow
lake sediments. Sci Total Environ 409: 4640-4641.

Tel-or E, Forni C. 2011. Phytoremediation of hazardous toxic
metals and organics by photosynthetic aquatic systems. Plant
Biosyst 145: 224-235.

Valiela I, McClelland J, Hauxwell J, Behr P, Hersh D, Foreman K.
1997. Macroalgal blooms in shallow estuaries: Controls and
ecophysiological and ecosystem consequences. Limnol Ocea-
nogr 42: 1105-1118.

Influence of outbreak of macroalgal blooms 1183

Villares R, Puente X, Carballeira A. 1999. Nitrogen and
phosphorus in Ulva sp. in the Galician Rias Bajas (northwest
Spain): Seasonal fluctuations and influence on growth. Bol Inst
Esp Oceanogr 15: 337—-341.

Xie LQ, Xie P, Tang HJ. 2003. Enhancement of dissolved
phosphorus release from sediment to lake water by Microcystis
blooms — an enclosure experiment in a hyper-eutrophic,
subtropical Chinese lake. Environ Pollut 12: 391-399.

Ye NH, Zhang XW, Mao YZ, Liang CW, Xu D, Zou ]J. 2011.
Green tides are overwhelming the coastline of our blue planet:
Taking the world’s largest example. Ecol Res 26: 477-485.

Zhang L, Song L, Shao H, Shao C, Li M, Liu M, Brestic M, Xu G.
2013. doi:101080/112635042013770804 Spatio-temporal
variation of rhizosphere soil microbial abundance and enzyme
activities under different vegetation types in the coastal zone,
Shandong, China. Plant Biosyst.

Zhang Y, Cui BS, Wang SR, Chu ZS, Fan XY, Hua YY, Lan Y.
2012. Relation between enzyme activity of sediments and lake
eutrophication in grass-type lakes in north China. Clean Soil
Air Water 40: 1145-1153.

Zhu MY, Zhu GW, Li W, Zhang YL, Zhao LL, Gu Z. 2013.
Estimation of the algal-available phosphorus pool in sediments
of a large, shallow eutrophic lake (Taihu, China) using profiled
SMT fractional analysis. Environ Pollut 173: 216-223.


http://dx.doi.org/doi:101080/112635042013770804
http://dx.doi.org/doi:101080/112635042013770804

	Abstract
	Introduction
	Materials and methods
	Experimental materials
	Experiment design
	Analytical methods
	Statistical analysis

	Results
	The growth status of Chaetomorpha
	Algal biomass
	P accumulation amount in algae

	The changes of water quality parameters
	pH change
	DO change
	EC and COD changes

	Dynamic changes of TP and SRP in overlying water
	TP change
	SRP change

	P fractions in the sediments

	Discussion
	The influence of Chaetomorpha growth on water quality parameters
	The influence of water SRP concentration on Chaetomorpha growth
	The influence of Chaetomorpha growth on sediment P release

	Funding
	References

