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Abstract Algal bloom could drastically influence the nutri-
ent cycling in lakes. To understand how the internal nutrient
release responds to algal bloom decay, water and sediment
columns were sampled at 22 sites from four distinct regions of
China’s eutrophic Lake Taihu and incubated in the laboratory
to examine the influence of massive algal bloom decay on
nutrient release from sediment. The column experiment in-
volved three treatments: (1) water and sediment (WS); (2)
water and algal bloom (WA); and (3) water, sediment, and
algal bloom (WSA). Concentrations of dissolved oxygen
(DO), total nitrogen (TN), total phosphorus (TP), ammonium
(NH4

+-N), and orthophosphate (PO4
3−-P) were recorded during

incubation. The decay of algal material caused a more rapid
decrease in DO than in the algae-free controls and led to
significant increases in NH4

+-N and PO4
3−-P in the water.

The presence of algae during the incubation had a regionally
variable effect on sediment nutrient profiles. In the absence of
decaying algae (treatment WS), sediment nutrient concentra-
tions decreased during the incubation. In the presence of
blooms (WSA), sediments from the river mouth released P to
the overlying water, while sediments from other regions
absorbed surplus P from the water. This experiment showed
that large-scale algal decay will dramatically affect nutrient
cycling at the sediment–water interface and would potentially
transfer the function of sediment as “container” or “supplier” in
Taihu, although oxygen exchange with atmosphere in lake

water was stronger than in columns. The magnitude of the
effect depends on the physical–chemical character of the
sediments.

Keywords Lake Taihu . Algal bloom . Sediment–water
interface . Nutrient . Nitrogen . Phosphorus . Black spot
event

Introduction

Eutrophication is a worldwide problem in freshwater ecosys-
tems, where it often manifests as harmful algal blooms
(HABs). Lakes in most parts of the world, including Asia,
North and South America, Europe, and Africa, are increasing-
ly affected by HABs, with implications for drinking water
supplies, fisheries, and recreational use (Likens 1971;
Reynolds 1987; Paerl 1988; Qin et al. 2010). Lake Taihu
(meaning “large water” and referred to as “Taihu” in this
paper) is the third largest freshwater lake in China, covering
2,338 km2 and having a volume of 4.4 billion m3 (Pu and Yan
1998; Qin et al. 2007). Taihu is located in the Yangtze River
delta, the most rapidly developing region in China (Fig. 1),
with approximately 40 million people living within its water-
shed. Over the past three decades, excessive nutrient inputs
have led to the appearance and persistence of massive blooms
of toxin-producing cyanobacteria, which have seriously de-
graded water quality and impacted adversely on human use of
the lake (Guo 2007; Qin et al. 2007).

The development and subsequent decay of massive algal
blooms in highly polluted regions of Taihu can cause “black
spot” events in which dissolved oxygen (DO) is depleted
throughout the water column (Liu 2009) and very high COD
and ammonium concentrations can result (Chen 2011; Lu
and Ma 2010). This phenomenon can last for more than
1 week and has happened nearly every year in the lake, and
the coverage area could reach several square kilometers. In
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the northwestern part of Taihu, buoyant blooms accumulate
throughout much of the year as a result of high nutrient
inputs and prevailing winds (Fan et al. 1998; Cheng 2010).
This is also the area of the lake where black spot events are
most frequent. Black spot events caused the highly publi-
cized drinking water crisis in the city of Wuxi in 2007,
which directly affected the drinking water supply of some
two million inhabitants (Guo 2007; Kong et al. 2007). In
recent years, black spot events have occurred more widely
in Taihu according to our field observation, even in some
regions bloom happened not so frequently, like the north-
eastern bay of the lake, because once the bloom flowed into
the bay or along the shoreline, and degraded undisturbed for
a long time, the black spot event possibly came out.

Excessive anthropogenic nutrient loading, especially nitro-
gen (N) and phosphorus (P), promotes algal blooms (Rey-
nolds and Walsby 1975; Smith 1983; Xu et al. 2010; Abell et
al. 2010). Controlling nutrient input is the most effective way
of reducing the risk of blooms (Brookes and Carey 2011), and
significant efforts have made to reduce the external nutrient
loads in Taihu (Qin et al. 2006; Qin et al. 2010), but the
blooms have as yet shown no sign of decline. Sediments are
an important source of nutrients in shallow lakes (Sas 1989;
Marsden 1989; Jeppesen et al. 1991; Søndergaard et al. 1999,
2003), and blooms have been shown to stimulate the release of
nutrients from the sediment (Xie et al. 2003). Taihu is very
shallow (~1.9 m average depth) and sediment–water interac-
tions have been shown to play an important role in its nutrient
cycling dynamics (Qin et al. 2006; Zhu 2008). Therefore, an
investigation into how the formation and decay of blooms
affects nutrient cycling at the sediment–water interface is a

useful approach to understand and control the eutrophication
dynamics of Taihu.

The locations and movements of blooms in Taihu are
highly dependent on wind direction and circulation, and black
spot events tend to occur where these physical factors force
blooms to accumulate, making it difficult to understand the
process of nutrient release in such a big lake through field
observation. Instead, an experimental approach was taken to
determine the potential influence of the bloom on sediment
nutrient release. Previous experiments with sediment from
three sites in bloom-impacted Lake Taihu found that decaying
blooms could “pump” nutrients from sediments. The extent to
which this occurred was seen to vary from place to place,
depending on the physical–chemical properties of sediment
(Zhu et al. 2011). However, with only three sites, the results
could not be reliably extrapolated to the lake as a whole or
used to determine the potential for black spot events in other
areas. The primary objective of this study was to understand
the potential influence of algal bloom degradation on nutrient
release from sediment across the whole lake. By sampling
over a range of 22 sites in Taihu, we aimed to improve spatial
resolution sufficiently to relate sediment nutrient release data
to black spot events. In order to simulate black spot events and
estimate the potential for nutrient release, we introduced algal
scum to the water surface in sediment–water columns
obtained from different regions of the lake and incubated them
in dark to enhance algal degradation.We recorded the changes
in the physical–chemical parameters of water and sediment
during the subsequent incubation to describe the influence of
algal bloom degradation on sediment nutrient release.

Materials and methods

Site description

Sediments are distributed unevenly over the lake bed of
Taihu (Zhu et al. 2006), and selection of the 22 sample sites
was done according to this distribution (Fig. 1). The sites
were grouped into four representative regions based on
nutrient concentrations in the overlying water: river mouth
(RM), northern lake (N), western lake (W), and eastern lake
(E). As flow decreases away from the river mouth, nutrients
and other contaminants are deposited into the sediment.
Since most of the pollution in Taihu is produced in the
northwestern catchment, the river mouths in the north and
west are always perceived as the most polluted parts of the
lake. Furthermore, prevailing summer winds blow from
south-east, and the western lake features less embayment
and less macrophyte coverage than elsewhere, so total
nutrients levels are further elevated by accumulation of
blooms and sediment re-suspension. Algal blooms have
been concentrated in the northern lake in recent years (Qin

Fig. 1 Sites for sampling in Lake Taihu
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et al. 2007). The eastern lake is dominated by floating
macrophytes, and it is generally the clearest part of Taihu.

Experimental design

Chlorophyll-a (Chl-a), dissolved oxygen, and pH of lake
water were measured in situ with a Yellow Springs Instru-
ments (YSI) 6600 V2 multi-sensor sonde at three different
depths, which included “surface” (0.5 m below the water
surface), “middle” (near the middle of the water column
according to the depth in each site), and “bottom” (0.5 m
above the sediment).

Three water–sediment columns (50 cm long and 8.4 cm
internal diameter) were sampled at each site on the 2nd
(eastern and western lake) and 3rd August 2010 (river
mouth and northern lake). In addition, 5 L of lake water
was collected from each site. One core from each site was
sliced open to determine background nitrogen and phospho-
rus levels in the sediment. Information on sediment charac-
teristics, including particle size distribution, water content,
and porosity, was obtained from former determinations (Qin
2008). The remaining two cores were used in the incubation.
Data from the same region (four to seven replicates each)
were averaged and standard errors (SE) were calculated for
each parameter.

Overlying water was siphoned out of each column, mixed
with the 5 L of lake water from each site, and sieved through
a 75-μm mesh to exclude most phytoplankton. The water
was then returned to the experimental columns for the
incubation. The background concentrations of total nitrogen
(TN), total phosphorus (TP), dissolved total nitrogen
(DTN), dissolved total phosphorus (DTP), and dissolved
organic carbon (DOC) in water were determined.

Algal bloom scum was collected from Lake Taihu in the
Mashan Channel and concentrated by draining through a 75-
μm mesh to about 100 mg/L. Three treatments were set up
for each sampling site: (1) water–sediment columns (WS)
with half water (20 cm) and half sediment (20 cm), (2) water
columns (40 cm) with 100 mL algal scum added (WA), and
(3) water–sediment columns with 50 mL algal scum added
(WSA). The concentration of Chl-a in water from the WA
and WSA columns was about 5 mg/L, which is similar to
that recorded in field observations during previous Taihu
black spot events (Li et al. 2011; Qin et al. 2010).

All the columns were immersed in an opaque square vat
filled with lake water, kept at a constant 25°C, with the tops
of the columns extending 10 cm above the water line.
Columns were covered with aluminum foil and black cloth
to exclude light, except during sampling. Columns were
sampled nine times, first on day 0 (the initial value), then
after 1, 3, 5, 6, 7, 9, 11, and 17 days. Twenty milliliters of
water overlying the sediment was withdrawn through a tube
in each column. Samples were used to determine

concentrations of orthophosphate (PO4
3−-P) and ammonium

(NH4
+-N). In addition, water was sampled on the first (day

0) and last day (day 17) to determine TN and TP, DTN and
DTP, and Chl-a. Twenty milliliters of lake water from each
site was poured gently into tubes correspondingly along the
wall after sampling, making the water volume constant. DO,
pH, and water temperature were measured with YSI
6600 V2 multi-sensor sonde. After the incubation, all the
sediment cores were sliced across at 3 cm from the surface
to determine sediment TN, TP, P bound to Fe (Fe–P), and
total organic carbon (TOC) contents.

Chemical analysis

Concentrations of nutrients and Chl-a in the water column
were determined according to the textbook of Standard of
Lake Eutrophication Survey of China (Jin and Tu 1990).
The concentration of PO4

3−-P in filtered (through GF/F
glass membrane) water was determined by spectrophotom-
etry at 700 nm following the molybdenum blue method
(Murphy and Riley 1962). DTP in filtered water and TP
concentrations were analyzed as for PO4

3−-P, following
digestion with alkaline potassium persulfate (K2S2O8 +
NaOH). DTN in filtered water and TN concentrations were
analyzed after digestion at a wavelength of 210 nm. NH4

+-N
concentration was measured using a flow injection (Skalar
SAN++, and Delft in the Netherlands) analyzer. Chl-a con-
centration was determined by spectrophotometry at wave-
lengths of 665 nm and 750 nm, following extraction with hot
90 % ethanol (Jespersen and Christoffersen 1987). DOC
concentration was determined by the high-temperature com-
bustion on a TOC-V CPN (Shimadzu, and Kyoto in Japan)
analyzer. Sediments were air-dried and ground into powder
until they could pass a 150-μm mesh. A 0.02 g aliquot of
powder was put it into 25 mL deionized water to determine
sediment TN and TP with the same method as used for the
water samples. The powder was also used to determine Fe–P
content by SMT sequential extraction method (Ruban et al.
2001) and TOC content according to GB (national standard
method in Chinese) 7857-87 in China (Zhang and Xu 1984).

Statistical analysis

Mean value and standard error calculations and construction
of graphics were all carried out using Microsoft Excel 2007.
The differences in nutrient levels in different treatments or
different regions (Tables 2 and 3) were analyzed by Wil-
coxon signed rank test of non-parametric test with SPSS
(Statistical Program for Social Sciences) 13.0 software, and
significance levels reported as * (significant, 0.01≤p<0.05)
or ** (highly significant, p<0.01).
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Results and discussion

Water and sediment quality at different sites in Taihu

Background values for water quality in different sampling
areas are shown in Table 1. Chl-a level was highest in
samples taken near the river mouth, and decreased into
northern, western, and eastern parts of lake, respectively.
DO and pH were correspondingly highest at or near the river
mouth. The values of all parameters measured in the water
column differed from surface water to bottom water, with
the biggest differences within samples taken at the river
mouth. In most of the lake, the values of all parameters were
higher in surface waters than bottom water, but the reverse
was true in the eastern region, where highest values were
found at the bottom. This phenomenon may be attributable
to the presence of submerged plants in the eastern lake. TN
and TP concentrations in the river mouth and western lake
were higher than those in the northern and eastern lake. The
polluted river was clearly responsible for the large nutrient
loads recorded at the river mouth, and high rates of sediment
resuspension by wind-induced waves in the western lake
increased nutrient levels there. DTN concentration was
highest in the western lake and a little lower at the river
mouth, which could be due to the uptake of algal growth in
the river mouth region in summer. DTP was a little higher at
the river mouth than in other regions. DOC also showed
highest values at the river mouth.

Sediment properties vary in the different sampling areas (Qin
2008). Sediments inmost parts of the lake are silt or clay, only in
eastern lake range from silt to sand. Particle size distribution in
the north is around 11–15 μm and in the south it ranges from 15
to 27 μm. Water content is lower in river mouth and western
lake (35–65 %), and higher in northeastern and southeastern
lake (50–80%). Correspondingly, sediment porosity is higher in
river mouth and western lake (1.3–1.8 g/m3), and lower in
northeastern and southeastern lake (1.1–1.4 g/m3). TOC content
shows highest value (0.91–1.61 %) in southeastern lake, where
it is covered with floating macrophytes, and shows lowest value
(0.66–0.91 %) in southwestern lake. TOC content in sediment
from northern lake and river mouth is 0.71–1.23 % and 0.94–
1.33 %, respectively.

Changes of Chl-a, DO concentrations, and pH in overlying
water during incubation

Chl-a, which represents the biomass of phytoplankton, de-
creased gradually during the dark incubations of sediment
cores. The final Chl-a concentrations in the WA columns
from in each region were 1,733 μg/L (RM), 1,725 μg/L (N),
1,917 μg/L (W), and 2,496 μg/L (E); in the WSA columns,
the values were 690 μg/L (RM), 1,660 μg/L (N), 1,607 μg/
L (W), and 1,611 μg/L (E), respectively. The decreases in

Chl-a suggested that more than two thirds of algal biomass
had declined, and with greater declines in WSA than in WA
columns, in all regions. Chl-a levels in both WA and WSA
columns declined most in samples from the river mouth, but
variability between regions was higher in the WSA treat-
ment than in WA. In the WSA treatments, nearly 90 % of
algae decayed in columns sampled from river mouth, where-
as samples from the eastern lake lost only half their algae.

DO concentrations in overlying water decreased strongly in
both WA and WSA treatments, with similar changes observed
in each of the four regions (Fig. 2). Rapid declines from around
50% to 0%were observed between days 3 and 5 of incubation
and levels remained close to 0 % for the remainder of the
experiment. DO levels showed least variation in WS columns
and the lowest values in samples obtained from river mouth.

The presence or absence of algae had a marked effect on the
pH of overlying water. In water–sediment columns without
algae, pH increased slightly over the first few days then de-
creased again back to the initial value. In contrast, in columns
with added algae, pH showed an initial reduction to around 7,
where it remained inWA columns, while rallying later inWSA.

Influence of algal bloom degradation on nutrients
in overlying water

The water in the WSA columns became black and smelly
during incubation, while in WA columns the water went
very green. In the absence of algal scum (WS), PO4

3−-P
concentrations in the overlying water remained stable at
about 0.022–0.066 mg/L in samples from the northern,
western, and eastern lake, while showing a relatively strong
increase to 1.216 mg/L in samples from the river mouth. In
both WA and WSA treatments, meanwhile, PO4

3−-P con-
centrations exhibited an enormous increase (Fig. 2). The
initial concentration of PO4

3−-P averaged 0.003 mg/L, a
value that typically increased slowly during the first days
of incubation. Only in samples from the river mouth did it
show a considerable increment in first 3 days (Fig. 3). Coin-
ciding with algal decay later in the incubation period, PO4

3−-P
concentrations showed a large increase in the WA and WSA
columns. WA samples from different regions showed very
similar trends, while WSA columns showed some regional
variation, with the highest values in samples from the river
mouth. Final PO4

3−-P concentrations reached 7.138–
7.686 mg/L in WA and 5.290–7.848 mg/L in WSA, some
1,800–2,600 times the initial values. Apparently, the regional
variations in the final concentrations were smaller in the WA
treatment than in WSA. In columns obtained from the river
mouth, the final PO4

3−-P concentration in WA columns was
slightly lower than for WSA, while elsewhere PO4

3−-P levels
were always higher in WA than in WSA.

NH4
+-N concentrations in overlying water also showed a

strong increase after 3 days, with WA samples from different
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areas exhibiting a similar increasing trend while in the WSA
treatments, samples from the rivermouth yieldedhigher values.
In the WS columns, however, concentrations of NH4

+-N

increased in all cases and reached the comparatively high value
of 2.925 mg/L in samples from the river mouth (Fig. 2). In
contrast to the trend observed for PO4

3−-P, NH4
+-N

Table 1 Physical–chemical and
nutrients values in lake water in
each region

RM N W E

Chl-a (μg/L) Surface 25.1±5.3 4.3±0.6 3.5±1.5 1.9±0.4

Middle 20.4±0.4 4.6±0.6 3.7±1.9 2.5±0.7

Bottom 10.0±2.7 4.5±1.0 3.7±1.2 3.3±0.8

DO (%) Surface 212±36 136±27 118±17 122±9

Middle 166±5 126±14 116±15 128±18

Bottom 40±0 79±31 76±16 133±27

pH Surface 9.19±0.27 9.19±0.30 8.85±0.36 8.75±0.17

Middle 8.84±0.19 9.10±0.21 8.80±0.33 8.82±0.21

Bottom 7.92±0.48 8.52±0.65 8.21±0.16 8.87±0.24

TN (mg/L) 2.295±0.040 1.684±0.273 2.418±0.254 1.790±0.761

DTN (mg/L) 1.339±0.198 1.374±0.267 2.125±0.313 1.355±0.501

TP (mg/L) 0.129±0.038 0.041±0.005 0.047±0.017 0.022±0.004

DTP (mg/L) 0.045±0.021 0.020±0.008 0.018±0.005 0.009±0.001

DOC (mg/L) 5.57±0.45 3.92±0.69 2.81±0.61 3.24±0.26
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Fig. 2 DO, PO4
3—P, and NH4

+-N concentration in overlying water in each treatment
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concentrations did not increase consistently. They sometimes
decreased during the final days of the incubation, especially in
WS treatments. This may have been due to denitrification,
considering the lowDO and high NH4

+-N values in water. The
final NH4

+-N concentrations reached 42.018–53.153 mg/L in
WA and 32.370–71.575 mg/L in WSA, 1,600–3,500 times the
initial values. Variation between WA samples from the four
regions was again much smaller than forWSA.

TP and TN concentrations in water were increased dramat-
ically. Final TP concentrations in the WA columns reached
9.490–11.138 mg/L for the four regions of the lake and TN
reached 138.551–164.293 mg/L. Values for WSA treatments
were lower ingeneral,with finalTPreaching8.654–11.317mg/
L in the four regions and TN reaching 121.034–146.545mg/L.

Compared to the WS columns, which lacked any addi-
tional algal detritus, samples in the WA and WSA columns
exhibited a strong decrease in DO and an increase in nutrient
levels in overlying water. Significant between-treatment
differences in the concentrations of PO4

3−-P and NH4
+-N

in overlying water for the four regions are shown in Table 2.
Nearly all the differences in PO4

3−-P levels between WS and
WA, and between WS and WSA, rate the presence of algae
as significant (p<0.05) or highly significant (p<0.01), while
nearly all the differences between WA and WSA were not
significant (p≥0.05). This indicates that a dense algal bloom
will have a very considerable effect on levels of PO4

3−-P in
lake water, regardless of the presence or absence of under-
lying sediments. Nutrient levels increase dramatically as
accumulated algae die off and degrade. For NH4

+-N, nearly
all the differences between treatments were significant. In
columns containing algae, levels of NH4

+-N in overlying
water in were much higher than in WS columns.

However, the response to algal decay varied somewhat in
different regions of the lake. Significant regional differences
in the concentrations of PO4

3−-P and NH4
+-N in overlying

water from all three treatments are shown in Table 3. Highly
significant regional differences in nutrient levels occurred in
WS, while the differences between each pair of regions were
more significant in WSA columns than in WA. The observed
differences in nutrient levels between regions inWS andWSA
reflect the different physical and chemical characters of the
respective sediments. Among the columns with no sediment
(WA), only samples from the cleaner eastern lake exhibited
PO4

3−-P levels that differed significantly from those else-
where. This difference does not appear to be caused by varia-
tions in lake water quality. TP was much higher in sediments
from the river mouth than other regions before incubation, and
showed a marked decline after incubation in WSA columns,
while levels in other samples all increased, resulting in large
differences in PO4

3−-P concentrations of overlying water be-
tween RM-N, RM-W, and RM-E. A significant difference in
NH4

+-N concentrations was observed between water overly-
ing western lake samples and that from the other regions. The
western lake yielded the lowest TN contents in sediment and
showed the lowest increase in water NH4

+-N concentration in
the WS treatment.

In addition to differences in overall quantities of
nutrients, different regions also showed different rates of
nutrient increase. Figure 3 shows incremental percentages
of PO4

3−-P accumulation at days 0–3, days 3–6, days 6–9,

0% 20% 40% 60% 80% 100%

E

W

N

RM

day 0-3 day 3-6 day 6-9 day 9-17

0% 20% 40% 60% 80% 100%

E

W

N

RM

Fig. 3 Increments of PO4
3−-P concentration change over time for each

region in WA (above) and WSA (below). The black parts in the figure
represent the percentage of PO4

3−-P increment in first three days. PO4
3−-P

did not show comparable increment during day 0-3 in WA, while showed
a significant increase in RM and a slight increase in N inWSA. The light
gray, white and dark gray parts represent the percentage of PO4

3−-P
increment during day 3-6, 6-9 and 9-17, respectively

Table 2 Significant differences of PO4
3−-P and NH4

+-N concentrations in overlying water between each two treatments in four regions

RM N W E

PO4
3−-P WS-WA −1.836 −2.073* −2.666** −2.547*

WS-WSA −2.245* −2.240* −2.521* −2.251*

WA-WSA −2.547* −0.652 −0.533 −0.652

NH4
+-N WS-WA −2.100* −2.100* −2.100* −2.100*

WS-WSA −2.073* −2.100* −2.100* −2.100*

WA-WSA −2.666** −0.840 −2.521* −2.100*

The significant levels are reported as * (significant, 0.01<p<0.05) and ** (highly significant, p<0.01)
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and days 9–17 of incubation. In the WA treatment, the
increments for each of the four periods were almost the
same for the different regions. Only in the river mouth did
it increase slightly in the first 3 days. The WSA treatment
showed that in the presence of sediment, PO4

3−-P in the
overlying water increased considerably in river mouth sam-
ples over the first 3 days. There was also a slight increase in
the northern lake, while hardly any increases were observed
in samples from the western and eastern regions. Algal
decay led to a particularly rapid elevation of nutrient levels
in river mouth samples. PO4

3−-P concentrations in the river
mouth differed significantly between algal treatments with
and without sediment (Table 2), though this could be due to
different response times. The increments of NH4

+-N accu-
mulation in the river mouth WSA treatment were also dis-
proportionately large in the early days, but the difference
was not as pronounced as that in PO4

3−-P concentration.

Influence of algal bloom degradation on nutrients
in sediment

Sediment nutrient levels before and after incubation are
shown in Fig. 4. After 17 days’ incubation, TN and TP
had been released from sediments in WS columns in almost
all regions, in line with the findings of an earlier investiga-
tion (Zhang et al. 2006). As a store and supplier of nutrients,
sediment can be influenced by external stimulation. Nutrient
storage in sediment is stable when external loading is high,
but flexible at lower levels so that nutrients can be released
when they are needed (Søndergaard et al. 2001). In Lake
Taihu, nutrients are generally more concentrated in sediment
than in water, and thus have a tendency to be released into
overlying water even when there is no disturbance. In the
absence of algae (WS), TN and TP levels recorded at the
end of the incubation had nearly always decreased. Nutrient
release from sediment was highest in the river mouth area,
while initial concentrations of N and P were the highest in
overlying water and especially in sediment. The greatest
increase of N and P in water was recorded there.

In the presence of algae, sediment nutrient contents in-
creased in most regions, leading to a disparity between WS
and WSA columns. We used sediment porosity values for

each region (Qin 2008) to convert the units of nutrient
concentration in sediment from milligrams per kilogram into
milligrams per liter and thus to show differences in phos-
phorus concentration between water and sediment (Fig. 5).
The TP changes in sediment observed in the WSA treatment
compared to background levels seemed relatively small
(Fig. 4) and did not show statistically significant differences
(p>0.05), but the changes were comparable with differences
of PO4

3−-P in final water between treatments WA and WSA
(Fig. 5), which indicated the differences of available phos-
phorus concentration in water column between WA and
WSA may be induced by phosphorus exchange between
water and sediment. We also used changes in post-
incubation sediment nutrient levels (Fig. 6) to indicate the
risk of nutrient release from sediment during a black spot
event. The changes in sediment nutrient levels after

Table 3 Significant differences
of PO4

3−-P and NH4
+-N con-

centration in overlying water
between pairs of regions in three
treatments

The significant levels are
reported as * (significant, 0.01<
p<0.05) and ** (highly signifi-
cant, p<0.01)

RM-N RM-W RM-E N-W N-E W-E

PO4
3−-P WS −2.666** −2.666** −2.666** −2.547* −2.547* −2.666**

WA −1.718 −1.599 −2.666** −0.178 −2.547* −1.481

WSA −2.073* −2.666** −2.666** −2.073* −2.073* −0.533

NH4
+-N WS −2.429* −2.668** −2.073* −2.549* −1.481 −2.547*

WA −0.889 −0.652 −1.244 −1.244 −1.836 −0.889

WSA −2.192* −1.955 −2.666** −2.073* −0.652 −2.429*
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Fig. 4 TN and TP contents in sediment before incubation (background
value) and after incubation in WS and WSA
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incubation with algal scum varied from region to region.
The decay of algal material in the WA and WSA columns
lead to elevated post-incubation levels of sediment TN in
samples from all regions, and TP levels increased in all
sediments but those from the river mouth.

The degradation of algae consumes much oxygen, creat-
ing anoxic conditions in which Fe–P is easy to release from
sediment. Fe–P content in sediment from river mouth de-
creased for 21 % (from 493 to 374 mg/g) and TP content
decreased for 4 % after incubation. However, the products
of algal decay lead to a surplus of nutrients in the water, and
changes in the ratio of water- to sediment-bound nutrient,
which may also influence nutrient cycling (Søndergaard et
al. 2003). The Fe–P content in other three regions increased
26 % (from 107 to 132 mg/g) and TP increased 5 % after
incubation. Nitrogen was released from sediments from
almost all regions during algal decay. In a previous experi-
ment, using a less concentrated algal scum, nutrients were
released from sediments in the river mouth and other areas
where phytoplankton was dominant, while sediment nutri-
ent levels increased in areas dominated by macrophytes
(Zhu et al. 2011). Nutrient cycling at the sediment–water
interface was influenced by both DO and by nutrient con-
centration gradients that resulted from algal decay.

Shorelines in northwestern parts of Taihu are prone to
massive algal blooms, which accumulate and decay, rendering
large areas of water hypoxic/anoxic, elevating nutrient levels,
and creating the potential for subsequent black spot events,
just like the phenomenon in the columns of the experiment.
Sediment is actively involved in the process of bloom degra-
dation in this large, shallow lake and can either stimulate or
delay the process. Black spot events occurred mainly in the
northwestern lake, and we simulate the process in all over the
lake to see the potential influence in different regions. Accord-
ing to the results of the experiment, the polluted sediment at

river mouth carries the greatest risk of fostering black spot
events. Elsewhere in the northwestern lake, however, surplus
nutrients resulting from massive algal decay might still be
adequately absorbed by sediment.

Conclusions

Based on the experiment, the decay of algal blooms leads to
nutrients increase in water overlying the lake bottom and

Fig. 6 Changes in TP and TN concentrations in sediment after
incubation
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Fig. 5 Changes in P levels in water and sediment after incubation of
samples from four regions. The white bars represent the differences of
PO4

3−-P concentration betweenWSA andWA in overlyingwater. PO4
3−-P

concentration in WSA was higher than in WA in river mouth and
lower in three other regions. The black bars represent the increments
of TP in sediment after incubation
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changes in nutrient flux at the sediment–water interface.
However, the presence of sediments can influence these
changes and, in comparatively clean areas, may even sub-
stantially weaken the impact of intense blooms by absorbing
the surplus N and P resulting from algal decay. Different
regions of Taihu show different responses to algal blooms in
terms of overall nutrient levels and rates of nutrient release.
The nutrient-rich sediments located near the river mouth
carry the greatest risk of accelerating and enhancing black
spot anoxia events, thus special attention should be paid to
algal accumulations there.
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