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Abstract Enrichment of waterways with nitrogen (N) and
phosphorus (P) has accelerated eutrophication and promoted
cyanobacterial blooms worldwide. An understanding of
whether cyanobacteria maintain their dominance under accel-
erated eutrophication will help predict trends and provide
rational control measures. A mesocosm experiment was con-
ducted under natural light and temperature conditions in Lake
Taihu, China. It revealed that only N added to lake water
promoted growth of colonial and filamentous cyanobacteria
(Microcystis, Pseudoanabaena and Planktothrix) and single-
cell green algae (Cosmarium, Chlorella, and Scenedesmus).
Adding P alone promoted neither cyanobacteria nor green
algae significantly. N plus P additions promoted cyanobacteria
and green algae growth greatly. The higher growth rates of
green algae vs. cyanobacteria in N plus P additions resulted in
the biomass of green algae exceeding that of cyanobacteria.
This indicates that further enrichment with N plus P in eutro-
phic water will enhance green algae over cyanobacterial

dominance. However, it does not mean that eutrophication
problems will cease. On the contrary, the risk will increase due
to increasing total phytoplankton biomass.
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Introduction

Nitrogen (N) and phosphorus (P) are essential nutrients to
support the synthesis of nucleic acids, ATP, or proteins, which
are necessary for cell division and growth (Conley et al.
2009). The cycles of the key macronutrients N and P have
been massively altered by anthropogenic activities (Canfield
et al. 2010; Elser et al. 2007). Over-enrichment with N and P
promotes eutrophication of water bodies and stimulates algal
blooms (Brookes and Carey 2011; Conley et al. 2009; Paerl
et al. 2011a). Increasing nutrient loading (especially P) in
aquatic ecosystems can enhance cyanobacterial dominance
in phytoplankton communities (Steinberg and Hartmann
1988). Downing (Downing et al. 2001) suggested that the risk
of dominance by cyanobacteria is only 0–10 % when total
phosphorus (TP) concentration ranged from 0 to 30 μg L−1,
rising abruptly to about 40 % between 30 and 70 μg L−1,
reaching an asymptote at around 80 % near 100 μg L−1 in
temperate lakes. When P concentration exceeded 0.2 mg L−1

and N concentration was greater than 0.8 mg L−1, growth of
the bloom-forming cyanobacteria Microcystis spp. was not
nutrient-limited in Lake Taihu, China (Xu et al. 2010). Colo-
nial or filamentous cyanobacterial dominance in eutrophic
lakes may be attributed to their lower loss rate relative to other
phytoplankton groups (Agusti et al. 1990; Knoechel and Kalff
1975). Large colonial cyanobacteria with sheaths and muci-
lage can prevent cells being grazed by zooplankton grazing,
viral or bacterial attack, desiccation, and other potential
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negative environmental factors, which play an important role
in the competitive advantage over other phytoplankton taxa
(Cyr and Curtis 1999; Kearns and Hunter 2001; Wu and Kong
2009; Yamamoto et al. 2011).

However, there have also been reports of phytoplankton
community shifts to greater dominance by chlorophyta (green
algae) under hypertrophic conditions (Jensen et al. 1994). A
number of field observations have also shown that phyto-
plankton species got smaller (miniaturization) in community
succession as eutrophication proceeds (Chen et al. 2003,
2010; Jensen et al. 1994). Hence, an understanding of whether
cyanobacteria maintain their dominance under accelerated
eutrophication will help predict trends and provide rational
control measures.

Here, a mesocosm experiment was executed to evaluate the
responses of phytoplankton community groups to continuing
increases of N and P availability in Lake Taihu, China.

Experimental procedures

Experimental design

A series of bioassays was set up with treatments of lake water
containing various N and P concentrations to assess impacts
of these nutrients on phytoplankton community composition.
Thirty liters (30 L) of lake water was pumped into white
plastic buckets (48 buckets, each bucket had a maximum
volume of 35 L) on 10 September 2012. They were incubated
under natural light and temperature conditions in a pond
located at the lake shore of the Taihu Laboratory of Lake
Ecosystem Research (TLLER), located near Wuxi, China. N
and P were added as NaNO3 and KH2PO4, respectively, as
three treatments: N only, P only, and N plus P. The concen-
trations of nutrient after additions were 2, 4, 8, 16, and 32
times of the controls (lake water placed in mesocosms without
nutrient additions, Table 1). Each treatment had three repli-
cates. Physicochemical parameters were measured between
0800 and 0900 hours on days 0, 3, 6, 9, 12, 15, and 18.

Coinciding with the sampling of physicochemical variables,
0.5 L of water was sampled from each bucket in order to
determine phytoplankton cell concentrations, community
composition, and concentration of chlorophyll α (Chlα). Me-
teorological conditions were recorded everyday. Each bucket
was stirred daily at 0700 and 1900 hours. Plastic buckets were
left open and exposed to natural light, but capped during rainy
days to prevent rain water from entering.

Sampling and analyzing method

Physico-chemical parameters, including water temperature
(WT), dissolved oxygen (DO), DO percent saturation
(DO%), pH, and electrical conductivity (EC) were measured
with a Yellow Springs Instruments (YSI) 6600 multi-sensor
sonde.

Phytoplankton samples were preserved with Lugol’s iodine
solution (2 % final concentration) and sedimented in a plastic
bottle for 48 h. Cell density was measured with a Sedgwick
Rafter counting chamber under magnification of ×200–×400.
Phytoplankton species were identified according to Freshwa-
ter Algae in China (Hu et al. 1980). Algal biovolumes were
calculated from cell numbers and cell size measurements.
Conversion to biomass was calculated by assuming that
1 mm3 of volume was equivalent to 1 mg of fresh weight
biomass (Chen et al. 2003). The concentrations of Chlα were
determined spectrophotometrically after extraction in 90 %
hot ethanol (Pápista et al. 2002).

Statistical analysis

Data are presented as means±SD. Significant differences
between controls and treated samples were determined by
ANOVAwith Tukey’s post hoc test. Statistical analyses were
conducted with SPSS17.0.

The growth rate (μ) of cyanobacteria and chlorophytes
under each set of treatment was calculated according to the
modified exponential growth equation,

Table 1 Overview of the experimental treatments and different forms of N and P in lake water (mg L−1)

TP TN TDP PO4
3−-P TDN NH4

+-N NO3
−-N

Lake water 0.082 1.55 0.053 0.008 0.95 0.87 0.063

2 times added 0.164 3.1 0.164 3.1

4 times added 0.328 6.2 0.328 6.2

8 times added 0.656 12.4 0.656 12.4

16 times added 1.312 24.8 1.312 24.8

32 times added 2.624 49.6 2.614 49.6

Nitrogen and phosphorus were added as NaNO3 and KH2PO4, respectively, corresponding to concentrations 2, 4, 8, 16, and 32 times the ambient
concentration. NaNO3 and KH2PO4 were dissolved in pure water before they were added to buckets to increase concentrations of N, P, and N plus P to
the set level. In water from lake, TN: TP=18.9:1, TDN: TDP=17.9:1. Both N and P added treatment buckets were TN: TP=18.9:1
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μ ¼ ln X 2

.
X 1

� �.
T2−T 1ð Þ

where X1 is the concentration of biovolume of green algae or
cyanobacteria at the initial incubation stage (T1), and X2 is the
concentration of biovolume at day 18 (T2).

Results

Environmental factors

The weather conditions during the experiment period were
cloudy (days 0–2, 4, 11, 17–18), rainy (days 3 and 12), and
sunny (days 5–10 and 13–16). Air temperature ranged from
16 to 28 °C. Water temperature ranged from 18.8 to 22.5 °C.
The range of pH values, DO, DO%, and EC in N plus P
additions was clearly greater than those observed in N addi-
tions, P additions, or controls (Table 2).

Biovolume of total phytoplankton varied after N, P, and N
plus P additions

Initial total phytoplankton biovolumewas 36.56±1.07mg L−1

in lake water (Fig. 1). The addition of N (2–32× initial con-
centration) resulted in growth that was significantly greater
than controls which received no nutrients, especially after
15 days of incubation (p<0.05; Fig. 1a). Total algal
biovolume in the P addition (2–32× initial concentration)
treatments appeared slightly higher than controls, but this
was not significant (p>0.05; Fig. 1b). Total biomass in
buckets with N plus P added was much higher than the control
and N only additions especially from day 6 (p<0.01; Fig. 1c).
The highest recorded chlorophyll was 481.43±29.71 mg L−1

in 8× N plus P added treatment on day 18. There were no
significant differences between 8 and 32× (p>0.05) which
were more than 4× (p<0.01; Fig. 1c) and 2× was less than
4× (p<0.01; Fig. 1c).

The initial Chl-α in lake water was 20.46±0.82 μg L−1.
The linear relationship between total biovolume and Chl-α in
all buckets was significant (Fig. 2).

Growth of cyanobacteria and chlorophytes varied after adding
N, P, and N plus P

The main phytoplankton phyla were cyanobacteria
(Cyanophyta) and chlorophytes.

The main cyanobacterial genera were Microcystis,
Pseudoanabaena, and Planktothrix. These species were pres-
ent as large colonies or filaments (Table 3). The initial
cyanobacterial biomass was 16.38±1.50 mg L−1 (Fig. 3).
Biovolumes of cyanobacteria in all N addition treatments were
significantly higher than the controls (p<0.05; Fig. 3a1).
There were no significant changes in cyanobacterial
biovolumes between the P addition treatments and controls
(p>0.05; Fig. 3b1). Cyanobacterial biomass in buckets with
added N plus P was much higher than the control and N only
additions especially from day 9 (p<0.01; Fig. 3a1 and c1).
The peak value was 179.11±11.19 mg L−1 in 8× N plus P
treatments on day 18.

The main Chlorophyta genera wereCosmarium,Chlorella,
and Scenedesmus. These species grew as relatively small
colonies and single cells and their cell and colony sizes were
much smaller than cyanobacteria on average (Table 3). Initial
Chlorophyta biomass in lake water was 13.44±1.25 (Fig. 3).
Biovolume of Chlorophyta in all N added treatments were
higher than controls especially 8−32× addition from day 6
were significantly (p<0.05; Fig. 3a2). Chlorophyte biomass in
P addition treatments was higher than controls but not signif-
icantly (p>0.05; Fig. 3b2). In buckets with both N and P
added, Chlorophyta biovolume was much higher than control
and N only additions especially after day 6 (p<0.01; Fig. 3a2,
c2.). The highest value was 301.75±23.12 mg L−1 in 8× N
plus P added treatment on day 15. In controls, cyanobacterial
biovolumes showed no significant change, but Chlorophyta
biovolume increased significantly (p<0.01; Fig. 3).

The initial proportion of cyanobacteria as part of total
phytoplankton biomass was 44.84±3.45 %. There were
no significant impacts on the proportions of cyanobacteria

Table 2 Range of pH values, DO, DO%, and EC in various treatment

Parameters Controls N additions P additions N plus P additions

pH 8.91–9.41 8.79–9.46 8.97–9.54 9.45–11.28

DO (mg L−1) 8.95–12.24 9.27–14.66 9.08–11.13 9.1–19.64

DO% (%) 102.9–113.4 105.3–120.9 101.1–124.7 101.4–232.3

EC (μS cm−1) 495–638 439–1211 428–698 488–1346

Dissolved oxygen (DO), dissolved oxygen percentage (DO%), pH, and electrical conductivity (EC) were measured between 0800 and 0900 hours on
days 0, 3, 6, 9, 12, 15, and 18 by a Yellow Springs Instruments (YSI) 6600 multi-sensor sonde

Environ Sci Pollut Res



in only N or P treatments (p>0.05; Fig. 4a1, b1). How-
ever, N plus P additions promoted proportions of
cyanobacteria declined at day 3 and continued to decrease

at day 6 (p<0.01). However, at day 9 and from then on,
they increased (p<0.05; Fig. 4c1) but are still lower
than controls.

Fig. 1 Variations of total
phytoplankton biovolume in
buckets added N (a), P (b), and N
plus P (c). Controls were the same
in a, b, and c
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The initial proportion of green algae to total phytoplankton
biomass in lake water was 36.77±3.32 %. The relative pro-
portion of green algae changed very little compared with
controls when N or P were added individually (p>0.05;
Fig. 4a2, b2). However, simultaneous additions of N and P
increased the proportion of chlorophytes significantly when
compared to the controls (p<0.01; Fig. 4c2). The proportion
of cyanobacteria declined, while chlorophytes increased sig-
nificantly relative to the controls (p<0.05; Fig. 4).

Growth rates of cyanobacteria ranged between 0.004±
0.009 and 0.133±0.005 day−1 and that of chlorophytes ranged
between 0.027±0.006 and 0.173±0.003 day−1 (Fig. 5).
Growth rates of cyanobacteria in buckets receiving N addi-
tions were higher than controls (p<0.05), and there was no
significant change between P added alone and controls
(p>0.05). Chlorophyta growth in buckets to which N was
added was higher than controls (p<0.05). There were no
significant differences between treatments with added P alone
and the controls (p>0.05). However, N plus P additions
promoted a much higher growth rate of both cyanobacteria
and chlorophytes than the controls (p<0.01). In addition,
growth rates of chlorophytes were much higher than those
for cyanobacteria (p<0.01).

Heterocystous nitrogen-fixing cyanobacteria were not ob-
served in the initial samples, controls, N addition, and N plus
P addition treatments. However, they were observed in P
addition treatments by day 6. The biomass magnitude of
nitrogen-fixing cyanobacteria ranged from 0.11 to
0.62 mg L−1 on day 18.

Discussion

Relative to controls, the treatments receiving only N promoted
the growth of colonial and filamentous cyanobacteria and
single cell chlorophytes (much smaller than cyanobacterial
species, Table 3). The addition of P alone promoted neither
cyanobacteria nor chlorophytes significantly. Interestingly, N
plus P additions greatly stimulated cyanobacteria and
chlorophytes growth. In all treatments, including the controls,
chlorophyte growth rates were higher than those for
cyanobacteria (Fig. 5), which resulted in the biomass of
chlorophytes increasing more rapidly than cyanobacteria in
N plus P treatments.

Results from this study appear to contradict previous stud-
ies which indicated that cyanobacteria became increasingly
dominant as eutrophic conditions increased (Downing et al.
2001; Pick and Lean 1987; Smith 1986; Trimbee and Prepas
1987).

One of the reasons why chlorophytes outcompete
cyanobacteria at high nutrient levels may be the balance
between the rates of cellular growth and losses (Jensen et al.
1994). Chlorophytes have a high demand for nutrients as
reflected in their high growth rates. In contrast, cyanobacteria
have a lower demand for nutrients because of their relatively
low growth rates (Reynolds 1988). Hence, chlorophytes dom-
inated in hypertrophic shallow lakes as the fast-growing
chlorophytes were a superior competitor compared with the
relatively slow-growing cyanobacteria (Jensen et al. 1994).

Algal particle (single cell or colony) sizes play an important
role in green algae dominance over cyanobacteria. It is one of

Fig. 2 The relationship between total phytoplankton biovolume and
Chl-α in all buckets from days 0 to 18

Table 3 Main genera of cyanobacteria and green algae in the experiment

Genus Morphology Size (μm)

Cyanobacteria Microcystis Colonial, near spherical Diameter 205±21

Pseudoanabaena Filamentous 380±121 long, 2±0.5 wide

Planktothrix Filamentous 421±129 long, 5±2 wide

Chlorophyta Cosmarium Near spherical Diameter 25±2.2

Chlorella Spherical Diameter 11±2.5

Scenedesmus Meniscus 20±10 long, 7±2 wide

Algal particle sizes measured 50 individuals in all samples, include initial lake water. Except for colony sizes ofMicrocystis, which have declined (Ma
et al. 2014), all other genera have no significant change in experimental period
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the most pervasive patterns in biology that maximum intrinsic
population growth rate of organisms decrease when their body
size increasing (Fenchel 1974). This has major implications
for the ecology and evolution of all organisms (Brown et al.
2004). Phytoplankton competitive ability decreases for N and
P uptake as cell size increases (Edwards et al. 2011). At high
ambient concentrations, algal species having large particle
sizes possess high ability to take up N (relative to their
requirements) and large storage capacity, but their growth is

limited by the conversion of nutrients into biomass (Marañón
et al. 2013). This makes large cells especially well adapted for
taking advantage of intermittent nutrient supply (Litchman
et al. 2007). Therefore, chlorophytes with small particle sizes
are capable of higher growth rates than large colonial and
filamentous cyanobacteria, especially under the influence of
adequate N and P supplies.

In addition, predation may play an important role in wheth-
er chlorophytes or cyanobacteria dominate under in different

Fig. 3 Variations of cyanobacteria (a1, b1, c1) and chlorophyta (a2, b2, c2) biovolume in buckets added N (a), P (b), and N plus P (c). Controls were the
same in all treatments
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nutrient regimes (Bergquist and Carpenter 1986; Kiørboe
1993). Watson (Watson et al. 1992) suggested that total bio-
mass is dominated by edible algae (<35–50 μm) if TP con-
centration is below 8–10 μg L−1; above this TP concentration
range, there is a transition zone in which both edible and
inedible (>35–50 μm) biomass take similar proportion of
relative abundance in total phytoplankton; when concentra-
tions of TP increase to about 30 μg L−1, the inedible algae
rapidly dominate the phytoplankton community; if TP>

50μg L−1, the phytoplankton biomass consists almost entirely
of large, inedible algae. The smaller size algae have higher
maximum growth rate but also possibly a greater loss rate
because of predation or death by viral or bacterial attack
(Chisholm 1992). Large colonial or filamentous cyanobacteria
having sheaths and mucilage can prevent cells from being
grazed by zooplankton, and protects cells against viral and
bacterial attack, desiccation, and other potential negative en-
vironmental factors (Cyr and Curtis 1999; Kearns and Hunter

Fig. 4 Variations of cyanobacteria (a1, b1, c1) and green algae (a2, b2, c2) proportion (bio volume) in buckets added N (a), P (b), and N plus P (c).
Controls were the same in all treatments
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2001; Scheffer et al. 1997; Wu and Kong 2009; Yamamoto
et al. 2011). Large colonial algae also favor buoyancy and
stimulate the development of beneficial bacterial associations
(Munoz and Guieysse 2006; Reynolds et al. 1987). Hence,
they dominate in the succession of phytoplankton community
in eutrophic lakes and form blooms under favorable weather
and hydrodynamic conditions. However, when nutrients con-
tinue to increase, the growth rate of small-size algae will be
much higher than the loss rate (although predation pressure
may increase) due to greater nutrient availability (Li et al.
2013; Wilson et al. 2010). Microbial miniaturization has been
shown to occur during periods of stress to increase the surface
to volume ratio of cells (Morita 1975). Therefore, dominant
phytoplankton species shifted from large colonial or filamen-
tous cyanobacteria to smaller size algae. Field observations
also support these results (Chen et al. 2003, 2010; Jensen et al.
1994).

According to observations in 178 Danish shallow lakes,
heterocystous cyanobacteria were dominant at low total P
(TP) (<0.25 mg L−1) and non-heterocystous cyanobacteria at
intermediate TP (0.25–0.8 mg L−1), while chlorophytes often
were dominant at high TP (>1 mg L−1) (Jensen et al. 1994). In
our study, N plus P addition (4.65 mg L−1≤TN≤
51.15 mg L−1; 0.246 mg L−1≤TP≤2.706 mg L−1) promoted
increased the biomass of small particle size (small colony or
single cell) chlorophyte than large colonial or filamentous
cyanobacteria (Fig. 3c1, c2; Fig. 4c1, c2).

The bioassays also revealed N limitation (Fig. 1a, b),
which has been observed in Lake Taihu during summer and
autumn (Xu et al. 2010; Paerl et al. 2011b). N additions
promoted cyanobacterial and chlorophyte growth simulta-
neously, and the growth rates of chlorophytes than
cyanobacteria were low resulted in there was no obvious
difference in phytoplankton community with controls
(Fig. 5). When P was added, neither cyanobacterial nor
chlorophyte growth were promoted relative to controls

(Fig. 3). P addition promoted the occurrence of nitrogen-
fixing cyanobacterial species with heterocyst. However,
they only cont r ibuted a small f ract ion of to tal
cyanobacterial biomass. This is also shown by Paerl et al.
(2014).

It appears that cyanobacterial dominance may only re-
spond to specific nutrient concentrations. This is also
shown in Lake Taihu by Chen et al. (2003). Blooms ini-
tially dominated by large colonial or filamentous
cyanobacteria shifted to smaller particle (rather than cell)
algae when N and P loads continued to increase during the
hyper-eutrophication process. However, it does not mean
that eutrophication problems will disappear. On the con-
trary, the risk will increase. Total phytoplankton biomass
will increase greatly (Fig. 1c). There are additional factors
that contribute to species selection and phytoplankton
community succession. These include hydrodynamics and
the degree of mixing relative to light attenuation. The
degree of mixing and stratification plays a major role in
determining which species dominate in lakes and reser-
voirs (Reynolds 2006). The rate of nutrient uptake varies
between species and can explain some of the competition
between species (Tilman 1976). Aquatic ecosystems are
complex and the physiological characteristics of their res-
ident algal species vary substantially. It is often difficult to
predict which algae will dominate and/or form blooms
because models are based on historically generated empir-
ical relationships between light, nutrient, and algal re-
sponses (Oliver et al. 2012). Our study provides evidence
that chlorophyta can increase in dominance in eutrophic
water when N and P continue input greatly.

Mesocosm experiments alter the prevailing hydrody-
namic conditions that the phytoplankton community expe-
riences in the lake. However, the controls (no nutrient
addition) allow comparison for nutrient addition treatments
and the results are interpreted cognizant of the additional
role hydrodynamics play in shaping the phytoplankton
community assemblage. It is worth noting that even with
bigger containers, there are still many differences from the
environment of mesocosms with the natural lakes. For
example, such bioassays alter hydrodynamics, the degree
of mixing relative to light attenuation and contain no
sediments. Regardless, there is experimental evidence
from the mesocosm experiments presented here that there
is potential for increases in dominance of green algae over
cyanobacteria in natural lakes as nutrients increase.
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