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Abstract: The responses of phytoplankton to nutrients vary for different natural bodies of water,
which can finally affect the occurrence of phytoplankton bloom. However, the effect of high alkalinity
characteristic on the nutrient thresholds of natural alkaline lake is rarely considered. Bioassay exper-
iments were conducted to investigate the nutrient thresholds and the responses of phytoplankton
growth to nutrients for the closed plateau Chenghai Lake, Southwest China, which has a high pH
background of up to 9.66. The growth of the phytoplankton community was restricted by phosphorus
without obvious correlation with the input of nitrogen sources. This can be explained by the nitrogen
fixation function of cyanobacteria, which can meet their growth needs for nitrogen. In addition,
nitrate nitrogen (NO3-N) could be utilized more efficiently than ammonia nitrogen (NH4-N) for the
phytoplankton in Chenghai Lake. Interestingly, the eutrophication thresholds of soluble reactive
phosphorus (SRP), NH4-N, and NO3-N should be targeted at below 0.05 mg/L, 0.30 mg/L, and
0.50 mg/L, respectively, which are higher than the usual standards for eutrophication. This can
be explained by the inhibition effect of the high pH background on phytoplankton growth due to
the damage to phytoplankton cells. Therefore, the prevention of phytoplankton blooms should be
considered from not only the aspect of reducing nutrient input, especially phosphorus input, but also
maintaining the high alkalinity characteristic in natural alkaline lake, which was formed due to the
geological background of saline-alkali soil.

Keywords: nutrient threshold; alkaline lake; pH; phytoplankton blooms

1. Introduction

Harmful phytoplankton blooms in natural water have aroused great concern due to
their negative effects on water quality and aquatic ecosystems globally [1,2]. This poses
a serious threat to the safety of drinking water, food webs, and the overall sustainability
of freshwater ecosystems [3,4]. It has been reported that megafauna may be endangered
by cyanotoxins released by harmful phytoplankton [5]. In addition, the expansion of
phytoplankton blooms could be triggered by climate change and eutrophication [6]. It
is widely believed that the reduction of nutrient input is fundamental for the control of
harmful phytoplankton blooms. However, the responses of phytoplankton to nutrients vary
in different natural bodies of water [3,7]. Research indicates that the thresholds for regime
shifts between turbid-water and clear-water conditions in shallow lakes vary depending
on basins and climates [8]. Therefore, it is important to determine the nutrient thresholds
in water bodies, especially for natural water with special water quality backgrounds.

Nutrient thresholds are regarded as the critical levels of nutrients that control popula-
tion shifts, such as the sudden and long-term dominance of phytoplankton blooms. The
determination of nutrient thresholds is a quantifiable and meaningful approach [9]. N
and P are the main material bases for phytoplankton growth, and their relationship with
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phytoplankton biomass is one of the important aspects in studying eutrophication [10]. It is
well known that addition of N and P can not only stimulate phytoplankton growth, but also
promote phosphorus release from sediment or nitrogen fixation from atmosphere [11,12].
The critical values of total nitrogen (TN) and total phosphorus (TP) for eutrophication of
lakes were reported to be 0.8 mg/L and 0.05 mg/L, respectively [13]. It has been proved
that the understanding and utilization of ecological thresholds is the key to the successful
management of water environments [14]. The control of nutrients below threshold levels is
more practical, achievable, and cost-effective than reducing them to historical levels [15].

Due to the great differences in the environment and geographical location at different
altitude, plateau lakes have unique hydrological chemistry characteristics, such as high
alkalinity [16]. Chenghai Lake is a typical representative of plateau lakes in southwest
China with high alkalinity characteristic, which was naturally formed due to the geological
background of saline-alkali soil [17,18]. Increasing salinization due to climate change might
negatively affect inland water sources [19]. According to the water quality conditions
of Chenghai Lake in 2018–2019, the average pH value is up to 9.42. In addition, the
average values of TN and TP are 1.12 and 0.06 mg/L, respectively, which have exceeded the
generally recognized concentrations for eutrophication occurrence [10,13,20–22]. However,
the current cyanobacteria biomass in Chenghai Lake is still at a slight bloom level without
large-scale phytoplankton blooms [18]. Therefore, the nutrient thresholds of natural alkaline
lake might be higher than other lakes, which needs to be clarified. It has been reported
that pH range has some inhibition or promotion effects on phytoplankton in various
environmental backgrounds [23,24]. However, the effect of high alkalinity characteristic
on the nutrient thresholds of natural alkaline lake is rarely considered. Therefore, it is
important to determine the nutrient thresholds and explore the effect of high alkalinity,
which are fundamental for the prevention of phytoplankton blooms in natural alkaline
lakes.

Based on the aforementioned considerations, this study aims to: (1) determine the
nutrient thresholds of NH4-N, NO3-N, and SRP in Chenghai Lake; (2) investigate the
binding and synergistic interactions between NH4-N, NO3-N, and SRP; (3) explore the
effect of high alkalinity characteristic on nutrient thresholds of natural alkaline lake.

2. Materials and Methods
2.1. Study Area and Field Method

Chenghai Lake is located in the Yunnan Plateau, southwestern China (26◦27′–26◦38′

N; 100◦38′–100◦41′ E) with an altitude of 1503 m (Figure 1). The lake covers an area of
about 72.9 square kilometers and has an average water depth of 23.7 m, and an annual
average water temperature of 17.8 ◦C. Chenghai is a typical closed-type deep-water lake,
surrounded by mountains on the east, west and north, and the terrain is flat on the
south [25].

Monthly sampling was conducted from June 2018 to May 2019 for all 15 sampling
sites (Figure 1). The in-situ data of conductivity (EC), pH, and temperature (WT) were
measured on site with a hand-held multi-parameter meter (MYRON L 6P, California, USA).
TN, NH4-N, NO3-N, TP, and total dissolved phosphorus (TDP) were analyzed according
to standard methods [25]. The phytoplankton samples were settled for 48 h after being
fixed with Lugol iodine solution (2%) [26]. Cell density and community composition were
determined under microscope with a Sedgwick-Rafter counting chamber [27].
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Figure 1. Location of the study area and sampling sites.

2.2. Nutrient Limitation Bioassay Experiments

Water samples from site H were used for nutrient threshold and addition bioassay
experiments. Zooplankton were removed by screening with a 200-µm grid to minimize
the effects of grazing [28]. The water samples were cultivated in a lighted incubator within
2 ◦C of the in situ temperature. The light intensity was maintained at 100 µmol photon m−2

s−1 with a 14:10-h light-dark cycle. The initial physical, chemical and biological properties
of the water sample used for nutrient limitation bioassay experiments are given in Table S1.
For all the experiments, SRP, NO3-N, and NH4-N were added as K2HPO4·3H2O, NaNO3,
and NH4Cl, respectively. The experiment was carried out over 15 days to ensure that the
phytoplankton had sufficient time to adapt and grow.

The nutrient threshold bioassay experiment was conducted to explore the nutrient
thresholds of SRP, NO3-N, and NH4-N. Various concentrations of SRP (0.017, 0.02, 0.03, 0.04,
0.05, 0.06, 0.08, 0.10, 0.50, 1.00 mg/L P) and fixed NO3-N (10 mg/L N) were used in the SRP
threshold experiment. Various concentrations of NO3-N (0.04, 0.10, 0.20, 0.30, 0.40, 0.50,
0.80, 1.00, 1.50, 2.00 mg/L N) and fixed P (5 mg/L N) were used in the NO3-N threshold
experiment. Various concentrations of NH4-N (0.04, 0.10, 0.20, 0.30, 0.40, 0.50, 0.80, 1.00,
1.50, 2.00 mg/L N) and fixed P (5 mg/L N) were used in the NH4-N threshold experiment.

A separate nutrient addition bioassay experiment was conducted with treated water
samples containing individual or combined SRP, NO3-N, and NH4-N, which could assess
the individual or combined effects of these nutrients on the growth of phytoplankton. A
total of 30 treatments for three scenarios were designed in this experiment (Table 1).

The growth rate (µ) for all treatments was calculated according to the exponential
growth equation [9]: µ = ln(X2/X1)/(T2-T1), where X1 is the phytoplankton density at the
initial incubation time point (T1), and X2 is the phytoplankton density at the last time point
(T2). The Monod kinetic equation was used to calculate the maximum growth rate (µmax)
and half-saturation constant (Ku) [29]. The nutrient threshold can be estimated according
to the change points on the response curves.

The difference in growth response among various treatments was analyzed by one-
way ANOVA [30]. The Tukey’s least significant difference procedure was used to compare
multiple treatments after the event [31]. Statistical analysis was conducted using the SPSS
13.0 statistical software package (SPSS Inc., Chicago, IL, USA), and the significance level of
the test used was p < 0.05 [32].
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Table 1. Basic Schemes for Nutrient Addition Bioassay Experiment.

NO. Nutrient Addition

Control 0 -

A 1-1 0.5 mg N/L NH4Cl Without P
1-2 1.0 mg N/L NH4Cl
1-3 2.0 mg N/L NH4Cl
1-4 4.0 mg N/L NH4Cl
2-1 0.5 mg N/L NH4Cl 5.0 mg P/L, K2HPO4
2-2 1.0 mg N/L NH4Cl
2-3 2.0 mg N/L NH4Cl
2-4 4.0 mg N/L NH4Cl

B 1-1 0.5 mg N/L NaNO3 Without P
1-2 1.0 mg N/L NaNO3
1-3 2.0 mg N/L NaNO3
1-4 4.0 mg N/L NaNO3
2-1 0.5 mg N/L NaNO3 5.0 mg P/L, K2HPO4
2-2 1.0 mg N/L NaNO3
2-3 2.0 mg N/L NaNO3
2-4 4.0 mg N/L NaNO3

C 1-1 0.02 mg P/L K2HPO4 Without N
1-2 0.5 mg P/L K2HPO4
1-3 1.0 mg P/L K2HPO4
1-4 2.0 mg P/L K2HPO4
2-1 0.02 mg P/L K2HPO4 10 mg N/L, NH4Cl
2-2 0.5 mg P/L K2HPO4
2-3 1.0 mg P/L K2HPO4
2-4 2.0 mg P/L K2HPO4
3-1 0.02 mg P/L K2HPO4 10 mg N/L, NaNO3
3-2 0.5 mg P/L K2HPO4
3-3 1.0 mg P/L K2HPO4
3-4 2.0 mg P/L K2HPO4
4 2.0 mg P/L K2HPO4 5.0 mg N/L NH4Cl + 5.0 mg N/L NaNO3

2.3. Effect of pH Range on the Growth of Phytoplankton

According to the water quality conditions of Chenghai Lake in 2018–2019, the average
pH value is up to 9.42 with the highest value of 9.66. The effect of pH range on nutrient
thresholds was investigated with 3 different gradients of pH value (9.17, 8.50, and 7.50). The
initial pH value of the water samples from Chenghai Lake used in this study was 9.17, and
all the other gradients of pH value were adjusted before cultivation. The treatments were
cultivated under a light intensity of 100 µmol photon m−2 s−1 with a 14:10-h light-dark
cycle. The pH of each treatment was controlled during the whole experimental period. The
phytoplankton density was recorded regularly every day.

3. Results and Discussion
3.1. Seasonal Variation of Phytoplankton Density and Water Quality

The water quality parameters for each sampling point of Chenghai Lake from June 2018
to May 2019 are shown in Figure 2. As we can see from the monthly changes, most water
quality parameters showed seasonal variations. As shown in Figure 2b, the phytoplankton
density was relatively lower in autumn and spring. The highest phytoplankton density of
6.46 × 107 cells/L was found in the northern part of Chenghai Lake in May. The nutritional
status for Chenghai Lake was mainly maintained at a slight bloom level according to the
phytoplankton density [33].
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Figure 2. Monthly variation of phytoplankton density and water quality indexes in Chenghai Lake for
all the 15 sampling sites. (a) Sampling sites delineation in Chenghai Lake. The spatial and temporal
distribution characteristics of (b) phytoplankton density, (c) TN, (d) TP, (e) NH4-N, and (f) NO3-N in
Chenghai Lake.

Nitrogen and phosphorus are the most important nutrients for phytoplankton growth.
The TN value showed a continuous upward trend during the monthly sampling, varying
from 0.30 to 1.99 mg/L. The highest TN content of 1.99 mg/L also appeared in the north of
Chenghai Lake in May. What’s more, the TP value was in the range from 0.02 to 0.11 mg/L.
Most of the measured TN and TP values were higher than the commonly reported critical
values for eutrophication [10,13,20–22]. In addition, NH4-N and NO3-N are also provided
to illustrate the variation of different nitrogen sources (Figure 2e,f). The highest NH4-N and
NO3-N values were determined to be as high as 0.43 mg/L and 0.59 mg/L, respectively.
Therefore, the reduction of external nutrients is essential to ensure acceptable water quality,
which can finally reduce the internal nitrogen and phosphorus load [15,34].

3.2. Nutrient Thresholds Required to Control Eutrophication in Chenghai Lake

Nitrogen and phosphorus are important nutrients that limit the growth of phyto-
plankton, and it is particularly important to formulate nutrient thresholds to control the
occurrence of blooms [35]. The bioassay experiment is an effective tool to explore the
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growth response of phytoplankton under different nutrient concentrations [36]. To examine
the nutrient thresholds of SRP, NO3-N, and NH4-N, the growth rate response of phyto-
plankton to different nutrient concentrations was explored. Figure 3 shows the growth
curves fitted by nonlinear regression for SRP, NO3-N, and NH4-N, respectively. Figure 3a
shows that the growth rate of phytoplankton increased with SRP addition from 0 to 0.05
mg/L P, while it remained constant with the further increase in SRP addition from 0.05 to
1.0 mg/L P. The change point on the response curve was found to be 0.05 mg/L P, which
indicated that the growth of phytoplankton would be no longer restricted by P when SRP
enrichment exceeded 0.05 mg/L P. Therefore, the threshold of SRP could be determined to
be 0.05 mg/L P. Similarly, eutrophication thresholds of NH4-N and NO3-N were found to
be 0.3 mg/L N and 0.5 mg/L N, respectively (Figure 3b,c).

Figure 3. Growth kinetics of phytoplankton in response to (a) SRP, (b) NH4-N, and (c) NO3-N concentrations.

The maximum growth rates (µmax) for SRP, NH4-N, and NO3-N were found to be
0.124, 0.162, and 0.272 d−1, respectively, according to the Monod equation [13]. The half-
saturation constant (Ku) for SRP, NH4-N, and NO3-N were determined to be 0.009, 0.029,
and 0.030 mg/L, respectively. The higher µmax/Ku ratio of NO3-N compared with NH4-N
could demonstrate the higher utilization efficiency of NO3-N in Chenghai Lake.

The growth responses of phytoplankton to increasing concentrations of SRP, NH4-N,
and NO3-N are shown in Figure 4. The addition of NH4-N and NO3-N alone showed little
effect on the growth of phytoplankton compared with the control group. As we can see
from Figure 4a, the growth rate reached a peak when the concentration of NH4-N reached
1.0 mg/L N together with P addition. This indicated that phosphorus could be the main
limiting factor for the growth of phytoplankton. As for NO3-N (Figure 4b), the growth
rate of phytoplankton remained almost unchanged with the increase in concentration from
0.5 mg/L N to 4.0 mg/L N which was higher than the control group. However, the growth
rates of phytoplankton could be promoted by increased SRP concentration with or without
nitrogen sources (Figure 4c). These results indicated that the growth of the phytoplankton
community in Chenghai Lake was restricted by phosphorus without obvious correlation
with the input of nitrogen sources. Similar results have been reported in Meiliang Bay of
Taihu Lake, and phosphorus was also found to restrict the growth of phytoplankton [20].
This can be explained by the nitrogen fixation function of cyanobacteria, which can meet
their growth needs for nitrogen [37].

Figure 5 shows the growth rate of phytoplankton in response to individual or com-
bined NH4-N, NO3-N, and SRP additions according to the nutrient addition bioassay
experiment. N addition alone showed little effect on the growth rate of phytoplankton
compared with the control. A significant stimulatory effect can be found with the combined
addition of NO3-N and SRP. This can directly prove the stimulatory effect of NO3-N on
phytoplankton growth, which is consistent with the results of nutrient threshold bioassay
experiments. In addition, the stimulatory effect of SRP addition compared with the control
can be further enhanced with the combined addition of NH4-N or NO3-N. However, the
growth rate of phytoplankton with combined addition of “2 mg/L SRP + 5.0 mg/L NH4-N
+ 5.0 mg/L NO3-N” was not higher than the group with “2 mg/L SRP + 10.0 mg/L NH4-N”
or “2 mg/L SRP + 10.0 mg/L NO3-N”. This indicated that the form of nitrogen source could
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not show similar stimulatory effect on the growth of phytoplankton under the sufficient
concentration of phosphorus.

Figure 4. Phytoplankton growth responses to various concentrations of (a) NH4-N, (b) NO3-N, and
(c) SRP additions.

Figure 5. Comprehensive effects of NH4-N, NO3-N, and SRP on phytoplankton growth.

3.3. Effect of High Alkalinity Background on Nutrient Thresholds

According to the above results of nutrient limitation bioassay experiments, the nutri-
ent thresholds of Chenghai Lake are higher than other reported lakes. Only a slight level
of bloom was found in Chenghai Lake with a high-nutrient environment. These results
indicate that the growth of phytoplankton might be influenced by other factors in addition
to nutrients. The pH range in natural water bodies has been reported to show inhibition
or promotion effects on phytoplankton [23,24]. Combined with the high alkalinity charac-
teristic in Chenghai Lake [18], the effects of pH range on the growth of phytoplankton in
Chenghai Lake were also explored in this study.

As we can see from Figure 6, the phytoplankton density increased with decrease in the
pH value from 9.17 to 7.50 during the cultivation. These results indicated that a relatively
lower water body pH could promote the growth of phytoplankton, while the high pH
background of Chenghai Lake (pH = 9.17) could limit the growth of phytoplankton. It
has been reported that a high pH condition in freshwater could not promote the growth
and reproduction of cyanobacteria [38]. Most phytoplankton species cannot grow properly
under high alkalinity conditions, especially when pH value exceeds 9 [39,40]. Thus, the
relatively higher nutrient thresholds of Chenghai Lake can be explained by the inhibition
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effects of the high pH background on phytoplankton growth. High pH background
might alter the transport processes of membrane and the metabolic functions of cells
and change the relative composition of amino acids in cellular, which can finally affect
the growth of phytoplankton [40]. As a means to prevent and control phytoplankton
blooms, many researchers have undertaken pH adjustment as a method in actual lake
management [41–43]. Therefore, it is necessary to maintain the high alkalinity characteristic
of Chenghai Lake, which is helpful for the prevention of phytoplankton bloom.

Figure 6. Effect of different pH levels on phytoplankton growth in Chenghai Lake.

4. Conclusions

The results in this study indicated that Chenghai Lake was always maintained at a
slight bloom level according to the phytoplankton density. Phosphorus was found to be the
main limiting factor for the growth of phytoplankton. In addition, the utilization efficiency
of NO3-N was higher than that of NH4-N in Chenghai Lake. The eutrophication thresholds
of SRP, NH4-N, and NO3-N were determined to be 0.05 mg/L, 0.30 mg/L, and 0.50 mg/L,
respectively. The higher nutrient thresholds can be explained by the high pH range in
Chenghai Lake, which would inhibit phytoplankton growth. In addition to the reduction
of nutrient input, the maintenance of high alkalinity characteristic is also necessary for the
prevention of phytoplankton blooms in natural alkaline lake.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w14172674/s1, Table S1: Physical and chemical indexes of water
samples collected at site H.
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