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Abstract. The investigation of phytoplankton was carried out from May to October month by month in 

2018 in Hulun Lake, north China. Our purpose is to explore the community structure characteristics of 

phytoplankton by using the method of functional groups, combined with the monitoring results of water 

environmental factors, discussed the correlation between them in this special lake with high alkalinity, 

turbidity and eutrophication, so as to further explore the mechanisms of cyanobacteria bloom. Altogether 

21 functional groups were identified, including 7 predominant functional groups. The predominant 

functional groups demonstrated strong spatio-temporal variations. It should also be noted that group H1 

and M were the main culprits for the cyanobacteria bloom in the lake. Redundancy and Pearson analysis 

revealed that WT, DO, TP and TN were the most significant environmental factors controlling the 

distribution of phytoplankton functional groups. Furthermore, this study also evaluated the water quality in 

Hulun Lake by using Q index which shows it in a “medium” state. In a word, our results evidenced that a 

timely water environment dynamic can be reflected by monitoring the phytoplankton in Hulun Lake, which 

is also a superb way for the real-time monitoring of cyanobacteria bloom in this area. 

Keywords: cyanobacteria bloom, spatio-temporal succession, nutrient, ecological status, multivariate 

analysis, growth strategy 

Introduction 

Water is the source of life. Freshwater resources which is available to human beings 

accounting for 0.26% of the global water resources. Among them, lake has provided more 

than half of drinking water resources for urban in inland China. It also plays a pivotal role 

in regulating river runoff, developing irrigation, multiplying aquatic organisms and 

improving regional ecological environment. Therefore, the protection of lake has always 

been one of the most significant themes in the process of protecting the global water 

environment. However, under the joint promotion of climate change and human activities, 

lakes have undergone various changes in recent years. Among them, the issue of 

eutrophication has been highly valued. 

As an international environmental problem, eutrophication of the water body is 

threatening the ecological security of water areas all over the world. Eutrophication refers 

to a phenomenon where the water body is enriched in a large amount of nutrients like 

nitrogen and phosphorus, resulting in abnormal reproduction of algae and other aquatic 

organisms, ultimately leading to the deterioration of lake water quality, inhibition and 

destruction of both water ecosystem and self-purification ability. Eutrophication will 

increase the content of organic matter in water to a certain extent, and even lead to harmful 
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algal blooms (Paerl, 1988). However, a large-scale of cyanobacteria bloom will foul 

waterways and water intakes, disrupt food webs, fuel hypoxia and produce secondary 

metabolites which are toxic to water consumers and users, including zooplankton, fish, 

shellfish, cattle, domestic pets, and human (Shang, 2017). Cyanobacterial bloom 

dynamics have been frequently reported in lake (Solis et al., 2018; Rose et al., 2019) 

which associated with many environmental factors, including low turbulence, low light, 

low ratio of euphotic zone to mixing zone and high temperature. Among them, 

temperature plays a considerable role. Generally speaking, the area of cyanobacteria 

bloom is mainly concentrated in tropical and subtropical areas. Therefore, the research 

on cyanobacteria bloom is also mainly concentrated in these areas. For domestic in China, 

the research is mainly concentrated in the area with high temperature, such as Taihu Lake 

and Chaohu Lake (Chuai et al., 2011; Zhang et al., 2016) which in the south of China. 

The research on cyanobacteria bloom region which in the north cold area is almost none. 

Phytoplankton is an important primary producer of aquatic ecosystems and a major 

component of the aquatic food chain. It has become a pivotal indicator species which can 

reflect the water quality because of its rapid regeneration and sensitivity to environmental 

changes (Camp et al., 2015; Zwart et al., 2015). Therefore, the study of phytoplankton is 

helpful for us to evaluate the water quality and the nutritional status of water body. Many 

methods have been developed to evaluate water quality by using different idexes of 

phytoplankton, such as abundance, biomass and community composition (Birk et al., 

2012). However, these traditional methods ignore the environmental and ecological 

characteristics of phytoplankton population, so it exposes many deficiencies in specific 

application. Reynolds et al. (2002) proposed the theory of phytoplankton functional group. 

Padisák et al. (2009) supplemented and improved the theory on the basis of Reynolds. 

Using this method to classify phytoplankton from the perspective of ecological function, 

a new concept of functional group was proposed. This method is conducive to us to 

describe the habitat characteristics of phytoplankton more accurately, so as to predict 

specific life. In this paper, the functional groups of phytoplankton are studied to explore 

the community distribution of phytoplankton in the environment. 

The growth of phytoplankton will be affected by various environmental factors, such 

as water temperature, light availability, acid and alkali. Therefore, the species and 

biomass of phytoplankton vary greatly under different environmental conditions. Hulun 

Lake is a typical alkaline eutrophication water body in the cold area of north China. In 

recent years, a series of ecological problems caused by serious eutrophication of water 

body have been emerging, such as seriously cyanobacteria bloom occurs in summer with 

the highest temperature every year, miniaturization of zooplankton and fish, etc., which 

have attracted great attention of the state and government. As phytoplankton is 

increasingly common used in bioassessments, studying the lake organisms in relation to 

abiotic factors and identifying spatial patterns of biodiversity as well as their driving 

mechanisms have become a major trend of ecology as basis for prioritizing global and 

regional conservation efforts (Myers et al., 2000; Wang et al., 2016c). Therefore, this 

paper takes Hulun Lake as the research object, further studies phytoplankton and the 

relationship between phytoplankton and environmental factors by means of functional 

groups, reveals which environmental factors have influence on the distribution of 

phytoplankton functional groups by means of RDA and Pearson and comprehensively 

evaluates the water environment state of Hulun Lake basin with Q index, so as to explore 

the temporal and spatial distribution mechanism of cyanobacteria bloom. In response to 

the call of the state, it also provides a new monitoring method and important theoretical 
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basis for the study of phytoplankton functional groups in the high alkalinity water body 

which in cold region. 

Materials and methods 

Investigation area and sampling sites description 

Hulun Lake (48°31’-49°20’N, 116°58’-117°48’E), which is also known as Dalai Lake, 

lies in the hinterland of Hulunbuir prairie, Inner Mongolia, China. It is the fifth largest 

freshwater lake in China with the size of 2339 km2 with the deepest water level of 9 m. 

Mean annual precipitation is 247-319 mm, and 80-86% of the annual precipitation falls 

in June to September. The lake is covered with 1m of ice from early November to late 

April. Except for rainfall and groundwater, the water supply of Hulun Lake mainly 

depends on direct surface runoff. The main rivers flowing into Hulun Lake include Crulen 

River and Orshen River which between Baikal Lake and Hulun Lake. Moreover, Hailar 

River is one of the most important water sources of Hulun Lake through the project of 

“Diversion of rivers into lake”. And the Xinkai River which locates in the northeast of 

Hulun Lake is a throughput river regulating the water level of Hulun Lake. Hulun Lake 

Basin is a crucial ecological barrier in the north and plays an important ecological role in 

regulating the climate, conserving water resources, preventing desertification, and 

maintaining the balance of the grassland ecosystem. 

According to the ecological environment characteristics of the Hulun Lake, following 

the principle of uniform distribution of sampling points, a total of 10 sampling points 

(Table 1, Fig. 1) are arranged in the lake body of Hulun Lake, including four sampling 

points specially set at the entrance of the lake due to the special relationship with the 

surrounding four rivers (1#-Xinkai River Estuary; 4#-Crulen River Estuary; 6#-Orshenn 

River Estuary; 7#-Hailar River Estuary). In addition, there are also 2#-3# located in the 

west of Hulun Lake, 5#-6# from the eastern region and 8#-10# in the central region. 

 

  

 

Figure 1. Location of the study area and the sampling points in Hulun Lake 
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Table 1. Ten sampling sites coordinates in Hulun Lake 

Sampling sites Latitude Longitude 

1# N49°18′10.61″ E117°38′40.75″ 

2# N49°09′36.88″ E117°25′24.04″ 

3# N48°55′06.01″ E117°08′36.90″ 

4# N48°46′44.12″ E117°04′52.88″ 

5# N48°43′15.38″ E117°17′45.55″ 

6# N48°58′55.21″ E117°37′26.59″ 

7# N49°06′44.45″ E117°44′53.27″ 

8# N48°49′51.94″ E117°15′51.25″ 

9# N48°57′32.13″ E117°25′49.68″ 

10# N49°04′07.70″ E117°33′07.93″ 

 

 

Sampling collection and analysis 

Many studies focus on how different environmental and spatial parameters, such as 

hydrological, physical and chemical ones (Isabwe et al., 2018; Wu et al., 2018) shape 

phytoplankton community. This approach may result in inaccurate prioritizations (Wu et 

al., 2018). So, there is a need for a parallel monitoring of the biota and the number of 

environmental drivers synchronously in space and time (Belletti et al., 2017; 

Latinopoulos et al., 2020). Different types of phytoplankton have different requirements 

for the environment. The environmental conditions of a certain season are more suitable 

for some types, while others are not. For phytoplankton, not only will the species 

composition change in different seasons, but also the biomass of phytoplankton will have 

very significant seasonal changes. In recent years, scholars have been committed to 

exploring the temporal and spatial succession of phytoplankton functional groups and 

their influencing factors. Therefore, they took samples at monthly intervals to explore 

their succession characteristics and further confirm which environmental factors 

influence the phytoplankton community structure (Yang et al., 2020; Liao et al., 2020). 

The monthly monitoring of physicochemical indices, especially WT and nutrients, is 

more effective in analyzing the environmental thresholds required for the cyanobacteria 

bloom which could be used to forecast the rapid formation of a cyanobacteria bloom. 

Therefore, we use the method of synchronous monitoring of phytoplankton and physico-

chemical index, took water samples at monthly intervals in ten sampling sites from May 

to October in 2018. Physical and chemical indicators such as water temperature (WT), 

pH and conductivity (Cond) are measured directly by a portable multi-probe (YSI 6600, 

YSI Inc., USA) in sampling site. Secchi disk is used for the determination of water 

transparency (SD). Analysis of nutrients like total nitrogen (TN) and total phosphorus 

(TP) requires that we take water samples back to laboratory and then measured by 

oxidation with alkaline persulfate and persulfate acid as described by Costa et al. (2009). 

In addition, we used the Chinese standard methods proposed by Ministry of 

Environmental Protection of People's Republic of China (MEP, 2002) to determine the 

ammonium nitrogen (NH4
+-N), chemical oxygen demand (CODCr) and dissolved oxygen 

(DO). 

Phytoplankton analysis was sampled with calibrated 1 L van Dorn sampler at the 

surface and the bottom of the water column and integrated over depth for every site, then 

transfer to 1 L phytoplankton bottle and add 10-15 mL Lugol’s solution immediately. 
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After being taken back to the laboratory, sedimented for 48 h then concentrated to a final 

volume of 30 mL. Species were identified and counted using an inverted microscope at 

400 magnification. The estimation of phytoplankton biomass is based on a method 

proposed by Hillebrand et al. (1999) and Chen et al. (2003) then transforming biovolume 

to biomass by using a formula of 1 mm3/L=1 mg/L. The classification and determination 

of phytoplankton functional groups are based on Reynolds et al. (2002), Reynolds (2006), 

and Padisák et al. (2009). 

Data analysis 

After dimensionalizating the biomass data of phytoplankton functional group and 

environmental data other than pH through Lg(X+1), detrended correspondence analysis EQ 

showed that the lengths of gradient value were 2.622 (between 2 and 3). So after 

employing Monte Carlo simulation to test the significance of physico-chemical variable 

in explaining the phytoplankton functional groups under unrestricted model of 499 

permutations. RDA (Redundancy Analysis) was used to further analyze the correlation 

between functional group characteristics and environmental factors. Seasonal variations 

of physical-chemical factors and phytoplankton biomass were tested by one-way 

ANOVA using the SPSS 19 software. Pearson’s correlation analysis was also used to 

explore the relationships between phytoplankton functional groups and environmental 

factors. Meanwhile, the Q index using to evaluate the water quality of the lake was 

calculated by Equations 1 and 2 (Padisák et al., 2006). According to the different value 

of Q index, water condition can be divided into five grades: 0-1: poor ecological status; 

1-2: tolerable; 2-3: medium; 3-4: good; 4-5: excellent. On the whole, statistical analysis 

and figures drawing was done using SPSS 17.0 (SPSS, 2008), Microsoft Excel window 

and Origin Pro 8. 
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In Equation 2, ni is the biomass of the i-th fuctional group, N is the total biomass, and 

F factor is established for each i-th functional group in the given lake type which shows 

in Table 2. 

Results 

Seasonal variation of environmental factors 

The variation of water environmental factors in Hulun Lake are recorded in Table 2. 

During the investigation, most of the environmental factors displayed significant seasonal 

differences (p<0.01, by ANOVA). Water temperature (WT) got the minimum value in 

October (6.25℃) and the maximum value in July (24.13℃), this huge temperature 

differences had a strong impact on the growth and distribution of phytoplankton. 

Following the same pattern, the dissolved oxygen (DO) value fluctuated greatly (p< 0.01, 

by ANOVA) with the seasons too. pH was always higher than 8.9 which means the whole 

area is alkaline. Mean conductivity (Cond) in the Hulun Lake did not vary seasonally 

(p˃0.05, by ANOVA) but relative low value was recorded in August (1522.2 μs/cm). 
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Chemical oxygen demand (COD) values were higher in autumn (September and October) 

and lower in Spring (May). The change of ammonia nitrogen (NH4
+-N) value was also 

significant which the peak value was observed in July (0.613 mg/L). Total nitrogen (TN) 

showed an increasing trend from May to August. Total phosphorus (TP) fluctuated 

around 0.2 mg/L from May to October which indicating the severe eutrophication in 

Hulun Lake. Morever, statistical differences among seasons were recorded for SD too 

(p<0.01, by ANOVA), which the lowest value of SD was recorded in May (19 cm). 

 
Table 2. The seasonal variations (mean ± standard error) of environmental factors comparing 

by One-way ANOVA. Environmental parameters including water temperature(WT), dissolved 

oxygen(DO), pH, conductivity(COND), Chemical oxygen demand(COD), NH4
+-N, total 

nitrogen(TN), total phosphorus(TP), water transparency (SD) and phytoplankton biomass 

 May June July August September October p-value 

WT/ 

(℃) 
16.27±3.05 23.92±0.95 24.13±0.90 21±0.00 14.92±1.82 6.26±0.56 0.000** 

DO/ 

(mg/L) 
9.56±0.43 8.21±0.30 7.85±0.33 7.73±0.42 9.92±0.65 11.7±0.24 0.000** 

pH 8.93±0.05 8.93±0.05 9±0.09 9±0.09 9.06±0.08 9±0.07 0.002** 

COND/ 

(μs/cm) 
1670.2±109.05 1746.4±152.76 1630.8±212.2 1522.2±279.78 1568.5±411.78 1664±126.27 0.369 

COD/ 

（mg/L） 
54.6±4.70 74.4±24.08 59±4.47 78.9±19.07 106.73±29.49 134.5±15.13 0.000** 

NH4
+-N/ 

（mg/L） 
0.057±0.02 0.03±0.03 0.613±0.94 0.105±0.07 0.0496±0.01 0.051±0.03 0.008** 

TN/ 

(mg/L) 
1.93±1.02 2.08±0.96 2.12±1.11 2.498±1.35 1.701±0.46 1.982±0.16 0.559 

TP/ 

(mg/L) 
0.25±0.10 0.18±0.02 0.255±0.04 0.179±0.08 0.2±0.04 0.1856±0.03 0.008** 

SD/ 

（cm） 
19±8.78 19.42±6.52 32.25±4.96 49.9±3.73 40±11.29 34.7±4.08 0.000** 

Biomass/ 

(mg/L) 
1.54±0.52 2.22±1.44 2.22±1.44 0.90±0.40 1.84±0.48 1.67±2.67 0.027 

**The environmental factors were significantly different at the level of 0.01 
 

 

Phytoplankton community and functional groups 

From May to October in 2018, 86 genera belonging to 7 taxonomic categories were 

identified at ten sampling sites in Hulun Lake. Among them, 41 species (47.67%) were 

Chlorophyta, followed by Bacillariophyta (25 species) (29.07%), Cyanophyta (12 species) 

(13.95%), Euglenophyta (3 species) (3.49%), Chrysophyta (3 species) (3.49%), 

Cryptophyta (1 species) (1.16%) and Pyrrophyta (1 species) (1.16%). With the passage 

of time, the number of species in the whole area showed a trend of August (66 species) > 

October (58 species) > June (57 species) > May (56 species) > July(53 species) ＞
September (50 species). 

In total, phytoplankton were divided into 21 functional groups namely C, D, E, F, G, 

H1, J, L0, M, MP, N, P, S1, T, TB, W1, W2, X1, X2, X3, Y (Table 3). However, 7 

functional groups (J, X2, W1, F, H1, M, MP) contributing more than 10% of total 

phytoplankton abundance per sample were classified as dominant groups. 
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Table 3. Division of phytoplankton functional groups and their biomass proportion. F factor 

corresponding with each functional group in Hulun Lake 

Functional 

groups 
Phytoplankton Species Taxonomic Biomass(%) F factor 

C 
Asterionella formosa 

Cyclotella meneghiniana 
Bacillariophyta 5.37% 5 

D 

Synedra acus 

Synedra tabulata 

Synedra ulna 

Bacillariophyta 1.17% 2 

E Dinobryon divergens Chrysophyceae 0.01% 2 

F 

Westella botryoides 

Selenastrum gracile 

Kirchneriella lunaris 

Quadrigula chodatii 

Dictyosphaerium pulchellum 

Stichococcus bacillaris 

Oocystis elliptica 

Chlorophyceae 7.31% 5 

G 
Eudorina elegans 

Pandorina morum 
Chlorophyceae 0.37% 1 

H1 
Anabaena circinalis 

Anabaena variabilis 
Cyanophyceae 19.55% 1 

J 

Tetrastrum elegans 

Tetraëdron trigonum 

Chodatella quadriseta 

Tetraëdron pusillum 

Tetrastrum elegans 

Scenedesmus bijuga 

Scenedesmus dimorphus 

Scenedesmus quadricauda 

Scenedesmus spinosus 

Scenedesmus platydiscus 

Coelastrum microporum 

Pediastrum birtadiatum 

Pediastrum duplex 

Pediastrum tetras 

Pediastrum simplex 

Crucigenia tetrapedia 

Crucigenia quadrata 

Actinastrum fluviatile 

Chlorophyceae 14.45% 1 

L0 

Merismopedia minima 

Merismopedia marssonii 

Synechocystis minuscula 

Chroococcus minutus 

Cyanophyceae 

2.32% 5 

Gyrosigma acuminatum 

Amphora ovalis 
Bacillariophyta 

M 
Microcystis wesenbergii 

Microcystis firma 
Cyanophyceae 5.00% 0 

MP 

Coelosphaerium kutzingianum Nag Cyanophyceae 

7.37% 5 

Navicula exigua 

Navicula anglica 

Navicula radiosa 

Navicula dicephala 

Gomphonema constrictum var.capitatum 

Cocconeis placentula 

Cymbella ventricosa 

Surirella angustata 

Cymatopleura solea 

Pinnularia major 

Diatoma vulgare 

Bacillariophyta 

Ulothris variabilis Chlorophyceae 
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Functional 

groups 
Phytoplankton Species Taxonomic Biomass(%) F factor 

N 
Cosmarium obtusatum 

Staurastrum gracile 
Chlorophyceae 4.14% 5 

P 

Fragilaria brevistriata 

Fragilaria virescens 

Fragilaria ca pucina 

Melosira granulata 

Melosira granulata var. angustissima 

Bacillariophyta 

1.44% 5 

Closterium acerosum 

Closterium gracile 

Closterium moniliforum 

Closterium gracile parvulum 

Chlorophyceae 

S1 

Phomidium okenii 

Phormidium allorgei 

Phormidium lismorense 

Cyanophyceae 0.90% 0 

T Mougeotia Agardh Chlorophyceae 0.63% 5 

TB Melosira varians Bacillariophyta 0.08% 5 

W1 
Euglena oxyuris 

Lepocinclis steinii 
Euglenophyceae 6.18% 0 

W2 Trachelomonas granulosa Euglenophyceae 0.12% 0 

X1 

Ankistrodesmus angustus 

Ankistrodesmus acicularis 

Schroederia setigera 

Schroederia nitzschioides 

Chlorophyceae 1.57% 4 

X2 
Chlamydomonas ovalis 

Chlamydomonas globosa 
Chlorophyceae 20.07% 3.5 

X3 
Chromulina elegans 

Kephyrion planctonicum 
Chrysophyceae 0.02% 4 

Y 
Cryptomonas ovata Cryptophyceae 

1.92% 2 
Glenodinium pulvisculus Euglenophyceae 

 

 

Temporal and spatial variation of phytoplankton functional groups 

The biomass of phytoplankton functional groups showed seasonal and spatial variation 

(Fig. 2). At the beginning of the study (May), functional groups J and X2 occupied the 

main dominant position with the relative biomass of 29.78% and 23.14%. From the 

perspective of the functional groups’ biomass distribution at each sampling point, group 

W1 accounted for a large proportion (46.58%) in site 9#. Furthermore, in this month's 

investigation, all the dominant functional groups were distributed in all sampling points 

except group M. In June, the biomass of each sampling site varied greatly. The highest 

biomass was in site 7# (4.54 mg/L) and the lowest was in site 2# (0.50 mg/L). The 

dominant functional groups were H1 and X2. Group H1 showed a very high biomass in 

site 5#, 7#, 8#, 9#, accounting for 63.63%, 49.12%, 53.03% and 59.50% of the total 

biomass of these sampling sites respectively, and the total biomass of functional group 

H1 reached the highest value (8.59 mg/L) in this month during the whole survey. In July, 

the dominant functional groups were H1 and J. Group J got the peak biomass in site 5# 

and the biomass distribution of group H1 was the largest among the site 9#. The dominant 

position of these two functional groups in July indicated that eutrophication was very 

serious at this time. With the increasing of the temperature, the cyanobacteria boom in 

Hulun Lake becoming more serious. From the beginning of August, the biomass of group 

M began to increase abruptly, with H1 together, became the dominant functional group 

in August. It was noteworthy that group M did not distribute at 3#-7# sampling points, but 

it occupied a considerable proportion in site 1#, 2#and 10#. In September, H1 functional 
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group no longer occupied the dominant position, even did not distribute in site 4#. Group 

X2/J became the dominant functional group. X2 functional group accounting for 63.07% 

of the total biomass in site 3#. Group J was less distributed in site 9# than in other sampling 

points. In October, the dominant functional groups were still J and X2. Group X2 

accounted for a large proportion in site 2#, 3#, 4# and functional group M was only 

distributed in site 10#. Overall, the dominate seasonal variation of phytoplankton 

functional groups showed a trend of J+X2 (May) → H1/X2(June) → H1/J(July) → 

M/H1(August) → X2/J(September) → J/X2/MP(October). 

 

  

  

  

Figure 2. Temporal and spatial distribution in biomass of phytoplankton functional group 

 

 

Q index 

According to the Q index monitoring ecological status of lakes recommended by 

Padisák et al. (2006), factor F weights for each phytoplankton functional group identified 

appear in Table 3. The results are showed in Fig. 3. Differences of Q index between 

seasons and sampling sites are very significant. 
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Figure 3. Ecological status evaluation by Q index in Hulun Lake 

 

 

During the whole investigation, the Q index fluctuated between 0.74 and 3.87, and the 

two sampling points with the lowest value also means having the worst water quality both 

appeared in August, one was in site 2# and the other was in site 10#, which having a “bad” 

water quality. The highest value of Q index was in site 3# in October which had the lowest 

TP value (0.148 mg/L). According to the comprehensive evaluation on the average value 

of Q index in each month, the water quality in May, July and August was the same, all of 

which were “medium”. The water quality in the lake was “good” in September and 

October, while the overall water quality in June was the worst, showing a “tolerable” 

level. As can also be seen from Fig. 3, sampling sites which on the level of “tolerable” 

and “bad” were mostly occured in June, July and August when Hulun Lake was having a 

severe cyanobacteria boom. 

Correlation analysis 

Redundancy analysis (RDA) was performed to reveal the relationship between 

phytoplankton functional groups and environmental parameters. The analysis involved 

seven phytoplankton functional groups and nine physiochemical data. The eigenvalues 

for RDA axis 1 (0.089) and axis 2 (0.053) explained 14.2% (axis 1: 8.9%, axis 2: 5.3%) 

of variance in phytoplankton functional groups data and 63.1% (axis 1: 44.9%, axis 2: 

26.6%) of functional groups-environment variables (Table 4). Variables like DO (0.7076), 

COD (0.5238), TN (0.2717), SD (0.0596) and Cond (0.0120) were positively related to 

axis 1, whereas it was negatively related with WT (-0.8493), NH4
+-N (-0.3978) TP 

(-0.1567) and pH (-0.0163). Axis 2 was positively correlated with TN (0.5188), WT 

(0.2698), pH (0.0981), COD (0.0289) and negatively correlated with TP (-0.5280), SD 

(-0.3698), DO (-0.3564), Cond (-0.2695) and NH4
+-N (-0.0360) (Fig. 4). 

The Pearson correlations among the biomass of the dominant phytoplankton functional 

groups and environmental variables are presented in Table 5. Most of phytoplankton 

functional groups were significantly correlated with the environmental variables. The 

biomass of functional J and F were all significantly positive correlated with WT (p<0.01) 

while negatively correlated with DO (p<0.01). Moreover, Cond had a positive correlation 

with group F (p<0.05). Conversely, group H1 was positively correlated with WT (p<0.01), 
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while negatively correlated with DO (p＜0.01). Group W1 was positively correlated with 

WT (p<0.05), while negatively correlated with SD (p<0.05). Besides, group MP was both 

positively correlated with DO (p<0.05) and COD (p<0.05), while negatively with WT 

(p<0.01). 

 
Table 4. CCA analysis of dominant phytoplankton functional groups and environmental 

factors in Hulun Lake 

Axes Eigenvalues 

Speccies-

environment 

correlations 

Cumulative percentage 

variance of species 

data% 

Cumulative percentage 

variance of species-

environment relation% 

1 0.089 0.581 8.9 44.9 

2 0.053 0.463 14.2 71.5 

3 0.036 0.577 17.8 89.5 

4 0.01 0.413 18.8 94.5 

 

 

Figure 4. Redundancy analysis (RDA) ordination diagram of the dominant functional groups 

and physical-chemical variables in Hulun Lake 

 

 
Table 5. Pearson correlation between phytoplankton functional group biomass (J, X2, W1, F, 

H1, M, MP, other) and environmental factors, water temperature(WT), dissolved oxygen(DO), 

pH, conductivity(COND), Chemical oxygen demand(COD), NH4
+-N, total nitrogen(TN), total 

phosphorus(TP), water transparency (SD) 

 J X2 W1 F H1 M MP other 

WT -.389** -0.211 .270* -.396** .444** 0.103 -.377** 0.012 

DO .362** 0.24 -0.173 .407** -.353** -0.159 .257* -0.148 

pH -0.123 -0.071 -0.142 0.019 -0.047 0.033 0.054 0.112 

Cond -0.044 -0.121 -0.107 .262* -0.052 0.021 -0.219 -0.154 

COD 0.031 0.123 -0.223 0.223 -0.245 -0.108 .265* 0.153 

NH4
+-N -0.21 -0.151 -0.088 -0.147 0.046 -0.044 -0.103 -0.159 

TN 0.001 0.049 0.103 0.01 -0.088 -0.03 0.057 .375** 

TP 0.101 -0.246 0.122 0.065 -0.091 -0.12 -0.05 -.280* 

SD -0.158 -0.02 -.264* -0.115 -0.077 0.226 0.153 0.146 

**p<0.01; *p<0.05 
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Discussion 

Temporal succession of phytoplankton functional groups 

Phytoplankton community structure responds to trophic and spatio-temporal gradient 

through changes in species composition and quantitative ecological traits such as biomass, 

species richness, and diversity (Watson et al., 1997). Since the concept of functional 

group was proposed, on account of functional group has high potential as an indicator of 

variation in limnological conditions, people began to use this new method to reflect and 

monitor water quality. Our results showed the temporal and spatial environmental 

changes of the lake ecosystem and the response of phytoplankton functional groups to 

this environmental heterogeneity. In such a special cold area, high alkalinity, turbidity 

and eutrophication water environment, the most important thing to be concerned about 

was the succession process of phytoplankton functional groups. 

The same population is maintained when the extent of environmental parameter does 

not exceed the morphological adaptative capacity of that single population; if 

environmental changes are strong enough, species replacement takes place offering 

further adaptation at a higher organization level (Fonseca and de M. Bicudo, 2008). In 

the investigation of the time succession characteristics of phytoplankton functional 

groups in Hulun Lake, temperature plays a decisive role in the change of environment. 

We found that phytoplankton functional groups biomass was dominated by chlorophyta 

(group X2/J) in spring (May) corresponding to relatively low temperature (16.27C) and 

high nutrients. Group X2, represented by Chlamydomonas ovalis and Chlamydomonas 

globosa. According to the report (Tian et al., 2018), it was mainly dominant during 

seasons with high concentrations of total photosynthesis and total nitrogen. Because of 

their small size, rapid reproduction and relatively high surface-volume ratio, they can 

rapidly absorb nutrients from the surrounding environment for growth and reproduction 

(Jones, 2000). Flagella also allowed vertical migration between water layers with optimal 

light conditions and nutrient concentrations, which further enhanced the group’s 

competitiveness in the month when light are not very abundant (Jansson et al., 1996; Tian 

et al., 2018). In addition, group X2 was also very sensitive to filter feeding. Owing to the 

content of nitrogen and phosphorus in Hulun Lake exceeds the standard seriously, lead 

directly to a significant reduction of large filter feeding zooplankton in the lake, which is 

more suitable for the growth of X2 functional group. As for group J, it was mostly found 

in shallow, high pH, highly enriched lakes (Sommer et al., 1986; Padisák et al., 2009). 

The advantage position of two functional groups at the same time indicates that the 

eutrophication is very serious in the lake, which has become the most direct flashpoint of 

cyanobacteria bloom. The same situation occurred before the cyanobacteria boom in 

Xiangxi Bay (Wang et al., 2011) in July, the biomass of functional group J remained high 

during the investigation. In summer (June/July and August) cyanobacteria (mainly group 

H1/M) took over the dominant position gradually which also resulting in the 

cyanobacteria bloom in the lake. Anabaena circalinalis and Microcystis are the two main 

culprits for the cyanobacteria boom in Hulun Lake, which belongs to group H1 and M 

respectively, dominated in summer. Group H1, which was suitable for living in the water 

environment with low nitrogen content, eutrophication and stratification. Group M, 

growing in small and medium-sized lakes with rich to super nutrition, low light tolerance 

and sensitivity to disturbance. As the main functional group causing cyanobacteria bloom, 

they have been reported in many reservoirs and lakes (Varol, 2019; Yao et al., 2020; Jin 

et al., 2020). In eutrophic lakes, cyanobacteria tend to dominate in the season with the 
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highest temperature due to their optimal growth temperature (Paerl, 1988; Nalewajko and 

Murphy, 2001; Yang et al., 2009). In the meanwhile, increased WT will decrease the 

surface water viscosity, which can accelerate the sinking of large immovable species. 

Owing to cyanobacteria have so good ability to adjust their buoyancy that dominate the 

communities (O'Neil et al., 2012), they can also reduce the biomass of other 

phytoplankton species through an allelopathic mechanism (Sarma et al., 2005), which 

may account for their advantages in freshwater ecosystems. In addition to the appropriate 

temperature and eutrophic water conditions, light also played a critical role in the 

cyanobacteria bloom. In the study of the transformation mechanism of Anabaena and 

Microcystis (Wang, 2017), we found that compared with microcystis, Anabaena needed 

more light energy in the growth process, which is also the vital reason why group M was 

dominant in August while group H1 was dominant in June and July. Autumn (September 

and October) caming as the temperature droping rapidly to 10.59℃ on average, 

chlorophyta (group X2/J) and bacillariophyta (group MP) which adapted to lower 

temperature occupied a dominant position. 

The predominant functional groups demonstrated strong seasonal variations which 

showed a trend of J/X2(May) → H1/X2(June) →H1/J(July) → M/H1(August) → 

X2/J(September) → J/X2/MP(October). The whole succession mechanism not only 

accords with the PEG model of freshwater ecosystem, but also shows the same succession 

trend with the groups in Dali Lake, which is also a water area with high alkalinity in the 

cold region (Ma et al., 2019). For the special water body like Hulun Lake, what we 

concerned about is the distinctive feature. As can be seen, group H1 and M were the main 

culprits for the cyanobacteria bloom in the lake which had significant difference with 

groups in tropical areas. Moreover, cyanobacteria bloom in June and July was mainly 

dominated by functional group H1, while in August, it was dominated by group M. From 

the perspective of biomass changes, the cyanobacteria bloom in Hulun Lake began in 

June, reached its peak in July and August, basically disappeared in September. The 

duration of bloom in Hulun Lake was significantly shorter than that of other tropical and 

subtropical regions. The unique phytoplankton succession mechanism and characteristics 

of cyanobacteria bloom also showed that the constantly fluctuating physical and chemical 

factors in the water played a vital role in regulating the distribution of phytoplankton. 

Phytoplankton functional groups and their correlation with environmental factors 

Results of previous studies have showed that the spatiotemporal pattern of diversity 

indices of functional groupings is dependent on the environmental factors (Becker et al., 

2010; Weithoff et al., 2015). Understanding how environmental variations affect the 

biodiversity and succession of phytoplankton is a key challenge (Wang et al., 2020). 

Generally speaking, the environmental factors that dominate the distribution of 

phytoplankton functional groups in different regions are quite different. Transparency, 

salinity and chlorophyll a are considered to be crucial factors affecting the distribution of 

phytoplankton in tropical areas such as Li'an Bay (Wang et al., 2016a) in Hainan Province. 

The results of investigation in subtropical areas such as Baihua reservoir (Chen et al., 

2018) in Guizhou Province have showed that nutrients are the main factors affecting the 

distribution of phytoplankton functional groups. Studies in temperate regions such as the 

Nanshui reservoir in Guangdong Province have found that nutrients, water stability and 

transparency are the main environmental factors affecting the dynamic changes of 

phytoplankton functional groups (Huang et al., 2014). However, it is obviously different 

from other areas in the cold region with notable water temperature change. The main 
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environmental factor affecting the distribution of phytoplankton functional groups in the 

cold region is water temperature (Cao et al., 2019). 

In the RDA correlation analysis of phytoplankton functional groups and water 

environmental factors in Hulun Lake, it can be seen that water temperature (WT) has the 

highest correlation, which is consistent with the research results of other cold water areas 

(Lin et al., 2017; Yu et al., 2008; Wu et al., 2015). Temperature can directly affect the 

growth of phytoplankton by controlling the intensity of enzymatic reaction or respiration 

of photosynthesis, by controlling the solubility, dissociation degree or decomposition rate 

of various nutrients in water affects the growth of phytoplankton indirectly (Song and Yu, 

2009; Peng et al., 2009; Wu et al., 2010). Group F, J and MP were negatively correlated 

with temperature, while group H1 and M just on the contrary. Therefore, in spring and 

autumn with lower temperature, groups J and MP are more likely to gain dominant 

position in resource competition, while group H1 and M take advantage of the high 

temperature environment in summer to be dominant species in water area. Once their 

biomass starts to increase rapidly with the rise of water temperature, a large area of 

cyanobacteria bloom begins to form, which will not only make the dissolved oxygen 

content in water drop rapidly, but also have many negative effects on the water quality 

(Elliott et al., 2006; Edwards et al., 2016). 

Dissolved oxygen (DO) is also a pivotal factor affecting the distribution of 

phytoplankton, which plays a vital role in maintaining the ecological security of the water 

body. Phytoplankton are the suppliers of dissolved oxygen in water, but if phytoplankton 

increase excessively, it will also become the booster of dissolved oxygen reduction (Zhao 

et al., 2011). The formation of cyanobacteria bloom in summer by functional groups M 

and H1 is a distinct proof of this view. Therefore, there is a significant negative correlation 

between group M, H1 and dissolved oxygen in RDA analysis diagram, which is consistent 

with the conclusion on Dianshan Lake (Yang et al., 2018). Moreover, the higher the 

dissolved oxygen content, the better the water quality. In Pearson correlation analysis, it 

can be seen that there is a significant positive correlation between dissolved oxygen and 

functional group F, which is represented by stichcoccus bacillaris and oocystis elliptica 

of Chlorophyta, suitable for growing in even and clear deep-water lakes and is very 

sensitive to high turbidity. It also shows that dissolved oxygen plays a significant role in 

phytoplankton. 

The effect of nutrients on phytoplankton functional groups in eutrophic waters has 

been received considerable attention. For Hulun Lake, in recent years, due to the impact 

of climate and human activities, coupled with a large number of surface runoff and hay 

into the lake, the content of total nitrogen and total phosphorus in the lake has been 

increasing. With the continuous increase of evaporation and decline of water level, water 

in lake cannot be circulated effectively, the nutrients, salts and organic pollutants in the 

lake have been concentrated continuously. Up to now, the water quality of Hulun Lake 

has been polluted by different degrees of eutrophication. RDA analysis showed that TN 

and TP were one of the most significant factors affecting the distribution of phytoplankton 

functional groups in Hulun Lake which is the same as that of other eutrophic 

cyanobacteria bloom area (Wang et al., 2016b, 2018; Xia et al., 2019). However, there 

was no significant correlation between TN/TP and H1, the main functional group causing 

the cyanobacteria bloom in Hulun Lake. On the one hand, the correlation between group 

H1 and nutrients is closely related to the degree of cyanobacteria bloom in the lake. 

Generally speaking, the high content of nutrients in water is a vital factor to induce 

cyanobacteria bloom. Phosphorus content often appears as an important limiting factor. 
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The measuration of total phosphorus includes dissolved phosphorus and granular 

phosphorus. In the process of digesting, the granular phosphorus contained in 

cyanobacteria itself will be determined as part of the total phosphorus content. When the 

cyanobacteria bloom is severe, the proportion of particulate phosphorus in the total 

phosphorus content of cyanobacteria is very high. Therefore, when monitoring Hulun 

Lake in 2015, due to the serious outbreak of cyanobacteria, there is a significant positive 

correlation between nutrients and group H1. However, the bloom in 2018 is more slight 

compared with 2015, so the proportion of cyanobacteria to particulate phosphorus is 

relatively low in the total phosphorus content, there is no significant positive correlation. 

On the other hand, this result is consistent with Liebig Law of Minimum, which states 

that any specific factor below the minimum required by a certain organism is the 

fundamental factor determining the survival and distribution of that organism. The results 

showed that when the concentrations of total phosphorus and total nitrogen reached 

0.03 mg/L and 0.60 mg/L respectively, there is a trend of cyanobacteria bloom in the lake. 

Anabaena can fix nitrogen in the air, so the threshold of total nitrogen is much lower. The 

average value of TN and TP in Hulun Lake during the whole investigation period (TN: 

2.05; TP: 0.21) is far beyond this threshold, which provides sufficient nutrients for the 

growth of phytoplankton, especially cyanobacteria. Therefore, TN and TP are not the 

main limiting factors for the outbreak of cyanobacteria in Hulun Lake. 

Chemical oxygen demand (CODcr) can measure the content of organic matter in water 

scientifically, reflect the degree of water pollution by reducing substances directly. The 

water area of Hulun Lake is not only polluted by external organic pollutants, but also 

polluted by the release of organic substances in the sediment. Some studies have shown 

that diatoms are more suitable to grow in the environment with higher chemical oxygen 

demand than other phytoplankton. Pearson correlation analysis in this study indicates that 

CODcr is positively correlated with group MP which is consistent with the conclusion of 

Chai (Chai et al., 2020). 

Transparency (SD) is a major indicator of water cleanliness, which can reflect the state 

of water intuitively. Hulun Lake not only has the emergence of cyanobacteria bloom, but 

also due to the lack of large aquatic plants on the lake, is unable to play a role in purifying 

water quality, leading to low transparency in the lake as a whole. The results of Pearson 

correlation analysis showed that there was a significant negative correlation between the 

transparency and the biomass of W1 functional group, which was also consistent with the 

characteristics of W1 suitable for growing in sewage. Moreover, for the water area with 

high alkalinity, calcium ion will be consumed and precipitated, resulting in the turbidity 

of the water in Hulun Lake. This is also the reason why transparency and pH are 

significantly negatively correlated, which is the same as the monitoring result of Hulun 

Lake in 2017 (Pan et al., 2017). 

Q index 

Q index was originally developed to assess ecological status of different water types 

without geographic limitations (Padisák et al., 2009). So far, many scholars have 

successfully used Q index to evaluate the ecological status in different regions. For 

instance, Crossetti and de M. Bicudo (2008) have successfully applied this index in an 

urban tropical reservoir, Becker et al. (2009) have used Q index in a subtropical water-

supply reservoir. It can also be used in assessing the water quality of lake (Pasztaleniec 

and Poniewozik, 2010). In this study, through the calculation of Q index by using 
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phytoplankton functional group, we have successfully indicated the water quality of 

Hulun Lake from the perspective of time and space. 

From the temporal aspect, the ecological status was correspondent with the 

cyanobacteria bloom process. During the whole investigation period, the ecological status 

in the lake took on a declining and followed improving trend, which was the same as that 

in the process of cyanobacteria bloom in Xiangxi River (Wang et al., 2011). From June, 

the biomass of H1 functional group reached the highest value, the lake began to show a 

trend of cyanobacteria bloom, Q index fell to “tolerable” level with the worst water 

quality in the whole investigation. In July and August, with the gradual increase of 

temperature, a large area of cyanobacteria began to break out in the lake under the joint 

efforts of group H1 and M, the water quality was also worrying. The best water quality 

occured in October, the biomass of MP functional group increased due to the decreased 

of temperature, water quality states rose once more to a “medium” ecological level. As to 

the spatial pattern, there were obvious differences between ten sites in Hulun Lake. On 

the whole, the worst average water quality points appeared in site 9# and 5#. In August, 

site 2# and 10# were the sampling points with the lowest Q index value, which was also 

having the worst water quality. All of these could be related to the cyanobacteria bloom 

in the lake and the large increase of biomass of H1 and M functional groups, which had 

been reported in the research of Silva and da Costa (2015). 

It is concluded that this method of using Q index to assess the ecological status in a 

eutrophic seriously, with cyanobacteria blooming lake is available. It has been showed a 

high sensitivity to changes in species composition and functional groups. Revealing itself 

as a suitable tool for monitoring the water quality in the studied area. However, it remains 

to be further studied whether the other indicators for evaluating water quality and 

eutrophication are the same as those indicated by Q index. 

Conclusion 

This study shows that the monitoring method of phytoplankton functional group is also 

applicable in the cold area with high alkalinity and eutrophication, and it is also a 

favorable method to monitor the phenomenon of cyanobacteria bloom in the lake. The Q 

index emerged as the times require can reflect the water quality in the lake accurately. 

During the study period, the time succession of phytoplankton functional groups was 

obvious which showed the variation trend of J+X2 (May)→H1+X2 (June)→H1+J 

(July)→M+H1 (August)→X2+J (September)→J+X2+MP (October). The cyanobacteria 

bloom in lake began in June, reached its peak in July and August, basically disappeared 

in September. The main phytoplankton functional groups causing cyanobacteria bloom 

in the lake were H1 and M. It also turned out that water temperature, dissolved oxygen, 

total phosphorus and total nitrogen were the most significant environmental factors 

affecting the distribution of phytoplankton functional groups in Hulun Lake studied by 

using RDA and Pearson correlation analysis. Meanwhile, the persistently high content of 

nitrogen and phosphorus in Hulun Lake provides rich nutrients for phytoplankton. 

Therefore, total nitrogen and total phosphorus are not the main limiting factors of 

cyanobacteria bloom in Hulun Lake. 

Our research has provided a new idea for the study of cyanobacteria bloom and water 

quality monitoring in cold regions. However, how to eliminate and control severe 

cyanobacteria bloom is the most significant thing we need to pay attention to currently. 

Our team has also been monitoring the population dynamics of zooplankton in this area, 
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particularly the large filter-feeding zooplankton, with a view to long-term monitoring to 

find a new approach of controlling cyanobacteria bloom by means of plankton. Further 

studies should establish a more intuitive connection between phytoplankton especially 

Cyanobacteria, water environmental factors and zooplankton bases on data collected over 

a longer period with more frequent sampling and analysis in different regions, to evaluate 

the impact of top-down effects on phytoplankton and cyanobacteria bloom. Further 

analyze, solve and prevent the phenomenon of cyanobacteria bloom. 
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