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Abstract. Chlorophyll a concentration [ρ(Chla)] in phytoplankton is used to understand algal biomass 

and the primary productivity of a water body. To investigate the seasonal dynamics of [ρ(Chla)] and their 

relationship with environmental factors Tiegang Reservoir at Guangdong China, continuous observation 

and analysis was carried out from April 2013 to June 2014. The distribution of algae had an obvious 

spatial heterogeneity, and the ρ(Chla) gradual increased from the southeast to the northwest of the 

reservoir. From April to early December 2013 and from late April to June 2014, the dominant algae was 

cyanobacteria. In other months, bacillariophyta were dominant. Chlorophyta were at a low level 

throughout the year. Multivariate analysis showed that water temperature (WT) was the primary driving 

factor of the spatio-temporal distribution of algae. The main environmental factors of cyanobacteria, 

bacillariophyta and chlorophyta were greatly different. Single environmental factors such as WT, total 

organic carbon (TOC), nitrate nitrogen (NO3--N), and chemical oxygen demand (COD) were significantly 

related to the competitiveness of cyanobacteria and bacillariophyta. And they can be used as early 

warning indexs for cyanobacteria and diatom blooms. The dual synergistic effects of WT and other 

environmental factors on the competitiveness of cyanobacteria and bacillariophyta were analyzed. A 

combination of environmental factors at high risk for cyanobacteria or diatoms were found. 

Keywords: chlorophyll a, environment factors, seasonal variation, multivariate analysis, interspecific 

competitiveness 

Introduction 

Shenzhen is the most densely populated city in mainland China. At the beginning of 

its establishment, the total population was 320,000 (Liu et al., 2013; Gu and Ma, 2013; 

Qin et al., 2014; Ng et al., 2011; Zhou et al., 2011). As of the end of 2016, the actual 

population had increased to 18 million, and the population density reached 9,015 

persons/km, ranking first among the cities in mainland China. The influx of a large 

immigrant population placed unprecedented pressure on the water supply system and 

seriously polluted the water environment (Liu et al., 2013; Gu and Ma, 2013; Qin et al., 

2014; Ng et al., 2011; Zhou et al., 2011). Although Shenzhen is located in the 

subtropical region, no large rivers or lakes exist in the territory. Therefore, rich rainfall 

cannot be effectively gathered, resulting in scarce water resources. So Shenzhen is 

experiencing a serious water shortage (Güneralp and Seto, 2008; Liu and Ma, 2011). In 



Song et al.: Spatiotemporal characteristics and the interspecific competition of phytoplankton 

- 8192 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(4):8191-8217. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/1704_81918217 

 2019, ALÖKI Kft., Budapest, Hungary 

2015, nearly 90% of the city's drinking water needed to be imported from the Pearl 

River. Shenzhen water supply system is mainly composed of overseas water diversion 

engineering and local reservoirs. There are nearly 168 reservoirs in Shenzhen. After 

arriving at Shenzhen, overseas water was firstly stockpiled in local reservoirs and then 

was supplied to nearby water works. Therefore, water quality of those reservoirs has 

played an important role to the city’s drinking water security. And how to ensure the 

safety of drinking water and to meet the people’s increasing requirement for the quality 

of drinking water became important topics in the construction of ecological civilization 

in Shenzhen (Liu et al., 2013; Li et al., 2015; Lu et al., 2015). 

Chl-a is an important pigment for the photosynthesis of phytoplankton (Liu et al., 

2013; Li et al., 2015; Lu et al., 2015) and an important medium for absorbing and 

transmitting light energy. In environmental science, the concentration of chl-a in 

phytoplankton is used to understand algal biomass (Eisner et al., 2016; Tebbs et al., 

2013; Bowes et al., 2012; Wainger et al., 2016) and the primary productivity (Lee et al., 

2015; Mantyla et al., 2008; Bott et al., 2006; Morin et al., 1999) of a water body. Chl-a 

is used to evaluate the nutritional status (Qin et al., 2014; Naeher et al., 2016; Bell et al., 

2014; Terauchi et al., 2014) of the water environment. The traditional chl-a detecting 

method is breaking the algal cell wall by grinding, repeatedly thawing or using 

microwave methods, and the total chl-a concentration is then detected by 

spectrophotometry (Pyo et al., 2016) without distinguishing the different algae. 

According to the difference of fluorescence characteristics of algae, the chl-a 

concentration of cyanobacteria, chlorophyta and bacillariophyta can be detected by 

PAM (pulse-amplitude modulation) chlorophyll fluorometer (Jakob et al., 2005; 

Beecraft et al., 2017; Ruth et al., 2010), which can reflect the algal biomass and provide 

strong technical support for studying the community structure of algae. 

Reservoir is a typical non-stable water body that is influenced by nature and humans, 

and its hydrodynamic and ecological characteristics are distinct from those of a natural 

lake (Teeter et al., 2001). Tiegang Reservoir is the largest water supply reservoir in 

Shenzhen. Shenzhen has promoted water quality in recent years to improve the water 

pollution situation of the reservoir, but the total nitrogen (TN) level is still seriously 

above the standard, and the water quality is poor (grade V) (Zhu et al., 2018; Qin et al., 

2014). To date, few studies on Tiegang Reservoirs are available, and most of them are 

focused on water quality, while studies of the algae community structure and seasonal 

changing pattern are lacking. Our research group carried out continuous monitoring of 

the chl-a concentration of cyanobacteria, chlorophyta and bacillariophyta and their main 

environmental factors from April 2013 to June 2014. The temporal and spatial 

distribution characteristics and evolution of chl-a in algae were analyzed, the high risk 

areas and periods of algal blooms were identified, and the relationship between 

environmental factors and algae was studied. This study provides technical support to 

explore the mechanism of algal blooms, to ensure the safety of drinking water and to 

improve the ecological civilization of water. 

Materials and methods 

The layout of the study area and sampling sites 

There were a total of 10 sampling sites in Tiegang Reservoir (Fig. 1): the No. 1 site 

is near the inlet of Xili Reservoir, No. 2 is near the intake point of the water plant, No. 3 

and No. 4 are in the running water area in the middle east reservoir (where water flow 
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velocity is fast), No. 5 and No. 6 are in the dead water area (where water flow velocity 

is slow), No. 7 is near the water intake point of Shiyan Reservoir, No. 8 is in the 

running water area in the western reservoir, No. 9 is near the Jiuwei River, and No. 10 is 

near the Liaokeng River. For each sampling site, the samples were collected within 3 

layers from top to bottom; the surface layer is the water layer approximately 10 cm 

below the surface, the transparent layer is the water layer corresponding to the depth of 

the transparency measurement, and the bottom layer is the water layer approximately 10 

cm above the sediment. 

 
 

a c 

b 

 

Figure 1. The sampling sites at Tiegang Reservoir 

 

 

Sampling and analysis 

The samples were collected using a ZPY-1 water collector and stored separately. The 

water samples were transferred to the laboratory within 2 h after collected and they 

were preservated at 4 °C. The chemiluminescence detection of the permanganate index 

(CODMn) and determination of ρ(Chla), total organic carbon (TOC), total nitrogen (TN), 

total phosphorus (TP), ammonia nitrogen (NH4
+-N), nitrate nitrogen (NO3

--N), iron (Fe) 

and silicate were carried out within two days. Chl-a was measured by using a modulated 

fluorometer (WALZ Phyto-PAM, Germany) that was periodically calibrated by acetone 

extraction spectrophotometry. The depth of the water, WT, pH, DO and turbidity were 

measured in-site using a multi-parameter water quality analyzer (YSI 6600V2, USA). 

The transparency (SD) was measured in-site using a secchi disk. COD was measured by 

the acidic potassium permanganate method; TP was determined by ammonium 

molybdate spectrophotometry (Shimadzu UV-2700 Ultraviolet-Visible 

Spectrophotometer, Japan); silicate was determined by silicon molybdenum blue 

spectrophotometry (Shimadzu UV-2700 Ultraviolet-Visible Spectrophotometer, Japan); 

TN, NH4
+-N and NO3

--N were analyzed by a flow analyzer (AMS-Alliance-Futura, 
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French); and TOC was determined using a TOC analyzer (GE-Siever 5310C). The 

meteorological data, including temperature, air pressure, humidity, rainfall, 

evapoproportion n and sunshine hours, were provided by the Shenzhen National 

Climate Observatory. Three parallel samples were measured for each monitoring 

sample, and then the average value was taken as the final result. 

 

Climatic periods 

According to the weather characteristics, sampling time was divided into five 

periods. Pre-rainy period (PRP) was from April to June 2013 and 2014. Latter rainy 

period (LRP) was from July to September 2013. High temperature and rain free period 

(HTRFP) was from October to November 2013. Winter drought period (WDP) was 

from December 2013 to February 2014. Temperature jump period (TJP) was March 

2013. 

 

Data processing 

The bivariate relationship between ρ(Chla) and the environmental factors was 

analyzed by Pearson correlation analysis on SPSS20. *Values in bold are different from 

0 with a significance level alpha = 0.05. **Values in bold are different from 0 with a 

significance level alpha = 0.01. Time and space factors on environment factor and 

ρ(Chla) was analyzed by one-way ANOVA and two-way ANOVA that performed with 

SPSS20. The comprehensive correlation between the ρ(Chla) of the algae and the 

environmental factors was carried out using canonical correspondence analysis (CCA) 

on XLSTAT2010. The distribution chart of algal chl-a was generated on ArcMap10.2 

by the Kriging interpolation method based on the mean of the ρ(TChla) of several 

months at each sampling site in the corresponding climatic period. Other graphics were 

prepared via using Origin9.0. 

Results and discussion 

Spatio-temporal evolution pattern of chl-a 

Spatio-temporal evolution pattern of total chl-a 

Figure 2 shows the seasonal changing pattern of ρ(TChla) in Tiegang Reservoir. The 

highest ρ(TChla) of Tiegang Reservoir in the sampling period was 145.06 μg L-1, which 

appeared on the surface layer of the No. 9 sampling site on June 17, 2013. The peak 

period of chlorophyll a in Taihu Lake of China is from July 1 to 10 every year (Liu et 

al., 2019). Compared with Taihu Lake, the peak period of algae in Tiegang Reservoir is 

2-3 weeks earlier. This is mainly because Tiegang Reservoir is located in the 

subtropical zone and its temperature is higher than that in the Taihu Lake Basin. The 

lowest ρ(TChla) was 4.72 μg L-1, which appeared on the bottom layer of the No. 1 

sampling site on January 27, 2014. The mean value was 38.53 μg L-1, which was 

significantly higher than the value of 16.84 μg L-1 for the upstream reservoir - Xili 

Reservoir and lower than the value of 52.03 μg L-1 for the downstream reservoir - 

Shiyan Reservoir in the same period. These results indicate that the quality of the water 

from the Dongjiang River was significantly deteriorated after storage and transfer in the 

cascade reservoirs, and the water body had evolved from an oligotrophic state to a 

mesotrophic state. 
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Figure 2. Annual trend in total chl-a concentration. There are 10 columns every month and 

each column from left to right represents sampling sites 1 to sampling sites 10 

 

 

The temporal heterogeneity of chl-a in the algae of Tiegang Reservoir was evident: 

the algae began anabiosis in the temperature rising period in March 2013. The ρ(TChla) 

increased rapidly in April 2013 and reached 67.43 μg L-1 on June 17, 2013, which was 

the highest level for the year. From July to August 2013, the ρ(TChla) remained high, 

began to decline in September and remained at a medium concentration level in 

November, with an average value of ρ(TChla) in this period of 33.29 μg L-1. From 

December 2013 to February 2014, the ρ(TChla) was at the lowest level of the whole 

year due to the low temperature, and the average value of ρ(TChla) in this period was 

14.26 μg L-1. From March to April 2014, the ρ(TChla) increased sharply due to the 

increased temperature and runoff pollution from the average of 14.4 μg L-1 on March 17 

to 35.10 μg L-1 on April 8th. From May to June 2014, the reservoir again entered the 

high algae laden period. 

The spatial heterogeneity of chl-a in the algae during the rainy season was obvious, 

especially from April 10 to August 8, 2013. The ρ(TChla) of the No. 9 and No. 10 

sampling sites was approximately 1.5-2 times that of other sampling sites because these 

sites were close to the Jiuwei River and Liaokeng River and were affected by river basin 

pollution. From August 30 to September 20, 2013, at the end of the rainy season, the 

spatial heterogeneity of ρ(TChla) decreased because the pollutants in the watershed 

were rinsed by the heavy rainfall from April to July 2013, resulting in a significant 

decrease in the intensity of pollution. In August and September, although there was still 

heavy rainfall, the concentration of pollutants from the runoff was significantly reduced, 

and the concentration of algae in the inlet area from the rivers to the reservoir was also 

reduced due to dilution by the runoff. The spatial heterogeneity of ρ(TChla) at each 

sampling site in the periods of high temperature and rain free, winter drought and 

temperature jump was not clear. On April 8, 2014, with the arrival of the new rainy 

season, the ρ(TChla) of the No. 9 and No. 10 sampling sites in the northwest of the 
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reservoir was significantly increased, and the spatial heterogeneity of the ρ(TChla) in 

the reservoir was again observed. 

The chlorophyll-a of algae has a certain spatial heterogeneity in the vertical direction. 

The distribution pattern of ρ(TChla) is the transparent layer > the surface layer > the 

bottom layer. The deeper the water, the more obvious this pattern became. At a water 

depth of 3-5 m, the algae showed a distribution pattern of the transparent layer > the 

surface layer > the bottom layer. At a water depth of 5-8 m, the ρ(TChla) of the bottom 

layer decreased rapidly, and its differences between the surface layer or transparent 

layer became enlarged. At a water depth of 8-15 m, the mean ρ(TChla) of the bottom 

layer was only approximately 3/5 that of the transparent layer. The spatial heterogeneity 

of chl-a in the vertical direction in a natural water body is mainly caused by the 

stratification of light and the water temperature (Nishijima et al., 2016). The deeper the 

water body, the greater the difference of the water temperature and light between the 

different water layers is and the more obvious the difference of ρ(TChla) should be. The 

ρ(TChla) of Tiegang Reservoir did not show a large difference between the bottom 

layer and the surface layer as in natural deep lake reservoirs, mainly because Tiegang 

Reservoir is a typical unstable water body affected by artificial water, with fast water 

flow and frequent exchange. This was especially true for the sampling sites at the intake 

points of the water plant and the downstream reservoir, which were 3-6 m under the 

water surface, thus promoting water exchange in the vertical direction and reducing the 

spatial heterogeneity of the algae in the vertical direction. 

 

Spatio-temporal evolution pattern of chl-a and community structure of phytoplankton 

Figure 3 shows the seasonal changing pattern of the chl-a concentration of 

cyanobacteria, chlorophyta and bacillariophyta in the surface layer, the transparent layer 

and the bottom layer of the water body. During the monitoring period, the mean value 

of the ρ(Chla) of cyanobacteria was 22.74 μg L-1; the highest value was 98.95 μg L-1 in 

the surface layer of the No. 9 sampling site on June 17, 2013, and the lowest value was 

1.57 μg L-1 in the bottom layer of the No. 1 sampling site on December 31, 2013. The 

highest monthly average was 43.98 μg L-1 in July 2013, and the lowest monthly average 

was 4.43 μg L-1 in January 2014. The mean value of the ρ(Chla) of bacillariophyta was 

11.53 μg L-1; the highest value was 49.27 μg L-1 in the transparent layer of the No. 10 

sampling site on April 10, 2013, and the lowest value was 3.15 μg L-1 in the bottom 

layer of the No. 1 sampling site on January 27, 2014. The highest monthly average was 

22.63 μg L-1 in April 2013, and the lowest monthly average was 4.18 μg L-1 in January 

2014. The mean value of the ρ(Chla) of chlorophyta was 4.54 μg L-1; the highest value 

was 18.66 μg L-1 in the surface layer of the No. 9 sampling site on June 17, 2013, and 

the lowest value was 0.18 μg L-1 in the bottom layer of the No. 2 sampling site on 

January 27, 2014. The highest monthly average was 9.24 μg L-1 in June 2013, and the 

lowest monthly average was 1.18 μg L-1 in February 2014. 

The changing pattern of the ρ(Chla) of cyanobacteria was essentially the same as that 

of ρ(TChla) described in the previous section: rising in the early rainy season in 2013, 

reaching the highest level in June-August, decreasing to a lower level in September-

November, reaching the lowest level in December 2013-March 2014 and rapidly rising 

in early April 2014 to reach a high in June 2014. Compared with the same period of the 

previous year, the ρ(Chla) of cyanobacteria was increased by 30%-50% from May to 

June in 2014, indicating that the diversity of algae in the reservoir decreased, and the 

risk of a cyanobacteria bloom further intensified. The ρ(Chla) of bacillariophyta reached 
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a maximum at March-April each year, which was slightly decreased in May-July and 

remained low from August to early October. From late October to early December, due 

to the sharp decrease of cyanobacteria, the interspecific competition was weakened; 

thus, the ρ(Chla) of bacillariophyta rose again. In late December to February, due to the 

cold weather, the ρ(Chla) of bacillariophyta was reduced again and was at the lowest 

level of the year. The ρ(Chla) of chlorophyta was relatively low, showing the overall 

characteristic of being high in the summer and autumn and low in the winter and spring. 
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Figure 3. Annual trend in chl-a concentration of cyonophyta, chlorophyt and bacillariophyta: a 

surface layer; b photic layer; c bottom layer. There are 10 columns every month and each 

column from left to right represents sampling sites 1 to 10 

 

 

Figure 4 shows the changing pattern of the algae population structure. The 

dominance of cyanobacteria in Tiegang Reservoir was apparent, accounting for 

27.21%-72.58%, with an average of 54.49%. Bacillariophyta dominated in the winter 

and spring, accounting for 16.27%-61.82%, with an average of 34.17%. Chlorophyta 

was always at a low level, accounting for 7.21%-17.03% for the entire monitoring 

period, with an average of 11.38%. From April 2013 to July 2013, the proportion of 

cyanobacteria gradually increased from 49.28% to 72.58% and was maintained at 

approximately 65% until October. After December 2013, cyanobacteria rapidly 

decreased until the loss of dominance in December and finally reached the minimum in 

February 2014. In March 2014, cyanobacteria began to recover and reached 53.83% in 

late April to become dominant again; then, the proportion quickly rose to 71.28% in 
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June. The changing trend of bacillariophyta was the opposite of that of cyanobacteria, 

which decreased from 43.41% in April 2013 to 16.27% in July 2013 and remained low 

in August-September. In October, the proportion of bacillariophyta rebounded rapidly 

to 46.99% at the end of December, becoming the dominant algae; this dominance was 

maintained until the beginning of April 2014 and reached a peak in February-March 

2014. This was followed by a rapid decline under the impact of cyanobacteria recovery, 

falling to 21.47% in June 2014. The proportion of chlorophyta was low throughout the 

year, showing no obvious changing pattern in the proportion throughout the year. 

Compared with the same period of the previous year, the proportion of cyanobacteria in 

Tiegang Reservoir was increased in May-June 2014, and the proportions of 

bacillariophyta and chlorophyta decreased with the decreased diversity of algae. The 

algal population structure is a measure of the ecological diversity and stability of the 

water body (Pinckney et al., 2017; Tachibana et al., 2017; Tian et al., 2017). Tiegang 

Reservoir was dominated by cyanobacteria; the algal structure was relatively simple, 

with poor diversity, and the risk of a cyanobacteria bloom was rising. 
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Figure 4. Community structure of phytoplankton in Tiegang Reservoir 

 

 

Identification of the high risk area of an algal bloom 

Tiegang Reservoir has a large capacity and a high spatial heterogeneity of ρ(Chla), 

showing the overall characteristic of gradual increases from the southeast to the 

northwest of the reservoir area (Fig. 5). From the perspective of time, the northwest and 

northeastern reservoir areas in the early rainy season and the northwest reservoir area in 

the late rainy season were at high risk of a cyanobacteria bloom, and the reservoir areas 

near the No. 9 and No. 10 sampling sites had a mild algal bloom in June-July 2013. 
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There is a moderate risk of cyanobacteria bloom in the northeastern reservoir area in the 

late rainy season and the northwest reservoir area in the high temperature and dry 

period. The winter drought period and temperature jump period showed no risk of 

cyanobacteria bloom. 
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Figure 5. Chl-a chart in different climatic period at Tiegang Reservior. a 2013 pre-rainy 

period; b 2013 latter rainy period; c 2013 high temperature and rain free period; d 2013 winter 

drought period; e 2014 temperature rising period; f 2014 pre-rainy period 



Song et al.: Spatiotemporal characteristics and the interspecific competition of phytoplankton 

- 8201 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(4):8191-8217. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/1704_81918217 

 2019, ALÖKI Kft., Budapest, Hungary 

From the perspective of space, the No. 1 sampling site was at the inlet of Tiegang 

Reservoir from the Xili Reservoir, whose ρ(TChla) was 4.72-55.01 μg L-1, with an 

average of 21.13 μg L-1. The water quality was relatively good, and the algae 

concentration was low. The No. 2 sampling site was close to the water intake point from 

Tiegang Reservoir for the water plant. Because of the daily water supply to the water 

plant, the water exchange was most frequent in the No. 2 sampling site; therefore, the 

growth of algae was inhibited, with a mean ρ(TChla) value of 25.14 μg L-1, showing 

good water quality. The No. 1 and No. 2 sampling sites were essentially free of algal 

blooms. The No. 3 and No. 4 sampling sites were located in the center of the reservoir, 

with good hydrodynamic conditions, whose mean values of ρ(TChla) were 28.50 μg L-1 

and 28.16 μg L-1, respectively, showing a relatively low risk of algal bloom. The No. 5 

and No. 6 sampling sites were located in the dead water area, whose mean values of 

ρ(TChla) were 32.63 μg L-1 and 31.83 μg L-1, respectively, showing a moderate risk of 

algae bloom in the rainy season. This was especially true for the No. 5 sampling site in 

June 2013, with a ρ(Chla) of 104.88-122.43 μg L-1, showing a sign of mild algal bloom. 

The No. 7 sampling site was at the inlet from Tiegang Reservoir to the Shiyan 

Reservoir, whose ρ(TChla) was 4.07-96.17 μg L-1, with a mean value of 69.01 μg L-1, 

showing a moderate risk of algal bloom in the rainy season. The No. 9 and No. 10 

sampling sites were close to the entry from the Jiuwei River and Liaokeng River, whose 

mean values of ρ(TChla) were 53.50 μg L-1 and 67.01 μg L-1, respectively. The 

maximum values of ρ(TChla) were 145.06 μg L-1 and 119.62 μg L-1 in June 2013, 

respectively. Except for the winter dry storage period and the temperature rising period, 

the No. 9 and No. 10 sampling sites were at moderate or high risk of algal bloom in all 

other months, and the water supply safety was threatened, which needs to be addressed. 

The No. 8 sampling site was located at the intersection of the No. 9 and No. 10 

sampling site waters, whose average annual ρ(Chla) was 39.42 μg L-1, also showing a 

certain risk of algal bloom in the rainy season. Overall, most areas of Tiegang Reservoir 

are already in a mesotrophic state, and some areas are in the transition to a eutrophic 

state. 

 

Multivariate analysis of chl-a and environmental factors 

Pearson correlation analysis of chl-a and water quality factors 

Table 1 shows the relationship between chl-a and water quality factors in the flood 

and drought seasons. The main correlation factors of cyonophyta, chlorophyt and 

bacillariophyta in different periods were different. The main correlation factors of 

cyanobacteria in descending order of the absolute value of the correlation coefficient for 

the rainy season were WT > transparency > turbidity > N:P > TP > silicate > TOC, in 

which transparency, N:P and silicate were negatively correlated. The main correlation 

factors of cyanobacteria in descending order of the absolute value of the correlation 

coefficient for the drought season were TOC > WT > NO3
--N > TN > Fe > N:P, in 

which the NO3
--N, TN, Fe and N:P were negatively correlated. The main correlation 

factors of bacillariophyta in descending order of the absolute value of the correlation 

coefficient for the rainy season were WT > TP > TN > TOC > NO3
--N, in which the 

WT and TOC were negatively correlated. The main correlation factors of 

bacillariophyta in descending order of the absolute value of the correlation coefficient 

for the drought season were silicate > N:P > TN > transparency > NO3
--N > Fe, in 

which N:P, TN, transparency, NO3
--N and Fe were negatively correlated. The main 
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correlation factors of chlorophyta in descending order of the absolute value of the 

correlation coefficient for the rainy season were COD > transparency > TOC > NO3
--

N > DO > WT, in which transparency and NO3
--N were negatively correlated. The main 

correlation factors of chlorophyta in descending order of the absolute value of the 

correlation coefficient for the drought season were TOC > WT > TP > N:P > 

pH > COD, in which N:P was negatively correlated. In general, the correlations 

between the three algae and the water quality factors in the drought season were 

significantly higher than those in the rainy season. This likely occurs because the algae 

concentration was significantly decreased by the dilution effect of the heavy rainfall 

(Bernal-Brooks et al., 2016) in a short time during the rainy season, leading to strong 

fluctuations in the chl-a concentration; therefore, the correlation with water quality 

factors was reduced. 

 
Table 1. Pearson correlation coefficients between chl-a and water quality factors 

Period Phytoplankton DO pH WT SD Turbidity COD TOC Silicate NO3
--N TN TP N:P Fe 

Rainy 

season 

Cyanophyta 0.047 -0.008 0.418** -0.393** 0.360** 0.152 0.233* -0.261* -0.042 0.132 0.284** -0.310** -0.105 

Bacillariophyta -0.176 -0.080 -0.562** 0.127 0.022 -0.183 -0.403** -0.195 0.354** 0.454** 0.475** -0.238* -0.135 

Chlorophyta 0.308** 0.213* 0.273** -0.445** 0.142 0.536** 0.339** 0.253* -0.322** 0.002 -0.075 -0.007 0.023 

Total Algae 0.013 -0.004 -0.028 -0.283** 0.271* 0.114 0.062 -0.209 0.052 0.286** 0.350** -0.294** -0.115 

Drought 

season 

Cyanophyta 0.124 0.398** 0.651** -0.251 -0.078 0.133 0.778** 0.425** -0.618** -0.616** 0.274** -0.442** -0.513** 

Bacillariophyta 0.224** 0.309** 0.268** -0.400** 0.085 0.049 0.434** 0.478** -0.396** -0.460** 0.263** -0.461** -0.369** 

Chlorophyta 0.178 0.502** 0.695** -0.474** -0.013 0.475** 0.758** 0.465** -0.390** -0.414** 0.601** -0.541** -0.388** 

Total Algae 0.181 0.428** 0.601** -0.361** -0.015 0.160 0.750** 0.501** -0.615** -0.613** 0.343** -0.515** -0.511** 

Whole 

time 

Cyanophyta 0.041 0.157 0.659** -0.323** 0.208** 0.270** 0.600** -0.129 -0.215** 0.134 0.161 -0.187 -0.242** 

Bacillariophyta -0.073 0.087 0.165 -0.141 0.005 0.024 0.085 -0.029 0.145 0.378** 0.350** -0.236** -0.226** 

Chlorophyta 0.196 0.266** 0.663** -0.389** 0.016 0.491** 0.626** 0.100 -0.352** 0.095 0.029 -0.050 -0.146 

Total Algae 0.034 0.169 0.590** -0.315** 0.176 0.259** 0.521** -0.083 -0.154 0.213** 0.215** -0.203** -0.250** 

Rainy season was from April to September 2013 and April to July 2014. Drought season was from October 2013 to March 2014. *Significant at the 

0.05 level. **Significant at the 0.01 level. DO-dissolved oxygen. WT: water temperature, SD: transparency, COD: chemical oxygen demand，TOC: 

total organic carbon, TN: total nitrogen, NO3-: N-nitrate nitrogen, TP: total phosphorus, N: P-the proportion of TN to TP 

 

 

In particular, in the rainy season, the WT was positively correlated to cyanobacteria, 

with a correlation coefficient of 0.418, and was negatively correlated to bacillariophyta, 

with a correlation coefficient of -0.562. It was found that rising temperatures (1.4 – 

6.8 °C) could increase cyanobacteria growth rates and increase cyanobacteria bloom 

occurrences (Davis et al., 2009; Wu et al., 2014; O Neil et al., 2012). The optimum 

temperature for microcytic species are 30–33 °C (Mowe et al., 2017). Fadel et al. (2015) 

investigated a freshwater reservoir in the Mediterranean and found that when the WT 

exceeded 25 °C, the cyanobacteria represented by microcystis began to multiply. It was 

found that the suitable temperature for the growth of bacillariophyta was 10–25 °C 

(Mitrovic et al., 2010), and the maximum growth rate occurred at 20 °C, and the growth 

rate of bacillariophyta was inhibited and the biomass began to decrease when the WT 

exceeded 25 °C (Jung et al., 2013). The WT of Tiegang Reservoir was 22.46–32.79 °C 

in the rainy season, with an average of 29.44 °C, and reached 28 °C in May. The higher 

WT is beneficial to the growth and reproduction of cyanobacteria, and it somehow 

inhibits the growth of bacillariophyta, which allows the cyanobacteria to gain an 

advantage over bacillariophyta. Therefore, the WT was positively correlated with 

cyanobacteria and negatively correlated with bacillariophyta in the rainy season. In the 

rainy season, the concentration of cyanobacteria was positively correlated with turbidity 

and negatively correlated with transparency, indicating that the rapid increase of 
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cyanobacteria in the rainy season increased the water turbidity while reducing the water 

transparency and light intensity. The photosynthesis of algae is limited with reduced 

light intensity in a water body. However, some cyanobacteria have pseudo-vacuoles, 

which can float up to the surface water layer where the light intensity is higher, and they 

will subsequently not be inhibited by the weakening of light. Bacillariophyta are more 

widely distributed in the middle layers of water, and the high turbidity and low light 

intensity of the water body will therefore more significantly affect the growth of 

bacillariophyta. In the rainy season, TN was significantly correlated with 

bacillariophyta, and TP showed a certain correlation with both bacillariophyta and 

cyanobacteria, indicating that nitrogen and phosphorus are the important factors for 

algae growth. Tiegang Reservoir is a nitrogen-contaminated reservoir, with total 

nitrogen levels up to 1.64 mg L-1, a surface water quality of grade V, and TP levels as 

low as 0.024 mg L-1, belonging to the surface water quality of grade II. For algal 

growth, TN is relatively abundant, and TP is relatively scarce, and phosphorus is a 

limiting nutrient for algal growth. The N: P of Tiegang Reservoir in the rainy season 

and drought season was 69 and 54, respectively, and the N: P showed a negative 

correlation with cyanobacteria and bacillariophyta, indicating that a high N: P was not 

favorable for the growth of algae. This result is consistent with the findings of Smith 

(1983), who proposed the “N: P law” based on the study of 17 lakes; that is, 

cyanobacteria blooms can easily outbreak when N: P is lower than 29. The WT in the 

drought season was still the main influencing factor for all three algae, especially for 

chlorophyta and cyanobacteria, with correlation coefficients as high as 0.695 and 0.651, 

respectively. All three algae in the drought season showed significant negative 

correlations with water quality factors, including NO3
--N, TN and Fe. There were two 

main reasons for this phenomenon. On the one hand, the ρ(Chla) of algae in the drought 

season significantly decreased with decreased temperature. On the other hand, water is 

lacking in the drought season, and the reservoir was operating at low water level; thus, 

the concentrations of water quality factors, including NO3
--N and TN increased slightly. 

The transparency was negatively correlated with the three algae at each period to 

varying degrees, indicating that the growth of algae in the reservoir was not conducive 

to the transparency of the water body. The correlations between DO and the three algae 

in each period were not obvious because Tiegang Reservoir is a typical artificial water 

transfer and supply reservoir, with a highly frequent water exchange and a low stability 

of the water body. The average concentrations of dissolved oxygen in the rainy season 

and drought season were 8.89 and 9.12 mg L-1, respectively, which are sufficient to 

meet the needs of algal growth. 

 

Pearson correlation analysis of chl-a with the meteorological and hydrodynamic 

factors 

Table 2 shows the correlation of chl-a with the meteorological factors and 

hydrodynamic factors in the flood and drought seasons. On the same day, the collected 

hydrodynamic factors and meteorological factors should be the same, and the data 

characteristics were different from those of water quality factors. Therefore, their 

correlations with the chl-a were analyzed separately. Table 2 shows that there were 

significant differences in the main correlated factors of different algae in the same 

period and the same algae at different periods. The main correlated factors of different 

algae in different periods were different. In the rainy season, the main correlated factors 

of cyanobacteria in descending order of the absolute value of the correlation coefficient 
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were WT > evapoproportion n > pressure > runoff > sunshine hours > hydraulic 

retention times (HRT). The main correlated factors of bacillariophyta in descending 

order of the absolute value of the correlation coefficient were temperature > 

evapoproportion n > sunshine hours > runoff > HRT > pressure. The main correlated 

factor of chlorophyta was temperature. In the drought season, the main correlated 

factors of cyanobacteria in descending order of the absolute value of the correlation 

coefficient were water evapoproportion n > temperature. The main correlated factors of 

bacillariophyta in descending order of the absolute value of the correlation coefficient 

were evapoproportion n > pressure > temperature. The main correlated factors of 

chlorophyta in descending order of the absolute value of the correlation coefficient were 

humidity > evapoproportion n > pressure. Temperature showed a significant positive 

correlation with cyanobacteria and a significant negative correlation with 

bacillariophyta, which was consistent with the effect of WT on cyanobacteria and 

bacillariophyta. Rainfall is the main driving force of watershed pollution entering the 

reservoir. The rainwater washed the organic matter and nitrogen/phosphorus nutrient 

salt deposits from the watershed surface into the reservoir in the form of ground surface 

runoff (Abell and Hamilton, 2015). The runoff in the early rainy season showed a 

significant negative correlation with cyanobacteria and a negative correlation with 

bacillariophyta. The runoff in the late rainy season showed a slight negative correlation 

with all three algae. This occurs because the proportion of organic matter and nutrient 

salts in the runoff of the early rainy season were high, which could increase the organic 

matter and nutrient salts in the reservoir and promote the growth and reproduction of 

cyanobacteria. The water quality of the runoff in the late rainy season was better, which 

was mainly due to the increased amount of water in the reservoir, which diluted the 

organic matter, nutrient salts and algae. In the rainy season, HRT was highly negatively 

correlated with cyanobacteria, indicating that, in order to inhibit the excessive 

reproduction of cyanobacteria during the rainy season, the reservoir management 

department can reduce the water retention time by increasing the water supply and 

reducing the water level of the reservoir to prevent a cyanobacteria bloom. The pressure 

was negatively correlated with all three algae to different degrees, but the results do not 

indicate that the pressure has a significant direct effect on algal growth. This is mainly 

due to the significant negative correlation between air pressure and air temperature in 

meteorological regularity. Pearson correlation analysis also showed that the correlation 

coefficients of air temperature and air pressure in the flood and drought seasons were -

0.859 and -0.936, respectively. 

 

Canonical correspondence analysis (CCA) of chl-a and environmental factors 

Canonical correspondence analysis of the relationship of the water quality, 

meteorological factors and hydrodynamic factors with algae ρ(Chla) in the rainy season 

and the drought season was carried out to investigate the comprehensive effects of the 

environmental factors on the growth of algae in the flood and drought seasons (Fig. 6). 

The arrow in the figure indicates the environmental factor, and the length of the arrow 

indicates the correlation between the algae and this environmental factor. The angle 

between the arrow line and the ordination axis indicates the correlation between this 

environmental factor and the ordination axis, and the smaller the angle is, the closer the 

correlation is. The quadrant of the arrow indicates the positive or negative correlation 

between the environmental factor and the ordination axis. In the rainy season, 

cyanobacteria, chlorophyta and bacillariophyta were located in the fourth, first and 
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second quadrants, respectively; in the drought season, cyanobacteria, chlorophyta and 

bacillariophyta were located in the second, fourth and first quadrants, respectively, 

indicating that the growth patterns of the three algae were different, and the 

environmental factors influencing the three algae varied widely. The eigenvalues of F1 

and F2 in the rainy season were 0.022 and 0.008, respectively, and the explanatory rates 

were 72.61% and 27.39%, respectively. The eigenvalues of F1 and F2 in the drought 

season were 0.024 and 0.009, respectively, and the explanatory rates were 73.10% and 

26.90%, respectively. 

 
Table 2. Pearson correlation coefficients between chl-a and hydrodynamic/meteorological 

factors 

Period Phytoplankton AT BP Humidity SHD EC RV TR HRT 

Rainy 

season 

Cyanophyta 0.401** -0.391** -0.103 0.336** 0.392** 0.323** -0.108 -0.258* 

Bacillariophyta -0.484** 0.327** 0.189 -0.386** -0.129 -0.104 -0.212* 0.347 

Chlorophyta 0.108 -0.064 -0.049 0.069 -0.096 -0.018 0.039 -0.095 

Total Alage 0.047 -0.157 -0.009 0.099 0.205 0.122 -0.143 -0.064 

Drought 
season  

Cyanophyta 0.564** -0.352** -0.138 0.009 0.401** -0.082 -0.118 -0.172 

Bacillariophyta 0.071 0.069 -0.315** 0.102 0.323** -0.233* -0.130 -0.077 

Chlorophyta 0.589** -0.387** -0.450** 0.503** 0.651** -0.299** -0.377** -0.315** 

Total Alage 0.462** -0.251* -0.255* 0.102 0.464** -0.172 -0.168 -0.176 

Whole 

time 

Cyanophyta 0.689** -0.723** 0.513** 0.038 -0.015 0.335** 0.343** 0.049 

Bacillariophyta 0.272* -0.200* 0.254** -0.262** -0.107 -0.047 0.076 0.326** 

Chlorophyta 0.108 -0.064 -0.049 0.069 -0.096 -0.018 0.039 -0.095 

Total Alage 0.608** -0.637** 0.494** -0.048 -0.059 0.266** 0.310** 0.142 

Rainy season was from April to September 2013 and April to July 2014. Drought season was from October 2013 to March 2014. 

AT: air temperature, BP: barometric pressure, SHD: sunshine duration, EC: evaporation capacity, RV: runoff volume, TR: total 

rainfall, HRT: hydraulic retention time. *Significant at the 0.05 level. **Significant at the 0.01 level 

 

 

Figure 6 shows that the environmental factors with the highest correlation degree to 

algae were the meteorological factors, including the temperature, sunshine hours, 

pressure and evaporation, indicating that the spatio-temporal distribution and evolution 

of algae are mainly driven by changes in climate. Panels a and b show that the strongest 

environmental factor associated with algae in the rainy season and the drought season 

was WT, followed by air temperature, indicating that temperature is the primary driving 

factor for algal growth in Tiegang Reservoir. The environmental factors showing the 

maximum projection on the F1 axes of the two panels were both WT; thus, the F1 axis 

mainly reflects the change in WT. The number of sunshine hours and the amount of 

evaporation in both figure a and figure b showed positive correlations with algae. Light 

is the essential condition for the photosynthesis of algae, and the increase of sunshine 

hours is beneficial to the increase of algal biomass. The amount of evaporation reflects 

the loss of the reservoir water from liquid to gas; the greater the amount of evaporation 

is, the more the loss of the reservoir water due to evaporation, resulting in increased 

algal concentration. Air pressure was negatively correlated with algae and was highly 

opposite to temperature in figure a and figure b since pressure was negatively correlated 

with temperature in the meteorological regularity; thus, pressure was indirectly 

negatively correlated with algae, which does not indicate that pressure has a direct 

causal relationship with algal growth. The hydrodynamic factor HRT reflects the length 

of residence time of water in the reservoir, which was significantly correlated with algae 

in both figure a and figure b. This negative correlation was especially significant for 
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cyanobacteria, indicating that frequent water exchange could inhibit the growth of 

algae. This finding is consistent with the result of the Pearson correlation analysis. TOC 

and COD represent the contents of organic matter in the water, whereas TN, ammonia 

nitrogen, nitrate nitrogen and TP reflect the contents of nutrient salts in the water. The 

TOC, COD, TN, ammonia nitrogen, nitrate nitrogen and TP were moderately correlated 

with algal concentration ns in figure a and figure b. Silicate was more closely related to 

algae in the rainy season, and the correlation in the drought season was not obvious. In 

the drought season, Fe was highly correlated with the F1 axis because Fe is an essential 

element of algal photosynthesis and metabolism and has an important effect on the 

biomass and growth rate of algae, especially bacillariophyta (Sugie et al., 2013; 

Okumura et al., 2013; Russo et al., 2015). 

 

 

 

Figure 6. Canonical correspondence analysis of environmental factors and phytoplankton: a 

rainy period; b drought period. The light blue, green, yellow and purple dots, respectively, 

represent cyanobacteria, chlorophyta, bacillariophyta and total algae; the dark blue dots 

indicate the sampling sites; and the arrows indicate the environmental factors 
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Influence of environmental factors on the competitiveness of cyanobacteria and 

Bacillariophyta 

Effects of single environmental factors on the competitiveness of cyanobacteria and 

Bacillariophyta 

Chl-a proportions of cyanobacteria and diatom were used to characterize the 

competitiveness of cyanobacteria and bacillariophyta, thus describing the potential for 

growth and eruption. When the chl-a proportion was less than 40%, it meant that the 

outbreak risk was low. When the chl-a proportion reached 40%~60%, it meant that they 

had slight risk of outbreaks. When the chl-a proportion were more than 60%, it meant 

that they were at high risk of outbreaks. 

Figure 7 shows when WT was lower than 17 °C, the proportion of cyanobacteria was 

between 30~40%, and the advantage was not obvious. With the increase of WT, the 

competitiveness of cyanobacteria increased gradually. When the WT was 21.5 °C, the 

proportion of cyanobacteria and bacillariophyta were both equal to 48%. The two were 

equal in competitiveness. There was a high risk of cyanobacteria blooming. When WT 

reached 28.8 °C, the proportion of cyanobacteria was over 60%, which completely 

occupied the dominant position. When WT exceeded 30 °C, the cyanobacteria 

proportion raised to 70%~80%, reaching the highest level. The linear fitting formula of 

cyanobacteria competitiveness and WT was calculated as Equation 1. When WT was 

below 17.2 °C, the diatom proportion was higher than 60%. Bacillariophyta occupied a 

dominant position. As the water temperature raised, the diatom proportion decreased 

gradually. When WT was 21.5 °C, the proportion of cyanobacteria and diatom was both 

48%. When WT exceeded 24.3 °C, the diatom proportion fell below 40%, completely 

losing the dominant position. When WT exceeded 32 °C, the diatom proportion dropped 

to 10~15%, reaching the lowest level in the whole year. The linear fitting formula of 

diatom competitiveness and WT was calcuated as Equation 2. 

 

 [Chla-cyanophyta] = 11.94 + 1.68WT, R2 = 0.81 (Eq.1) 

 

 [Chla-bacillariophyta] = 107.60-2.76WT, R2 = 0.49 (Eq.2) 
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Figure 7. Effects of WT on the competitiveness of cyanobacteria and bacillariophyta 
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Figure 8 shows when TOC was below 2.25 mg/L, the proportion of cyanobacteria 

was between 30~40%, and its advantage was not obvious. With the increase of TOC, 

the competitiveness of cyanobacteria increased gradually. When TOC was 2.62 mg/L, 

the proportion of cyanobacteria and bacillariophyta were both equal to 48%. The two 

were equal in competitiveness. When TOC reached 4.21 mg/L, the proportion of 

cyanobacteria was more than 60%, which fully occupied the dominant position. When 

TOC exceeded 5.0 mg/L, the cyanobacteria proportion raised to 65%~75%, reaching the 

highest level in the year. The linear fitting formula of cyanobacteria competitiveness 

and TOC was calculated as Equation 3. 

When TOC was below 1.70 mg/L, the diatom proportion was higher than 60%. 

Diatom occupied a dominant position. With the increasing of TOC, the proportion of 

diatom decreased gradually. When TOC was 2.62 mg/L, the proportion of 

cyanobacteria and bacillariophyta was both 48%. When TOC exceeded 3.29 mg/L, the 

diatom proportion fell below 40%, completely losing dominance. When TOC exceeded 

4.52 mg/L, the diatom proportion falls to 10%~20%, reaching the lowest level of the 

year. The linear fitting formula of diatom competitiveness and TOC was calculated as 

Equation 4. 

 

 [Chla-cyanophyta] = 26.11 + 8.22TOC, R2 = 0.54 (Eq.3) 

 

 [Chla-bacillariophyta] = 82.09-12.89TOC, R2 = 0.69 (Eq.4) 
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Figure 8. Effects of TOC on the competitiveness of cyanobacteria and bacillariophyta 

 

 

Figure 9 shows when NO3
--N was below 0.82 mg/L, the proportion of cyanobacteria 

was between 60~75%, taking full advantage. With the increasing of NO3
--N, the 

competitiveness of cyanobacteria declined gradually. When NO3
--N was 1.28 mg/L, the 

proportion of cyanobacteria and bacillariophyta were both equal to 46%. The two were 

equal in competitiveness. When NO3
--N reached 1.53 mg/L, the proportion of 

cyanobacteria fell below 40%. Cyanobacteria completely lost dominance. The linear 

fitting formula of cyanobacteria competition and NO3
--N was calculated as Equation 5. 
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When NO3
--N was below 0.82 mg/L, the diatom proportion was below 30%, and the 

competitiveness was very low. With the increasing of NO3
--N, the proportion of diatom 

raised gradually. When NO3
--N was 1.28 mg/L, the proportion of cyanobacteria and 

bacillariophyta was both 48%. When NO3
--N exceeded 1.4 mg/L, diatom occupied the 

dominant position. The linear fitting formula of diatom competition and NO3
--N was 

calculated as Equation 6. 

 

 [Chla-cyanophyta] = 82.97 + 27.93 NO3
--N, R2 = 0.28 (Eq.5) 

 

 [Chla-bacillariophyta] = -2.59-39.04 NO3
--N, R2 = 0.30 (Eq.6) 
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Figure 9. Effects of NO3
--N on the competitiveness of cyanobacteria and bacillariophyta 

 

 

Figure 10 shows when COD was 1.20~1.50 mg/L, the proportion of cyanobacteria 

and bacillariophyta was 30%~72%. When COD was 1.38 mg/L, the proportion of 

cyanobacteria and bacillariophyta were both equal to 49%. The competition between 

them was fierce and neither had obvious advantages. With the increase of COD, the 

dominance of bacillariophyta declined while the dominance of cyanobacteria increased. 

When COD was 1.82 mg/L, the proportion of bacillariophyta dropped below 40%, 

losing dominance, while the proportion of cyanobacteria rose further. When COD was 

2.55 mg/L, the proportion of cyanobacteria was over 60%. Cyanobacteria completely 

occupied the dominant position, while the diatom proportion dropped to about 20%. 

From Figure 9, it can be found that the competitiveness of cyanobacteria is significantly 

higher than that of diatoms at lower nutrient saline levels. With the increase of nutrient 

concentration, the competitiveness of bacillariophyta increased significantly. This 

validates the research results of Onur. Cyanobacteria cell sizes are much smaller than 

diatom cells. Therefore the higher nutrient affinity and growth rate of the small s 

Cyanobacteria makes them better competitors (Onur et al., 2012). The linear fitting 

formula of blue-green algae competitiveness and COD was calculated as Equation 7. 

The linear fitting formula of diatom competitiveness and COD was calculated as 

Equation 8. 
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 [Chla-cyanophyta] = 36.14 + 9.44COD, R2 = 0.17 (Eq.7) 

 

 [Chla-bacillariophyta] = 73.42-18.15COD, R2 = 0.31 (Eq.8) 
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Figure 10. Effects of COD on the competitiveness of cyanobacteria and bacillariophyta 

 

 

Therefore, environmental factors such as WT, TOC, NO3
--N and COD were closely 

related to the competitiveness of cyanobacteria and bacillariophyta. So they can be used 

as an early warning index for algal bloom. WT 22 °C can be used as a primary WT 

threshold of cyanobacteria. When WT was more than 22 °C, the diatom dominance 

decreased, and the predominance of cyanobacteria rose rapidly. WT 28 °C can be used 

as the secondary WT threshold of cyanobacteria. When WT was over 28 °C, and the 

predominance of cyanobacteria was over 60%, and cyanobacteria blooming was most 

likely to occur. Similarly, the primary TOC threshold of cyanobacteria was 2.8 mg/L, 

and the secondary TOC threshold was 4.2 mg/L. The primary NO3
--N threshold of 

cyanobacteria was 1.25 mg/L, and the secondary NO3
--N threshold was 0.85 mg/L. The 

primary COD threshold of cyanobacteria was 1.25 mg/L, and the t secondary COD 

threshold was 2.55 mg/L. 

 

Analysis of the effects of dual environmental factors on the competitiveness of 

cyanobacteria and bacillariophyta 

The effects of single environmental factors on the competitiveness of cyanobacteria 

and bacillariophyta were analyzed in the previous section (Figs. 11–14). However, in 

the real environment of the reservoir, the growth of algae was influenced by synergistic 

effect of many environmental factors. WT was the most important environmental factor. 

Therefore, the dual synergistic effects of WT and other environmental factors on the 

competitiveness of cyanobacteria and bacillariophyta were further analyzed. Bubble 

charts were used and bubble size indicated the proportion of chl-a to cyanobacteria or 

bacillariophyta, which represented the competitiveness of cyanobacteria and 

bacillariophyta. 
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Figure 11. Combined effects of WT and TOC on the competitiveness of cyanobacteria and 

bacillariophyta 
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Figure 12. Combined effects of WT and NO3
--N on the competitiveness of cyanobacteria and 

bacillariophyta 
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Figure 13. Combined effects of WT and COD on the competitiveness of cyanobacteria and 

bacillariophyta 
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Figure 14. Combined effects of Silicate and NO3
--N on the competitiveness of cyanobacteria 

and bacillariophyta 

 

 

A combination of environmental factors at high risk for cyanobacteria or diatoms 

were found. WT (24.5~33.5 °C) and TOC (3.2~5.8 mg/L) were high risk factors for 

cyanobacteria outbreaks. WT (15.5~21.5 °C) and TOC (1.5~3.3 mg/L) were high risk 

factors for bacillariophyta outbreaks. WT (28.5~33.5 °C) and NO3
--N (0.5~1.5 mg/L) 

were high risk factors for cyanobacteria outbreaks. WT (15.5~21.5 °C) and NO3
--N 

(1.0~1.5 mg/L) were high risk factors for bacillariophyta outbreaks. WT (28.5~33.5 °C) 

and COD (1.7~3.5 mg/L) were high risk factors for cyanobacteria outbreaks. WT 

(15.5~20.5 °C) and COD (1.2~1.9 mg/L) were high risk factors for bacillariophyta 

outbreaks. WT (28.5~33.5 °C) and Silicate (5.0~11.8 mg/L) were high risk factors for 

cyanobacteria outbreaks. WT (15.5~20.5 °C) and Silicate (6.5~12.0 mg/L) were high 

risk factors for bacillariophyta outbreaks. 

Conclusions 

1) During the monitoring period, the average connection of algae [ρ(TChla)] in 

Tiegang Reservoir was 38.81 μg L-1, which was in a mesotrophic state. The mean 
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ρ(Chla) values of cyanobacteria, bacillariophyta and chlorophyta were 22.74, 11.53 and 

4.54 μg L-1, respectively. From late December 2013 to early 2014, bacillariophyta was 

the dominant algae (46.37–61.81%), cyanobacteria was dominant in all other periods 

(48.13–72.58%), and chlorophyta was low throughout the entire year (7.25–14.80%). 

Compared with the same period of the previous year, the proportion of cyanobacteria 

was increased in the period of May-June 2014, and the proportions of bacillariophyta 

and chlorophyta decreased with the decreased diversity of algae, leading to the 

increased risk of a cyanobacteria bloom. 

2) The temporal changing pattern of ρ(Chla) in Tiegang Reservoir is as follows: the 

early rainy season > the late rainy season > the high temperature and no rain 

period > the temperature rising period > the autumn and winter water storage period. 

The distribution of ρ(Chla) in the vertical direction is as follows: the transparent 

layer > the surface layer > the bottom layer. The spatial changing pattern of ρ(Chla) is a 

gradual increase from southeast to northwest. The No. 9 and No. 10 sampling sites are 

at the entry of the runoff to the reservoir, whose ρ(Chla) were significantly higher than 

that in other reservoir areas. The water quality of the No. 2 sampling site at the intake 

point of the water plant was good. The northwest reservoir area is at high risk of an 

algal bloom. 

3) Pearson correlation analysis and CCA analysis showed that the spatio-temporal 

distribution of algae was mainly driven by changes in climate, for which the WT was 

the primary driving factor. The main environmental factors for cyanobacteria, 

bacillariophyta and chlorophyta were greatly different. Cyanobacteria is mainly 

associated with WT, TOC, sunshine hours, runoff and HRT; bacillariophyta is mainly 

associated with WT, silicate, TN, TP and HRT; and chlorophyta are mainly associated 

with TOC, COD, WT, NO3
--N and sunshine hours. 

4) Influence of environmental factors on the competitiveness of cyanobacteria and 

bacillariophyta was analyzed. Single environmental factors such as WT, TOC, NO3
--N, 

and COD were significantly related to the competitiveness of cyanobacteria and 

bacillariophyta. The linear fitting formula of cyanobacteria competitiveness and 

environmental factors were calculated. The dual synergistic effects of WT and other 

environmental factors on the competitiveness of cyanobacteria and bacillariophyta were 

analyzed. A combination of environmental factors with high risk of cyanobacteria and 

diatom outbreaks was proposed. 
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