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Abstract. Recognizing intra- and inter-daily dynamics of chlorophyll a (Chl-a) and its related 

environmental variables on consecutive days is essential to assessing and managing water quality and 

eutrophication. In this study, the Chl-a concentration, nutrients, water temperature and meteorological 

factors in Guanting Reservoir in Beijing were collected at six sampling times during summer. The Chl-a 

concentration generally decreased from May to September. At both test times, thermal stratification and 

mixing in the water column controlled temporal and vertical variations in the maximum Chl-a 

concentration layer. The position of the maximum Chl-a concentration layer between days generally 

followed that of the thermocline. Daily stratifications were temporary and downwelling variations in the 

maximum Chl-a concentration layer were wind driven; therefore, the vertical distribution of Chl-a was 

homogenized at night. Surface Chl-a concentrations increased at night and decreased during the day, 

except on rainy days. Principal component analysis and Pearson’s correlations indicated that daily 

average and raw surface Chl-a concentrations generally changed as a negative function of air temperature, 

solar radiation, wind speed and water temperature. However, when a 5-hour time lag was considered, the 

relationship between surface Chl-a concentration, all meteorological factors and water temperature 

became significantly positive. 

Keywords: eutrophication, reservoir stratification, phytoplankton occurrence, meteorological factors, 

short-term distribution 

Introduction 

Chlorophyll a (Chl-a) is an important indicator of phytoplankton biomass that is of 

significance to analysis of the magnitude and extent of trophic state in lakes and 

reservoirs (Felip and Catalan, 2000; Bresciani et al., 2013; Wu et al., 2014). To 

adequately recognize the response of Chl-a to ecological changes in phytoplankton and 

its life cycle, spatial and temporal phytoplankton distributions have been analyzed and 

documented by many researchers (Pérez-Ruzafa et al., 2005; Wu and Kong, 2009; Zhou 

et al., 2016; Li et al., 2017). It is generally known that the dynamics of phytoplankton 

growth and algal blooms are controlled by combined environmental factors such as 

hydrodynamic conditions (wind speed and direction, bottom topography, stratification 

pattern, water velocity and discharge) (Cao et al., 2006; Cardoso and Motta-Marques, 

2009; Li et al., 2017), nutrients (total nitrogen, total phosphorus, and TN:TP ratio) 

(Wang et al., 2008; Wu et al., 2014), physical variables (air temperature, light, water 
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temperature and turbidity) (Serra et al., 2007), characteristics of phytoplankton (species, 

size and buoyancy) (Lopes et al., 2005) and hydraulic management (León et al., 2016). 

Of these factors, nutrient supply and light are generally considered the primary variables 

limiting phytoplankton growth (Phlips et al., 1995; Becker et al., 2010; Zhou et al., 

2016). However, the most influential or primary environmental factor controlling 

phytoplankton growth differs according to spatial and temporal scale and trophic state 

of the studied systems. León et al. (2016) demonstrated that stratification pattern and 

residence time are of great importance to reservoir trophic state and vertical distribution 

of Chl-a between seasons. Moreover, water temperature has been shown to be a more 

important factor in mesotrophic lakes than oligotrophic and eutrophic lakes (Rigosi et 

al., 2016). In shallow lakes, the negative effects of increasing wind on phytoplankton 

growth can be crucial because it leads to increased resuspension (Cardoso and Motta-

Marques, 2009). 

Investigating the phytoplankton dynamics in the short term is of great importance to 

recognizing the mechanism of phytoplankton growth for long term variations (Bresciani 

et al., 2013). It is well known that phytoplankton is characterized by obvious circadian 

variations (Neveux et al., 2003), which depend directly on their response to diurnal 

available solar radiation during the day (Wu and Kong, 2009). Serra et al. (2007) 

demonstrated that most processes involved in phytoplankton growth occur for less than 

1 week. When investigating phytoplankton at short time intervals, previous studies have 

mainly focused on phytoplankton species and community structure (Lopes et al., 2005), 

the effects of stratification and wind on vertical mixing and advection movement of 

phytoplankton (Antenucci and Imerito, 2000; Marcé et al., 2006; León et al., 2016) and 

the relationship between Chl-a and environmental variables (Felip and Catalan, 2000; 

Cyr, 2017), as well as the time lag of Chl-a (Pérez-Ruzafa et al., 2005; Bresciani et al., 

2013). For instance, León et al. (2016) reported that stratification changes the vertical 

profile of residence time, which is negatively correlated with phytoplankton biomass. 

Wind driven phytoplankton vertical downwelling (Cardoso and Motta-Marques, 2009) 

and night-time convective cooling would homogenize the vertical distribution of 

phytoplankton (Serra et al., 2007). Moreover, the interannual data ln (Chl-a) illustrated 

a positive correlation with average air temperature (Zhou et al., 2016); however, when 

the short-term data set was evaluated, Chl-a concentration was negatively correlated 

with average air temperature (Bresciani et al., 2013). These discrepancies in the 

association of Chl-a concentration and other environmental variables may be caused by 

differences in the time scales of the investigated datasets. 

Before 1997, Guanting Reservoir was a source of drinking, industrial, and 

agricultural water in Beijing, China (Dai et al., 2008). However, the reservoir is now in 

a eutrophic state (He et al., 2008), and the concentration of phosphorus in the reservoir 

is much higher than the normal criterion for drinking water (Cui et al., 2005). 

Additionally, the trophic state index is higher than 50, which is based on total nitrogen 

(TN) and total phosphorus (TP) (He et al., 2011). Previous studies conducted in 

Guanting Reservoir have investigated the trophic state of its water body based on 

monitoring of sediment P-decomposing bacteria (Cui et al., 2005), water quality (He et 

al., 2008), cyanobacteria and their toxins (Dai et al., 2008), and microcystis water 

blooms (Chen et al., 2011), as well as water quality modeling (He et al., 2011). 

However, knowledge regarding short-term variations in phytoplankton distribution in 

the reservoir is relatively scarce and the relationship between Chl-a and other 

environmental variables in unclear. Therefore, continuous and multiple measurements 
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taken in the short term are needed to acquire a better understanding of the variability in 

Chl-a concentrations. Fluorescence method may not measure all phytoplankton activity 

(Bresciani et al., 2013). Distinct phytoplankton groups can be measured by fluorometric 

probes and the phytoplankton groups are summarized in Beutler et al. (2002). However, 

it has been used as a reliable alternative to the in situ and in vivo study of phytoplankton 

distribution and activity (Serra et al., 2007; Wu and Kong, 2009). According to a 

previous study, algal blooms in Guanting Reservoir began in late May and disappeared 

in early October (He et al., 2011). In the present study, samples were collected over six 

periods ranging from 2 to 3 days from late May to early September to detect vertical 

and surface variations in Chl-a concentration. 

The specific objectives of this study were (1) to investigate vertical and surface 

distributions and diurnal variations in Chl-a, (2) to relate this variability of Chl-a to 

stratification patterns, nutrients and wind during the study period and (3) to correlate 

Chl-a data with water temperature and meteorological data during the study period. 

Materials and methods 

Reservoir and site description 

This study was conducted in Guanting Reservoir, which is located in northwest 

Beijing (Fig. 1). The watershed area and storage capacity of the reservoir are 

approximately 4.34 × 104 km2 and 2.19 × 1010 m3, respectively. In the past 30 years, 

Guanting Reservoir has played an important role in local development through 

electricity generation, fishing, tourism, and other uses. More importantly, it has been a 

source of drinking, industrial, and agricultural water in Beijing. However, the rapid 

development of upriver and surrounding areas has led to serious pollution. As a result, 

Guanting Reservoir has not been used as a drinking water source since 1997 (Dai et al., 

2008). The government made great efforts to restore the reservoir in 2006 and its water 

quality recovered to Level III according to the Environmental Quality Standards for 

Surface Water (He et al., 2008). Thus, Guanting Reservoir has the potential to once 

again be a drinking water source for Beijing. 

 

 

Figure 1. Map of sampling locations in Guanting Reservoir 
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Measurements of spatial and seasonal variations of Chl-a has been carried out in 

Guanting Reservoir in 2014 (Sun et al., 2015), which shows the algal blooms appeared 

in the area near the dam during summer in Guanting Reservoir (Figs. 1 and 2). 

Consequently, this present study extends the work of Sun et al. (2015) by investigating 

short-term variability of Chl-a concentrations in the area near the dam during summer. 

The average hydraulic residence time of Guanting reservoir is 467 days. A field sample 

site located in a relatively closed and calm area with maximum Chl-a concentration of 

2014 that was suitable for in-situ testing was selected to investigate short-term vertical 

variations in Chl-a concentration (S1 in Fig. 2). The topography contour map of 

Guanting reservoir can be seen in He et al. (2011). The outlet discharge varies by time 

of week and draws off water at a depth of 8 m. The site was located near the dam in the 

deepest portion of the entire reservoir. The average water depth for each test time was 

about 11 m, which was ideal for investigation of the vertical dynamics of Chl-a 

concentration. 

 

 

Figure 2. Spatial and seasonal variability of Chl-a in Guanting Reservoir. (Adapted from Sun et 

al., 2015) 

 

 

Sampling and analysis 

A total of six investigations including four rounds of vertical sampling and two 

rounds of surface sampling were conducted from 29 May to 9 Sep, 2015 (Figs. 3 and 4). 

On the vertical sampling days, the Chl-a concentration was obtained based on the 

fluorescent attributes of Chl-a concentration using an INFINITY water quality sensor 

(Onset, USA). The water temperature at each water depth was measured using a HOBO 

U20 recorder (Onset, USA), which had a measurement accuracy of ±0.21 °C. A self-

made lifting device was employed to move the aforementioned devices throughout each 

day (Fig. 5), six times during daytime (8:00 h, 10:00 h, 12:00 h, 14:00 h, 16:00 h and 

18:00 h) and four times during night (21:00 h, 0:00 h, 3:00 h and 6:00 h). Chl-a 

concentration and water temperature data were vertically collected for each lifting time 

at 1-min intervals. Throughout all sampling times, a global positioning system (GPS, 

HOLUXGM-101, China) was used to precisely ensure the sampling location. It should 

be noted that few vertical samples were obtained from the water column during the last 

test period (Fig. 3d). This occurred because of a lack of power for the self-made lifting 

device from 6:00 h on 8/September, which caused it to stop lifting; therefore, only 

surface samples were collected from this point to the end of the study period. Water 

quality parameters including DO, pH and turbidity were determined in situ using a 
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Hydrolab Multi-parameter water quality sensor (Hach, USA). Based on He et al. (2011), 

the thermocline appeared at a depth of 4 m of Guanting reservoir during summer. 

Representative water samples (1500 ml) were collected from a depth of 2 m at noon 

during each test period and transported to the laboratory, where they were analyzed for 

total nitrogen (TN), ammonium (NH4), total phosphorus (TP) and chemical oxygen 

demand (CODMn) according to the American Public Health Association (APHA, 1998). 

Furthermore, the daily discharge at the dam was obtained from Beijing Guanting 

Reservoir Management Bureau. A small meteorological sensor (JLC-QTF, China) was 

installed on shore (Fig. 1) and meteorological factors including air temperature, solar 

radiation, wind speed, wind direction and precipitation were recorded at 5-min intervals. 

 

 

Figure 3. Interpolated contour maps of vertical Chl-a distributions for each test time 

 

 

Data analysis 

To detect short-term variations in Chl-a concentration and water temperature during 

each test time, isocline interpolation maps were prepared using the Surfer 8.0 package 

of Windows (Lopes et al., 2005). Additionally, SPSS 19.0 for Windows was used to 

conduct Pearson’s correlations between Chl-a concentration and environmental 

variables (Wu et al., 2014), while principal component analysis (PCA) was performed 

using the CANOCO 4.5 software (Bresciani et al., 2013). It should be noted that PCA 

could not be applied to the water quality data because there were too few samples; 

therefore, the average daily Chl-a was set as an environment variable, and average daily 

values for each variable were used to test its relationship with water temperature, 

turbidity, discharge and meteorological data. 

Results 

Meteorological data during each test time is shown in Figure 6. The range of air 

temperature and wind speed (Table 1) of this study year is generally consistent with 
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meteorological factors reported in previous study (Xie and Xu, 2014). Generally, lower 

levels of solar radiation were recorded in May and July and the wind speed was mostly 

below 0.5 m/s at night (Fig. 6a and b). Because of the effects of cloudiness, solar 

radiation was largely half sinusoidal (Fig. 6c and f). However, the wind speed was 

clearly greater in May and July than August and September (Fig. 6d and e). Moreover, 

relatively high wind speeds (>5 m/s) were observed on 30/May and 1/July. Specifically, 

there was no obviously predominant wind direction in August and September, while the 

predominant wind direction and frequency were northwest and north (27% and 30%) on 

30/May and 1/July, respectively (Table 1). The study period was rain free except for an 

event on 1/Jul from 18:00 h to 23:00 h and on 9/September from 8:00 to 22:00, during 

which time the daily precipitation was 16.5 mm and 5.4 mm, respectively. 

 

 

Figure 4. Interpolated contour maps of vertical water temperature for each test time 

 

 

 

Figure 5. Schematic diagram of the self-designed lifting equipment 
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Figure 6. Meteorological data sequences for each test time including four times for vertical 

sampling (a, b, c and f) and two times (d and e) for surface water sampling 

 

 

During investigation of vertical Chl-a, air temperature and average water temperature 

varied by only 0.6 °C in May, while they varied by up to 3.7 °C in August (Table 1). On 

the contrary, the difference in water temperature between the epilimnion and 

hypolimnion was much higher in May than August and September (Fig. 4a). These 

findings indicate that the reservoir was in the primary stages of thermal stratification in 

May and well stratified in August. However, because of the rain and higher discharge at 

the dam (Table 1), the stratifications broke down from 1/July (Fig. 4b). The reservoir 

outlet discharge at both test times (Table 1) is within the range of reservoir withdrawals 

(0.26-20.7 m3/s) during 2008. Besides, stratifications were temporary in the daytime, 

while the water column underwent mixing at night time (Fig. 4c and d). The depth of 

the mixing zone during night was smaller in August than in other surveys, indicating 

great water column stability in August. Taken together, these findings indicate that solar 

radiation increased water temperature, which drove thermal stratification and shoals the 

mixed layer. 

Based on the criteria defined by Nürnberg (1996), Guanting Reservoir is a 

mesotrophic system. As shown in Figure 7, relatively low TP concentrations (<0.1 
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mg/l) were observed throughout the study period, and there were no significant 

differences in the TP and TN concentrations among water samples. All TN: TP ratios 

were greater than 16, which is regarded as the optimum ratio for phytoplankton growth 

(OECD, 2006). 

 
Table 1. Mean and variation range of physical variables in Guanting Reservoir during each 

test time 

Variables 29/May-30/May 30/Jun-3/Jul 5/Aug-8/Aug 21/Aug-23/Aug 2/Sep-4/Sep 8/Sep-9/Sep 

Air temperature 

(°C) 

21.1 

(12.1-29.9)* 

21.6 

(13.2-29.1) 

22.9 

(16.2-32.4) 

22.6 

(15.3-32.3) 

22.2 

(14.6-31.6) 

19.3 

(16-26.1) 

Solar radiation 

(W/m2) 

55.7 

(0-282.7) 

14.3 

(0-137.8) 

227 

(0-1041.1) 

225 

(0-1320) 

258 

(0-1177) 

112 

(0-665) 

Wind speed (m/s) 
0.2 

(0-5.2) 

0.32 

(0-6.1) 

0.17 

(0-3.5) 

0.15 

(0-3.4) 

0.18 

(0-4.3) 

0.05 

(0-1.3) 

Chl-a 

concentration 

(μg/l) 

9.8 

(3.3-15.6) 

6.7 

(3.4-12.5) 

7.6 

(3.5-12.3) 

6.8 

(3.4-10.11) 

5.1 

(2.6-9.0) 

7.0 

(3.3-10.1) 

Coefficient of 

variation of Chl-a 
0.31 0.26 0.22 0.23 0.25 0.17 

Water 

temperature (°C) 

20.5 

(15.9-23.9) 

23.9 

(18.0-25.9) 

26.4 

(23.8-28.0) 

26.3 

(25.6-27.1) 

24.8 

(23.9-27.1) 

23.2 

(22.1-24.3) 

Turbidity (FTU) 
3.7 

(2.5-12.6) 

3.6 

(2.7-9.8) 

4.6 

(2.7-10.2) 

4.3 

(3.6-6.6) 

3.9 

(3.1-6.1) 

4.7 

(3.2-6.7) 

Average 

discharge of the 

dam (m3/s) 

0.971 6.721 0.885 1.285 2.13 1.51 

*Brackets are corresponding to the range of measurements and displayed values are averages 

 

 

In general, temporal variations in Chl-a concentrations varied slightly from May to 

September (Table 1); however, a general decrease in monthly Chl-a concentration was 

observed (Fig. 8a). Furthermore, the variations in Chl-a concentrations corresponded to 

differences in water temperature between the epilimnion and hypolimnion (Fig. 8b). 

Our results indicate that thermal stratification and mixing may limit phytoplankton 

growth vertically. Furthermore, a lower coefficient of variation (CV) of Chl-a vertical 

distribution was shown in August and September, when the reservoir was well stratified 

(Table 1). 

In the four Chl-a vertical distribution investigations, the vertical profile of Chl-a 

concentration varied significantly between daytime and nighttime (Fig. 3). In May, the 

vertical profile of the Chl-a concentration primarily peaked around 3 m during daytime, 

with a maximum Chl-a concentration layer for thickness of 1.5 m (Fig. 3a). The 

maximum Chl-a concentration in the water column was about 1.5 times that in the 

surface water, whereas the depth of this layer changed with time and decreased to 7 m at 

night (Fig. 3a). At the same time, the surface Chl-a concentration increased at night. 

The surface Chl-a distribution recovered until sunset on the second day. However, this 

was not the case for the July survey. Specifically, the water column mixed from 1/Jul, at 

which time the Chl-a concentration was homogenous during the day and night (Fig. 3b). 

The reservoir was well stratified in August, when there was a shallow-surface mixing 

layer at the top of the water column (Fig. 3c) and there was a similar vertical profile of 

Chl-a concentration in the daytime as in May. However, the maximum Chl-a 
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concentration layer decreased slightly to 4 m at night (Fig. 3c). Therefore, the vertical 

profile of Chl-a was more stable through August. The Chl-a concentration showed a 

maximum concentration at around 1.5 m in the daytime on 8/September. Because of 

water mixing at night, the maximum Chl-a concentration layer decreased and its 

thickness increased to 5.5 m (Fig. 3d). The linear regression between the maximum 

Chl-a concentration and the thermocline for all test times is significant (R2 = 0.871, 

P < 0.001). Specifically, although the position of the maximum Chl-a concentration 

layer varied temporally over the entire water column, it generally followed the same 

dynamics as the thermocline (Figs. 3 and 4). 

 

  

Figure 7. Water quality variables collected from a depth of 2 m at noon at S1 on each sampling 

day 

 

 

 

Figure 8. Box plots of vertical Chl-a concentration (a) and water temperature (b) at S1 for each 

test time 

 

 

With the exception of July, the surface Chl-a concentration was inversely 

proportional to water temperature (Fig. 9b). Surface water temperature decreased during 

the rainfall events on 9/Sep and 1/July (Fig. 9b and f). With the exception of the rainy 

days, surface Chl-a showed a clearly diurnal variation in which concentration increased 

at night and decreased during the day (Fig. 9a and c). It is clear that the surface water 

temperature was correlated with Chl-a after an approximately 5-hour time lag, 

particularly in the August and September surveys (Fig. 9d and e). These findings 

suggest that phytoplankton took several hours to respond to the water temperature in the 
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surface water column. Pearson’s correlation analysis was calculated directly from the 

raw surface Chl-a data and environmental variables (Table 2), which indicated that Chl-

a was significantly negatively correlated with meteorological variables and water 

temperature for each test time and all data (all P values <0.01), except for wind speed 

and Chl-a on 8/Sep and 9/Sep (P > 0.05). However, when the 5-hour time lag was 

considered, the Chl-a values generally became significantly positively correlated with 

meteorological variables and water temperature (all P values <0.01), except for results 

of May and 8/Sep (Table 2). 

 

 

 

Figure 9. Variations in surface Chl-a concentration and surface water temperature during each 

test time 

 

 

To identify the relationship between surface Chl-a and other environment variables, 

PCA was applied to daily Chl-a and water temperature, turbidity, discharge and 

meteorological data. Figure 10 shows the biplot ordination of samples and environment 

variables. The biplot ordination explains 78.3% of this variation and exhibits well-

defined spatial patterns. The first ordination (42.5%) was determined by most of the 

variables, particularly water temperature. Moreover, solar radiation and air temperature 

were on the positive side of the chart, while discharge and turbidity were on the 

negative side. The second ordination (35.8%) was positively related to wind speed, 

whereas it was inversely correlated with Chl-a. The relationship on the Y-axis likely 

illustrates the negative effects of wind speed, solar radiation and air temperature on 

daily average Chl-a concentration. Additionally, discharge and turbidity contributed 

slightly to Chl-a concentration. Hence, the results of PCA are generally in accordance 

with the correlation results of raw data describing surface Chl-a and meteorological 

variables. 



Jiang et al.: Spatial variation of within-day and between-day chlorophyll a dynamics during summer in Guanting Reservoir, Beijing, 

China 
- 5775 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(3):5765-5780. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/1703_57655780 

 2019, ALÖKI Kft., Budapest, Hungary 

Table 2. Pearson correlation coefficients between surface Chl-a concentration and 

environmental variables, both raw data and 5-hour lag time of Chl-a concentration were 

considered 

Test time  Air temperature Solar radiation Wind speed Water temperature 

29/May-30/May 

(N = 303) 

Raw data -0.685** -0.818** -0.290** -0.638** 

Time lag 0.400** -0.226** -0.037 0.406** 

30/Jun-3/Jul 

(N = 828) 

Raw data -0.462** -0.231** -0.091** -0.139** 

Time lag 0.453** 0.158** 0.177** 0.178** 

5/Aug-8/Aug 

(N = 793) 

Raw data -0.308** -0.188** -0.596** -0.101** 

Time lag 0.428** 0.202** 0.185** 0.369** 

21/Aug-23/Aug 

(N = 590) 

Raw data -0.450** -0.771** -0.228** -0.533** 

Time lag 0.490** 0.234** 0.127** 0.485** 

2/Sep-4/Sep 

(N = 576) 

Raw data -0.375** -0.755** -0.135** -0.265** 

Time lag 0.595** 0.376** 0.130** 0.699** 

8/Sep-9/Sep 

(N = 315) 

Raw data -0.419** -0.398** -0.092 -0.640** 

Time lag -0.398* 0.026 0.042 -0.373* 

All data 

(N = 3405) 

Raw data -0.318** -0.118** -0.365** -0.095** 

Time lag 0.298** 0.076** 0.055** 0.076** 

**Significance at 99% confidence level 

*Significance at 95% confidence level 

 

 

 

Figure 10. Principal component analysis ordination biplot. (Dots = samples, arrows = 

variables) 

Discussion 

The Chl-a concentrations observed from May to September showed a slight degree 

of variability from 2.6 to 15.6 μg/l (Table 1), which was within the range of Chl-a 

values (about 2.5–20 μg/l) reported in an earlier study conducted in Guanting Reservoir 

from June to December (He et al., 2011). It is well known that the lower CV values of 

vertical distributions are calculated when relatively higher wind speeds occur (Wu and 

Kong, 2009). However, our results showed a lower CV of the Chl-a value appeared in 

August, when the reservoir was well stratified and there was great water column 
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stability. Several previous studies have reported that reservoir trophic state is controlled 

by metrological factors and stratification pattern (Wu et al., 2014; Bresciani et al., 2013; 

León et al., 2016). Generally, a decrease in monthly Chl-a concentration was shown for 

the four vertical Chl-a measurements in summer. Smaller variations in Chl-a 

concentration were in accordance with the smaller difference in water temperature 

between the epilimnion and hypolimnion. When lower water temperature difference 

existed in the water column, the phytoplankton tended to be homogenous, and therefore 

leaded to less variation of Chl-a concentration (Lopes et al., 2005; Serra et al., 2007). 

It is well known that phytoplankton in lakes and reservoirs are recognized as limited 

by TP if the TN: TP ratio is relatively large, while they are limited by TN if the ratio is 

relatively small (Wang et al., 2008). These findings suggest that phytoplankton at both 

test times in Guanting Reservoir were probably limited by TP. Because of the limited 

water quality samples, the relationship between water quality parameters was not 

examined. The TP concentrations varied slightly at both test times (Fig. 7). It is likely 

the main reason to induce less difference of mean Chl-a concentration for each test time. 

In general, Chl-a concentration was significantly correlated with TP concentration 

(Zhou et al., 2016). Hence, the smaller Chl-a concentration observed in September was 

likely because of the lower TP (Fig. 7). According to Deng et al. (2012), a temperature 

range of 21–29 °C is suitable for phytoplankton growth. The TP concentration peak in 

August was likely the result of stronger activity of P-decomposing bacteria at higher 

temperature (Cui et al., 2005). However, the Chl-a in August was lower than that in 

May (Fig. 8a). Wu et al. (2014) reported that the effects of nutrients on Chl-a were not 

obvious. Therefore, seasonal variations in Chl-a during summer were not caused by the 

TP concentration and water temperature. In fact, highest light were observed in August 

(Fig. 6c), similar results were reported by Edwards et al. (2016), who confirmed that 

very strong light could restrain phytoplankton growth. Light might be a limiting factor 

when the euphotic zone is much smaller than the mixing zone (Kalff, 2002; Becker et 

al., 2010). The lowest solar radiation was recorded in July, indicating that it controlled 

phytoplankton growth (Fig. 6b). In addition, flow condition was inversely proportional 

to algal level in the short term (Kim et al., 2014), and the high discharge of the dam 

suggests that Chl-a may have been diluted during rainy days (Table 1). 

Our investigations provide a broader understanding of short-term Chl-a vertical 

distribution within consecutive days. In both surveys, the lowest Chl-a appeared at the 

bottom of the water column, which is consistent with the findings of a previous study 

(Wu and Kong, 2009). Water temperature was the environmental variable that best 

explained vertical distributions of the phytoplankton community (Lopes et al., 2005). 

Variations in the position of the maximum Chl-a concentration layer between days 

generally followed the same dynamics as thermoclines, which is in accordance with the 

results reported by Serra et al. (2007). The Chl-a vertical distribution showed different 

behavior at each test time. Because of continuous mixing during the day and night in 

early July, Chl-a was likely directly influenced by rain and higher discharge. When the 

reservoir was primarily stratified in May (Fig. 4a), the developing thermocline was 

shallow and the epilimnion was easily mixed by winds and night-time convection, 

which tended to homogenize the vertical distribution of phytoplankton (Cyr, 2017). In 

contrast, stratification may decouple vertical circulation and mixing at night (Marcé et 

al., 2006). Guanting Reservoir was well stratified in August; therefore, the maximum 

Chl-a concentration layer was relatively stable at around 3 m during both the day and 

night. In September, the maximum concentration was located at the epilimnion during 
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the day, similar to the vertical distribution of phytoplankton suggested by Serra et al. 

(2007), who investigated phytoplankton that accumulated close to the surface during 

calm periods in September. 

In the present study, stratifications were temporary and the maximum Chl-a 

concentration layer varied with downwelling at night. Wind speed (Cao et al., 2006), 

wind direction (Serra et al., 2007) and wind time (Cyr, 2017) play important roles in 

regulation of daily phytoplankton vertical downwelling (Cardoso and Motta-Marques, 

2009) and horizontal movement (He et al., 2011). Minor stratifications can be easily 

broken down by wind (Li et al., 2007), and relatively strong winds of above 5 m/s 

directly induce vertical mixing and disturbance in the water column (Antenucci and 

Imerito, 2000). A few periods in which there were strong winds were recorded in our 

results. In particular, the test site is located near the south boundary of the entire 

reservoir, while on windy days (30/May and 1/July) the predominant wind direction was 

from the northwest and north, respectively. These results are similar to those reported 

by Cyr (2017), who suggested that when the wind was small but continuous, wind stress 

pushes the surface water downwind, creating downward flow at the downwind end of 

the basin. 

Additionally, the surface Chl-a concentration exhibited diurnal periodic variation. It 

is well known that night-time vertical circulation and mixing as well as sinking of 

phytoplankton was induced by wind (Wu and Kong, 2009; Bresciani et al., 2013), 

consequently, this would homogenize the phytoplankton and enhance surface Chl-a 

concentrations at night. When considering seasonal and interannual data during long-

term surveys, the relationship between Chl-a and light (Phlips et al., 1995), ln (Chl-a) 

and average air temperature (Zhou et al., 2016) was positively correlated. Moreover, 

interannual decreasing wind speed led to longer cyanobacterial bloom durations (Zhang 

et al., 2012). However, in the present short-term investigation, the results of PCA 

suggested that the daily average Chl-a was negatively correlated with daily average 

meteorological factors and water temperature. Our results agree with those of previous 

studies that showed Chl-a was negatively correlated with water temperature and light 

(Felip and Catalan, 2000) and wind speed (Serra et al., 2007). Our results demonstrate 

raw surface Chl-a values generally change as a negative function of meteorological 

factors and water temperature. However, when surface Chl-a was considered based on a 

5-hour lag time, the relationship generally became significantly positive. Pérez-Ruzafa 

et al. (2005) found a 1-week time lag between Chl-a and nutrients and Bresciani et al. 

(2013) demonstrated that the time lags between Chl-a and solar radiation, water 

temperature and wind speed were 3 hours, 8–9 hours and 5 days, respectively. 

Therefore, time lag is a known phenomenon in short-term investigations, and the five-

hour time lag in our study suggests a very rapid response of Chl-a to meteorological 

factors and water temperature in Guanting Reservoir. 

Conclusions 

This study describes the monthly and diurnal variation in vertical and surface 

distribution of Chl-a, as well as elucidates the quantitative relationships between Chl-a, 

water temperature, nutrients, meteorological factors and other physical variables in 

Guanting Reservoir during summer. In general, monthly Chl-a concentration exhibited a 

decreasing trend. Moreover, thermal stratification and mixing were found to be of great 

importance in controlling variation in the maximum Chl-a concentration layer in the 
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water column and variations in the position of the maximum Chl-a concentration layer 

between days generally followed the same dynamics as the thermocline. Furthermore, 

stratifications were temporary, with the maximum Chl-a concentration layer varying 

with downwelling and becoming homogenized at night because of wind driven mixing. 

The surface Chl-a concentration was also found to increase at night and decrease during 

the day, except on rainy days. The results of PCA and Pearson’s correlation analysis 

indicated that the surface Chl-a concentration was significantly negatively correlated 

with air temperature, solar radiation, wind speed and water temperature. However, when 

a 5-hour time lag was considered, the relationships among surface Chl-a concentration, 

meteorological factors and water temperature became significantly positive. 

Spatial and temporal variations in phytoplankton are always dynamic and highly 

variable, and more work is needed to assess the combined effects of environment 

variables on Chl-a concentration. Based on the species, size and buoyancy 

characteristics, further research will be devoted to hydrodynamics variables that drive 

phytoplankton communities spatially and temporally on a large scale. 
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