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Abstract:



Urban lakes mitigate the negative impacts on the hydrological cycle and improve the quality of life in cities. Worldwide, the concern increases for the protection and management of urban water bodies. Since the physical-chemical and biological conditions of a small aquatic ecosystem can vary rapidly over time, traditional low frequency measurement approaches (weekly or monthly sampling) limits the knowledge and the transfer of research outcomes to management decision-making. In this context, this paper presents an automatic monitoring system including a full-scale experimental site and a data transfer platform for high-frequency observations (every 5 min) in a small and shallow urban lake (Lake Champs-sur-Marne, Paris, France, 10.3 ha). Lake stratification and mixing periods can be clearly observed, these periods are compared with the dynamic patterns of chlorophyll-a, phycocyanin, dissolved oxygen and pH. The results indicate that the phytoplankton growth corresponds with dissolved oxygen cycles. However, thermal stratification cannot totally explain the entire dynamic patterns of different physical-chemical and ecological variables. Besides, the cyanobacteria is one of the dominating groups of phytoplankton blooms during the lake stratification periods (8 August–29 September 2016). During the cooling mixed period (29 September–19 October 2016), the high concentration of chlorophyll-a is mainly caused by the other phytoplankton species, such as diatoms. Perspectives are discussed in order to apply this observation system for real-time management of water bodies and lakes.
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1. Introduction


Urban water bodies, in particular urban lakes, provide essential ecosystem services. Many urban lakes retain storm water in order to prevent floods but also to reduce the associated pollutant load [1,2]. They are also essential recreational areas and important spots of biodiversity in densely populated regions and their role on the hydrological cycle and on the fate of pollutants in urban watersheds must be better understood [3].



Most urban lakes are small and shallow. They react rapidly to the external hydrological and meteorological forcing and will be particularly affected by climate change. Conversely, they also impact the local urban weather. As stated in the Millennium Development Goals of the United Nations [4] and the European Union Water Framework Directive [5], the worldwide concern increases for the protection and management of urban lakes. Since ecosystem services like drinking water production or recreation can be hindered by contaminants or potentially toxic species, efficient monitoring systems are increasingly required for the management of lake ecosystems and freshwaters in general.



High nutrient loads from anthropic activities boost the production of phytoplankton biomass [3]. Associated with global warming, that increase the risk of toxic cyanobacteria blooms, causing public sanitary problems [6,7]. More specifically, for bathing areas and drinking water resources, standards and guidelines provide cyanobacteria biomass and toxins threshold levels. In the European Union, the bathing water directive 2006-7 EC [5] requires that cyanobacteria biomass is monitored in order to enable the timely identification of health risks. When a cyanobacterial proliferation occurs, actions, including information to the public, have to be immediately taken. In France, in the bathing areas, a circular by the Ministry of Health recommends regular monitoring with several levels of intervention and information to the public. Prohibition of bathing is recommended when the concentration of the toxin microcystin LR exceeds 25 μg/L. The prohibition of swimming and water sports is recommended in case of cyanobacteria scum or foam. These guidelines are translated into monitoring schemes based on cyanobacteria cell numbers [8]. As the delay between water sampling and laboratory analysis results can be longer than one week, faster and more efficient field assessment is urgently required, at least as an early warning method.



Monitoring and forecasting the phytoplankton dynamics in various temporal and spatial scales are crucial aspects in aquatic ecosystem management [9]. Changes occur at various time scales, chemical reactions within seconds, phytoplankton day-night growth cycles, the seasonal population density variations and interannual variability of algae succession. Such dynamics are also driven by other factors such as the mixing of the water column and the light and nutrient availability [10]. Key research issues currently conducted on urban lakes are related to the following topics: (1) the impact of meteorological variables and climate change on lake functioning and the role of lakes in the local climate; (2) the interactions between ecological functioning, nutrient cycles and the fate of the micropollutants; (3) the control of the pollutant loading from watershed runoff and (4) the role of urban lakes in ecological diversity and continuity [2,11].



On all these issues, the scarcity of available data limits the knowledge and the transfer of research outcomes to decision makers. During the last decade, the availability of a wide range of sensors made it possible to collect high-frequency measurements of different variables related to the physical and biogeochemical functioning of the water bodies. Most of these sensors are deployed in marine ecosystems [12]. Many studies are aimed at developing new types of sensors [13], and new design of sensor networks [14]. These studies are aimed at minimizing the energy requirement and their cost [12,15]. Nevertheless, a limited number of monitoring systems has been developed for measuring the cyanobacteria specific photosynthetic pigment, phycocyanin, as well as for designing warning systems for preventing public health risks from cyanobacteria blooms. In this context, the aim of this study is to select existing wireless sensors to develop a platform for high-frequency monitoring of Cyanobacterial biomass in urban water bodies. Combined with real-time data analysis and modelling techniques, it will improve the management of recreational activities in urban lakes.



Therefore, the main objectives of the paper are to (i) present the development of a full-scale experimental site for high-frequency monitoring of cyanobacteria biomass in an urban lake; (ii) describe a data transfer platform in the context of real-time management of harmful blooms; (iii) illustrate some relevant observations of different physical and ecological variables of the lake, and (iv) show how the real-time data can be used for supporting the decision-making by the stakeholders.




2. Materials and Methods


In this section, we first present the study site, followed by the descriptions of the monitoring system, measuring equipment, and real-time data transfer platform.



2.1. Study Site


Lake Champs-sur-Marne (48°51′50″ N, 2°35′53″ E) is located in the eastern suburb of Paris (Seine Saint Denis county, France). It is a sand-pit lake fed by alluvial ground water from the nearby Marne River (Figure 1). The small (10.3 ha) and shallow (mean depth 2.4 m) lake is used as a recreational area with diverse outdoor activities such as bathing, kayaking, sailing, etc. Every summer, this area receives more than 5000 children from the adjacent urban communities.


Figure 1. Localization of (a) Lake Champs-sur-Marne and (b) the different monitoring points.
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Nevertheless, because of the repeatedly occurring toxic cyanobacterial blooms, bathing in Lake Champs-sur-Marne has been banned several times, especially during the summer. In order to have a real-time management of the potential health risks, an automatic high-frequency monitoring system has been implemented in the framework of the ANR (French Research Agency) OSS-Cyano project.




2.2. High-Frequency Monitoring System


Since the physical-chemical and the biological conditions of a small aquatic ecosystem can vary rapidly over time, the variations of such variables for a small shallow urban lake cannot be well monitored by traditional low frequency measurement approaches (weekly or monthly). In this study, high frequency measurements (every 5 min) of physical-chemical variables (water temperature, conductivity, pH, dissolved oxygen), chlorophyll-a fluorescence, a proxy of total phytoplankton biomass, and phycocyanin fluorescence, a proxy of cyanobacteria biomass, are performed at four different points (A, B, C and P in Figure 1).



At each point, the continuous monitoring is performed at three depths using a set of different underwater sensors. The set of sensors is attached on a rope, which is fixed to a buoy at the water surface and stretched by a weight on the bottom side. The rope supporting the sensors is then connected to a second rope with a slipknot, allowing the sensors to stay at the same depth, while the slipknot can move according to currents and water level variations. The second rope is moored to the bottom by a heavy weight and fastened to another buoy at the water surface. Two thermal sensors are installed at 0.5 m and 2.5 m depths, whereas a multi-parameter sensor is located at 1.5 m depth for measuring water temperature, pH, conductivity, dissolved oxygen (optode), chlorophyll-a and phycocyanin (fluorescence). The in-situ monitoring design is presented in Figure 2.


Figure 2. The monitoring design at the point B.
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2.3. Measuring Equipments


At each monitoring point, four physical-chemical variables, including temperature, conductivity, pH, dissolved oxygen; and two ecological variables, such as chlorophyll-a and phycocyanin are measured. The characteristics of the measuring equipment are illustrated in Table 1.



Table 1. Characteristics of high frequency measuring devices.







	
Variable

	
Sensor

	
Monitoring Point

	
Monitoring Depth

	
Measuring Range

	
Sensor Resolution

	
Measuring Precision






	
Temperature

	
nke—SP2T10

	
A, B, C, P

	
0.5 m & 2.5 m

	
−5 °C to +35 °C

	
0.05 °C

	
0.020 °C at 20 °C




	
nke—MPx

	
A, C, P

	
1.5 m

	
−5 °C to +35 °C

	
0.05 °C

	
0.050 °C




	
nke—SAMBAT

	
B

	
1.5 m

	
−5 °C to +35 °C

	
0.01 °C

	
0.050 °C




	
Conductivity

	
nke—MPx

	
A, C, P

	
1.5 m

	
0 to 2 mS/cm

	
0.0004 mS/cm

	
<0.010 mS/cm




	
nke—SAMBAT

	
B

	
1.5 m

	
0 to 2 mS/cm

	
0.001 mS/cm

	
0.020 mS/cm




	
Dissolved Oxygen

	
Aanderaa optode (nke—MPx)

	
A, C, P

	
1.5 m

	
0–120% (0–16 mg/L)

	
0.01%

	
5%




	
Ponsel—ODO (nke—SAMBAT)

	
B

	
1.5 m

	
0–200% (0–20 mg/L)

	
0.01%

	
1%




	
pH

	
Ponsel—Plastogel (nke—MPx)

	
A, C, P

	
1.5 m

	
0–14

	
0.0003 pH

	
-




	
Ponsel—PHEHT (nke—SAMBAT)

	
B

	
1.5 m

	
0–14

	
0.01 pH

	
0.1 pH




	
Chlorophyll-a

	
TurnerDesign—Cyclops7 (nke—MPx)

	
A, C, P

	
1.5 m

	
0–50 µg/L

	
<0.008 µg/L

	
0.03 µg/L




	
TurnerDesign—Cyclops7 (nke—SAMBAT)

	
B

	
1.5 m

	
0–500 µg/L

	
<0.008 µg/L

	
0.03 µg/L




	
Phycocyanin

	
TurnerDesign—Cyclops7 (nke—SAMBAT)

	
B

	
1.5 m

	
0–150,000 cells/mL

	
<0.008 µg/L <3 cells/mL

	
2 µg/L 6000 cells/mL










2.3.1. Thermal Sensor


The thermal sensor SP2T10 (nke INSTRUMENT®) is used for measuring the water pressure and temperature at 0.5 m and 2.5 m depths. The measuring range spreads from −5 to 35 °C, with a precision of 0.02 °C, and a resolution of 0.05 °C.




2.3.2. Multi-Parameter Sensors


At 1.5 m depth, water temperature, conductivity, dissolved oxygen concentration (DO), pH and chlorophyll-a fluorescence are measured using the MPx multi-parameter sensor (nke INSTRUMENT®) at points A, C, P and using the SAMBAT multi-parameter sensor (nke INSTRUMENT®) at point B. The later also measured phycocyanin fluorescence, aproxy of cyanobacteria concentration. Besides, high-frequency time-series present many pitfalls. The measurements are frequently of uppermost importance when the values of the variables are extreme, for example high concentrations of chlorophyll-a or low concentration of oxygen. Therefore, the sensors are frequently at the limit of their measuring range and a trade-off is required between sensor accuracy and concentration range. In this respect, the sensor types, monitoring points and depths, measuring ranges, sensors’ resolution and measuring precision for each monitored environmental variable are described in Table 1.





2.4. Real-Time Data Transfer Platform


As presented in the above sections, on-site monitoring is conducted on four different points (A, B, C, P). Measurements are first recorded in on-site data loggers, and then transferred via two different schemes, such as (i) on-site data transfer and (ii) wireless real-time data transfer.



The measurements at points A, C and P (see Figure 1) are collected by researchers or technicians each month (on-site data transfer). Parameter setting and reading of a multiparameter probe are carried out via radio communication, using a radio data pencil connected to a PC-type computer via USB link. The radio has a frequency of 868.3 MHz with the transmission power of 5 mW. The radio data pencil uses the radio address of the data logger (unique address set by at the nke factory) to communicate with an automaton according to the MODBUS® protocol. After the on-site data collection, a copy of this data can be sent to the local file server by using a Matlab data reading script.



As for the point B (see Figure 1) of the lake, the measured data are transferred via a wireless modem and the GPRS (General Packet Radio Service) internet (M2M subscription of 5 Mo/month). The software WINMEMO II designed by nke-instrumentation® is used for configuring the sensor and data logger. Received data can be automatically registered in our local server (Real-time data transfer). Since the real-time data are transmitted as emails, a Python script records the data with a predefined time schedule. Information recorded in the local server are then registered in a MySQL database by executing a Python script.



Monitored data stored in the MySQL database are now in a standardized format, which can be used for further data analysis with different data processing scripts. Validation of the continuous measurements of different physical-chemical and biological variables is a prerequisite for successful and reliable data analysis. Considering the device maintenance schedules, we firstly identify the reliable observation periods, the outliers of the measurements are then eliminated by different statistical approaches. Using these high-frequency measurements, different machine-learning approaches can be applied to recognize correlations between different environmental variables. These data can be also used for the calibration and validation of 1D and 3D lake models, in order to improve the understanding of ecological processes, as well as to develop management tools for urban lakes. The schemes of the data transfer platform are illustrated in Figure 3.


Figure 3. Schemes of the data transfer platform.
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3. Results


Taking the measurements at point B as an example, time-series of water temperature, conductivity, pH, dissolved oxygen, chlorophyll-a and phycocyanin concentrations during a period of three months (8 August–31 October 2016) are presented in this section.



3.1. Thermal Stratification Periods


Thermal stratification of the water column is one of the driving processes of phytoplankton growths in lakes. Therefore, the thermal regime of the lake during the studied period should be first assessed.



Variations of water temperature at three different depths (0.5 m, 1.5 m and 2.5 m) are shown in Figure 4a. In general, the water temperature ranges from 21.2 °C to 27.4 °C during 8th August and mid-September, then progressively decreases from 21.2 °C to 12.2 °C until the end of October. The lake is completely stratified during 3 periods from mid-August to mid-September, (12–20 August 2016; 22 August–4 September 2016; 5–17 September 2016), interrupted by three short mixing episodes (21–22 August 2016, 4–6 September 2016 and 16–18 September 2016). The difference between the surface and bottom water temperature reaches 4.8 °C at the end of August.


Figure 4. Water temperature (a) at 0.5 m, 1.5 m, 2.5 m depths and chlorophyll-a (b); phycocyanin (c), oxygen saturation (d); pH (e) at 1.5 m depth at point B from 8 August–31 October 2016.
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During the rest of the presented period, a daily stratification cycle can be observed. The sub-surface water temperature (0.5 m depth) begins to increase at about 6:00 a.m., achieving the daily maximum at around 16:00 p.m., and then decreases. Around 23:00, the water temperature at the sub-surface water and at 1.5 m and 2.5 m depths are the same.




3.2. Time-Series of Chlorophyll-a, Phycocyanin, Dissolved Oxygen and pH


The concentration of chlorophyll-a varies from 5 µg/L to 150 µg/L (Figure 4b). The daily cycle of chlorophyll-a can be clearly observed, where the chlorophyll-a concentrations begins to increase at around 3:00 a.m., reaches a peak at approximately 7:00 a.m. and then decreases until 21:00 p.m. Since the chlorophyll-a fluorescence can used as a proxy of phytoplankton biomass, four periods of high phytoplankton concentration can be identified based on the maximum fluorescence observations (13–19 August 2016, 20–28 August 2016, 11–20 September 2016, 30 September–14 October 2016). Among them, three periods correspond with the water stratification episodes. On the contrary, the last phytoplankton peak (29 September–19 October 2016) appeared during a cooling mixing episode, when the water temperature decreased from 20 °C to 12 °C.



The dynamics of phycocyanin (PC) is shown in Figure 4c, the concentration of PC varies from 0 to 3 × 104 cells/mL (0–100 µg PC/L). Phycocyanin fluorescence is considered as a proxy of cyanobacteria biomass. The results show three periods of cyanobacteria blooms, such as 8–15 August 2016, 18 August–1 September 2016, and 1 September–9 October 2016. Excepting these bloom periods, the phycocyanin concentration remains low, close to the detection level of the sensor (600 cells/mL). Comparing the concentration peaks of chlorophyll-a and phycocyanin, it can be noticed that the periods of cyanobacteria blooms correspond with the phytoplankton development during the lake stratification periods (8 August–29 September 2016). However, during the cooling mixed period (29 September–19 October 2016), the high concentration of chlorophyll-a is mainly caused by the other phytoplankton species, such as diatoms.



The dissolved oxygen shows four over-saturation periods (SpO2 > 100%) (Figure 4d), including the 11–22 August 2016, 22 August–4 September 2016, 4–17 September 2016, and 8–19 October 2016.



pH dynamics is presented in Figure 4e pH ranges from 7.5 to 8.3. Daily cycle of pH can also be observed. Moreover, periodic variations of pH correspond with the variations of dissolved oxygen. Besides, a sharp descent of pH from 7.86 to 7.67 is recorded on 12 October 2016 following a field maintenance campaign. pH sensors should be checked and validated.




3.3. Which Variable Can be Used as an Indicator of Phytoplankton and Cyanobacteria Blooms?


Thermal regime of the lake such as stratification and mixing patterns play an important role in phytoplankton development. A warm water temperature usually exceeding 20 °C and a stratified water column can favor phytoplankton blooms [6,7]. In this context, the water temperature and chlorophyll-a dynamics are compared in Figure 5. Considering the four periods of high phytoplankton concentrations as presented in the above sections, three periods fit the favorable thermal conditions (11–19 August 2016, 19–29 August 2016, 5–26 September 2016), while the period of 29 September–19 October 2016 corresponded with a cooling mixing episode, when the water temperature decreased from 20 °C to 12 °C. This result indicates that the phytoplankton growth is not only driven by water temperature and by thermal stratification. Other environmental factors such as light and nutrient availability [11] can also trigger phytoplankton blooms. Future studies should be aimed at better disentangling these environmental factors. Phytoplankton photosynthesis uptakes dissolved carbon dioxide (CO2) and produces dissolved oxygen, causing the increase of pH values and dissolved oxygen concentration. The dissolved oxygen and chlorophyll-a dynamics are compared in Figure 6. The variation of dissolved oxygen corresponds with the phytoplankton growth cycles. However, the dissolved oxygen (DO) measured during the phytoplankton peak observed during the cooling mixing period (29 September–19 October 2016) is significantly lower than DO concentrations measured during the previous phytoplankton peak periods. These findings would hardly be observed with traditional monitoring approaches (weekly, monthly sampling).


Figure 5. Water temperature (upper—reversed y axis) and chlorophyll-a (lower) with average phycocyanin to chlorophyll-a ratio (black horizontal bar) at 1.5 m depth of the point B from 8 August 2016 to 31 October 2016.
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Figure 6. Dissolved oxygen saturation (upper—reversed y axis) and chlorophyll-a concentration (lower) with average phycocyanin to chlorophyll-a ratio (black horizontal bar) at 1.5 m depth of the point B from 8 August 2016 to 31 October 2016.
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Chlorophyll-a fluorescence is used as a proxy of phytoplankton biomass, while phycocyanin fluorescence is described as a proxy of Cyanobacterial biomass in freshwaters [16]. The average ratio of phycocyanin to chlorophyll-a (µg chl-a/L/µg PC/L) is calculated for each phytoplankton bloom period (11–19 August 2016, 19–29 August 2016, 10–24 September 2016 and 29 September–17 October 2016) (Figure 5 and Figure 6). Similar values of PC/Chl-a ratio can be identified (0.58, 0.48, 0.50) for the phytoplankton blooms during warm periods when the water temperature was higher than 20 °C, (11–19 August 2016, 19–29 August 2016, 10–24 September 2016). On the contrary, this ratio is quite lower (0.17) for the phytoplankton bloom during the cooling mixing period (29 September–19 October 2016). A shift of the phytoplankton assemblage has probably occurred. Accordingly, the physical-chemical variables such as water temperature, dissolved oxygen, and pH alone cannot be considered as reliable indicators for the cyanobacteria blooms.




3.4. Hourly Variation Coefficients of Chlorophyll-a and Phycocyanin


Our high-frequency monitoring platform was set-up to collect data each 5 min. In order to check the feasibility of a high-frequency monitoring station, less energy-consuming, more suitable to operational management, the hourly variation coefficients (HVC) of the measured values of chlorophyll-a and phycocyanin are calculated. The HVC is the ratio of the standard deviation to the average of the measured values over 1 h. The HVC variations of chlorophyll-a and phycocyanin are shown in the Figure 7.


Figure 7. Hourly variation coefficients of (a) Chlorophyll-a measurements, and (b) Phycocyanin measurements.
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As shown in Figure 7, the HVC of chlorophyll-a varies between 20% to 40% for most of the observations. The HVC of phycocyanin are much higher, with several periods over 100%. This result indicates that the chlorophyll-a can be measured at longer time intervals (e.g., 10 min, 15 min), for saving energy. However, high-frequency measurements of phycocyanin are required to obtain reliable data of this parameter.





4. Discussion


4.1. Future Outlooks of the High-Frequency Monitoring System


These promising measuring results demonstrate the potential of such a high-frequency monitoring system for real-time management of water quality in lakes. As a general outlook, three key emerging issues can be identified for future studies: (1) real-time and short-term data validation; (2) environmental and biological data exploration; and (3) real-time modelling and early warning system for cyanobacteria blooms.



Since using invalid or false data can lead to wrong and biased results or interpretations, continuous measurement results must be systematically inspected and validated [17]. The invalid measurements can be mainly identified as (i) biases due to probe calibration; and (ii) sensor deviations linked with occasional local environmental conditions [18]. The former errors can be reduced by rigorously following the device configuration protocols in the laboratory before in-situ measurements; while the false measured values due to specific in-situ conditions are more complex. In this study, as a consequence of (i) sensor maintenance campaigns; (ii) biofouling on optical sensors, and (iii) irregular colonial morphology of cyanobacteria, raw data of observations, especially for the concentration of Chlorophyll-a, are difficult to be validated by empirical approaches. Development of the real-time and short term data validation methods, such as winsoring filter for outlier detection and removal [19], Fast Fourier Transform test for correcting false periodicity in time series [20], automated data quality assessment for dealing with faulty on-line sensors [21] etc. should be the next step.



With the presented monitoring system, an exhaustive database containing high-frequency and long-term time series data of various physical-chemical and biological variables of a small urban lake (Lake Champs-sur-Marne) can be achieved. This type of data has been little discussed in the existing literature; however, it would be valuable to apply statistical techniques for data explorations, in order to improve understanding of the temporal-spatial processes of the hydro-biological dynamics in small shallow urban lakes. For instance, correlation analysis and regression analysis can be used for illustrating the nature and magnitude of the relationship among various physical-chemical variables [22]; one-way analysis of variance (ANOVA) is meaningful for evaluating significant differences among the monitoring sites for all measured variables; multivariate statistics including cluster analysis (CA) and principal component analysis (PCA) could explore groups and sets of variables with similar properties, thus potentially allowing us to find the structures or patterns in the presence of chaotic or confusing data [23,24].



Benefitting from the measurements at each 5 min and the real-time data transfer platform, numerical models can be setup for real-time simulations, developing early warning system for cyanobacteria blooms. Two types of modelling approaches are widely used for simulating cyanobacteria dynamics in lakes, such as statistical models and determinist models. The statistical models generally refer to different machine learning (ML) algorithms, for example, genetic algorithms (GA), artificial neural networks (ANN), support vector machines (SVM), etc. [25,26]. The general principle of ML method is try to identify an interpretable pattern of a set of ecological variables, based on a large amount of measured data, aiming to predict the cyanobacteria or chlorophyll-a dynamics. Whereas, the determinist model describes physical-biological processes for representing hydrodynamics (ex. water flow, thermal cycle) and ecological processes (ex. algae growth, sedimentation, mineralization, etc.) in lakes [27,28]. The statistical models are relatively more accessible and more rapid for operational short-term applications. However, the determinist models could help us to improve the understanding of physical-biological mechanisms of lakes, as well as to evaluate the effects of different management strategies with scenario simulations. Using these high-frequency monitoring data, configuration and calibration of different modelling approaches is a promising perspective for developing real-time warning systems for cyanobacteria blooms in lakes. Furthermore, the monitoring and modelling results can be published on site-webs and smartphone applications, in order to communicate with the public.




4.2. Applying the High-Frequency Monitoring System for Public Health Risk Management


Cyanotoxins are produced by the actively growing cyanobacterial cells. Both intracellular and dissolved toxins are harmful for public health. There have been repeated descriptions of adverse health consequences for swimmers exposed to cyanobacterial blooms. Even minor contact with cyanobacteria in bathing water can lead to skin irritation and increased likelihood of gastrointestinal symptoms. Individual sensitivity to cyanobacteria in bathing waters varies greatly, because there can be both allergic reactions and direct responses to toxins [29].



The current monitoring protocol is based on cell numbering under the microscope, the computation of the biovolume of toxin-producing cyanobacteria species for a first threshold value (Cyanobacterial biomass 2000 cells per mL or 0.2 mm3/L biovolume or 1 µg/L chlorophyll-a), and the lab analysis of toxins with a second threshold value (Cyanobacterial biomass 100,000 cells per ml or 10 mm3/L biovolume or 50 µg/L chlorophyll-a, with the presence of toxins confirmed by chemical or bioassay techniques) [30]. The results are known after a few days, while lake managers would like to have a direct estimate of the proliferation risk of potentially toxic cyanobacteria. With the high-frequency monitoring system, a threshold on the phycocyanin concentration adequate for the toxin-producing species already encountered on the bathing spot could indicate the risk of the presence of toxins at high concentrations and the need for further lab analyses. While the phycocyanin concentration remains below this threshold, the risk would be low and there would be no need to ban bathing.





5. Conclusions


This paper presented an automatic monitoring system including a full-scale experimental site and a data transfer platform for high-frequency monitoring (every 5 min) in a small and shallow urban lake. Four physical-chemical variables, such as temperature at three different water depths (0.5 m, 1.5 m, 2.5 m), conductivity, pH, dissolved oxygen; and two biological variables such as the concentration of chlorophyll-a and phycocyanin are measured at four monitoring points.



The high-frequency monitoring data illustrated hourly, daily and seasonally variations of different environmental and ecological variables that would be not observed with the traditional monitoring approach. According to the measurements, stratification patterns can be clearly observed during several consecutive days in the water column of this small shallow urban lake. It can be noticed that the phytoplankton high concentration corresponds with dissolved oxygen cycles. However, the thermal regime, stratification and mixing, cannot totally explain the pattern evolution of the physical-chemical and ecological variables, especially of phytoplankton biomass. The variations of phycocyanin to chlorophyll-a ratio, indicate that cyanobacteria are one of the dominant species of phytoplankton blooms during the lake stratification periods (8 August–29 September 2016). During the cooling mixing period (29 September–19 October 2016), the high concentration of chlorophyll-a is mainly caused by the other phytoplankton species, such as diatoms. Considering the hourly variation coefficients of the measured chlorophyll-a, it can be assumed that the chlorophyll-a can be measured at longer time intervals (e.g., 10 min, 15 min), for saving energy. However, for phycocyanin, high-frequency measurements are required to obtain reliable data.



These promising results would allow to deploy the automatic monitoring system for real-time management of water bodies and lakes. Future studies will mainly focus on: (i) development of the real-time data validation methods; (ii) exploration of the measured data with statistical methods for improving the understanding of hydro-biological processes; and (iii) the real-time modelling of cyanobacteria dynamics with machine-learning and determinist models. This paper ends with the discussion on the application of the high-frequency monitoring system for public health risk management.
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