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Abstract: We developed a holistic intelligent decision-support system (IDSS) to provide 
decision-support for all steps in planning, managing and optimizing water quality monitoring 
programs (WQMPs). The IDSS is connected to a previously developed database, EnkiTM. The IDSS 
integrates tacit and explicit knowledge on WQMPs to standardize decision making and to make 
decisions transparent and transferable. The optimization features of the IDSS were tested on a lake 
and a river WQMP from two case studies in Canada. We illustrate how the IDSS provides decision 
support to understanding the underlying rationale of the existing WQMPs, validating and storing 
data, selecting optimization procedures proposed in the literature, applying the optimization 
procedures and finalizing the optimization procedure. We demonstrated that the IDSS/EnkiTM is 
necessary to take and document decisions during all phases of a WQMP to obtain a clear idea of when 
and why changes are made and determine actionable tasks in the optimization process. 

Keywords: intelligent decision support system; water quality; monitoring; data management; 
database; expert knowledge 

 

1. Introduction 

Water quality monitoring programs (WQMP) are essential in order to provide decision-makers 
with the necessary information to implement best management practices, they are also essential to gain 
citizen and stakeholder support by disseminating the relevant information [1–3]. 

WQMPs can be defined as a long-term, spatially distributed, standardized surveillance, and 
quality assessment of all the activities surrounding water quality monitoring. WQMPs also need to be 
updated continuously in order to respond to new knowledge needs and adapt to new technologies, 
policies, constraints, and opportunities in human, technical, and financial resources [4]. 

When planning a WQMP, the following issues must be addressed: (1) setting realistic and 
representative monitoring objectives, (2) determining sampling sites, (3) choosing water quality 
parameters, (4) establishing sampling frequency and recurrence, (5) considering logistics, (6) assessing 
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technical, financial and human resources, (7) identifying information diffusion channels, and (8) 
assessing how the information can be put to use (move on to action) [5–8]. When optimizing a WQMP, 
it is necessary to evaluate whether the existing WQMP (1) has covered all planning criteria, (2) if 
monitoring objectives have been met or have emerged, (3) if technical, financial and human resources 
have evolved, and been used adequately (4) whether changes in laboratories, laboratory 
methodologies, probes and field observations have occurred, etc. It is also of the utmost importance to 
verify whether the information produced within an existing WQMP has been properly channeled, put 
to use and prompted management action to protect water resources [7–10]. 

The planning, management, and optimization of a WQMP is a complex process involving many 
decisions that must be documented and supported through decision-support systems and adequate 
data management systems [6–8,11,12]. In addition, the planning and optimization of WQMPs should be 
based on precise monitoring and optimization objectives [8,13]. The literature stresses the fact that 
many WQMPs are based on imprecise and assumed monitoring objectives that fail to respond to 
representative or realistic knowledge needs. In addition, WQMPs are rarely optimized in hindsight to 
monitoring objectives that influenced the design of these networks, nor are WQMPs optimized 
according to clear-cut optimization objectives [6,14,15]. 

Many handbooks and guidelines exist to plan WQMPs and many optimization methods have been 
developed. However, they are not part of a holistic solution addressing every aspect of WQMP 
planning, management and optimization [8]. Therefore, it was suggested that a holistic decision 
support tool should be developed to account for all steps in planning, managing, and optimizing 
WQMPs [6,8]. The conceptual model of such an Intelligent Decision-Support System (IDSS) was 
developed and connected to a previously developed database EnkiTM [12]. 

The purpose of this paper is to test some of the features of the IDSS implemented and test 
decision-support workflows prior to implementation. More precisely, the optimization process 
proposed by the IDSS is tested herein using the data of two watershed case studies from the province of 
Quebec, Canada. The optimization process is based on a selection of optimization objectives elicited 
through a participative approach conducted on both case studies [16]. 

The IDSS was designed to propose existing optimization methods from the literature which 
correspond to different types of optimization objectives, such as evaluating the number of sampling 
sites, water quality parameters and sampling frequency [13,17–19]. The proposed IDSS is extending on 
existing procedures by considering the following elements before, during and after the application of 
these methods: understanding of the network design, generation of optimization objectives, selection of 
the appropriate optimization strategy, data validation and storing prior to statistical analysis, data 
treatment prior to statistical analysis, generation of results, selection of threshold criteria and 
post-validation of the results [6,8,20]. 

2. Methodology 

The global workflow of the entire optimization process of a WQMP is illustrated in Figure 1: (1) 
Identify stakeholder concerns through a participative approach to elicit knowledge needs supported by 
a public participation geographical information system (PPGIS), (2) identify new monitoring and 
optimization objectives and validate the attainment of past monitoring objectives, (3) understand the 
rationale behind the existing WQMP, (4) integrate data from the existing WQMPs into the database 
connected to the IDSS, (5) interrogate the IDSS on optimization suggestions based on the input from the 
first three points, (6) propose optimized WQMPs and validate proposals with the decision-makers of 
the existing WQMPs. Stakeholders, as illustrated in this figure, are defined as citizens and 
representatives of organized stakeholders (e.g., industry, agriculture, ministries, municipalities, 
watershed organizations, associations, etc. that were identified through the stakeholder analysis) [16]. 
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Figure 1. Global workflow of the optimization process of WQMPs. The purpose of the participative 
approach is to assess the attainment of past monitoring objectives and yield new monitoring objectives 
and optimization objectives. The results will influence the questions that the WQMP manager asks the 
IDSS to help the WQMP manager redesign the WQMP. 

1. In this paper, we present the test of the IDSS and show how it contributes to understanding the 
initial WQMPs (Method Section 2.1), 

2. Supplies decision support in data validation, data quality assessment and storage (Method Section 
2.2), 

3. Proposes optimization procedures (Method Section 2), 
4. Contributes to the application of the optimization procedures (Method Section 2.4), 
5. Provides decision support to finalize the optimization procedure (Method Section 2.5), 
6. Is instrumental in the redesign of the WQMPs (Results and discussion Section 3). 

The IDSS was tested with two watersheds in the province of Quebec, Canada. 
The optimization objectives were specific to each watershed. The first to be tested was Lac 

Saint-Charles, a lake WQMP (size of the watershed: 198 km2 – hereafter W1). This lake is the main 
drinking water reservoir of the city of Québec where an extensive cyanobacteria monitoring program 
was implemented in 2011 to obtain a spatio-temporal portrait of the cyanobacteria community in the 
lake [21]. This WQMP is operated by the Association pour la protection de l’environnement du lac 
Saint-Charles et des Marais du Nord (APEL) and financed by the city of Québec. Given the cost of the 
analysis of the cyanobacteria species of nearly 300 samples per year, the main optimization objective 
here was to evaluate whether a reduction in sampling frequency, sampling points and the number of 
samples per sampling station for cyanobacteria (up to three at different water depths) would result in a 
loss of information. The general characteristics of the W1 WQMP are presented in Figure 2. 
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Figure 2. Outline of the Lac Saint-Charles WQMP (W1) and the optimization objective tested in this 
paper [21]. 

The second watershed was the watershed of the river, Rivière du Nord (hereafter W2), north-east 
of Montreal. In this watershed (size of the watershed: 2222 km2), a river monitoring program was 
implemented in 2009 to assess water quality to protect public health and follow nutrient concentrations 
and erosion [22]. This WQMP is operated by the watershed organization of the Rivière du Nord river 
(Abrinord) and financed by several municipalities within the territory. Given the vast territory, 
financial limitations and new monitoring objectives, the optimization objective was to evaluate whether 
a reduction in the number of sampling sites would be possible. In addition, the objective was to find 
out whether sufficient samples had been taken in wet weather conditions and whether the sampling 
frequency was sufficient to respond to the initial monitoring objectives. The objective of capturing wet 
weather conditions is to capture water quality impairment due to runoff from non-point pollution 
sources [23]. The general characteristics of the W2 WQMP are presented in Figure 3. 
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Figure 3. Outline of the Rivière du Nord WQMP (W2) and the three optimization objectives retained for 
this paper [1]. 

2.1. Understanding the Initial WQMPs and Data Validation and Integration 

Figure 4 illustrates the questions raised by the IDSS in order to understand and evaluate the 
existing WQMP. These questions include queries on the initial incentives and stakeholders that led to 
the WQMP and the underlying objectives. Further questions focused on the rationale behind the choice 
of sampling sites and water quality parameters, sampling frequency, laboratories, probes, etc. All the 
answers to these questions were documented in the system. Understanding the initial WQMP is closely 
linked to the data validation and integration procedure. Figure 5 provides an illustration of the 
dashboard of the W1 WQMP, as well as the features that may be consulted to understand the WQMP 
and the available data sets. 
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Figure 4. Questions to be asked (and integrated) into the system in order to understand the design of a 
WQMP. 
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Figure 5. Illustration of the dashboard of the W1 WQMP, as well as the features that may be consulted to 
understand the WQMP and the available data sets. 

The procedures to understand the rationale of the initial WQMPs, as well as the data validation 
and integration process were tested on the lake data from W1 and on the river data from W2. Also, the 
continuous updating of the data was tested on users from both APEL and Abrinord. The data 
validation and integration processes, based on six steps, are illustrated and described in Figure 6. 
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Figure 6. Onboarding the data of a WQMP: Step 1: Setting (e.g., sampling objectives; sampling site 
justification; protocols; tools; probes; probe calibration protocols; laboratories; laboratory specificities; 
field observations; parameters and measuring units. Step 2: Importing shapefiles of watersheds and 
water bodies, metadata on shapefiles; waterbody descriptions (e.g., bathymetry, length, fetch, volume, 
perimeter, etc.). Step 3: Creating sampling sites (e.g., geographical location, justification, waterbody 
(from drop-down lists created during steps 1 and 2. Step 4: Entering measurement contexts – fieldwork 
(e.g., field personnel, time frame spent in the field, sampling protocols, sampling tools; probes and 
laboratories used, field measurements are taken (e.g., transparency), field observations (e.g., rainfall and 
wind), etc.). Step 5: Importing data from Excel and CSV files from probes and laboratories automatically 
connected to the contexts. Step 6: Validating import reports and corrections if necessary. 

All data for the W1 WQMP were batch imported from the EnkiTM prototype, an ACCESS database, 
built and tested previously [12]. Data included information from sampling contexts, laboratories, and 
probes from 2011 to 2015. Data from 2016 were integrated directly into EnkiTM during the testing phase. 
For the cyanobacteria monitoring program, 15 sampling sites were created and some 2000 sampling 
contexts and more than 100,000 probe and laboratory records were entered. 

Data from the W2 WQMP were stored in an Excel file with several sheets created in 2009 and 
continuously adapted and updated. This Excel file combined information on the sampling sites, field 
observations and the results of the laboratory analysis. However, not all information needed to 
complete the onboarding process to EnkiTM was available in these files to complete step 1 (system 
setting) (Figure 6). For instance, the sampling site justifications had to be retrieved from old paperwork 
related to the W2 WQMP. Also, the results from the laboratories had been transferred manually into the 
Excel files. Several incongruities were detected when comparing the original files from the laboratories 
with the Excel files serving as data storage for the WQMP. 

In addition, some of the changes in laboratories and analysis methods were not documented in 
these files. Therefore, we opted to integrate all sampling contexts manually by retrieving the missing 
information from different source files, such as probe data results and precipitation regimes. 
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Laboratory data was then batch imported from the original Excel files of the laboratories. The origin of 
the data was attributed to the respective laboratories. All in all, 66 sampling stations and more than 
2500 sampling contexts were created. Approximately 10,500 probe and laboratory records were batch 
imported and connected to the sampling contexts and sampling stations. 

2.2. Selection of Optimization Methods 

In order to be able to propose optimization procedures, it is necessary to understand the available 
methods, their analysis and their degree of difficulty. We strived to do so for several optimization 
methods in a previous literature review [8]. Based on new monitoring and optimization objectives, it 
was then possible to select an appropriate optimization method [16]. 

The optimization objective of the W1 WQMP was to Verify whether reducing the number of 
sampling stations (and points in depth) and sampling frequency have an impact on the spatio-temporal 
portrait (loss of information) of the cyanobacteria species (Figure 2). For this optimization objective, we 
chose to apply the method proposed by [24] which consists of visualizing species (in this case 
cyanobacteria) distribution through factorial correspondence analysis and then comparing a series of 
years (in this case 2011 to 2016) to be able to decide whether the sampling strategy will serve to obtain a 
spatio-temporal distribution and whether it is possible to reduce the sampling frequency and the 
number of sampling sites. 

For the W2 WQMPs of the case studies, we chose to apply the optimization approaches proposed 
by Beveridge et al. [13] and Levine et al. [19] (Figure 3). Beveridge et al. (2012) propose a combination of 
multivariate analysis / principal component analysis (NMDS/PCA) and Kriging and Moran’s index to 
quantify information redundancy for neighboring sampling sites in a lake or river station network in 
order to reduce the number of sampling sites. We chose this method to respond to the first optimization 
objective of the W2 WQMP: Verify whether a reduction of the number of sampling sites was possible 
based on criteria such as information redundancy between sampling stations. Levine et al. (2014) 
propose a general linear regression model to assess the increase in uncertainty for reduced sampling 
frequency and evaluate statistical confidence in trend detection. We applied this model to the W2 
WQMP to respond to the optimization objective: Verify whether sampling frequency was sufficient and 
whether a different type of sampling frequency should be adopted. We also applied the Kruskal-Wallis 
test to the data of W2 to verify whether the fecal coliform (FC), total phosphorous (TP) and total 
suspended solid (TSS) concentrations were different depending on the observed precipitation classes of 
W2 [25]. The objective was to verify whether sufficient data were collected in wet weather conditions, 
as this information would have an incidence on changing from a fixed sampling calendar as is 
presently the case in W2, to a flexible sampling calendar in order to obtain more data during wet 
weather conditions. The objective of sampling in wet weather conditions was to obtain water quality 
data following run-off. For the W2 watershed, only two hydrological stations are available and river 
flow is not measured during water quality sampling. Lack of river flow data for W2 was identified as 
an issue which must be addressed in the future. Therefore, the only means of obtaining some 
information on the impact of run-off on water quality is the analysis of precipitation data. Here, the 
analysis used the information of semi-qualitative precipitation classes based on field observation and 
data from weather stations, when available. The thresholds and the precipitation classes were 
developed through discussions with the City of Quebec and APEL and were also used by Abrinord 
[26]. The approximate threshold for a wet weather event was considered 10 mm for each class. These 
classes were: 0 - no rain for 48 h 1- rainfall the same day, 2- rainfall 0–24 h prior to sampling, 3- rainfall 
24–48 h prior to sampling, 4- rainfall 0–48 h prior to sampling. This information was also entered in the 
sampling contexts of EnkiTM. 

It has to be noted that the definitions of wet weather differ in the literature and are adapted to 
specific monitoring objectives, types of data analysis, land use characteristics and physical features of a 
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given watershed. For instance, non-point source monitoring aims at monitoring effects of land use on 
water quality in a variety of weather conditions and point-source monitoring may aim at monitoring 
the retention capacity of a sewer system. The runoff in urbanized areas is greater than in forested areas. 
The effect on water quality of a given amount of rain will thus be more immediate and the criteria 
should be adapted accordingly. The same applies to differences in slope. The wet-weather conditions 
can be defined through time spans and precipitation (in mm). In some cases, intensity and geographical 
distribution are also part of the definition [26,27]. In other cases, wet and dry weather conditions are 
derived from observed baseflow concentrations and land cover (runoff coefficient) [28]. 

2.3. Application of Optimization Procedures 

In order to apply the optimization procedures, it was first necessary to retrieve the data through a 
selection and extraction process. This selection and extraction process was implemented and tested for 
the data of both case studies. This step allows the user (statistician) to understand the available data 
series, their origins, and field observation contexts, such as precipitation classes and other types of 
observations which may also explain outliers (Figure 7). 

 

Figure 7. Illustration of the available filters for data extraction. It is possible to make 1 or n selections to 
visualize data series or to export selection to EXCEL or CSV files. 

2.4. Decision Support During the Optimization Procedures 

The IDSS provides decision support for questions related to the data used for the optimization. 
The essence of these questions is illustrated in Figure 8. The purpose of these questions is to support the 
person in charge of the statistical analysis and validate whether any kind of change in the WQMP has 
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had an effect on data series, data integrity, and comparability of data. This also includes understanding 
outliers through the integration of field observations in the data series, thus contributing to decisions of 
necessary outlier elimination for some types of analysis. It also includes decisions to be made on 
reconstructing missing data. 

Figure 8. Extraction of the decision-support questions on available data series to validate (and 
understand) integrity, comparability, and outliers. 

For W1, the optimization method which was applied can be consulted in Legendre and Gallagher 
(2001). For W2, the optimization method can be consulted in Beveridge et al. (2012) and in Appendix A. 

2.5. Decision Support to Complete the Optimization Procedure 

The output from the statistical analysis provides a series of suggestions in line with the 
optimization objectives to optimize the WQMPs. Indeed, several authors have underlined the 
importance of bringing expert opinion into this step [13,29,30]. We thus propose that the WQMP 
managers be supported in this final step through questions which are integrated into the IDSS and 
which are based on expert knowledge [16]. The aim is to ensure consistency in the final 
decision-making and documentation of these decisions. 

For each of the sampling sites suggested for scrutiny (removal, retention or stations considered as 
neutral) by the application of the statistical methods, the IDSS provides an additional series of 
questions to support the final decision to keep or remove a station. The same applies to suggestions on 
sampling frequency, adding or reducing water quality parameters, etc. A selection of questions from 
the decision-support trees for the final optimization of a river WQMP is listed below. If the question 
cannot be answered immediately, the system transforms it to an actionable task (Note that this is a 
non-exhaustive list and the IF-THEN rules are not all shown). 

A selection of questions for lakes: 
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• IF more than one station is visited in a lake, THEN verify the justification of the selection of each 
site in order to understand the rationale for each site (e.g., deepest sector of a lake; close to a major 
inflow; in a section of a lake with recurrent cyanobacteria blooms) [31]. 

• For each station, verify the employed sampling strategy. These decisions can greatly affect the 
results: e.g., decisions taken on the profile (probe data every 0,5 m, 1 m, etc.), decisions taken on 
sampling depth for laboratory parameters (chlorophyll a, total phosphorous, nitrogen compounds, 
cyanobacteria etc), decisions taken for the type of sampling method: e.g., horizontal bottle at a 
given depth, tube samplers for an integrative sample of the first n meters, etc. 

• Validate whether the sampling strategy responds to the objectives and whether adding new 
parameters is in line with the existing sampling strategy and objectives. 

• Verify whether a river WQMP is in place in order to observe changes in the watershed which may 
translate to the lake. 

A selection of questions for rivers: 

• Based on the results of the analysis provided for each station which suggest either the retention, 
removal or no specific action for a station, verify the following: IF a sampling site is suggested for 
removal, THEN verify the type of sampling site and the sampling site justification. 

• IF the sampling site is an integrative station, THEN keep the sampling station 
o An integrative station is a station which is downstream from a subwatershed and represents 

the globality of the subwatershed. 
• IF the sampling site is a section of a river, THEN verify whether a particular goal is pursued and 

justified for the station 
o A station of a section represents the water quality between two sampling sites and should be 

selected according to specific goals and pollution sources, and must be justified). 
• IF the sampling site justification is a witness station, THEN verify if the sampling site still qualifies 

o A witness station is supposed to represent the natural water quality of a subwatershed, or, if 
it is not possible to have a witness station for every subwatershed, there should be a witness 
station for every sector representing the geology of the sectors of the WQMP. Therefore, it is 
necessary to verify whether sufficient witness stations are available to be representative of 
every type of natural background in the territory subject to the WQMP. 

• IF a specific goal is pursued, THEN verify whether the station is (1) still representative, (2) whether 
upstream and downstream stations contribute to achieving this goal, and, add, if necessary 
additional stations, (3) verify whether the station is still representative on the micro-level (mixing, 
accessibility, (new) local influences), whether water quality can be altered (improved – e.g., a 
waterfall – or degraded – e.g., a sewer overflow). 

• Verify whether the water quality parameters taken at the station are contributive to attaining the 
goal (e.g., evaluate the influence of agriculture land use should include monitoring nitrogen-based 
compounds). 

• Verify whether sufficient data were taken during wet weather conditions and, if not, adapt 
sampling calendar to a more flexible calendar. 

• Verify whether new (additional) goals can be pursued at existing stations. 
• Verify whether the sampling site justification is consistent with the stations’ location and whether 

there must be another station implemented to be able to respond to the justification (e.g., if one 
wants to find out whether there is an influence of the inflow of a river at a station, there must be 
some information available on that river, and there must be a station upstream from this river 
inflow (triangle strategy). 

• IF the sampling site justification is: upstream from a wastewater treatment plant (municipal or 
industrial), THEN there should be a station downstream from the treatment plant. 
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3. Results and Discussion 

In the first step, the challenge was to understand the initial WQMPs and to integrate the data into 
the database EnkiTM connected to the IDSS. 

The fact that the data were already entered in the prototype of EnkiTM facilitated the process of 
integrating the data from W1. However, the purpose of the questions was to understand the rationale 
behind the selection of the lake sampling sites, the decisions taken on the sampling strategy at each site, 
as well as understand the sampling objectives which contributed greatly to documenting the rationale 
and making it transferable to WQMP managers and organizations that would like to increase the value 
of the data for other studies. This process also contributed to documenting the limitations of some 
sampling sites, such as shoreline sampling sites. This information is also crucial to optimize the 
network, as some of the deficits of the sampling site distribution might already be known and can be 
justified. 

The data integration for W2 was more of a challenge, as the data had to be validated and 
completed from various sources. The choice of the sampling sites, their specific justification, especially 
for river sections, was not well documented at the outset and the information was retrieved from old 
paperwork. Also, changes in sampling frequency and problems in the data sets were a challenge for 
both the optimization of the data management and the application of the optimization approach. 
However, the onboarding (settings) steps and the retroactive integration of field observations, 
specifications on laboratories, sampling site justifications, etc. greatly contributed to obtaining a holistic 
view of the WQMP, as well as the specific rationale of decisions taken regarding the W2 WQMP. Data 
and metadata could now be efficiently consulted, visualized and retrieved. This contributed greatly to 
the choice of optimization methods: not only must they be based on specific optimization objectives 
(elicited by a participative approach), but also on the available data sets. 

The data integration steps showed that the data management question is not always clearly 
addressed at the outset of a WQMP. This may be due to the fact that challenges related to data 
management are underestimated and are only addressed when the data needs to be analyzed. In 
addition, for lack of resources, solutions, and knowledge on data management questions, data 
management is not always addressed adequately. For the W1 watershed, this question had been 
addressed at the outset which led to a data management strategy which was adapted to the data 
management needs of a WQMP. W2 watershed managers have adopted the same strategy as W1 after 
this experience. 

3.1. Optimization of the W1 WQMP – Results and Discussion 

The step to understand the rationale of the WQMP contributed greatly to providing a list of 
actionable tasks for the optimization of the W1 WQMP. The results from the statistical analysis for the 
optimization objective: evaluate whether a reduction in sampling frequency, sampling points and 
number of samples per sampling station (up to three at different depths) which would lead to a loss of 
information also contributed to the list of actionable tasks. As mentioned in Figure 2, one objective of 
this lake WQMP was to obtain a spatio-temporal portrait of cyanobacteria, that assesses the 
cyanobacteria community at different sites and depth throughout the lake and at different times during 
the ice-free period. The objective was also to find out whether there were any interannual differences. 
However, the first and foremost objective was to obtain information on the evolution of the 
eutrophication of the lake. Therefore, at every station (C03, C08, C05, C04, C01 shown in Figure 9) 
visited at two-week intervals (total of 10 outings every year) from the ice-free season (spring mixing) to 
fall mixing, a profile of physicochemical and biological parameters was taken at every 0.5 m with a YSI 
6600 V2 probe (pH, specific conductivity, temperature, dissolved oxygen, phycocyanin, chlorophyll a 
and turbidity). In addition, water samples for laboratory analysis of total phosphorous (TP) nitrogen 
compounds and chloride were also taken at a depth of 1 m, in the meta-limnion and at 1 m from the 
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bottom with a horizontal bottle (when depth permits). These stations were selected in a study 
conducted prior to the WQMP, the aim at this time was to continue with the same stations considered 
representative of the heterogenic zones of the lake. The objective of monitoring cyanobacteria was 
added afterward. The objective was not only to know the distribution of cyanobacteria in the lake but 
also to determine the locations onshore where they could be observed and sampled for the 
spatio-temporal portrait. The selection of these stations was first based on an equal spatial distribution 
around the lake but was then very much influenced by accessibility and permissions to access the lake 
(SCx in Figure 9). The sampling strategy for cyanobacteria was one sample at the surface (all stations), 
at the peak of the phycocyanin readings (lake stations) and at 1 m from the bottom (depth permitting – 
C0x). The sampling was done every two weeks with the other sampling campaign. 

 
Figure 9. Distribution of sampling stations on Lac Saint-Charles (lake). Maximum depth at each station: 
C03: 17 m, C08: 13 m, C04: 7.5 m, C05: 5 m, and C01: 2 m). Reproduced with permission from [2], APEL, 
2019.  

The results of the analysis proposed by Legendre and Gallagher (2001), showed that there is a 
relatively consistent factorial structure demonstrating that the distribution of the 29 cyanobacteria 
species is relatively constant throughout the year and between years The results also show that there is 
a relatively consistent spatial distribution. For instance, Planktothrix sp. prefers the cold and deep 
hypolimnion of C08 and C03 (temperature ranging between 6–8 °C between 10 and 16 m). Species such 
as Anabaena sp. Radiocystis sp., Anabaena sp., Microcystis sp., Aphanothece sp., and Aphanocapsa sp 
consistently prefer the epilimnion at all stations, including the shore stations (surface and peak of 
phycocyanin generally situated in the epilimnion) and Planktolynbia sp. occupies the 4 m zone at station 
C05, as well as the hypolimnion at 12 m at C08. There is no difference between stations C01 and SC0, as 
they are very close to each other. 
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The conclusions of this analysis are that either station C01 or SCO could be abandoned and that 
the sampling frequency (every two weeks) could be significantly reduced. However, before taking a 
final decision, there are several actionable tasks to be followed which are summarized in Table 1 for the 
W1 WQMP. 
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Table 1. Summary of the actionable tasks to take final decisions for the optimization of the W1 WQMP. 

Actionable Tasks Verifications that Must be Made Prior to the Final Decision 

Verify whether changes in physicochemical 
parameters and other observations made in 
the river WQMP of this watershed can have 
an effect on the structure of the 
cyanobacteria community of Lake 
Saint-Charles 

• The watershed of Lac Saint-Charles is exposed to multiple 
stressors. Data from the river WQMP show that specific 
conductivity is raising constantly in the main inflows of Lac 
Saint-Charles (APEL 2015; APEL 2016). Therefore, changes in 
the cyanobacteria community may occur rapidly and be an 
indicator of these changes. Further analysis is necessary to 
identify whether these changes can also be documented in Lac 
Saint-Charles before drastically reducing the sampling 
frequency. 

• IF there are no changes, the six years of intensive 
cyanobacteria monitoring can be taken as a reference, and the 
sampling frequency can be reduced (e.g., every 4 weeks).  

• IF changes in the lake occur, the sampling frequency can be 
increased again.  

Verify sampling strategy 

• Statistical analyses of links between the surface water 
communities and the epilimnion community may be 
challenging when TP and nitrogen compounds are not taken at 
the same depth. For economic reasons, the depth in lake 
stations for this analysis is at 1 m. IF the analysis for modeling 
cyanobacteria including these parameters is projected, then the 
sampling strategy should include these parameters at the same 
depth were the cyanobacteria are being sampled. 

Verify which station can be retrieved 
between C01 and SC0 

• Since no difference was observed between those two stations, 
select the station which requires less effort to be sampled. 
Since SC0 is accessible from the shore, this station should be 
kept and C01 eliminated.  

Verify whether changes in the 
cyanobacteria monitoring affect other 
monitoring objectives 

• During the process of understanding the rationale of the 
WQMP in the W1 watershed, many other monitoring 
objectives were identified for this lake. For any drastic change 
in the current strategy, the incidence on the other objectives 
must be evaluated. These objectives can be retrieved from the 
database, and the IDSS proposes the validation questions 
accordingly. 

The WQMP revealed that it is possible to obtain a consistent spatio-temporal portrait of the 
cyanobacteria community with the proposed sampling strategy and sampling frequency and 
recurrence. In addition, sufficient data were collected to attribute the species to the trophic state of the 
lake. It is also possible to eliminate one station where generally two samples were taken (C01), for a 
total of 20 samples per year. In addition, it was shown that the sampling could be reduced to a 
four-week interval. However, the recommendations are to: 

• Ensure that changes in the water quality of the tributaries (in particular road salts) and the ensuing 
impact on Lac Saint-Charles are detected in order to reinstate the present cyanobacteria program 
and to observe changes which they may announce. 

• Verify whether other objectives followed within this WQMP are not compromised by these 
decisions. 

3.2. Optimization of the W2 WQMP - Results and Discussion 
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After the data validation and integration process, it was much easier to gain an overview of the 
W2 WQMP datasets and make choices concerning the optimization processes. For this WQMP, from 
2328 sample contexts (sampling outings) taken on 66 stations, a maximum of 14 water quality 
parameters could be observed and field observations would include precipitation classes and ambient 
temperature. However, only for TSS, TP, FC and precipitation classes were sufficiently consistent data 
sets available for all these stations. The proportions of non-available data (NA) were only 6.4% (TSS), 
7.2% (FC), and 18.4% (TP) respectively. The missing information on precipitation classes which could 
not be retraced represented 12.8%. Following validation with the WQMP managers, the optimization 
was conducted on these parameters and on all stations. The missing data were reconstructed with the 
package MissMDA with Software R—for further information consult Josse et al. [32] and Josse and 
Husson [33]. The optimizations procedures proposed by Beveridge et al. (2012) and Levine et al. (2014) 
were then applied to these data sets. 

For the W2 WQMP, the results on the optimization question, verify whether a reduction of the 
number of sampling sites is possible based on criteria such as redundancy of information between 
sampling sites, are illustrated in Figure 10a. Figure 10b illustrates the sampling site network after 
having applied the first series of questions, as discussed in Section 2.5. The results of this step suggest 
that four of the seven stations proposed for removal by the Kriging analysis could indeed be removed: 
stations 35, RDN121, 04010191, and 0401010192. For stations 21 and RDN121, information between the 
upstream and downstream stations was sufficient to obtain a picture on water quality, making these 
section stations unnecessary. Stations 04010191, and 0401010192 are tributaries to a lake and do not 
contribute any information to the river sampling site network. Other stations proposed for removal, 
such as M03 and 10, should be maintained as they are integrative stations. Station 04010258 should also 
be maintained as it is an important river section according to the justification provided (water quality 
downstream from the City of Lachute). Stations suggested by Moran’s analysis, 04010308 and 04010003 
require further validation prior to removal. Stations such as 21 and 23 should be kept, as they are 
integrative stations. Stations 04010203 and 04010306 can effectively be removed as no justification is 
available. As for the stations to be suggested for conservation by both analysis types, some should 
indeed be kept, but some more actionable tasks for a final decision are necessary (Table 2). 

A total of five stations were suggested for a definitive removal. However, at least four stations (?1, 
?2, ?3 and ?4) should be added. Their location can be consulted in Figure 10b. Station ?1 should be 
located on a tributary that drains an area where a ski resort and a golf course are located. Given the fact 
that sampling site 9 serves to verify these impacts, the outflow of this tributary should be known. 
Station ?2 should be added to determine water quality from Rivière du Nord upstream from this 
tributary. Station ?3 would be a station to be added to obtain information on the influence of Rivière 
Saint-Antoine. Ideally, there should be a station downstream of the Rivière Saint-Antoine inflow 
(upstream from the wastewater treatment plant of the city of Saint-Jérôme) and downstream of the 
wastewater treatment plant (station ?4). A final station (?5) could be added, but accessibility and mixing 
are an issue. This station would be downstream of the Ruisseau St-André inflow, in order to obtain an 
integrative station for the Rivière du Nord river (station ?5). 
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Figure 10. A: illustrates the W2 sampling site network, the sampling site network, and the sampling 
stations suggested for retention or removal following the Kriging and Moran analysis. Stations without 
any specifications are considered as neutral, as neither their retention nor their removal will have an 
effect on the model. B: Suggested sampling site network after the first series of validations (Section 2.5). 

Table 1 provides a summary of the actionable tasks still necessary for final decision making 
regarding the W2 WQMP. For instance, the verification of whether sufficient data is available during 
rain events (already considered an optimization objective). This also applies to the actionable task: 
Verify whether the sampling frequency was sufficient and whether a different type of sampling 
frequency should be adopted. Several other tasks are proposed, such as verifying whether the stations 
are representative of the goals pursued and whether mixing is assured. Some of the tasks must be 
applied to all stations, others are specific to n stations. Table 2 is a summary of a detailed dashboard 
table of actionable tasks to be provided by the IDSS. 

Table 2. Summary of the actionable tasks to take final decisions to optimize the W2 WQMP. 

Actionable Tasks 
Stations Submitted to the Tasks (IDSS would Lead to a Specific Series of 
Options to Comply with These Tasks) 

Verify whether sufficient data is 
available during rain events 

All stations 

Verify whether sampling frequency 
was sufficient and whether a 
different type of sampling 
frequency should be adopted 

Ideally all stations, however, the analysis is time-consuming, therefore the 
following stations are suggested as being representative for different 
sections of W2: 
1 – Witness station of the Rivière du Nord watershed. 
12 – Station representing water quality upstream from the drinking water 
treatment plant of Saint-Jerôme. 
14 – Station with the longest history. 
22 – Station the furthest downstream on Rivière du Nord (close to an 
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integrative station of the entire watershed). 
23 – Integrative station of a watershed with mostly agricultural activities 
(representative of the downstream portion of W2). 
17 – Integrative station of a watershed with mostly recreational activities 
(representative of the upstream portion of W2) 

Verify mixing and representativity  • LJER01 – sampling site is situated on a lakeshore. The site could be 
placed at the outflow of the lake – the goal of this site is to document 
the impact of downstream construction. 

• 12 – the goal of the sampling site is to document water quality 
upstream of the drinking water intake of Saint-Jérôme. A waterfall 
between this station and the intake probably contributes to 
oxygenation. Data from the raw water intake could be integrated into 
the WQMP. 

• All other stations on Rivière du Nord, due to the width of the river. 
Verify whether the precise sampling site represents the water quality 
of the entire river section (e.g., through validating mixing at different 
flow regimes with the help of a probe (representative parameters are 
specific conductivity, pH and temperature on several spots on the river 
section - if they are similar or identical mixing is provided. If not, 
another sampling site or strategy may be considered (e.g., composite 
sampling or taking several samples). 

Verify whether additional water 
quality parameters should be taken 
according to the sampling site 
justification and new monitoring 
objectives 

• All stations.  
• Stations M03 and 04010258 – can be removed unless more water 

quality parameters are monitored, such as specific conductivity (all 
stations) and road salts (on specific sections due to cost). These stations 
are downstream from Highway 15. 

Verify whether additional stations 
should be added (or removed) 
(other than those presented in 
Figure 10b) 

• Add a station upstream from station 16, Ruisseau Williams.  
• Verify whether other streams in the watershed are still orphans, such 

as the one represented by station ?1.  
• Add a station upstream from M08 (witness station for the watershed). 
• Station M09 was a witness station but was replaced by M14 due to 

urban development upstream. Verify whether M09 can be kept as a 
section station to document the impact of this development.  

The IDSS will provide further decision support for the actionable tasks. In the case of the two 
actionable tasks already identified as optimization objectives, the IDSS proposes analysis methods 
provided in the literature. 

In order to answer the question as to whether sufficient data was available during rain events, it 
was necessary to verify under which rain event modality a difference in concentrations of the retained 
water quality parameters FC, PT and TSS could be detected. The results presented in Table 2 show that 
there is no difference between the concentrations of FC, PT, and TSS between the rain modalities 1- 
rainfall the same day and 2- rainfall 0-24 h prior to sampling. It may be assumed that the peak 
concentrations for each of these three water quality parameters are attained in rain event modality 3 
(rainfall 24-48 h prior to sampling). The difference detected between modalities 2 and 3, as well as 3 and 
4 supports this hypothesis. Therefore, rain events can be considered as defined in modality 3. 

The number of samples necessary to capture such a rain event can be estimated through a Power 
test. This test provides an estimation of the number of n required in order to be able to observe a 
difference between rain event modalities (if there is one), with a defined threshold and a defined 
probability. The decision on the standard deviation, the probability and the time period for which the 
WQMP manager wishes to obtain the information on detecting effects of rain events must be supported 
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by the IDSS. For instance, the decision on the standard deviation could be based on water quality 
classes for each observed parameter. An example would be fecal coliforms. The water quality classes 
provided by the Ministry of the Environment of Quebec have six classes for this parameter: ≤200 
UFC/100 mL (good), 200–1000 UFC/100 mL (satisfactory), 1001–2000 UFC/100 mL (doubtful), 2001–3500 
UFC/100 mL (bad), >3500 UFC/100 mL (very bad) [34]. Therefore, a standard deviation, which one 
would want to observe, is one where classes are changed. This is not an easy decision to make and 
could be considered as a biased decision, thus undermining the credibility of the WQMP. A suggested 
compromise would be to obtain an equal amount of samples for each modality of rain event for which 
differences were detected. This would result in the IDSS suggesting, as is the case here, to aim for 50% 
of modalities 0, 1, 2, and 4 and 50% of modality 3. 

The second actionable task (Table 3): Verify whether the sampling frequency was sufficient and 
whether a different type of sampling frequency should be adopted, leads to the application of a general 
linear regression with standard error test [4] for each variable at seven stations over the entire sampling 
period (2009–2016). 

Table 3. Summary of the results of the Kruskall-Wallis test for the three water quality parameters. 

Water Quality 
Parameter 

Rain Event 
Modalities 

Number (n) of 
Samples for Each 
Modality 

Conclusions of the  
Kruskall – Wallis Test 

Fecal coliform 

0 - no rain for 48 h 915 

Differences were detected between all rain event 
modalities, except for differences between 
modality 0 and 1 and 2 and 4. 

1- rainfall the same 
day 

199 

2- rainfall 0–24 h 
prior to sampling 

429 

3- rainfall 24–48 h 
prior to sampling 

126 

4- rainfall 0–48 h 
prior to sampling 

295 

Total 
phosphorus 

0 - no rain for 48 h 918 

Differences were detected between all rain event 
modalities except between modalities 0 and 1, 1 
and 4, 2 and 4. 

1- rainfall the same 
day 

204 

2- rainfall 0–24 h 
prior to sampling 

421 

3- rainfall 24–48 h 
prior to sampling 

122 

4- rainfall 0–48 h 
prior to sampling 

301 

Total suspended 
solids 

0 - no rain for 48 h 840 

Differences were detected between all rain event 
modalities, except for differences between 
modality 0 and 1 and 2 and 4. 

1- rainfall the same 
day 

188 

2- rainfall 0–24 h 
prior to sampling 

426 

3- rainfall 24–48 h 
prior to sampling 

129 

4- rainfall 0–48 h 
prior to sampling 

284 
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The results show that for all these stations and for all three water quality parameters, the sampling 
frequency (8 to 14 per year) should not be reduced. Stations 22 and 23 are visited more frequently than 
stations 1, 12, 17, and 21. An equal sampling frequency of all stations should be considered if the 
objective is to obtain a global picture. 

The recommendations for the W2 WQMP are: 

• Maintain the global WQMP of W2 according to the recommendations presented in Figure 10b, 
• Collect samples in 50% of rain events (modality 3), 
• Obtain at least 10 samples for each of these stations per year, 
• Respond to the actionable tasks in Table 2, with the priority of adding an integrative (and 

affordable) parameter such as specific conductivity to respond to the knowledge needs on road 
salts and other contaminations and identify other parameters that can be financed (the WQMP can 
still be pursued while these tasks are completed), 

• Consider adding rotating WQMPs for the subwatersheds (more stations, more water quality 
parameters and a higher sampling frequency. 

Through two different types of analysis (Kriging and Moran) proposed in the literature [5,6] to 
evaluate a river station network, it was possible to suggest stations to be retained or removed for the 
W2 WQMP. The IDSS was then solicited to submit the suggested stations to another series of questions 
on the sampling stations, such as sampling site justification, specific monitoring objectives for these 
sites, etc. Submitting the results of this analysis to further decision resulted in a final set of decisions to 
make, without consulting the manager of the WQMP. 

Actually, the Kriging and Moran analysis requires quite some level of expertise in statistical 
analysis [7]. When an expert in statistics is not available, the watershed manager who uses the IDSS 
could skip the analysis and be guided through a series of questions on the IDSS and still make a valid 
decision, even if not as well documented as the one made available through the process of using 
statistics. 

The IDSS was based on expert input on the type of questions and decisions which have to be made 
during the planning, management, and optimization of a WQMP. Regardless of the guideline, 
handbook or method based on geographical information systems, statistical analysis methods, etc. 
used, there is still a need for expert input. In order to standardize and capture the expert input, the type 
of expert input required for these decisions was integrated into the IDSS. The optimization of the two 
case-study WQMPs showed that expert input was required and that it was also possible to use the IDSS 
instead of this expert input, as it is not always certain that the knowledge on these issues could be 
adequately transferred within the organization or to these organizations. The advantage of using the 
IDSS is that there are some standardization and documentation possible for this expert input. As the 
system was designed to evolve, it is possible to add additional questions and decision problems to the 
system. The field of WQMPs is evolving rapidly and decisions must be made on new types of water 
quality analysis strategies (e.g., continuous monitoring devices and their challenges of positioning the 
apparatus, cleaning the data, etc.). 

4. Conclusions 

A major issue in WQMPs is ensuring that decisions related to planning, management, and 
optimization follow some standard procedure and that decision making is guided by a set of questions 
that lead to a certain standardization or at least render the decision steps transparent to the people 
working for the WQMP. In this paper, we have strived to demonstrate how an IDSS connected to a 
database (EnkiTM) can significantly contribute to the challenge of optimizing WQMPs. We were able to 
show this for several steps of the optimization process: 
• Understanding the initial WQMPs 
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o The questions asked by the IDSS are crucial to understanding the rationale of the WQMPs. 
Having a firm set of questions and documented answers contributes to transferring the 
information on the WQMP within an organization and communicating the information to the 
public, partners, and decision-makers. 

• Decision support in data validation and integration (storage) process (quality assessment and 
storage) 
o The optimization of a WQMP is based on the data of the existing WQMP and the underlying 

decisions which led to the WQMP, as well as considerations such as possible changes that 
have occurred over time in the WQMP. All this information needs to be documented with the 
appropriate metadata for convenient retrieval when optimizing a WQMP. 

o The integration process of all the existing data of the case studies into the database Enki™ 
connected to the IDSS was key to understanding, documenting and relating information on 
sampling sites, sampling contexts, measured parameters, and geographical information. The 
integration process also showed where changes in the WQMP were made, and why. In 
several cases, some of these changes can affect the continuity in the available data series and 
the conclusions to be drawn from the data sets. On the other hand, it was very difficult to 
retrieve the information on why these changes were made since the staff in charge were not 
always available. Therefore, there is a need for a system to be able to support and document 
these decisions. 

• Selecting optimization procedures proposed in the literature 
o The IDSS proposes specific optimization procedures (methods) proposed in the literature that 

correspond to specific optimization objectives. The IDSS was constructed to propose these 
methods for specific optimization objectives and provide support in applying the 
optimization procedures. 

• Contribution to applying the optimization procedures 
o In the course of the application procedures, specific questions arise concerning the data sets. 

The IDSS connected to the database is able to provide a quick answer to these questions, such 
as variation in laboratories and data precision, changes in field protocols, changes in data 
series for a specific sampling site. 

• Decision support (replacing experts) to finalize the optimization procedure 
o This step provides very crucial additional decision support. Indeed, in all optimization 

methods proposed in the literature, expert input is necessary to take final decisions regarding 
sampling. The IDSS was designed for this task and can be used, whether or not a statistical 
optimization method has been used. However, it was shown that the results of an 
optimization method provide a very good starting point for these questions and support the 
justification of the choices made. 

• Data-driven decision support to redesign WQMPs 
o We were able to show that the database EnkiTM, the onboarding process and the decision 

support provided by the IDSS were instrumental in redesigning the WQMPs of our two case 
studies. A solid data and metadata management system are crucial to the IDSS, and cannot be 
separated without losing efficiency and accuracy in the process. 

To conclude, in this study we demonstrated that every WQMP needs a solid database for data 
management and decision making. In addition, an IDSS is necessary to take and document any type of 
decision during the planning, management, and optimization phases in order to gain a clear idea of 
when and why changes are made and obtain actionable tasks in the optimization process that are 
documented and monitored by dashboards. 

Several of the features of the IDSS were already implemented, and others can now be implemented 
since the decision-support trees were tested through the case studies. The next steps are to continue the 
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implementation to respond to the other optimization objectives set through the participative approach 
[8]. 
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Appendix A 

1. Use of Beveridge’s et al. [13] methods to optimize the W2 WQMP: non-metric multi-dimensional 
scaling (NMDS), principal component analysis (PCA), Kriging, Moran’s Index and leave – one – 
out cross-validation. 

First two multivariate analysis were applied: NMDS: add to the coordinate of each sampling 
station the distance to the outflow of the watershed and a PCA to associate to each station one or two 
factorials created from the concentrations of respectively PT, CF, and TSS for the complete data series 
(2009–2016). The amount of data (n) and the relation between the variables confirm the prerequisite of 
PCA, that of multi-normality and the linearity of the relations. Outliers are a source for distortion of 
these tests and were removed. Considering the missing values for PT, CF and TSS we chose not to 
reduce the data series, but we chose to select reconstruction of the missing data with the package 
MissMDA with R—for further information consult [26,27]. 

Second, we proposed several Kriging models ([30] with the objective to identify the sampling 
stations which are contributing the most to predict the spatial model of the watershed and the 
distribution of these stations. The quality of the models was judged on the comparisons of the standard 
error of the residues, the values of the adjusted R2, the significance of the model and the criteria of 
Akaike (Akaike information criterion—an estimator of relative quality of statistical models). We tested 
six models, and for each one and we chose to retain the following model: 

MODEL M6: 𝐿𝑜𝑔 𝐹𝐶 = 𝐿𝑜𝑔 𝑇𝑆𝑆 ×𝐿𝑜𝑔[𝑇𝑃]×𝐷𝑖𝑠𝑡 
where FC = Average Fecal coliform concentration, TSS = Average Total suspended solids 

concentrations, TP = Average Total phosphorous concentrations and Dist = distance in linear kilometers 
between each sampling station and the outflow of the watershed (W2). 
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For each model, we used the spatial distribution of the residues of the leave-one-out 
cross-validation to visualize the increase in the variance of the residues of the model when they are 
removed. These stations are then considered as important, as their removal harms the model. On the 
other hand, stations for which the retrieval does not harm the model (cause little or no variance) are 
considered as those for which the information is redundant and which are suggested for removal [8]. 

Finally, we also calculated for each pair of stations the Moran Index and the associated Z score. 
After several tests, we retained the method called Minimum Spanning Tree, which proposes a structure 
were the sum of the distances between stations is minimal. Some relations were modified in order to 
obtain a representative relationship between the stations and the hydrographic network. The Z scores 
based on the Moran Index calculated on this structure provides an indicator of the redundancy of 
information between two or more neighboring stations. For each station, a score Z ≤ −1,96 translates to a 
strong dissimilarity between a station and its neighbouring stations. A score of Z ≥ 1,96 indicates a 
strong redundancy of the values of one station and its neighbouring stations [29]. 

For the optimization objective, verify whether sampling frequency was sufficient, we used the 
general linear regression for each of the variables for the entire sampling period (2009–2016) for the 
seven stations listed in Table 1 (method tested by 16). In order to obtain a sampling effort of 50 %, we 
created two subsets of data for each station by choosing one date out of two from the original data set. 
To obtain a sampling effort of 33.33%, we chose one date out of three from the original data sets to 
obtain three data sets. The subsets were modelized and presented as linear regressions lines 
superposed on the model including all the available data. We used the ratio between the standard error 
of the model integrating all data and the standard error of the model integrating only a subset of the 
data (e.g., 50% set one, 50% set 2, 33.33% set 1, 33.33% set 2, and 33.33% set 3) as an indicator of the 
influence of subsampling on the dispersion quality of the model. 
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