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• No holistic solution exists to cover all
steps of water quality monitoring programs.
• Existing approaches to plan or optimize
water quality monitoring programs
were reviewed.
• Intelligent decision support systems are
needed in support of watershed managers.
• Participative geographical information
systems are useful to tap into local
knowledge.
• Stakeholder involvement is necessary
for successful integrated watershed
management.
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a b s t r a c t
The reliable assessment of water quality through water quality monitoring programs (WQMPs) is crucial in order
for decision-makers to understand, interpret and use this information in support of their management activities
aiming at protecting the resource. The challenge of water quality monitoring has been widely addressed in the
literature since the 1940s. However, there is still no generally accepted, holistic and practical strategy to support
all phases of WQMPs. The purpose of this paper is to report on the use cases a watershed manager has to address
to plan or optimize a WQMP from the challenge of identifying monitoring objectives; selecting sampling sites and
water quality parameters; identifying sampling frequencies; considering logistics and resources to the implementation of actions based on information acquired through the WQMP. An inventory and critique of the information, approaches and tools placed at the disposal of watershed managers was proposed to evaluate how the
existing information could be integrated in a holistic, user-friendly and evolvable solution. Given the differences
in regulatory requirements, water quality standards, geographical and geological differences, land-use variations,
and other site speciﬁcities, a one-in-all solution is not possible. However, we advance that an intelligent decision
support system (IDSS) based on expert knowledge that integrates existing approaches and past research can
guide a watershed manager through the process according to his/her site-speciﬁc requirements. It is also necessary to tap into local knowledge and to identify the knowledge needs of all the stakeholders through participative
approaches based on geographical information systems and adaptive survey-based questionnaires. We believe
that future research should focus on developing such participative approaches and further investigate the

Abbreviations: DSS, decision support systems; IDSS, intelligent decision support systems; IWM, integrated watershed management; PCA, principal component analysis; WFD, Water
Framework Directive; WQMP, water quality monitoring program; WQP, water quality parameter.
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beneﬁts of IDSS's that can be updated quickly and make it possible for a watershed manager to obtain a timely,
holistic view and support for every aspect of planning and optimizing a WQMP.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Watershed management has a long-standing history and knowledge
of the connection between water quality and quantity and watershed
preservation that goes back to at least 2880 BCE (Neary et al., 2009).
However, this knowledge was partially lost during the Dark Ages and
only progressively reintroduced in the mid 19th century due to poor
water quality, a consequence of industrialization (Neary et al., 2009;
Timmerman et al., 2010). Since then, declining water quality of rivers,
lakes and groundwater has progressively become a global issue of concern, and many countries have embarked on reforming water governance towards sustainable development through an integrated
approach, as recommended in 1992 Agenda 21 (UNEP, 2012). This approach is generally referred to as integrated watershed management
(IWM). IWM implies managing all human activities and natural resource
uses in an area known as the watershed, in a coordinated and sustainable
manner (Conservation Ontario, 2010). All water stakeholders, deﬁned as
policy-makers, city planners, water conservation organizations, industry
sectors, universities and the general public, should be part of the process
in order to take joint decisions and actions to protect the resource for
economic, social, environmental and public health reasons (Bartram
and Ballance, 1996; Demard, 2007; Islam et al., 2011). Given the growing
pressure on water resources, IWM is increasingly being adopted to
achieve targets aimed at preventing and managing water pollution.
One of the main challenges posed by IWM is to obtain a reliable assessment of surface water quality (lakes and rivers) in a given watershed through water quality monitoring programs (WQMPs) so that
decision makers can understand, interpret and use this information in
support of their management activities (for water destined for consumption, recreational and industrial use, or preservation and restoration of the ecological status).Water quality monitoring is the “longterm, standardized measurement and observation of the aquatic environment in order to deﬁne status and trends” (Bartram and Ballance,
1996). Monitoring also implies a long-term, spatially distributed, standardized surveillance and assessment of all monitoring activities
based on common protocols, a panoply of knowledge needs (regulatory
or not) on water quality, as well as land use of a given watershed
(Bartram and Ballance, 1996).
When planning or optimizing a WQMP, the following elements need
to be considered: (1) identiﬁcation of monitoring objectives (e.g., the
information that needs to be produced); (2) determination of a sampling site network for lakes and rivers; (3) selection of the water quality
parameters (WQP); (4) establishment of sampling frequencies and recurrence; (5) estimation of human, technical and ﬁnancial resources;
(6) preparation of the logistics (e.g., ﬁeld work, laboratory work, quality
control and assessment, data handling, data storing, data analysis); (7)
identiﬁcation of information diffusion channels and (8) an assessment
if the information generated has been put to use (Bartram and
Ballance, 1996; Gray, 2010; Harmancioglu et al., 1999; Strobl and
Robillard, 2008). A WQMP is considered holistic when all these elements have been considered and activities have been standardized.
The term “planning a WQMP” refers to designing a WQMP in a watershed where no WQMP has been implemented. The term “optimizing a
WQMP” refers to the process of reviewing and improving an existing
WQMP. Optimizing does not necessarily imply reducing the number
of sampling stations, sampling frequencies or WQPs. Rather, optimizing
implies the veriﬁcation that initial monitoring objectives have been met
and whether additional monitoring objectives have been identiﬁed
which have to be addressed. Optimizing also implies that every element
of the existing WQMP is appraised.

As many decisions concerning watershed protection (regulations,
land zoning, etc.) depend on the information acquired through water
quality assessment, it is essential that water quality data be relevant,
precise and reliable in space and time, thus requiring the implementation of WQMPs. This is particularly important in order to avoid the multiplication of data collection from various organizations that represent
water quality neither on a spatial nor on a temporal scale in a given watershed (Bartram and Ballance, 1996; Harmancioglu et al., 1999). For instance, it has to be avoided that data is being produced that cannot be
easily compared (e.g. because sampling frequencies are based on a
monthly basis as opposed to a bi-monthly basis, detection limits for contaminant analysis are not the same or because sampling strategies provide different contaminant concentrations). Thus, data that has not
been collected with a common protocol is often of little or no use due
to its heterogeneity, incompleteness and inadequateness (Bartram and
Ballance, 1996; Harmancioglu et al., 1999).
Monitoring water quality remains a very complex process due to the
large number of factors to consider. Indeed, the problem of planning and
optimizing WQMPs for surface waters has been addressed by several researchers, particularly since the 1940s, and a great many handbooks,
guidelines and papers have been published on the subject (Chen et al.,
2012; Ning and Chang, 2002; Park et al., 2006; Quevauviller et al.,
2005; Ward et al., 1990). For instance, the selection of representative
sampling points, WQPs and sampling frequencies has to be adapted to
the constraints of the territory, based on realistic and practical knowledge needs, and planned within the available human, ﬁnancial and
technical resources, as well as legal and political obligations, such as
the Water Framework Directive (WFD) of the European Union
(Australia, 2009; Harmancioglu et al., 1999; Madrid and Zayas, 2007;
Moss, 2008; Mäkelä and Meybeck, 1996; Ouyang, 2005; Strobl and
Robillard, 2008).
Strobl and Robillard (2008) have summarized the problem of planning a WQMP as follows “(...) a plethora of considerations as well as issues that need to be addressed (...)”. In addition, watershed managers
who have to plan or optimize WQMPs face the challenge of integrating
new tools for water quality monitoring, such as effect-based tools (e.g.,
biomarkers and bioassays) (Wernersson et al., 2015), automated monitoring devices (Winkelbauer et al., 2014; Winkler et al., 2008) and remote sensing (Tyler et al., 2009). Also, watershed managers have to
adapt their WQMPs to evolving issues of water quality, such as chemical
mixtures (Altenburger et al., 2015), as well as new policies and regulations (Fölster et al., 2014; Timmerman et al., 2010). Moreover, many approaches to optimize the number of sampling stations and WQPs are
proposed in the literature from which the watershed manager has to
choose from. As outlined by Strobl and Robillard (2008), many of
these approaches have not been implemented since they are “either
too general, too speciﬁc (i.e. too case-limited), or simply too difﬁcult
for a watershed manager to easily incorporate into a water quality monitoring network design, given time and budget constraints”. The authors
also agree on the fact that prior to planning a successful WQMP, it is crucial to choose precise and realistic monitoring objectives according to
knowledge needs on water quality (Australia, 2009; Bartram and
Ballance, 1996; Gray, 2010; Harmancioglu et al., 1999; Timmerman
and Langaas, 2005; Ward et al., 1990). However, there is no generally
accepted practical strategy to support all phases of WQMP planning
and optimizing in a holistic manner (Khalil et al., 2011; Strobl and
Robillard, 2008). In addition, knowledge needs on water quality on
which WQMPs are based, are often not representative of the real
needs (Australia, 2009; Bartram and Ballance, 1996; Harmancioglu et
al., 1999; Ning and Chang, 2002; Timmerman et al., 2010).
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We argue that these statements are justiﬁed and that the reasons for
the difﬁculties are that (1) proposed approaches do not address the issues of planning and optimizing WQMPs in a holistic way, namely that
the approaches do not consider every element of WQMP planning or
optimizing; (2) every watershed has its own constraints and it is not
possible to have a “one- size-ﬁts-all” solution; and (3) an effort has to
be made to get the most out of the existing knowledge on the subject
in order to propose a holistic approach for water quality monitoring
that can evolve over time while having to face site speciﬁcities that
can originate from natural particularities (e.g., geology and hydrology),
human induced circumstances (e.g., land-use, technical, human, ﬁnancial resources), and previous monitoring activities. In other words, planning or optimizing WQMPs is a suite of common use cases. A use case is
deﬁned herein as a sequence of actions to achieve a goal (Balzert, 2005).
Therefore, the general aim of this paper is to present a critical review
of the available approaches and tools placed at the disposal of watershed
managers tasked with planning and optimizing a WQMP. The speciﬁc objectives are to (1) identify the use cases a watershed manager has to consider in the process of planning or optimizing a WQMP of lakes and rivers
and list the main elements of these use cases (purpose, actions and interactions); (2) present and analyze examples in the literature that have addressed one or more of the use cases and propose approaches to aid in
the process of planning or optimizing a WQMP; (3) identify new challenges in water quality monitoring; and (4) discuss how the use cases
and proposed approaches may be integrated in a more holistic and evolvable solution for WQMP planning and optimization.
2. Methodology
The literature review was conducted in the following sequence:
First, handbooks, ofﬁcial guidelines and scientiﬁc papers were searched
in order to identify the use cases related to planning and optimizing
WQMPs, their purpose and the basic sequence of underlying actions
and interactions leading to their realization. Then, scientiﬁc papers
were selected and qualitatively analyzed to determine which use
cases they address and to what extent. In the following steps, some of
the proposed approaches to address use cases (e.g. optimize the number
and distribution of sampling points; evaluate the representativeness of
a sampling site network for the water quality of a watershed; evaluate
the representativeness of the type and number of WQPs, explore relationships between WQPs, assess sampling frequency and recurrence)
were selected and submitted to a more in-depth analysis in order to verify their transferability, case speciﬁcity and degree of difﬁculty of application, the main critique points raised by Strobl and Robillard (2008).
The ﬁnal step was to evaluate, according to the review outcome, how future research could contribute to addressing the challenge of planning
and optimizing WQMPs.
2.1. Selection criteria for the literature consulted
The selection criteria for the literature were established as follows:
handbooks were selected for their reputation of being cited, or of their
authors being quoted, in the ﬁeld of water quality monitoring. The
aim was to select at least ﬁve comprehensive handbooks. Ofﬁcial guidelines were chosen either for their representativeness (either on a national or global scale) or their degree of bindingness (either on a
national or transnational scale). Sources were ofﬁcial websites; the
aim was to cover Canada, the United States and Europe, each with an ofﬁcial document. Scientiﬁc papers were selected with the help of search
machines such as Ariane 2.0, Google Scholar and Scopus. The objective
of this search was to determine, as best possible, the use cases and identify at least one paper for each use case proposing an in-depth description of a suite of actions for a watershed manager to take in order to
address the use case. In addition, we aimed at identifying ﬁve to ten literature reviews on water quality monitoring issues in order to guide our
analysis of the proposed approaches.
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2.2. Identiﬁcation of use cases
General use cases have already been identiﬁed in the literature and
depicted in comprehensive diagrams (Harmancioglu et al., 1999;
Ward et al., 1990). However, each of the use cases shown in these diagrams can be described as a black box that does not reveal the purpose
and the basic sequence of underlying actions and interactions leading to
its realization. Therefore, the purpose was to (1) identify additional essential use cases, (2) delve into the use cases to show the underlying actions and interactions, and (3) search the literature to identify
approaches providing important leads to address the use cases. Fig. 1
shows a comprehensive diagram of the use cases on which the search
was based.
2.3. Analyze approaches for planning and optimizing water quality monitoring programs
Once the use cases were established, the aim was to ﬁnd papers that
proposed an approach to address one or more of the use cases identiﬁed
in the previous section. Then, each paper was ﬁrst submitted to a qualitative analysis: it was identiﬁed if a use case was mentioned (yes/no)
and if it was addressed, to what degree in-depth information was provided (+ = speciﬁc use case mentioned and brieﬂy discussed/++ =
speciﬁc use case addressed with some additional information/
+++ = speciﬁc use case addressed with in depth information, e.g.,
main subject of the paper).
From these papers, the plan was to select ten papers proposing
mathematical - statistical methods to optimize a WQMP in order to submit them to a more in-depth analysis. The focus here was to test an approach to analyze existing optimizing approaches based on a number of
criteria so as to verify the possibility of integrating them into a more holistic and evolvable tool. The aim is to eventually propose the existing
approaches to watershed managers with speciﬁc optimizing objectives
and datasets.
Thus, for each of these papers we (1) identiﬁed the statistical technique; (2) identiﬁed the statistical tool; (3) deﬁned the data category
(e.g., mode matrix); (4) recalled the objectives the authors pursued
with their approach; (5) evaluated the relative difﬁculty of application
of the approach; (6) evaluated the transferability and (7) veriﬁed
whether the authors achieved their objectives.
The relative degree of difﬁculty of application was evaluated based
on the following elements: (1) theoretical knowledge necessary to use
the statistical technique; (2) prior knowledge of the conditions of application; (3) technical knowledge needed for application on a computer,
and (4) ease in reading and interpreting results. Each value was chosen
as a maximum for one of the 4 criteria and the ﬁnal scale from 01 to 05
was: 01-Uncomplicated to apply, no prior statistical skills needed; 02Easy to apply, some basic statistical skills required; 03-Solid statistical
skills required; 04-Solid statistical skills and theoretical background
knowledge required and 05-Very technical and speciﬁc technique for
which an expert is required for application and interpretation. The
transferability of each method was evaluated based on the possibility
of use with any set of variables. For instance, principal component analysis (PCA) is used in many domains such as psychology, biology, ecology
because PCA works well with various origins or types of variables as
long as the application conditions are respected. Any speciﬁc element
that might affect transferability was also identiﬁed.
3. Results
3.1. Identiﬁcation of the use cases
The ﬁrst aim of this literature review was to identify the use cases
that a watershed manager has to consider in the process of planning
or optimizing a WQMP. It is particularly important that WQMPs, once
established, remain stable and ﬂexible (Ward et al., 1990). This means

Please cite this article as: Behmel, S., et al., Water quality monitoring strategies — A review and future perspectives, Sci Total Environ (2016),
http://dx.doi.org/10.1016/j.scitotenv.2016.06.235

4

S. Behmel et al. / Science of the Total Environment xxx (2016) xxx–xxx

Fig. 1. Comprehensive diagram of use cases which need to be addressed when planning or optimizing a WQMP.

that long-term data on some speciﬁc sites is essential to establish longterm trends, while the WQMPs need to be adapted in response to new
environmental pressures (e.g., evolving pollution sources and
chemicals) and emerging sampling tools (e.g., effect-based tools, automated sampling and continuous on-line sampling) (Altenburger et al.,
2015; Brack et al., 2015). Therefore, it is not always feasible, or desirable,
to separate the notions of planning and optimizing. Rather, it is a spiral
approach where a constant learning process is enabled through feedback, critical reﬂection and quantitative optimization methods (de
Vries et al., 1992). However, in order to facilitate the representation of
the underlying actions and interactions of the use cases, planning and
optimizing are presented separately. Also, the literature review showed
that in general, lakes and rivers are treated separately. Waterbodies
should not be treated separately when planning or optimizing a
WQMP as rivers feed lakes and vice versa. Especially for lake monitoring
it is crucial to integrate monitoring of its tributaries for nutrient load calculation and to evaluate whether the tributaries provide the lake with
oxygen-rich and cool waters (Thomas et al., 1996). In addition, it is important to ensure that the same type of probes and laboratories are used
in order to be able to compare values and mutual inﬂuences. Therefore,
the information in Table 1 provides the overview of the thirteen (13)
use cases to plan and optimize WQMPs for lakes and rivers within a
given watershed. They were identiﬁed through the literature review
as was their purpose and the main sequence of underlying actions and
interactions leading to their realization.
In addition to the use cases identiﬁed in Fig. 1 and discussed in the introduction, the literature review allowed the addition of three additional
use cases. The ﬁrst use case added was to “delimit the watershed subject
to the WQMP”. This use case was of particular interest in papers
discussing integrative watershed management issues, such as implementation of policies and actions (Raadgever et al., 2008). The second
use case was “classify waterbodies”. This use case has gained an important status due to the WFD (Directive, 2000/60/EC; Moss et al., 2003),
meaning that waterbodies need to be classiﬁed according to regions
based on criteria such as geology, climatology, size, altitude, etc.
(Directive, 2000/60/EC). Also, the use case “classify WQPs” was added.
Although the selection of WQPs was already considered a major use
case at the outset of this review, the classiﬁcation of WQPs has been
complicated due to changes in paradigms, partly also due to the WFD.
For instance, the objective is no longer to mainly measure concentrations of chemicals; more and more, the objective is shifting towards
the evaluation of ecological integrity and the effects of chemical mixtures (Fölster et al., 2014; Hatton-Ellis, 2008; Moss et al., 2003;
Timmerman et al., 2010). The latter is due in part to the fact that is particularly difﬁcult to establish criteria for each known chemical, as the list
is expanding rapidly (Altenburger et al., 2015; Brack et al., 2015). Therefore, watershed managers are faced with an even broader scope of WQPs
to choose from in order to assess water quality and ecological integrity.

When delving into the use cases, the observation was made that it is
difﬁcult, if not impossible, to ﬁnd one paper, handbook or guideline that
addresses every necessary step for a given use case. Although some of
the handbooks and guidelines consulted are very comprehensive, the
information is not always up to date. Constant emerging new challenges, related in particular to new sampling tools, such as in line monitoring (monitoring devices providing continuous data which is
automatically transferred), effect based tools (in order to assess the effect of chemical mixtures on the ecological integrity for instance), as
well as WQPs such as chemical mixtures make it impossible for authors
of handbooks and guidelines to provide quickly updated and accessible
information. Also, the review revealed that one of the main challenges is
related to the use case “identify communication channels”, wherein the
challenge is to produce information that is relevant, easy to understand,
timely, trustworthy and conveyed efﬁciently to policy and decision
makers (Raadgever et al., 2008; Timmerman et al., 2010). Therefore, it
is also indispensable that the rationale behind a given WQMP, as well
as the produced data, is well documented and easily accessible and
that continuity of data sets is considered in order to ensure comparability of long-term data trends even if short-term decisions have to be
made on some aspects (Davies-Colley et al., 2011; Fölster et al., 2014).
3.2. Approaches addressing the planning or optimizing of a WQMP
As the literature on planning and especially optimizing WQMPs is
very proliﬁc, some limitations were set for this part of the review.
From the literature, one to seven papers were selected for each of the
thirteen use cases for planning and optimizing WQMPs, for a total of
34 papers. The limit of the number of papers was set from one to
seven since the previous section has revealed that some use cases do
not seem to be very much documented in scientiﬁc papers (e.g.
methods to identify monitoring objectives; approaches to assess the attainment of monitoring objectives; assessing quality control of ﬁeld
work procedures and the importance of deﬁning sampling routes and
sampling calendars) while other use cases have been extensively
discussed (e.g. optimizing the number of sampling sites and WQPs).The
purpose of this part of the review is to cover each use case identiﬁed in
Table 1 rather than provide an in-depth review of papers for each.
According to the proposed methodology, these papers were submitted to the qualitative analysis criteria. In order to facilitate the visualization to which degree use cases were addressed, we summarized the
categories “yes”, “+”, “++” and “+++” into the category “considered
use case” as opposed to the category “use case not considered”. In order
to do justice to some papers that speciﬁed some sub-use cases, we split
up the use cases “delimit the watershed”, “determine and assess monitoring objectives”, “establish a sampling site network”, “delimit the watershed”, “plan quality control and assessment” and “identify
communication channels”. The results of this analysis are illustrated in
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Table 1
Use cases, their purpose and main sequence of actions and interactions to plan and optimize WQMPs for lakes and rivers.

Use case
Delimit the watershed subject
to the WQMP
(Directive, 2000/60/EC;
Raadgever et al., 2008;
WMO, 2013)

Planning
Purpose and main sequence of actions and interactions

Optimizing
Purpose and main sequence of actions and interactions

Choose the watershed(s) subject to the WQMP in order to

Verify if the watershed was covered adequately by the
WQMP in order to ensure that the:

• assess scalability
• coordinate river basin management plans (Directive, 2000/
60/EC)
• coordinate monitoring activities
Acquire information on:
• other sampling activities (local, regional or transnational)
• information on land use
• number of weather stations
• number of hydrological measurement stations
• previous studies
• stakeholders (information users)
• geology
• climatic region
• hydrology
• topography
(Chapman, 1996; Timmerman et al., 2000; Ward et al., 1990)

Determine and assess monitoring
objectives

Specify realistic and representative knowledge (information)
needs on water quality in order to be able to

(Bartram and Ballance, 1996;
CCME, 2015; Chapman, 1996;
Smeltzer et al., 1989;
Timmerman and Langaas, 2005;
Ward et al., 1990;
Wilkinson et al., 2007)

• determine monitoring objectives
• produce information that is needed to support policy making
and implement action plans
Set up baselines for participative approaches and communication
channels:

Classify waterbodies
(CCME, 2015; Keum and
Kaluarachchi, 2015; Wetzel, 2001)

Establish a sampling site network
(Anttila et al., 2008; Anttila et al.,
2012; Chapman, 1996; Madrid and
Zayas, 2007; Ward et al., 1990)

• perform a stakeholder analysis (Schmeer, 2000)
• establish a dialogue “between information users and
information producers to develop the connecting questions –
questions that are clearly articulated and understood by both
information producers and users” (Timmerman et al., 2000)
• “Determine how the answer should be presented and the level
of detail and precision to be included in the answer”
(Timmerman et al., 2000)
• divide the information needs into information categories (Ward
et al., 1990)
• quantify the information needs in terms of identifying objectives
of improvement in water quality (Timmerman et al., 2000)
• identify what will be done with the information
• identify indicators that are able to convey the information more
easily
• use indexes (aggregation of indicators) describing a more complex situation
• deﬁne the type of monitoring (e.g., as requested in the WFD).
• include any monitoring objectives that are part of legal or policy
requirements
• tap into local knowledge in order to obtain a better overview of
concerns in the watershed and activities which may impact
water quality
(Timmerman et al., 2010; Wernersson et al., 2015)
Classify waterbodies in order to
• prioritize waterbodies to be monitored
• be able to select the number of sampling stations and water
quality parameters
• be able to better interpret data
The classiﬁcation can include documenting the:
• type, size, morphometry, origin, geology, climatic region, stream
order, use, anthropogenic modiﬁcations of the watershed and
hydrology of a waterbody
Select a network of sampling sites on a macro and micro level in
order to obtain:
• an adequate spatial coverage according to monitoring objectives
• representative monitoring sites
In order to set up an initial sampling site network, every element

• WQMP was able to provide the required information
in a timely and adequate manner
• the spatial coverage was adequate
• the acquired data could be kept comparable
Assess whether:
• the chosen area was covered and required information
was produced
• other sampling activities could be coordinated
• information on land use has been updated
• number of weather and hydrological stations has varied
• additional studies have been conducted
• stakeholders have evolved
• verify whether the WQMP should be scaled down to
sub-watersheds or scaled up in order to cover larger areas
(Davies-Colley et al., 2011; Fölster et al., 2014; Timmerman
et al., 2000)
Determine whether the set monitoring objectives have been
attained and verify if new knowledge needs have emerged
in order to be able to
• determine new monitoring objectives
• adapt the WQMP in order to attain past and new monitoring
objectives
Validate whether any of the sequences of the planning process
need to be repeated and
• verify if the legislative information demands have evolved
(Timmerman et al., 2010)
• new problems have emerged and need to be addressed
• tap again into local knowledge
• follow the optimizing steps of use case “Delimit the watershed
subject to the WQMP”
(Davies-Colley et al., 2011; Fölster et al., 2014; Timmerman
et al., 2000)

Verify whether waterbody classiﬁcation and available information
was sufﬁcient to aid in
• prioritizing waterbodies
• set up an adequate network of sampling stations (see following
use case)
• analyzing water quality data

Optimizing a sampling site network may be necessary to
• downscale the network for ﬁnancial reasons or redundancy in
information
• upscale the network if ﬁnancial means allow it and if a ﬁner
network is needed
(continued on next page)
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Table 1 (continued)

Use case

Planning
Purpose and main sequence of actions and interactions

Optimizing
Purpose and main sequence of actions and interactions

from the previous planning use cases needs to be followed. The
sampling site network can then be established based on
approaches, such as the risk based approach, the stream order
hierarchical approach (CCME, 2015; Sharp, 1971), based on
previous extensive studies, on the classiﬁcation of the size of the
waterbodies and their watershed or on expert opinion (Ward et al.,
1990). In any case, it is always necessary to validate the sites
according to

• redesign the initial network if the initial one has not yielded the
sought-after information or if the information needs have shifted
to other areas of the watershed
The literature proposes many different optimizing approaches. In
any case, the main sequence of actions is to follow the sequence of
action of the previous optimizing use cases as well as the following
use case (select and classify WQPs) and to

•
•
•
•
•
•
•

monitoring objectives
land use
point and non point sources
water uses
size of the water body (one or more stations)
priority waterbodies
hydrometric stations available (might be necessary depending
on the monitoring objectives)
• representativeness
• mixing
• local inﬂuences, dependency of waterbodies and accessibility
• number of samples for each transect or depth which need to be
taken.
• justiﬁcations for each site
(Gray, 2010; Mäkelä and Meybeck, 1996; Tchobanoglous and
Schroeder, 1985; Thomas et al., 1996; Ward et al., 1990)
Select and classify water quality
parameters (WQP)
(Altenburger et al., 2015; Bartram
and Ballance, 1996; Chapman,
1996; Fölster et al., 2014;
Timmerman et al., 2010; Ward et
al., 1990; Yang et al., 2008)

Select and classify WQP in order to be able to
• attain the knowledge needs established in an earlier step, such as
the identiﬁcation of pollution sources or the impacts on water
quality and ecosystems
The essential sequence of action is to
• include the reﬂection on possible WQPs while establishing the
monitoring objectives and the monitoring network (Chen et al.,
2012)
During this process it is necessary to reﬂect upon
• local regulations
• recognized water quality indices and indicators (biological,
chemical, physical and hydrological) (CCME, 2015; Directive,
2000/60/EC)
• parameter dependence and signiﬁcance (Harmancioglu et al.,
1999)
• matrix (Chapman, 1996; Wernersson et al., 2015)
• technical means to measure them (e.g., probes; laboratories)
• establishing common methods (Davies-Colley et al., 2011) considering effect-based tools (Wernersson et al., 2015)
• including intelligent monitoring networks (Winkelbauer et al.,
2014)
• ensure that the knowledge to interpret the data can be made
available

Establish sampling frequency
and recurrence
(CCME, 2015; Mäkelä and
Meybeck, 1996; Smeltzer et al.,
1989; Von Der Ohe et al., 2009)

Evaluate human resources
Note: Some authors argue that the
involvement of volunteers in
monitoring activities is not only a
means of reducing costs, but also a

Establishing sampling frequencies, as well as recurrence, is
necessary in order to
• yield the information that will induce policy making and action
plan implementation
The essential sequence of action is to verify
• statistical requirements dependent on monitoring objectives,
indices, indicators, WQPs and waterbodies (Ward et al., 1990)
• scientiﬁc consensus
• accepted frequencies based on agreements as to what is considered acceptable
• the need for continuous, punctual or grab sampling
Evaluating human resources needs is essential in order to ensure
that the necessary skills for each task are available, either fulltime,
part-time or by way of outsourcing (Fölster et al., 2014)
The essential steps are to choose staff according to

• understand the design and design objectives of the existing network
• determine evaluation objectives (e.g., has the network produced
the information it was designed for? Is there a need to reduce
the number of WQPs due to budget restrictions, etc.)
• select sampling sites to be included in the optimizing scheme
(e.g., river monitoring vs. lake monitoring)
• select a time frame
• verify if changes in the existing WQMP may have affected the
comparability of the data
• select variables (e.g., WQPs, sampling site justiﬁcation)
• determine evaluation method
• generate and present the results from the evaluation
• validate the new network design with the information users
• verify if a site has yielded historical and time series need to be
continued for long-term trends
(Fölster et al., 2014; Horowitz, 2013; Olsen et al., 2012; Strobl and
Robillard, 2008; Timmerman et al., 2010)
Optimizing a WQMP as to WQP may be one of the most frequent
challenges a watershed manager has to face, especially when
considering the evolving knowledge on chemicals, the effect-based
tools, evolving technology of laboratories and in situ measurement
facilities, as well as the inclusion of biological indicators such as
macro-invertebrates, aquatic plants, etc.
Some of these new elements may be mandatory, others may be
optional. In any case, it is necessary to include in the reﬂection
previous optimization use cases as “… different parameter sets
may lead to different networks.” (Chen et al., 2012)
Thus, the essential sequence of action is to validate whether
• the collected data has yielded the sought-after information
• new regulations and indicators have been issued
• new WQPs need to be taken into consideration as new issues
arise
• correlation between WPPs could permit the elimination of some
of them
• the technical means to measure WQPs have proven satisfactory
(e.g., satisfying detection limits from laboratories; probe data has
proven to be reliant)
• new tools could prove to be more efﬁcient
• historical data has been collected and time series need to be
continued for long-term trends
• ensure that the knowledge to interpret the results is available
Several statistical methods exist to optimize WQMPs, see the
essential sequence of actions in the use case to optimize a sampling
site network
Assessing sampling frequencies is necessary in order to ensure that
• sampling frequency, recurrence and type have yielded the
sought for information
• statistical needs have been met
• lacks and gaps in data quality or quantity have not been an
obstacle to information production
• the WQMP is cost effective
Sampling frequency and recurrence can be assessed through
various statistical methods generally closely linked to the
optimizing use cases for sampling site and WQPs selection.
Therefore, the main sequence of action to be followed can be
consulted in these sections
Assessment of human resources is necessary in order to verify
whether the human resources
• were adequate to fulﬁll the tasks
• needed more training
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Table 1 (continued)
Planning
Purpose and main sequence of actions and interactions

Optimizing
Purpose and main sequence of actions and interactions

means of enhancing stakeholder
involvement and awareness, in
addition to offering wider screening
possibilities of the watershed and
taking advantage of the local
knowledge (Jalbert and Kinchy,
2015)

• the needed skills (depending on each task from WQMP
management, ﬁeld work, data analysis and reporting – it is necessary to describe the skills that are expected)
• the need to receive additional training
• long-term availability (in order to ensure continuity)
• availability of (skilled) volunteers
It can also be useful to establish partnerships with research centres
and universities in order to remain up to date on new
developments or to add studies to support the WQMP

• had to be outsourced
• were the reason for changes in quality
(Thoma et al., 2012)
The sequence of action is to verify whether

Identify technical resource needs

The identiﬁcation of technical resource needs is necessary for

Use case

(Bartram and Ballance, 1996;
Capella, 2013; Chapman, 1996;
Davies-Colley et al., 2011)

• budgeting
• a cost-effectiveness analysis to choose monitoring tools and
laboratories.
The essential steps are to assess technical resource needs for:
• transportation (e.g., car; boats; helicopters (Li and Migliaccio,
2011)
• available and necessary sampling material (probes, samplers,
clothing, security, GPS, refrigeration, etc.)
• continuous monitoring sampling (energy sources; data
transmission, data validation, remote access) (Winkler et al.,
2008)
• screening and monitoring emerging tools (SMETS) (Graveline et
al., 2010)
A cost-effectiveness analysis must then offset the cost of:

Estimate ﬁnancial resources
(Davies-Colley et al., 2011;
Timmerman et al., 2010)

• laboratory analysis as opposed to using probes
• cost of one laboratory as opposed to another (verify travelling
distances, accreditations, detection limits & quantiﬁcation
limits); long-term contracts; efﬁciency of data transmission
• costs and acceptability of SMETS as opposed to laboratory analysis (Graveline et al., 2010)
• cost of material maintenance
Estimation of ﬁnancial resources required is essential in order to be
able
• to scale the WQMP
• prioritize sampling objectives
Financial resources must be evaluated based on the following cost
elements for time (salaries) & material:
•
•
•
•

coordination of WQMP on a daily basis
sampling and ﬁeld work expenditure
laboratory analysis
data quality assessment & plausibility, data entry, data analysis,
reporting & revision
• dissemination of the information
• supervision
• equipment maintenance
Plan quality control and quality
assessment
(Bartram and Ballance, 1996;
CCME, 2015; Davies-Colley et al.,
2011; USEPA, 2001)

Planning quality control and assessment is essential to ensure that
the margin of error at every step from the planning, to the
sampling, transportation, data validation, data treatment, data
analysis and reporting is reduced in order to avoid critiques and
loss of data (Ward et al., 1990). To achieve this, it is necessary to
deﬁne protocols and ensure periodic training of the staff
(Davies-Colley et al., 2011; Madrid and Zayas, 2007; Thoma et al.,
2012)
Protocols must include (also see corresponding use cases):
• sampling routes
• handling and calibration (if applicable) of sampling tools
• description of how and where to take samples and ﬁll the bottles
in order to avoid contamination
• adequate refrigeration procedures

• some of the actual resources should receive more training or
should be replaced
• if outsourced resources have been efﬁcient or if it is necessary to
integrate these resources in the WQMP staff (or to outsource
more)
• reduced ﬁnancial means imply that volunteer monitoring should
be implemented, extended or reduced (see note)
• if training program were adequate
Assessment of technical resource needs is necessary to ensure that
the chosen means of transportation, assessment tools and
laboratories were adequate to attain the set objectives and
whether technical means have evolved and can be used to optimize
the WQMP
The essential steps are to:
• assess that transportation means were adequate and did not
have a negative inﬂuence on the sampling
• verify that the equipment was appropriate to ensure safety,
navigation, and sample transportation
• assess whether sampling tools or laboratories should or need to
be changed
• ensure the continuity of data sets, an essential consideration
before taking any decision as to changing a probe, a SMET or a
laboratory
A cost-effectiveness analysis can help in these steps.
However, considerations on continuity of data sets in a WQMP is
crucial in order to ensure comparability of long-term data trends
(Davies-Colley et al., 2011; Fölster et al., 2014)

Assessment of ﬁnancial resources is necessary to verify whether
they were used adequately and whether funding has evolved
(augmented or reduced) and can be used to optimize the WQMP
The essential assessment steps are to:
• verify if monitoring objectives were attained (see corresponding
use case)
• whether quality control & assessment were adequate
• coordination was efﬁcient
• data analysis and reporting need to be adapted to information
needs (may reduce reporting time – see corresponding use case)
• dissemination of the information was efﬁcient
• supervision was adequate
• equipment maintenance was efﬁcient and if equipment needs to
be replaced
The assessment of ﬁnancial resources should be done with the
team involved in the WQMP in order to obtain feedback to increase
efﬁciency and identify problems
Assessing quality control and assessment procedures is necessary
to ensure that the WQMP yields high quality results
Necessary steps are to:
•
•
•
•
•
•
•
•

identify the number of rejected data
do controls on ﬁeld work
verify variations in probe data according to calibration results
verify whether any changes in laboratory methods were introduced without having been communicated
verify if ﬁeld sheets were appropriately ﬁlled out
list all critiques made by the revisers of the reports
hold a meeting with the staff in order to identify gaps in the
procedures and in the understanding of the protocols
revise the existing protocols and quality assessment and control
procedures accordingly
(continued on next page)
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Table 1 (continued)

Use case

Planning
Purpose and main sequence of actions and interactions

Optimizing
Purpose and main sequence of actions and interactions
• propose ﬁeld outings in order to compare sampling procedures
and corresponding results (LFU, 2016)

Deﬁne sampling routes and
sampling calendar

• maximum transportation times to laboratories
• ﬁeld protocols with in-build quality assessment procedures
• ﬁeld sheets that ensure that any additional information is being
collected on-site
• procedures to verify data plausibility before data storing
• data storing procedures
• data analysis & reporting procedures
• data use and dissemination procedures
• communication channels with laboratories
Sampling routes and calendars must be deﬁned to ensure that data
at a given station is collected in order to
• “minimize variations due to diurnal patterns” (Davies-Colley et
al., 2011)
• ensure timely transport to the laboratories
• to respond to sampling objectives (e.g., assess up- to downstream variations within a sub-watershed
Necessary steps are to identify:

Prepare data handling, storage,
analysis and reporting
(Quevauviller et al., 2005;
Ward et al., 1990)

Identify communication channels
Note: Two levels of communication
channels have to be established:
(1) communication channel
between the instances of the
WQMP
and (2) between the producers of
the information and the users of
the information
(Madrid and Zayas, 2007;
Quevauviller et al., 2005;
Raadgever et al., 2008;
Timmerman, 2005;
Timmerman et al., 2010;
Timmerman and Langaas, 2005;
Timmerman et al., 2000)

• the sub watershed and waterbodies that are to be sampled in a
day and in which order
• the time it takes for each sampling station
• the time it takes between sampling stations
• coordination if more than one team is needed (e.g., synchronization)
• laboratory availability and receiving hours
• monitoring objectives that call for speciﬁc timing and ﬂexibility
in the calendar (e.g., dispersion, transport time, nutrient load
calculation, river ﬂow) (Horowitz, 2013) (also see correspondent use case)
Preparing for data handling, storage, analysis and reporting needs
to be considered at every step of planning a WQMP in order to
• avoid loss of data, errors in data concatenation (e.g., bringing
together information on ﬁeld observations, probe data and laboratory data)
• ensure data analysis in accordance with monitoring objectives
• produce the type of information in accordance with speciﬁc
needs identiﬁed in the outset
(also see corresponding use-cases)
The essential steps are to:
• identify data storage needs and choose software accordingly
• select necessary tools for data analysis and select software accordingly
• look up examples of reporting types and decide which are appropriate for the information needs and the target audience of
the information
Also see use case on quality control and assessment
It is necessary to ensure communication channels between the
instances of the WQMP in order to ensure effectiveness and mutual
understanding of what is expected (e.g., communication between
those who choose WQPs to be analyzed in a laboratory and the
laboratory chemists and biologists)
The necessary steps are to:
• include every instance, department or partners (depending on
the size of the organization) in the planning process
• plan regular meetings to exchange between the different instances of the WQMP
• establish communication channels and procedures
The establishment of communication channels between the
producers and users is necessary in order to avoid that “the lack of
communication and of clear coordination mechanism leads to
research outputs not being used or simply known by
policy-makers, and to policy research needs not being
communicated to the scientiﬁc communities in a timely fashion”
(Quevauviller et al., 2005)
The necessary steps are to:

Sampling routes and calendars must be assessed in order to ensure
that
• timing could be respected
• sampling objectives were attained
The main steps are to:
• analyze the data according to monitoring objectives
• identify the shortcomings of the data (e.g., not enough samples
taken at high-ﬂow conditions for nutrient load calculations)
(Groupe de travail sur la réduction du phosphore dans la baie
Missisquoi, 2005)
• identify the constraints that were limiting (e.g., lack of ﬂexibility
of human resources, laboratories or lack of knowledge
response-times to be able to get the high-ﬂow conditions)
• verify whether sampling routes and timings were realistic
• validate with the team if the amount of sampling stations should
be increased or reduced to avoid errors due to fatigue

Optimizing data handling, storage, analysis and reporting is
essential in order to verify whether the information could be
produced efﬁciently and was produced according to the initial
needs
The essential steps are to assess whether:
• any issues on data handling and storage had arisen (e.g., loss of
data due to deﬁcient data storing means, errors in data)
• data analysis and information production were a problem due to
a lack of technical or human resources
• the information was produced in accordance with the audience
• the information users appreciated the produced information
• data accessibility of data and information was satisfactory
• the information is sufﬁciently known to be existent and circulated
• resources were planned appropriately
Also see use case on quality control and assessment

It is necessary to update the communication channels in order to
avoid the production of a lot of information that is not used or not
useful
The following steps are necessary:
• communication channels have functioned and are being kept
open between the different persons working on the WQMP
• validate if all the initially identiﬁed information channels are still
in place
• information on water quality has been channelled properly
• information users were able to use the information for policy-making and action taking
• additional information needs to be produced
• the format of information was satisfactory
• new knowledge needs have emerged (see corresponding use
case)
• follow up on information use, e.g., inclusion in action plans
• follow up on the implementation of actions (short-, mediumand long-term actions)

• assess the management regime, namely formal and informal
governance (Raadgever et al., 2008)
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Table 1 (continued)

Use case

Planning
Purpose and main sequence of actions and interactions

Optimizing
Purpose and main sequence of actions and interactions

• identify information users
• establish communication channels and hierarchy according to
the type and urgency of the information (Ward et al., 1990)
• identify stakeholders who need information in order to ensure
action plan preparation and implementation
General note: Within the scope of this paper, the integration of components necessary to ensure coordination of surface water monitoring with groundwater monitoring, air quality monitoring, and precipitation and hydrological monitoring was not considered. However, these elements should be kept in mind if the analysis of the data and the monitoring objectives require this information.

Fig. 2. The use cases split up for this ﬁgure are grouped in the corresponding boxes.
For each of the 34 papers, we identiﬁed the main use cases treated
(“+++”). The main contributions of these papers and some comments
are summarized in Table 2. We included information if the approach
was a planning or optimization approach, if the authors addressed
lake and/or river monitoring and what were the main use cases addressed. The observations that may be drawn from the qualitative analysis (illustrated in Fig. 1 and Table 2) are that while some use cases are
considered important, they are not discussed with any in-depth information, while other use cases are discussed and addressed extensively.
One of the use cases considered as the most important in nearly all
the papers, is the determination of monitoring objectives. However,
none of the papers actually propose a method of determining monitoring objectives. Only a few papers address the use case of designing a
monitoring network according to speciﬁc monitoring objectives or to
assess the attainment of monitoring objectives. In general, the establishment of monitoring objectives and the assessment of the latter are either drawn from the literature, regulations, or based on expert
opinion. Thus, there seems to be a lack of stakeholder involvement

(including the public) in spite of the fact that there is “a growing need
to involve the public in a deliberative participatory way (...)”
(Timmerman et al., 2010). Approaches to establish a sampling site network are nearly all optimizing approaches based on existing networks.
The main focus is on the selection of macro-location without considering site selection and assessment on the micro-level, but for generalities
such as accessibility (e.g., thus, not considering mixing and local inﬂuences). The selection and classiﬁcation of WQPs is discussed extensively, but also seems to be one of the ﬁelds that evolves very quickly, as
much on the side of contaminants of emergent interest and chemical
mixtures, as well as on tools to assess them (e.g., in-situ measurement
tools; new methods of analysis in the laboratory and effect-based
tools). Establishing sampling frequency and recurrence is also widely
discussed, especially for the optimization of a WQMP, while it remains
difﬁcult to establish sampling frequencies and recurrence adequately
at the outset. The evaluation of technical, human and ﬁnancial resources
for the planning and optimizing of WQMPs is mentioned and discussed
in terms of technical resource needs for new monitoring tools such as
in-situ probes, and automated data transfer. Some of the optimizing approaches for sampling site networks propose formulas where ﬁnancial

Fig. 2. Percentage of papers that considered the use case, as opposed to the percentage of papers that did not. To facilitate the presentation, we summarized the categories “yes”, “+”, “++”
and “+++” into the category “considered use case”, as opposed to the category “use case not”. The boxes that group together some of the use cases are use cases split apart from those
considered in Table 1 in order to do justice to some of the authors.

Please cite this article as: Behmel, S., et al., Water quality monitoring strategies — A review and future perspectives, Sci Total Environ (2016),
http://dx.doi.org/10.1016/j.scitotenv.2016.06.235

10

S. Behmel et al. / Science of the Total Environment xxx (2016) xxx–xxx

Table 2
Summary of the main contributions of the approaches addressing planning or optimizing use-cases of a WQMP (chronological order).
Author/year

Main contributions – Comments

(Hilton et al., 1989)

Planning and optimizing – Lakes – Main use cases: Establish a sampling site network; select and classify water quality parameters; identify
technical resource needs
Five sampling techniques (e.g., dip sampling vs. integrative tube sampling) in different types of lakes (e.g., shallow vs. deep lakes) are tested
for a variety of sites (e.g., open water vs. shore sampling) to verify representativeness. The authors conclude that (1) patchiness might have
more of an inﬂuence on results than sampling sites; (2) any site is probably only representative during its maximum mixing period and (3)
ﬁnal decisions must be based on the information needs (e.g., integrative tube sampling provides a good estimate of the algal population
while overestimating nutrient concentrations)
Optimizing – Lakes – Main use cases: Assess attainment of monitoring objectives, select and classify water quality parameters, establish sampling
frequency and recurrence
The authors apply various statistical methods in order to assess the attainment of monitoring objectives within the Vermont lake
monitoring program (e.g.,trend analysis, model development, state-wide portray of lakes, etc.). They conclude that sampling frequencies
and recurrence must be adapted (or planned) according to the WQPs and monitoring objectives and that watershed management for lakes
should not await changes in the lake before being implemented due to high inter-annual variations.
Planning and optimizing – Lakes and rivers – Main use cases: Determine monitoring objectives; prepare data handling, storage, analysis and
reporting; identify information channels.
The authors present a framework that “assists information producers in developing tailor-made information that is sized to ﬁt the needs of
information users”. The authors propose steps to identify the information needs, the information network, the type of information and an
information strategy. The proposed framework can be used as a decision support for the identiﬁed use-cases.
Optimizing-Rivers – Main use cases: Establish and assess a sampling site network; assess the attainment of monitoring objectives
Approach focuses on the optimizing of a WQMP through the veriﬁcation of whether initial monitoring objectives were attained. This
veriﬁcation was obtained through questionnaires submitted to an expert committee that had to assess the attainment of the initial
monitoring objectives and how well the sampling sites were located. A ﬁnal priority list for each sub-catchment was submitted to
goal-programming. The results were subsequently submitted to a multi-objective optimization approach including considerations such as
budget and sensitivity of WQPs. Land use and hydrology were also considered.
Optimizing-Rivers – Main use cases: Establish and assess a sampling site network; select and classify water quality parameters
Approach based on principal component analysis and principal factor analysis to identify sampling sites and WQPs important to assess
annual variations. The authors enumerate the six monitoring objectives (e.g., determining mass loads) on which the monitoring program
was constructed; however, the method does not seem to allow assessing whether these objectives were attained and focuses on the annual
variations to suggest the main WQPs and sampling sites.
Planning and optimizing – Lakes and rivers – Main use case: Identify communication channels
The authors focus on “science policy integration” in the context of the WFD. Channelling information in a timely manner from scientists to
policy-makers and vice-versa is considered a major issue. Policy-makers must receive the information in a form they can understand and
policy-makers must convey their information needs and time limits to the scientists. The authors propose three steps to develop a
“science-policy integration framework” in order to streamline information: (1) Information for the general public and local authorities; (2)
information for operational managers and research and technological development (RTD) providers and (3) information for RTD program
managers and policy implementation. The ideal information exchange platform needs to be adapted to the political level of local, regional,
national and international governance.
Planning and optimizing-Rivers – Main use cases: Establish and assess a sampling site network, design a network according to speciﬁc monitoring
objectives
Approach using a genetic algorithm and a geographic information system. The focus is on planning and optimizing a WQMP according to
speciﬁc monitoring objectives and land use and hydrology. No preference weights are proposed for the land use criteria (but can be
integrated). Fitness functions are proposed to select sampling sites according to monitoring objectives, e.g., for the objective “surveillance of
pollution sources” in the ﬁtness function the distance to a pollution source and the number of pollution sources in the upstream zone are
considered. Micro-location assessment and WQPs are not considered.
Optimizing – Rivers – Main use cases: Use information on land use, hydrology and topography,
The authors propose to “Develop with minimal data and by using analytical tools such as GIS, fuzzy logic, and the simulation model GWLF
v.2.0, a practical and scientiﬁcally based design methodology for designating critical water quality monitoring network sampling points
within small agricultural-forested watersheds with respect to total phosphorus”. The methodology proposed includes detailed information
on land use (buffering zones, pollution sources; topography, hydrology, even soil permeability and evapotransporation processes. The
authors use total phosphorus as an indicator variable, but afﬁrm that their method could be extended to other parameters. They also
provide a formula (and its limits) to estimate costs for the ensemble of the costs per station, such as administrative overhead, sampling trip
cost, laboratory analysis, replica cost, data interpretation cost, data reporting cost and aggregated costs.
Planning and Optimizing – Lakes and Rivers: Main use case: Plan quality control and quality assessment
Focus is on quality control at the ﬁeld stage and communication between planners, ﬁeld technicians and laboratories. The authors
emphasize the fact that the sampling stage needs improved quality control: assessment of site representativeness; speciﬁcation of precise
sampling location (micro-level) and sampling time; ensuring correct sampling containers and sample preservation; use of ﬁeld blanks;
establishment of a ﬁeld-data sheet and a chain of custody; following ISOguides for sampling. The use of alternative sampling methods is
discussed brieﬂy with respect to their advantages and limitations.
Optimizing – Lakes – Main use cases: Assess sampling site density; select and classify water quality parameters
Methodology to assess representativeness of sampling sites in lakes for a given WQP. Lake monitoring is often concentrated at the deepest
spot, thus does not consider heterogeneity due to mixing on the vertical and horizontal layers.
Planning and optimizing – Lakes and rivers – Main use cases: Delimit the watershed subject to the WQMP, identify communication channels
The authors address the question as to whether transboundary river basins can support adaptive management. In order to assess this, they
provide a framework in which they suggest identifying actor networks, legal frameworks, policy, information management and ﬁnancing.
After having identiﬁed and assessed the management regime, it is possible to work on elements that may need improvement, such as
information transfer, public participation, identifying knowledge needs, trust building, implementation of actions and policies, identifying
additional ﬁnancial resources, allocating tasks and including experts from various organizations.
Optimizing – Rivers – Main use case: Establish and assess a sampling site network
The authors propose a method to determine sampling sites for the speciﬁc objective of early detection of contaminants within a watershed
according to potential spill sites. For this method, they propose to determine the dynamic behaviour of a contamination event and the
optimum monitoring stations. For the ﬁrst step, they use the EPA Storm Water Management Model. Potential monitoring sites are
attributed to the conﬂuences, upstream locations and equally distributed river sections. In the following steps, scenarios are tested based on
the detection threshold of the contaminant, reliability and average detection time.
Optimizing – Rivers – Main use case: Select and classify water quality parameters
Methodology to reduce the number of WQPs through a modiﬁed correlation-regression approach and a record extension technique to

(Smeltzer et al., 1989)

(Timmerman et al., 2000)

(Ning and Chang, 2002)

(Ouyang, 2005)

(Quevauviller et al., 2005)

(Park et al., 2006)

(Strobl et al., 2006a) & (Strobl et
al., 2006b)

(Madrid and Zayas, 2007)

(Anttila et al., 2008)

(Raadgever et al., 2008)

(Telci et al., 2009)

(Khalil et al., 2010)
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Table 2 (continued)
Author/year

(Noori et al., 2010)

(Pobel et al., 2010)

(Khalil et al., 2011)

(Lim and Surbeck, 2011)

(Mahjouri and Kerachian, 2011)

(Pinto and Maheshwari, 2011)

(Anttila et al., 2012)

(Beveridge et al., 2012)

(Chen et al., 2012)

(Thoma et al., 2012)

(Thompson et al. 2012)

(Capella et al., 2013)

(Memarzadeh et al., 2013)

(Chang and Lin, 2014)

(Fölster et al., 2014)

(Levine et al., 2014)

Main contributions – Comments
reconstitute discontinued variables. An equal weight for each parameter is proposed, as well as thresholds that can guide the decision if a
parameter should be discontinued. The method allows experts to express a preference weight for a given parameter. The method can be
made site-speciﬁc through the input of experts and cost analysis, thus providing a justiﬁcation for continuing or stopping the measurement
of parameters at one or more sites.
Optimizing-Rivers – Main use cases: Establish and assess a sampling site network; select and classify water quality parameters
Multivariate statistical analysis to identify the most “informative” monitoring sites and to evaluate correlations between WQPs. The
approach provides leads on which WQP or station to eliminate, but more decision support elements are necessary to make ﬁnal choices.
Planning and optimizing – Lakes – Main use cases: Establish and assess a sampling site network, establish sampling frequency and recurrence
The authors focus on the optimum sampling site identiﬁcation and sampling frequency for cyanobacteria monitoring in shallow lakes. The
authors tested several sampling sites and considered temporal variations, different species, wind-direction and spatial variations in the
water column. The authors conclude that for small shallow lakes, biweekly sampling at strategic sites may be sufﬁcient, but that visual
observations must be carried out on a weekly basis. They also conclude that sampling strategies must be adapted to every lake, as there are
even different optimal sampling stations according to the present bloom-forming species.
Optimizing – Rivers – Main use cases: Use information on land use, hydrology and topography; establish and assess a sampling site network;
select and classify water quality parameters
Approach that allows increasing the number of sampling stations, while taking land use (point and non-point sources) and stream
speciﬁcities into account. The authors use a record extension technique to reconstitute discontinued variables.
The authors stress the fact that “the assessment and redesign of the water-quality-monitoring locations are more reliable when they are
based on several water quality indicators” (see also Khalil et al., 2010).
Optimizing – Lakes – Main use case: Prepare data handling, storage, analysis and reporting
Approach to make further use of data collected on a set of lakes for regulatory reasons. The aim is to obtain information on spatial and
temporal water quality variations. Lake hydrology is taken into account in order to interpret the results of the statistical analysis. Since
WQMPs can be based on imprecise monitoring objectives and old data sets need to be used to yield new information, this approach
provides interesting leads to data valorization and WQMP optimization.
Optimizing-Rivers – Main use cases: Establish and assess a sampling site network; select and classify water quality parameters
Entropy-based approach using spatial, temporal and spatial-temporal analysis to (1) increase, reduce or relocate sampling stations; (2)
improve sample frequency for speciﬁc WQPs and (3) reduce the number of WQPs. The approach is based on long-term data and river
discharge and requires expert opinions to prioritize WQPs.
Optimizing-Rivers – Main use case: Select and classify water quality parameters
Factor analysis is used to reduce the number of WQPs to be measured in a given watershed. The parameters to be kept are those for river
health assessment. In order to provide such an analysis, it is necessary to work with quite a large number of WQPs. The authors themselves
state that there remains “uncertainty associated with the ecological relationship between chosen WQPs and biotic communities”. However,
this approach can yield information on WQPs having the main impact on ecological health. This information can contribute to focusing on
speciﬁc pollution reductions in a watershed.
Optimizing – Lakes – Main use cases: Establish sampling frequency and recurrence; identify technical resource needs; plan quality control and
quality assessment
Methodology assessing representative sampling frequency for a given lake with a focus on chlorophyll a content. Discrete as opposed to
continuous sampling, as well as quality control and assessment of data generated through continuous sampling is discussed.
Optimizing – Lakes - Main use case: Assess sampling site density
Geostatistical approach to reduce sampling sites in big lakes (e.g., lake Winnipeg) with high site density. Methodology is applicable for one
WQP at a time and shows that site representativeness varies with the WQP. Final selection of sampling sites to be retained must therefore
be based on sampling objectives.
Optimizing – Rivers - Main use cases: Assess a sampling site network
Optimizing approach for what is qualiﬁed as a “sub-optimal monitoring network”. The approach is based on (1) an extension of water
quality data through ﬂow and water quality modelling and (2) identifying homogenous (in terms of water quality data) river reaches.
Stations with redundant information can be reduced and others can be added. Approach requires an extensive network of ﬂow gauges.
Planning and optimizing – Lakes and rivers – Main use case: Plan quality control and quality assessment
The authors propose a methodology (alternative measurement sensitivity technique) to assess the accuracy of WQPs measured in the ﬁeld
by probes in order to provide information on measurement certainty. The method is an alternative to the method detection level used in
laboratories. This paper is particularly pertinent, as more and more data are being collected through probes. Calibration, handling and
stabilization times are discussed as very important factors to ensure that the probe data is reliable. More often than not, the values of probes
are taken at face value, as the sensitivity of probes is underestimated.
Planning and optimizing – Rivers – Main use case: select and classify water quality parameters
The authors test the hypothesis that electric conductivity (EC) can be used as an indicator for stream health, given that previous studies
have shown a relationship between aquatic life and conductivity. The focus is on distinguishing anthropogenic sources that impact EC as
opposed to background levels of EC. The advantage of using a single indicator is its simplicity, cost efﬁciency and integrative character of
showing degradation within a watershed with similar geological background.
Planning and Optimizing - Rivers - Main use case: Identify technical resource needs
Description of technical considerations to implement an in-line river monitoring system (wireless sensor network), such as energy supply,
sensor selection, data transmission, data validation, calibration and data management system. No description of site selection, which can be
challenging for deployment of permanent in-situ devices, is provided.
Optimizing-Rivers – Main use cases: Assess a sampling site network; select and classify water quality parameters
Entropy based approach with a previous application of dynamic factor analysis (DFA) to reduce time consuming entropy-based analysis
aimed at reducing the number of WQPs. The approach is similar to the one proposed by Mahjouri and Kerachian, 2011.
Planning and Optimizing – Rivers-Main use cases: Establish and assess a sampling site network
Multiple criteria analysis and fuzzy theory based on six types of land use and the existing network to optimize the WQMP in place. Land use
type values were provided through a geographical information system. Weights of the criteria were determined through a questionnaire
submitted to professionals of each of the sub-watersheds. Inclusion of experts in the weighting process is useful as they provide knowledge
needs on WQ and priorities.
Optimizing – Lakes and rivers – Main use case: Determine monitoring objectives
Comprehensive paper of the need for adaptive monitoring based on: new knowledge needs, evolving science and new requirements (e.g.,
WFD) while continuing long-term data series to document the beneﬁts of action (e.g., sewage sanitation measures). One of the few
documents to discuss lake and river monitoring as an ensemble.
Optimizing – Lakes and rivers – Main use case: Establish sampling frequency and recurrence (Two approaches)
(1) Approach to simulate if the sampling frequency for NO3 and SO4 could be reduced from weekly to bimonthly sampling in a stream.
(continued on next page)
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Table 2 (continued)
Author/year

(Winkelbauer et al., 2014)

(Altenburger et al., 2015)

(Keum and Kaluarachchi, 2015)

(Ross et al., 2015)

(Wernersson et al., 2015)

Main contributions – Comments
Results differ for each parameter: uncertainty increases for NO3 on bimonthly sampling due to seasonal variations, but not for SO4.
Optimum sampling frequency differs for each parameter and should be based on knowledge needs. (2) Approach to simulate reduction in
sampling frequency and the number of lakes to be monitored (same two parameters). Results show that monitoring frequency could be
reduced from monthly to once a year. Reducing the number of lakes would increase uncertainty. Approach can contribute to reduce
sampling frequency and recurrence without reducing the number of stations.
Planning and optimizing – Rivers – Main use cases: Establish sampling frequency and recurrence, identify technical resource needs, plan quality
control and assessment
The authors discuss the implementation of automated monitoring stations. The authors illustrate future challenges of planners of WQMPs
to choose automated in situ tools, implement a data control system, propose a platform where the data can converge and produce (convey)
information based on this data. Also, challenges such as site selection and maintenance must be considered.
Planning and optimizing - Lakes and rivers- Main use case: Select and classify water quality parameters
Insight and future perspectives on solution-oriented monitoring. Considers chemical mixtures in environmental assessment rather than
individual chemicals. Perspectives on various bio-analytical tools are provided in order to improve impact assessment and, therefore,
eventually improve watershed management so as to attain better ecological status in waterbodies. Sampling techniques and laboratory
needs for these tools are also discussed.
Optimizing – Rivers - Main use cases: Establish and assess a sampling site network
Optimizing a network of stations based on land-use variables and estimations on water quality load expressed in total dissolved solids
(TDS) for sub-catchments using the SPARROW water quality model and a station ratio based on the TDS loads and the total stations of the
network. Approach requires a network of stream ﬂow gauging stations and TDS data series, and is based on the assumption that watersheds
with high TDS loads need higher site density than watersheds with low loads.
Optimizing – Rivers – Main use cases: Establish sampling frequency and recurrence, identify technical resource needs
Approach to establish the best possible sampling frequency according to sampling objectives, WQPs and resources. Using a 24/7 automated
sampler, a fair amount of data was collected in order to be able to (1) apply a statistical analysis and (2) submit the results to a
multi-criteria comparison and decision matrix to take an informed decision on optimum sampling. The decision matrix includes elements
such as cost, execution difﬁculty, ability to capture short-term ﬂuctuations and extremes.
Planning and optimizing – Lakes and rivers- Main use case: select and classify water quality parameters
One of the main challenges of the WFD is probably the requirement to assess ecological status. Thus, the aim of the report on which this
paper is based was “to identify potential effect-based tools (e.g., bioassays, biomarkers and ecological indicators) that could be used in the
context of the different monitoring programs (surveillance, operational and investigative) linking the chemical and ecological status
assessment”. Effect-based monitoring tools need to be implemented in order to avoid the necessity of developing assessment criteria for
each of the very large number of chemicals. Criterion per chemical does not take potential cumulative effects into account. Actually, the
emphasis is not on WQPs as such, but rather on tools that will make it possible to assess cumulative effects of various pollutants on the
ecosystem, thus avoiding the necessity of developing standards for each chemical and ensuring that cumulative effects can be monitored. In
other words, this approach steers away from the traditional approach of measuring concentrations towards a more integrative and
ecosystemic approach.

resources can be integrated into the ﬁnal decision making on the number of sampling stations. Planning quality control and quality assessment is mentioned in several papers, while few actually discuss
approaches to assess errors in ﬁeld measurements, due to inadequate
(or inadequately applied) sampling methods, probe calibration, sampling routes and sampling calendars. While several papers discuss the
importance of data handling, storage, analysis and reporting, little information is provided on the information needed to support the data to be
stored and how to select a data base accordingly. The papers that discuss
the identiﬁcation of communication channels, the follow up on information and the establishment of stewardship illustrate that more research is needed to connect this use case with the use case of
determining monitoring objectives and assessing them – and that this
is linked to the importance of delimiting the watershed subject to a
WQMP and its capacity for adaptive management (as discussed by
(Raadgever et al., 2008)). Finally, it is important to note that river and
lake monitoring are almost always treated separately, just as the connection between groundwater monitoring and surface water monitoring is rarely made. Given the fact that all these waterbodies are
connected and inﬂuence each other in terms of water quality and quantity, WQMPs should be planned considering these connections. This
would probably facilitate understanding of water quality and quantity
issues and lead to more integrated actions to protect the resource
(Fleckenstein et al., 2013). In order to achieve such a coordinated
WQMP, it is necessary to consider the time and cost of integrating experts from these ﬁelds during the planning or optimizing process.
In summary, the main observations from Part 2 of the review are
that (1) the approaches addressing WQMP planning and optimizing
are rather compartmentalized (e.g., addressing only a few of the use
cases at a time and missing out on necessary sequences of actions);
(2) none of the approaches propose an approach to elicit knowledge

needs on WQ; (3) monitoring objectives are considered important,
but are usually assumed or retrieved from the literature, experts or regulations; (4) criteria to optimize WQMPs are based on inadequately
identiﬁed assumptions (for instance they do not take initial monitoring
objectives into account); (5) river and lake monitoring is generally
treated separately.
3.3. Degree of transferability of existing approaches
From the papers presented in Tables 2, 10 were selected to submit
them to a further analysis, mainly to assess whether the critique of
Strobl and Robillard (2008) is justiﬁed, meaning that the proposed approaches are too site speciﬁc, complicated or too general to be applied
by watershed managers, thus not transferable or used. The papers
were selected so as to cover with at least one paper each, use cases for
which statistical - mathematical approaches were proposed for each
lake and river: optimization of sampling site networks; assessment of
the number of WQPs; assessment of sampling frequency and recurrence; identiﬁcation of key variables and optimizing approaches not
only reductive with respect to the number of sampling sites. Also, the
objective was to ﬁnd at least two approaches where more than one
use case was addressed (e.g., more holistic approaches such as the one
proposed by Park et al., 2006). The goal was not to provide a literature
review of each type of approach since this kind of analysis is already
proposed by other authors (e.g. Olsen et al., 2012; Khalil and Ouarda,
2009). The goal was rather to evaluate if existing approaches could be
eventually integrated into a more holistic and evolvable tool to optimize
WQMPs.
The results of this analysis are presented in Table 3. As for the critique that optimizing approaches are too difﬁcult to apply, too case speciﬁc or too general (Strobl and Robillard, 2008), the results show that
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Table 3
Analysis of statistical methodologies used in various optimization approaches (* Data category: refers to the six modes proposed by Cattell (1966) on how data can be read on three-dimensional data sets (objects; variables and time). The two modes identiﬁed in the papers are Q mode: relationships between objects (e.g., sampling sites) and variables (e.g., WQPs) and O
mode: relationships between time and variables (e.g., WQPs).)
Author
/year

Statistical
technique

Statistical
software

Data
category*

Objective

Relative
Transferability
difﬁculty
of
application
/5

(Ouyang,
2005)

Principal
Component
Analysis (PCA)
Principal Factor
Analysis (PFA)

SAS

Q mode
matrix:
sites vs.
WQPs

Optimize: identify monitoring
sites and WQPs which are
relevant to assess annual
variations

04

(Park et al.,
2006)

Spatial analysis
Genetic algorithm

ArcView 3.2
Visual C++
and Galib

Q mode
matrix:
sites
vs.WQPs

Optimize:
05
Propose an effective network
05
according to 5 criteria:
representativeness of a river
system, compliance with
water quality standards,
supervision of water use,
surveillance of pollution
sources and examination of
water quality changes. The
sampling site network is then
analyzed by an association of a
genetic algorithm and spatial
analysis

(Khalil et al.,
2010)

Correlation analysis Not reported
Clustering analysis

Q mode
matrix:
sites vs.
WQPs

Maintenance of
Variance (MOVE)
record-extension
(Noori et al.,
2010)

Principal
Component
Analysis (PCA)
Canonical
Correlation
Analysis (CCA)

Not reported

(Pinto and
Correlation analysis Excel,
Maheshwari, Factor Analysis
Minitab, SPSS
2011)
(PCA based)
(Khalil et al.,
2011)

(Beveridge et
al., 2012)

Regression Analysis Not reported
Artiﬁcial Neural
Network
Maintenance of
Variance (MOVE)
record-extension

Multivariate
analysis (NMDS
/PCA)

Not reported

Q mode
matrix:
sites vs.
WQPs

Q mode
matrix:
sites vs.
WQPs
Q mode
matrix:
site vs.
WQPs

Water
isotope
samples

Optimize:
Identify WQPs to be sampled
continuously and other where
the sampling frequency could
be reduced or discontinued
Reconstitution of
discontinued variables

03

Optimize: determine
important monitoring sites
and WQPs
Optimize:
explore relationship between
physical and chemical
parameters

04

Easily transferable to identify
relevant sampling stations
and WQPs

3 stations out of 22 are less
important in explaining the
annual variance
Some WQPs are more
important than others to the
dataset
The PFA can be affected if the
dataset contains missing
values, and if relations
between parameters are not
linear
A very good knowledge of the From the original network
watershed is necessary and it the methodology validated
takes an expert to apply the
only 35 of 110 stations. The
proposed methodology. The
authors concluded that the
methodology provides a
current network should be
decision support free of
carefully re-examined (e.g.,
subjectivity.
reduce the number of
stations)

Transferable to WQMPs with
a large amount of variables
and data sets

Special attention should be
paid to the construction of the
initial chromosomes of the
genetic algorithm, as the
information it contains can
deeply impact the ﬁnal
network.
Authors indicate that their
approach provides a useful
decision support tool for the
optimized selection of water
quality variables.

05

04

Multivariate analysis such as
PCA or CCA are especially
indicated for this type of
dataset (several WQPs
collected on several stations
over a period of several years)

Import of data (e.g., selection
of data used for the analysis)
can be subject of subjectivity.
The authors indicate that 4
stations on 19 are
non-principal, and all
measured WQPs are
important.
The authors estimate that 4
physical and chemical
variables are particularly
important according to CCA.

Optimize:
Identify key WQPs which
impact river health

03
04

Reconstitute information
about water quality variables
at discontinued locations

03
05

Easily transferable to other
datasets, other WQPs if the
conditions of application are
respected
These different tools provide
a way to reconstruct datasets
that have been discontinued

05

Optimize:
Quantify redundancy of
information of neighbouring

Attainment of objectives and
Comments

04

Easily transferable to other
datasets and other WQPs

Expert opinion is still necessary
for ﬁnal decisions on retaining
or abandoning sites or WQPs
The authors succeeded in
identifying 9 key variables
that could be responsible for
impacting river health
In this case study, MOVE 3
technique shows better
performance in preserving
the statistical characteristics
of the water quality records.
According to the techniques,
estimations of mean and
variance could be
underestimated or
overestimated
The authors succeeded in
removing up to four stations
within each cluster without
(continued on next page)

Please cite this article as: Behmel, S., et al., Water quality monitoring strategies — A review and future perspectives, Sci Total Environ (2016),
http://dx.doi.org/10.1016/j.scitotenv.2016.06.235

14

S. Behmel et al. / Science of the Total Environment xxx (2016) xxx–xxx

Table 3 (continued)
Author
/year

Statistical
technique

Statistical
software

Data
category*

(Levine et al.,
2014)

Matter-element
analysis
Numerical model

General Linear
Model regression

Relative
Transferability
difﬁculty
of
application
/5

sampling sites in a Lake in
04
order to reduce the number of 04
sampling sites

Kriging
Moran's Indice

(Chen et al.,
2012)

Objective

Delft3D-WAQ
package from
delwaq
library

R

Repeated-measures SAS
mixed-effect model

Q mode
matrix:
samples
vs. WQPs

O mode
matrix:
time vs.
chemical
WQPs
from a
single site
Q mode
matrix:
sites vs.
WQPs

Optimize:
05
Reduce the number of stations
by sub-dividing the watershed
into homogenous units
according to simulated water
quality information created
with a numerical model

Optimize: Assess the increase
of uncertainty in case of the
decrease of the sampling
frequency and evaluate
statistical conﬁdence in trend
detection

03

Optimize:
assess the impact of
sub-sampling on the mean
and standard-error

04

the least degree of difﬁculty is 03 and most of the approaches are situated in degrees of difﬁculty ranging from 04 to 05. This means that in general an expert is required in the application of these statistical tools.
Generally, the approaches are transferable if a given amount of data is
available. An interesting result of this analysis is that all these approaches require the input of the watershed manager of the speciﬁc
WQMP. This input may be necessary to attribute weights and select
preferences for some of the approaches (e.g., the approach proposed
by (Park et al., 2006). Other approaches require ﬁnal decisions from
the watershed manager, based on the outcome of the statistical analysis
in order to choose a sampling site network, a set of WQPs, sampling frequency and recurrence. These decisions must be based on the initial and
future sampling objectives and available resources. In summary, the
proposed approaches are generally transferable if an expert in the application of statistical tools is available, if sufﬁcient data exists, if some conditions of application are met and if the local watershed manager is
empowered to take ﬁnal decisions based on knowledge needs and available resources.
4. Discussion and future perspectives
4.1. Discussion
The literature review shows that there is always a use case or an important sequence of action that is missing in the handbooks, guidelines
and papers that address the challenge of planning and optimizing a
WQMP. This is probably due to several factors:
1) Although there are very comprehensive handbooks and guidelines
on the subject, they are not able to keep up with the speed at

Attainment of objectives and
Comments

signiﬁcant loss of information

Transferable only if a
substantial dataset is
available for a large river
system

According to the authors, it is
important to include expert
opinion as to the removal of
any station, as the redundancy
of WQPs varies from station to
station.
Some river reaches were
identiﬁed that should be
monitored while others could
be moved (according to the
criterion of avoiding
redundancy of information in
homogenous river reaches)

Additional stations had to be
simulated in order to support
the model
Easily transferable if sufﬁcient Sampling frequency cannot
data are available
be reduced without the risk
of losing conﬁdence in the
trend detection.
This approach requires a
sufﬁcient number of samples to
detect trends and differences
Easily transferable to assess
Monthly sampling can be
the impact of changes in
reduced to annual sampling
sampling frequency
without affecting the
long-term trend.
Decreasing the sampling effort
may increase the incertitude
for the estimator of
concentrations

which the ﬁeld of WQMPs is evolving. This is particularly true for
WQPs and tools to measure them, and approaches that propose
the optimization of sampling station networks.
2) Besides scientiﬁc considerations, there are considerations to manage
a WQMP which fall into the spheres of business intelligence, communication, politics and governance.
3) Watershed managers face very different challenges from watershed
to watershed, including governance, political and regulatory requirements, hydrological network, land use, climate, available resources and knowledge needs.
Therefore, it is more than understandable why such an amount of
handbooks, guidelines and papers exist to support watershed managers
in their task. Indeed, the amount of information on the subject is so vast
that it may appear scanty and the task may seem overwhelming or totally underestimated. If the task seems too overwhelming and expert resources are not available, WQMPs may not be implemented at all. If the
task is underestimated, it may lead to badly planned and executed
WQMPs that do not yield any usable information.
The review also reveals that research focuses mainly on optimizing
WQMPs in terms of site density, macro-location of sampling sites,
WQPs to be measured and sampling frequency and recurrence. This is
probably due to the fact that most watersheds already have some sort
of WQMP and that planning is still very much based on subject matter
expert knowledge. In addition, evolving knowledge needs, regulatory
and political requirements, changes in available resources, new types
of WQPs and tools to measure them call for adaptive management of
WQMPs, thus tools to optimize them. It is also crucial to maintain historical data series. Therefore, there is a huge need for integrating historical
sampling schemes into updated versions, while being able to continue
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working on these time-series, as well as being able to generate data according to evolving knowledge needs and scientiﬁc knowledge.
A growing focus on three issues were detected through this review:
(1) integration of continuous monitoring devices with automated datatransfer options in a WQMP, (2) development and integration of effectbased tools (e.g., bioassays and biomarkers) and (3) proposing schemes
of integrating science, policy and implementation of protective and restorative measures. Indeed, while (Ward et al.) were concerned in
1986 about a “data-rich – information poor syndrome” (Ward et al.,
1986), there now seems to be growing concern directed at reaching
an information-rich, but communication and action poor syndrome
(in spite of the fact of well-documented successes in regenerating
lakes and rivers).
As to the particulars revealed in this review, they are in some aspects
in line with statements from other authors. For instance, the question
remains as to whether some of the optimizing approaches are based
on data from existing networks that may not have been structured
properly in the ﬁrst place, implying that optimizing approaches are biased from the start (Chen et al., 2012; Olsen et al., 2012). Also, methods
such as statistical analyses to optimize WQ monitoring networks are not
submitted to standard procedures (Olsen et al., 2012). As to Strobl and
Robillard (2008) stating that methods are too case speciﬁc, too general
and too complicated for a watershed manager to implement easily, our
analysis of the degree of difﬁculty of some of the approaches conﬁrms
this statement. However, we believe that these “weaknesses” do not
imply that the methods are not valid or useful, but rather that guidance
is needed to valorize them according to the speciﬁc optimizing objective, existing data sets and available technical and expert resources.
In addition to these particulars, we identiﬁed some issues for some
of the use-case categories. With respect to the delimitation of the watershed subject to the WQMP, almost no author addresses the question regarding the necessity to examine the size of the watersheds in order to
improve WQMPs and the management issues that arise from watersheds monitored or managed on too large or too small a scale. For instance, the watershed of the St. Laurence River covers an area of 1.6
million km2. Hence, monitoring and managing such a huge area
amounts to a degree of complexity that may lead to failure in adequately
protecting the resource. This may even be true for catchments of a
smaller scale, especially when political boundaries and conﬂicting interests are a hindrance to the implementation of WQMPs and action plans.
Therefore, when planning a WQMP, the reﬂection should also focus on
the area chosen for a WQMP, since not only does the implementation
of the WQMP need to be considered, but also the subsequent implementation of actions to protect the resource. Monitoring objectives are
considered important and mentioned in every document, but they are
usually assumed and retrieved from the literature. In the optimizing approaches, their attainment is rarely ever discussed. The classiﬁcation of
waterbodies is not widely discussed and, for some reason, lakes and rivers are almost always treated separately. The question that arises is how
lake and river monitoring agencies collaborate with each other to coordinate sampling efforts. As to the approaches proposed to optimize
sampling site networks, it seems that criteria to optimize WQMPs are
made on inadequately justiﬁed assumptions. This may stem from the
fact that initial design criteria are not sufﬁciently considered. In addition, hardly any micro-level assessment of sampling stations, especially
in rivers, is considered. WQPs are a major issue in planning and optimizing WQMPs due to their large amount, the tools to measure them and
the difﬁculty of obtaining adequate sampling frequency and recurrence.
In general, too few WQPs are taken into account in the optimizing approaches. This may be one of the main limitations of the optimizing approaches in addition to the lack of considering monitoring objectives
and initial design considerations.
The review also showed that in the planning process, subject matter
expert opinion is crucial. Even optimizing approaches always require an
instance of decision making by a subject matter expert, either regarding
the method (e.g., provide weights) or to take ﬁnal decisions. Indeed, no
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fully automated approach is available and subject matter expert opinion
is always required.
Thus, future research should focus on providing watershed managers with tools that can guide them through the decision-making process of every speciﬁc use case, while being rapidly adaptable to
continuous and arising challenges: adaptation of the WQMP to additional knowledge needs, new regulations, newly developed tools to
measure WQPs parameters, statistical approaches that provide assistance in optimizing a WQMP, changes in human, technical and ﬁnancial
resources, continuous quality control and assessment, data storage, adequate and timely information production for the stakeholders and
changes in governance. In other words, a tool that can rapidly assist
the watershed manager in every aspect of a WQMP: stakeholder implication, scientiﬁc requirements, administrative requirements, and governance. In addition, monitoring objectives have been identiﬁed as being
crucial to planning and optimizing WQMPs. However, due to a lack of
stakeholder inclusion in deﬁning knowledge needs and validation if
the produced information is adequate, WQMPs produce information
that does not encourage stakeholders to actively participate in IWM
and protective measures. Therefore, a participative approach should
be developed in order to encourage stakeholder involvement.
4.2. Future perspectives
This being said, two important questions need to be addressed: (1)
what type of decision support tool could live up to the challenge of guiding watershed managers through the process of planning and optimizing a WQMP? (2) what type of participative approach could
contribute to a better understanding of the knowledge needs and improvement of stakeholder involvement?
We believe that a computerized decision support system (DSS) is
necessary to provide the support watershed managers' needs in the
process of planning and optimizing WQMPs. Several levels and types
of DSS have been identiﬁed in the literature according to the decision
support they provide. First, a differentiation between a passive, active
and cooperative DSS can be made. A passive DSS only assists the decision-making process, but does not provide explicit decision suggestions
or solutions while an active DSS does. A cooperative DSS allows the decision maker to interact, as it offers the possibility of modifying and reﬁning decision suggestions (Kautish and Thapliyal, 2012). The types of
DSS comprise communication driven DSS (e.g., chats and instant messaging software), data driven DSS (e.g., databases having a query system, geographical information systems, etc.), document driven DSS
(e.g., library and web site searching machines), model-driven DSS
(e.g., accounting models to forecast budgets) and knowledge-driven
DSS which are “computer systems with specialised problem-solving expertise” (Power, 2001) where knowledge is “stored as fact, rules and
procedures” (Kautish and Thapliyal, 2012). Knowledge driven DSS are
also called intelligent DSS (IDSS) (Power, 2001). In other words, IDSS
are computer-based active and corporative tools which, by emulating
human capabilities in gathering and analyzing data, identifying and diagnosing problems, proposing possible actions and evaluating their effects, can contribute signiﬁcantly to complex multicriteria decision
processes (Amir, 2014; Power, 2001; Van Leeuwen, 2012). IDSS are
probably the most appropriate type of DSS to address the challenge of
proposing evolvable decision support for planning and optimizing
WQMPs.
Given the fact that the literature review has shown that planning
and optimizing a WQMP is complex and involves multiple variables,
rules and perspectives, as well as expert knowledge in the process, we
believe that an IDSS could support watershed managers in the decision-making process of planning and optimizing a WQMP in a holistic
manner. This is particularly the case, since the challenge of planning
and optimizing WQMPs is speciﬁc to each watershed. Competing objectives may be pursued and trade-offs will be necessary. Also, we wish to
underline that the users of an IDSS may not always be familiar with
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every aspect of WQMPs. Therefore, we advance the argument that there
is a need for a user-friendly IDSS that allows a user to plan and optimize
a WQMP, built and adaptable upon a literature review input and input
from experts. Indeed, such a tool would not, as such, propose new optimizing methods, but rather guide the watershed manager through the
process of deciding which method would be appropriate for his optimizing challenge, as well as providing him/her with the necessary initial
reﬂections.
However, before a computer code can be written for such an IDSS, it
is essential to design the system's conceptual model, depicted by a diagram. Such a diagram represents processes, scenarios of decision problems, cause-effect relationships and various indicators to be considered
for decision-making. In order to make sure that the proposed IDSS corresponds to the end-users' needs (e.g. watershed managers), careful designing is essential (Hahn et al., 2009; Kautish and Thapliyal, 2012).
Therefore, it would be necessary to pursue the literature review, delve
on existing approaches and interview experts in the domain of water
quality monitoring. This step is indeed essential to attain the goal of developing an IDSS (del Águila et al., 2014, Rhem, 2006). Designing the
structure of an IDSS is also termed as knowledge modelling (Rhem,
2006). Knowledge models are a way of representing knowledge in a
structured way through symbols which represent pieces of knowledge
and their relationships. They are constructed from “knowledge objects
such as concepts, instances, processes (tasks, activities), attributes and
values, rules and relations” (Abdullah et al., 2005; Rhem, 2006). DSS
were developed since the early 1960s, especially for organizational
management. If most were a failure and did not achieve the goal they
were constructed for, this was apparently attributable to the fact that information technology (IT) professionals “misunderstood the nature of
managerial work” (Kautish and Thapliyal, 2012) due to top down decisions of the IT professionals and managers as well as a linear development approach. Since these early failures, DSSs' planning, design and
development for every application domain has evolved towards significant user participation and adaptive development (Kautish and
Thapliyal, 2012). The development method of an IDSS to support watershed managers in planning, optimizing and even managing a WQMP
should thus be iterative and progressive to sort out optimal rules in
order to increase the probability to receive a satisfying solution to a
posed problem (Geertman and Stillwell, 2009).
An IDSS could also contribute to making the decision-making process more transparent for watershed managers and users of the information. As underlined by Fölster et al. (2014), WQMPs face critique
and need to be regularly updated. Without documenting the underlying
decision-making processes it is difﬁcult to update WQMPs and respond
to critique. In addition, it would be possible to integrate existing software modules speciﬁcally developed for business intelligence, as well
as a previously developed spatio-temporal database for water quality
data management (Behmel, 2010).
As we underlined earlier, integrated watershed management (IWM)
is based on stakeholder involvement. In fact, the generally expected
beneﬁts of involvement are to raise public awareness, gain better acceptance of projects or actions and learn from local and expert knowledge
(Behmel, 2006; BMVI, 2014; Reed, 2008).
In the preamble of the European Water Framework Directive (WFD)
it is stated that “The success of this Directive relies on close cooperation
and coherent action at (European) Community, Member State and local
level as well as on information, consultation and involvement of the
public, including users” (Preamble 14, EC, 2000). In assessing stakeholder participation in several EU countries, De Stefano (2010) came to the
conclusion that “already in 2003 there were positive examples of stakeholder participation, but [...] the WFD implementation will require signiﬁcant efforts to improve on participatory practices throughout
Europe”. The fundamental need for participatory practices as such, as
well as the call for developing, improving and encouraging participation
in the context of IWM has been underlined by several authors (De
Stefano, 2010; Moss, 2008; Reed, 2008; ROBVQ, 2015).

It is precisely the lack of use of participatory practices that include
policy makers, decision makers, representatives of organized stakeholders and the general public that was identiﬁed in planning and optimizing WQMPs, especially when referring to addressing knowledge
needs on water quality within a watershed (Fölster et al., 2014;
Timmerman, 2005; Timmerman et al., 2010). The general lack of use
of participatory practices may be due to the fact that they are complex
and differ according to the research needs, scope and participants involved (Reed, 2008). Therefore, we believe that an adaptable participative approach must be developed, comprising a public participation
geographic information system in order to be able to tap into local
knowledge, as well as to identify knowledge and information needs.

5. Conclusions
The main purpose of this literature review was to report the use
cases that a watershed manager has to address when planning or optimizing a WQMP. Thus, an inventory of the information, approaches and
tools placed at the disposal of watershed managers tasked with this was
proposed in order to initiate a discussion on how the available information, approaches and tools could be integrated in a more holistic and
evolvable solution compared to those currently available.
Within this literature review, thirteen use cases were identiﬁed,
along with a considerable amount of underlying actions and interactions. The detailed review of 34 relevant papers addressing one or
more of these use cases to offer leads and approaches to watershed
managers has shown that it is virtually impossible to propose a onesize-ﬁts-all approach, handbook or directive. However, it was possible
to identify the leading challenges and gaps in the literature. The challenges consist of being able to rapidly update a WQMP according to
new tools and requirements, while continuing valuable historical data
series and introducing spheres of business intelligence communication,
politics and governance, as well as improving stakeholder involvement.
Past critiques of WQMPs have led to an effort to standardize WQMPs
in every step, thus providing regulatory and other standards for their
implementation. Examples are the WFD (Directive, 2000/60/EC and updates), the Canadian Environmental Guidelines (CCME, 2015), the United States Environmental Protection Agencies' Guidelines for Preparation
of the Comprehensive State Water Quality Assessments (USEPA, 2001 and
updates), and the World Meteorological Organizations' guidelines Planning of water quality monitoring programs (WMO, 2013). However, one
of the main challenges is, and will be, to comply with regulatory standards such as the WFD, in harmony with speciﬁc local challenges such
as speciﬁc water quality issues, land use, and human and technical resources. In addition, it is necessary to integrate past monitoring activities into new directives and regulations.
Given the difference in regulatory requirements, water quality standards, geographical and geological differences, land use variations, etc.,
it is difﬁcult, if not impossible, to suggest a one-in-all solution for the decision processes of planning and optimizing a WQMP. However, it is
possible to suggest that an intelligent decision support system can
guide a watershed manager through the process for his/her site-speciﬁc
requirements, be they natural, regulatory or land use speciﬁc (or any
other constraint). In addition, it is necessary to develop 1) participative
approaches based on geographical information systems which represent spatially the territory and 2) adaptive questionnaire-based surveys
to tap into local knowledge and the knowledge needs of the stakeholders. Therefore, we believe that future research should focus on 1)
developing participative approaches involving all stakeholders in a
given watershed in order to identify knowledge needs and 2) further investigating the beneﬁts of intelligent decision support systems that can
be updated quickly and would make it possible for a watershed manager to obtain a timely, holistic view and support for every aspect of planning and optimizing a WQMP. Such an IDSS as well as a participative
approach should be tested on one or several case studies.
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