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Abstract: Water quality indices that describe the status of water are commonly used in freshwater
vulnerability assessment. The design of river water quality monitoring programs has always been
a complex process and despite the numerous methodologies employed by experts, there is still no
generally accepted, holistic and practical approach to support all the phases and elements related.
Here, a Geographical Information System (GIS)-based multicriteria decision analysis approach was
adopted so as to contribute to the design of the national network for monitoring of water quality
parameters in Greece that will additionally fulfill the urgent needs for an operational, real-time
monitoring of the water resources. During this cost-effective and easily applied procedure the high
priority areas were defined by taking into consideration the most important conditioning factors
that impose pressures on rivers and the special conditions that increase the need for monitoring
locally. The areas of increased need for automatic monitoring of water quality parameters are
highlighted and the output map is validated. The sites in high priority areas are proposed for the
installation of automatic monitoring stations and the installation and maintenance budget is presented.
Finally, the proposed network is contrasted with the current automatic monitoring network in Greece.

Keywords: river waterbodies; freshwater vulnerability; pressures; GIS-based multicriteria decision
analysis; Analytic Hierarchy Process

1. Introduction

Abundant and high quality water resources have always been linked to human survival and
socioeconomic development [1], while the access of people to safe freshwater has commonly risen
conflicts [2]. A water quality variable is any physical, chemical, or biological property that influences
the suitability of water for natural ecological systems or the use by humans, and the term water
quality is linked to the suitability of water for a particular purpose [3]. The presence/absence or
concentration level of specific physico-chemical and microbiological variables determine the quality of
water, while water quality indices are often used to describe the condition of water derived from a series
of noncommensurate observed facts and measurements [4]. Water quality indices can be used as a tool
to communicate water quality information to the public, regulatory agencies, and stakeholders [4,5],
and are often used in freshwater vulnerability assessment [6]. Freshwater vulnerability is a product of
both biophysical and socioeconomic factors, and can be defined as “the susceptibility of a system to
damage, as a function of exposure to external forces, sensitivity of the system, and the ability of the
system to respond” [7].

Historical observations of water quality variables provide the irreplaceable means for
understanding the behavior of water resource systems, while real-time data are essential for assessing
their current status and making short-term predictions concerning the water availability and the
associated risks. Real-time water monitoring through automatic stations provide fundamental
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data for understanding aquatic ecosystem processes and impacts from anthropogenic activities [8].
High temporal resolution data enable the detection of both short-term events and long-term changes [9],
and thus become increasingly necessary when studying the impacts of climate change on water
quality due to changes in nutrient transfer dynamics [10]. Many of the existing automatic monitoring
systems that provide real-time, continuous, reliable, and low-cost measurements [11], focus on the
estimation of pollution pathways, assessment of the ecological status and early detection of pollution
or flood/drought events [12,13].

The design of water quality monitoring programs has always been a challenge due to the
many variables that need to be included [14]. Additionally, water managers must respond to new
challenges and to keep up with the latest developments and trends concerning the water quality
research and monitoring, such as the chemical mixtures [15], microplastics [16], the management
practices [17,18], recent legislation, and, especially, the goals set by the Water Framework Directive
(WFD 2000/60/EC) of the European Community (EU) [19], but also new tools such as effect-based tools
(bioassays, biomarkers [20,21]), remote sensing [22], advances in monitoring sensors (e.g., nanophotonic
biosensors [23] and optical sensors [24]), and automation technology system [25].

A successful environmental water quality monitoring program relies on the following main
elements [26]; identification of the monitoring objectives, national and EU institutional setting,
preliminary surveys, monitoring design (selection of representative sampling sites and frequencies,
and water quality variables), adjustment to budget and operational restrictions, design of field protocols,
field monitoring operations, laboratory activities, quality-assurance procedures, data management
and analysis, and product development and reporting. Based on the review concerning the design of
water quality monitoring networks, there is a variety of methodological approaches, e.g., statistical,
multicriteria decision-making, entropy-based and fuzzy logic approaches, or a combination of the
above (e.g., [27–34]). These methodologies are usually difficult to be applied by not qualified personnel
and require long and reliable time-series [35]; therefore, they are usually used in evaluation and
optimization of an existing monitoring program, rather than in the initial design of water quality
monitoring network.

In Greece, there is lack of a representative automatic monitoring network for measuring the
quality of waterbodies, although systematic water sampling is carried out within the framework of the
National Water Monitoring Network of the WFD 2000/60/EC, under the supervision of the General
Secretariat of Water of the Ministry of Environment and Energy [36]. Although the purpose of the WFD
sampling is surveying both the quantitative and qualitative status of the water resources of Greece on an
operational basis, its current design and functioning is mostly based on in situ observations at seasonal
frequency, thus providing information of the overall environmental annually. Therefore, this system
mainly focuses on the design and evaluation of water management and restoration measures on
a long-term basis, but cannot fulfill the urgent needs for operational, real-time monitoring of the water
resources at the national level.

In the present effort and under the research project “Hellenic Integrated Marine-Inland waters
Observing Forecasting and offshore Technology System, HIMIOFoTS”, the existing status of the current
network of automatic quality stations in Greek river waterbodies is presented, and, based on the
pressures and importance of the latter, the priority areas across the country to expand this network are
indicated, proposing the installation and operation of automatic, telemetric stations in important sites
from environmental and socioeconomic perspectives. The designation of areas of increased need for
monitoring was performed with a GIS (Geographical Information System)-based multicriteria decision
analysis (GIS-MCDA) approach that is cost-effective and easily applied and does not require qualified
personnel and access to extended information.
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2. Materials and Methods

2.1. River Monitoring in Greece

The current status of hydro-environmental information in Greece is rather poor, as the country
is lagging significantly behind its EU partners in developing monitoring infrastructures to meet
the challenges induced by the increase in hydrologic and water quality pressures as well as by the
relevant EU requirements [37]. According to the EU recommendations related to the implementation
of WFD Program of Measures (PoMs), Greece has, among others, to make its National Monitoring
Programme (NMP) fully operational and update the River Basin Management Plans (RBMPs) based on
robust and consolidated data [37]. In fact, many existing automatic monitoring stations which could
feed the above tasks with valuable data are abandoned, while others do not operate appropriately
due to inappropriate siting, inadequate maintenance or because of the use of outdated measuring
technologies. Furthermore, their data are often temporally fragmented and hardly accessible, leading to
the mismanagement in many Greek surface waterbodies. Installing operational systems with modern
equipment (e.g., telemetric stations) is not centrally coordinated but few sparse efforts are carried
out by various ministries, educational, and research institutes or local water management authorities,
being subject to the limited spatial extent and duration of the associated individual projects.

Despite the above shortcomings, the upgrade and expansion of existing water monitoring
infrastructures is a pan-European goal as water resources quantity and quality monitoring has
become an obligation, stemming from the European Legislations (91/676/EEC Nitrates Directive [38];
WFD 2000/60/EC [19]; 2006/118/EC Groundwater Directive [39]; 2007/60/EC Directive on the Assessment
and Management of Flood Risks [40]) and the associated national legislations. The latest updates in
the WFD revision process indicate 2021 and 2027 as the next target years for achieving good ecological
status in all European waters [41]. For supporting this aim, real-time monitoring infrastructure for
water should cover at least geographical areas of high and medium priority in accordance with existing
waterbodies of less than good ecological status, so as to enhance the capacity of competent authorities
to undertake timely relevant mitigation and protection measures for those waterbodies. Such aims are
feasible today because of the technological progress in water monitoring with the production of new
generation sensors and telecommunication protocols, and lower operational and maintenance costs,
which allow the establishment of permanent, large-scale monitoring networks [42,43].

2.2. GIS-Based Multicriteria Decision Analysis

The design of the national network for automatic monitoring of water quality parameters was
performed with a GIS-based multicriteria decision analysis (GIS-MCDA) approach. GIS-MCDA is
a process for spatial decision-making that combines and transforms spatial data into a resultant
output [44]. Here, the conventional GIS-MCDA—a multiattribute decision analysis (MADA) approach
that involves a predetermined, limited number of alternatives (options from which we can choose
from) and assumes spatial homogeneity of preferences (desired performance outcomes in the future)
with respect to different levels of criterion (attributes and objectives) values—was adopted [45,46].
GIS-MCDA involves three main concepts: value scaling (or standardization), criterion weighting,
and combination (decision) rule [47].

Value scaling or standardization is the procedures for transforming raw data to comparable
units [45]. The most common GIS-based method for standardizing evaluation criteria is the score
range procedure, which is a special case of the value/utility function method for value scaling [47].
Criterion weighting is the procedure of value assigning to an evaluation criterion, which indicates its
importance relative to the other criteria under consideration [45]. Criterion weighting methods
can be classified into two groups: the global methods (ranking, rating, pairwise comparison,
and entropy approaches) that are based on the assumption of spatial homogeneity of preferences,
and spatially explicit criterion weighting methods (proximity-adjusted criterion weights, range-based
local weighting, and entropy-based local weighting methods) that take into account spatial heterogeneity
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of preferences [45]. Finally, combination (decision) rule is a procedure or method for evaluating (and
ordering) a set of decision alternatives (criterion maps) and decision-maker’s preferences (criterion
weights) into an overall assessment of the alternatives [45].

A number of multicriteria methods have been implemented in the GIS environment including
weighted linear combination (WLC), reference point methods, and outranking analysis [48]. In the
specific effort, the weighted linear combination (WLC) model, the most straightforward and one of the
most commonly GIS-MCDA models used [48,49], was employed. In WLC the decision rule evaluates
each alternative with the following value function, S.

S =
∑

j

w jv j(xi) =
∑

j

w jri j (1)

where wj is a normalized weight (
∑

w j = 1); vj(xi) is the value function for the j-th attribute; xi = xi1,
xx2, . . . ., xin; and rij is the attribute transformed into the comparable scale [44,49].

Factor standardization can be achieved based on the assumption that the value function has
a linear shape:

xi =
(Ri −Rmin)

(Rmax −Rmin)
× SR (2)

where Ri is the raw score i, Rmin is the minimum score of each factor, Rmax the maximum score of
each factor, and SR is the standardized range [44,50]. If all criteria examined are qualitative, the score
ranking can be attributed subjectively, ranging between 1 (small disturbance) and 5 (high disturbance).

Criterion weighting was based on the pairwise comparisons method in the context of
a decision-making process known as the Analytic Hierarchy Process (AHP) [51] and relies on
the judgements of experts to derive priority scales. This method has been tested for a variety of
decision situations (site selection problems, land suitability analysis, and environmental impact
assessment [45]). AHP provides a formal structure to problems, simplicity, consistency, and versatility.
Nevertheless, the pairwise comparison method can be criticized regarding the ambiguity of the
underlining questions [52]. In the specific effort three environmental scientists of Hellenic Centre for
Marine Research specialized in water resources management involved in the procedure. The priority
scales were derived after synthesizing their judgements using geometric mean of the final outcomes,
as proposed by Saaty [53]. AHP employs a fundamental scale of values to represent the intensities of
judgments, ranging between 1 and 9 (Table 1) [54]. All identified criteria are compared against each
other in a pairwise comparison matrix. Once the pairwise comparison matrix is obtained, a vector
of criterion weights, w = (w1, w2, . . . , wn) can be computed. The weights are obtained as the unique
solution to

Cw = λmaxw, (3)

where λmax is the largest eigenvalue of C. The consistency ratio CR of a pairwise comparison matrix
defines the probability that the matrix ratings (rating of each criteria against each other regarding their
relative importance) were randomly generated. CR can be defined as

CR =
λmax − n
RI(n− 1)

, (4)

where n is the number of criteria under consideration and RI is the random index, which is the
consistency index of a randomly generated pairwise comparison matrix and depends on the number n
of elements being compared (Table 2). CR ratings greater than 0.10 indicate that the pairwise judgments
are almost random and untrustworthy [55] and therefor CR should be re-evaluated [56], while CR
smaller than 0.10 indicates a reasonable level of consistency in the pairwise comparisons [54] and that
the adjustment is small compared to the actual values of the eigenvector entries [54].
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Table 1. The fundamental scale for pairwise comparison [54] (copyright permission see
Supplementary Materials).

Intensity of Importance Definition

1 Equal importance
2 Weak
3 Moderate importance
4 Moderate plus
5 Strong importance
6 Strong plus
7 Very strong or demonstrated importance
8 Very, very strong
9 Extreme importance

Table 2. Average random consistency index (RI) [54].

n 1 2 3 4 5 6 7 8 9

RI 0.00 0.00 0.52 0.89 1.11 1.25 1.35 1.40 1.45

In the present effort the extension for ArcGIS 10.4 extAHP 2.0 for multicriteria analysis using
analytical hierarchy process (AHP) developed by [57] was used.

2.3. Conditioning Factors

Activities and factors that impose a pressure on rivers or increase the need for river water quality
monitoring were included in the analysis. The main factors that impose significant pressures on Greek
rivers [58], and that were examined in the specific effort, were agricultural and industrial activities,
the hydrogeological structure, the capacity of urban wastewater treatment plants (UWWTP), the type
of hydraulic structures in rivers and the existence of area protected under legislation.

2.3.1. Agricultural Activities

Areas with intense agricultural activities are expected to impose significant pressure on river
water quality, due to the use of fertilizers and other agrochemical inputs (e.g., pesticide, manure,
and herbicides), but also due to water abstraction for irrigation [59]. The spatial distribution of
agricultural activities in Greece were retrieved from CORINE Land Cover 2012 [60]. Based on CORINE
2012 inventory, the total agricultural area in Greece is 51,650 km2, the majority of which is occupied by
nonirrigated land (25%) and land principally occupied by agriculture (24%), followed by permanently
irrigated land (15%), complex cultivation patterns (15%), and olive groves (14%; Figure 1a). For each
agricultural activity a standardized value was attributed, based on the pressures it poses on surface
water quality, depending on the general agricultural practices proposed by agricultural engineers
regarding nutrient management in Greece [61].
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2.3.2. Industrial Activities

In the present effort, in order to identify the pressures on river’s water quality due to industrial
and other related activities, the database of the General Secretariat for Industry (GSI) under the Hellenic
Ministry of Economy & Development was used [62]. Based on this inventory, the number of legislated
productive activities (industries, manufacturing, and wholesales) of Greece were 555, while the informal
industrial activities were 181 (Figure 1b). The classification of the areas, where industrial activities occur,
was based on the expected disturbances on the surrounding environment. These areas where classified
in three categories (low, moderate, and high disturbance), depending on the detailed description of each
activity in the inventory. The impact of informal industrial activities was characterized as “moderate”,
since the information in these cases were limited. Finally, a normalized value was attributed to the
disturbances classes, depending on the impact on river’s water quality that lead to an increased need
for monitoring.

2.3.3. Hydrogeological Structure

The hydrogeological structure of an area is an important factor affecting the water quality of the
groundwater and eventually surface water, since they interact in a complex and direct or indirect
manner [63]. Groundwater can be protected to a large extent from contamination by the natural
purifying action of the soil and other geological formations through which water must infiltrate to reach
underground aquifers [3]. Sand, silt, and clay of soils or of the layers inside the underlying geological
formations slowly infiltrate bacteria and other small particles from water, chemical substances are
adsorbed by small particles, bacteria degrade agricultural and industrial chemicals, while dissolved
organic material in the soil decompose bacteria [3]. On the other hand, karstic formations are very
vulnerable to pollution, due to small thickness of the protective soil coverage, the small infiltration of
water through the karstic network and the rapid movement of the groundwater that does allow the
decay of pathogenic organisms [64]. In Greece, karst aquifers are characterized by high to very high
vulnerability as well as pollution risk [65]. Based on the hydrogeological map of Greece [66], 28% of the
total area is covered by carbonate formation and 38% by porous formations (Figure 1c). The classification
of the geological formations was based on their vulnerability to pollution, with calcareous formations
being the most vulnerable and impervious the least. Finally, a normalized value was attributed to the
hydrogeological formations, depending on the pollution risk they impose on river’s water quality.
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2.3.4. Urban Wastewater Treatment Plants (UWWTP)

The effluents from wastewater treatment plants disposed to surface waters can in some cases
impose an additional pressure on rivers. The quality of treated wastewater disposed depends on the
composition of the initial, untreated wastewater, and whether all the stages of the treatment (preliminary,
primary, secondary, and tertiary/advanced; nitrogen/phosphorus removal; and disinfection) have been
completed successfully [67]. The data concerning the urban wastewater treatment plants (UWWTP)
were retrieved from the National Database of the Urban Waste Water Treatment Plants (UWWTPs)
designed and developed by the Special Secretariat for Water of Ministry of Environment and Energy,
in the framework of the requirements of the Directive 91/271/EEC [68,69]. Within the database technical
and operational data of the UWWTPs in Greece, information on the means of disposal or reuse of waste
water and sludge, as well as the environmental terms of each UWWTP are stored and are publicly
available [69]. Based on the database, 242 UWWTPs operate in Greece (April 2018), 102 of which
dispose treated wastewater directly to the sea, 125 to rivers, streams, or irrigation/drainage channels
and 15 to the ground, lakes, or wastewater treatment ponds (Figure 1d). The classification and the
standardized value attributed to the UWWTPs that dispose treated wastewater directly rivers, streams,
or irrigation/drainage channels were based on their physical capacity (population equivalent).

2.3.5. Protected Areas

Areas included in environmental protection networks, such as NATURA 2000, CORINE biotopes,
wildlife refuges, etc., require monitoring and assessment of their ecological condition so as to identify
possible management actions to be undertaken [70]. In Greece areas in environmental protection
networks are protected under national legislation or after ratification of international or European
conventions. In some cases areas from different environmental protection networks overlap. In the
present effort the European inventory of nationally designated areas that holds information about
protected areas was used [71]. The total area of sites of environmental interest under protection is
68,990 km2 (Table 3; Figure 2a). A uniform value regarding the increased need for monitoring was
attributed to all protected areas of Greece.
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Table 3. Environmental protection networks in Greece.

Type Legislation OJHR No Area (km2)

National Networks

National Woodland Park LD 86/1969; LD 996/1971 7A/1969; 162A/1971 10 767
National Park L 1650/1986 160A/1986 17 9645

Aesthetic Forest LD 86/1969; LD 996/1971 7A/1969; 162A/1971 19 319

Wildlife Refugee L 177/1975; L 2637/1998 205A/1975;
200A/1998 603 10,632

Controlled Hunting Area L 177/1975; L 2637/1998 205A/1975;
200A/1998 7 1115

Game Breeding Station L 177/1975; L 2637/1998 205A/1975;
200A/1998 21 31

Natural Monuments and landmarks
(protected as strict nature reserve) LD 86/1969; LD 996/1971 7A/1969; 162A/1971 9 160

Protected Forests - 65D/2006 3 418
Nature Reserve Area L 1650/1986 160A/1986 38 2678

Absolute Nature Reserve Area L 1650/1986 160A/1986 11 118
Protected significant natural
formations and landscapes L 1650/1986 160A/1986 3 37

Other - - 41 6529

European Networks

NATURA 2000 - 4432B/2017 446 58,773
Biogenetic Reserves (Council of

Europe) - - 16 254

European diploma (Council of
Europe) - - 1 48

International Networks

Ramsar Convention (Convention on
Wetlands)

LD 191/1974; L 1751/1988; L
1950/1991

350A/1974;
26A/1988; 84A/1991 10 1635

UNESCO-World Heritage List L 1126/1981 32A/1981 18 396
UNESCO-Biosphere reserves - - 2 94

Barcelona Convention L 855/1978; L 1634/1986 235A/1978;
104A/1986 9 2578

LD: Legislative Decree; L: Law; OJHR: Official Journal of the Hellenic Republic.
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2.3.6. Hydraulic Structures in Rivers

Hydraulic structures, such as dams, weirs, spillways, cut slopes, and sluices, impose significant
pressures to rivers flow, but also water quality. Flow alteration due to hydraulic structures can lead to
changes in river water temperature (e.g., it was found that the occurrence of high water temperatures
can be attributed to low river flow rate downstream two dams [72]). Avilés and Niell [73] found an
important spatial heterogeneity in the nutrient content and water properties of lowland catchment due
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to the effects of the small dam. In other cases, the longer retention of the water in the artificial lake
upstream a dam can lead to a greater accumulation of allochthonous organic matter, with consequences
on the availability of this material below the reservoir [74]. Additionally, flow regulation can intensify
the capacity of downstream river reaches to store and process materials and energy, therefore increasing
the amount of organic carbon processed and altering the whole flux of materials and energy along the
river continuum [75]. Finally, river control structures such as levees or dikes deprive floodplains from
receiving periodic renourishment and sediment fluxes [76].

The main hydraulic structures of interest in the specific effort are large and small dams,
small hydropower plants (SHPs), small reservoirs, ponds, and waste stabilization ponds. Based on the
International Commission On Large Dams (ICOLD), a dam is defined as large when the height between
the lowest foundation and the crest is greater than 15m, or when the height is between 5 and 15 m and
the impounding is more than 3×106 m3 [77]. SHPs are defined as the hydropower plants with maximum
install capacity 15 MWp (Law 3468/2006 [78]). A pond is a natural or artificial body of standing water
between 1 m2 and 2 ha in area [79], which usually holds water for at least 4 months of the year [80].
Artificial reservoirs, which are commonly constructed in Greece, are man-made, off-stream ponds
created in an area where topographic features favor the deposit of water from streams’ or small rivers’
diversion, and are usually waterproofed with geomembranes or compacted/geosynthetic clay liners [81].
The difference between artificial ponds and reservoirs is not always distinct. Here only artificial ponds
without waterproofing, artificial reservoirs, and waste stabilization ponds that constitute a special case
of artificial ponds, were included in the analysis.

For the present effort the registry of Greek Large Dams in operation conducted by Greek Committee
on Large Dams [82] was used, after validation and update, while also the large dams under construction
were included. Additionally, the registry of small dams and artificial reservoirs [81] and the on-line
registry of Land Reclamation Projects of Ministry of Rural Development and Food of Greece [83] were
used. The data concerning the SHPs with operational license were retrieved from Regulatory Authority
for Energy of Greece [84].

Based on the inventory, 166 large dams, 23 small dams, 94 SHPs, and 233 artificial ponds, reservoirs
and waste stabilization ponds are constructed or are under construction in Greece until 2018 (Figure 2b).
Dams and SHPs are mainly located in the continental Greece, while artificial ponds and reservoirs are
located mainly in islands. It should be noted that in Greece only few dams can be defined as small [77].
This is because although the capacity of the majority of the dams that have been classified as large is
small, despite being high, due to the morphology of the construction area. It should also be noted that
the inventory of hydraulic structures in rivers of Greece is constantly being updated.

The classification and the standardized value attributed to the hydraulic structures in rivers was
based on the pressures they pose on surface water quality, with large dams imposing the greatest
pressure and off stream reservoirs and artificial ponds posing the least.

2.4. Designation of Areas with Increased Need for Monitoring

All the aforementioned factors processed with the AHP methodology resulted in the production
of a map where the high priority areas for water quality monitoring were highlighted. In order to
identify the sub-basins with increased needs for water quality monitoring, a score Sc was attributed to
each one based on the total summation Σ(S) of multicriteria analysis and divided by the area A of the
sub-basin:

Sc = Σ(S)/A, (5)

The spatial dataset used for the analysis was the European Catchments and Rivers Network
System—ECRINS [85].

The classification of the sub-basins into five classes (very high, high, moderate, low, and very
low) was performed with the quantile method, which distributes a set of values into groups that
contain an equal number of values and produces distinct map patterns. This method is commonly
used in similar vulnerability risk assessment models based on GIS multicriteria analysis successfully
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and its superiority has been established over others (e.g., equal interval, quantile, standard deviation,
and natural break [86,87]). The final output was a map with the sub-basins of Greek classified in
five classes (very high, high, moderate, low, and very low) describing the need for rivers’ water
quality monitoring.

Finally, in order to investigate the reliability of the methodological approach, the output map
was contrasted with the results of the National Monitoring Program 2012–2015 of the water status in
Greece [88]. More specifically, for each of the 299 monitoring stations of the aforementioned project the
quality status was estimated based on the Nutrient Classification System (NCS) [89] modified to also
include dissolved oxygen concentrations [90] (Table 4) and after averaging each status. Then, the quality
class of each station was contrasted to the class describing the need for river water quality monitoring.
The criteria used to check the reliability was the correlation coefficient R.

Table 4. Quality status in rivers based on the Nutrient Classification System (NCS) [89] (copyright
permission see Supplementary Materials) and dissolved oxygen concentrations [90].

Status High Good Moderate Poor Bad

N-NO3
− (mg/L) <0.22 0.22–0.60 0.61–1.30 1.31–1.80 >1.80

N-NO2
− (mg/L) <0.003 0.003–0.008 0.0081–0.030 0.0301–0.070 >0.070

N-NH4
+ (mg/L) <0.024 0.024–0.060 0.061–0.200 0.210–0.500 >0.500

P-PO4
3− (mg/L) <0.070 0.070–0.105 0.106–0.165 0.166–0.340 >0.340

DO (mg/L) >7 5–7 3–5 1–3 <1

2.5. Current Automatic Monitoring Network of Water Quality Parameters in Greece

To identify automatic water monitoring stations in Greece, internet services were used to
explore all possible sources of information. Also, direct communication with relevant authorities and
organizations was held. An extended questionnaire was formulated and distributed to water agencies
and water management authorities, research institutes, universities, and organizations dealing with
water, including questions related to the current status of possible automatic stations installed and
operated by them, along with their characteristics in terms of the equipment used, the parameters
measured and time step of recording, and the duration of stations operation. From the responses
received (25% of the stakeholders questioned), almost 150 stations were identified in waterbodies
across Greece, being individual or small networks of automatic stations, either currently operating
or stations that have stopped operating but were active for a considerable period of time in the past.
As minimum requirement for considering a station as automatic water quality station of present or past,
thus including it in our survey, was the continuous measurement and telemetric data transmission of
five parameters; water stage, dissolved oxygen (DO), water temperature (T), electrical conductivity
(EC), and pH.

3. Results

3.1. GIS-Based Multicriteria Decision Analysis

The six (6) conditioning factors increasing the need for water quality monitoring of rivers have
been ranked in Table 5, which produced the maps in Figure 3. The pairwise criteria comparison based
on the AHP approach resulted to the preference matrix with assigned preference values and calculated
weights (Table 6), and to a consistency ratio CR of 0.018. This value is smaller than 0.10 and meets
the criteria set by [54]. After performing a weighted summation of the maps corresponding to each
conditioning factor examined, the final map of the high priority sub-basins of Greece for water quality
monitoring of rivers was produced (Figure 4).
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Table 5. Weights of the factors increasing the need for monitoring of water quality parameters of rivers
in Greece.

a/a Conditioning Factors Class Rank Values

1 Agricultural

Nonirrigated arable land (211) 1
Permanently irrigated land (212) 3

Rice fields (213) 4
Vineyards (221) 1

Fruit trees and berry plantations (222) 1
Olive groves (223) 1

Pastures (231) 1
Annual crops associated with permanent

crops (241) 4

Complex cultivation patterns (242) 2
Land principally occupied by agriculture

(243) 1

2
Industrial

Low disturbance 2
Average disturbance 3

High disturbance 5
Informal industrial

concentration - 3

3 Geological structure

Impervious formations (A1, A2, A3) 0
Calcareous formations, medium to high

permeability (K1, K3, g) 3

Calcareous formations, small to medium
permeability (K2) 2

Porous formations, ranging permeability
(P1, P4) 2

Porous formations, medium to very small
permeability (P2, P3) 1

4

Wastewater Treatment plants 0–5000 1

Physical Capacity (Population
equivalent)

5000–15,000 2
15,000–30,000 3
30,000–60,000 4

>60,000 5

5 Protected areas 1

6 River structures

Dam 5
Small dam 3

Small Hydropower Plants (SHP) 2
Reservoirs, artificial ponds 1
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Table 6. Preference matrix with assigned preference values and calculated weights.

Industrial
Activities

Agricultural
Activities

Hydraulic
Structures UWWTP Protected

Areas
Hydrogeological

Structure Weight

Industrial activities 1 2 4 6 7 7 44.3
Agricultural activities 0.5 1 2 3 4 5 23.2
Hydraulic structures 0.25 0.5 1 2 3 4 14.2

UWWTP 0.167 0.333 0.5 1 2 3 8.8
Protected areas 0.143 0.25 0.333 0.5 1 2 5.7

Hydrogeological
structure 0.125 0.2 0.25 0.333 0.5 1 3.8

Consistency ratio CR 0.018

Water 2019, 11 FOR PEER REVIEW  13 

 

Regarding the reliability of the methodological approach, the correlation coefficient between the 
water quality status of samples along Greek rivers and the class of sub-basin describing the need for 
water quality monitoring resulted from the GIS-MCDA, was relatively high (R = 0.59, p-value < 
0.00001, statistically significant at 0.05 level; Figure 4b). Some discrepancies are expected, since in 
many cases there is an increased need for monitoring due to higher vulnerability (e.g., in areas 
structured by calcareous formations) or increased interest (e.g., in areas included in environmental 
protection networks) that does not necessary imply poor or bad water quality status and water 
resources degradation. This is evident in the case of western Greece, where many areas are included 
in the Natura 2000 network, and in Southern Peloponnese, which is mainly structured by karstic 
formations that increase the need for water quality monitoring while the water quality status was 
high to very high. Finally, in some cases pollution pressures that lead to poor or bad water quality 
were not able to be included to the analysis due to lack of information. More specifically, a limitation 
arises due to pollution pressures applied on rivers' water quality that cannot be formally 
acknowledged (e.g., illegal waste disposal, areas lacking sewerage system, or UWWTP; unsuccessful 
collection and treatment of urban wastewater; misuse of fertilizers; and illegal water abstraction [91]) 
and included in the analysis. This is the reason why there is an inconsistency is some cases between 
the water quality status in Greek rivers' sampling points and the respective subcatchment class of 
monitoring need resulted from the GIS-MCDA (Figure 5). Nevertheless, in areas with moderate to 
bad water quality, the classification of monitoring needs fluctuates from moderate to very high with 
very limited exceptions (Figure 4b) which also validates the output of the approach. The eastern part 
of the country indicates higher needs for water quality monitoring while the mountainous areas that 
are usually pristine are classified as of very low and low monitoring importance. 

 
Figure 4. (a) Basins of Greece with increased need for water quality monitoring and (b) results of the 
national monitoring program of the water status in Greece (quality status 2012–2015). 

Figure 4. (a) Basins of Greece with increased need for water quality monitoring and (b) results of the
national monitoring program of the water status in Greece (quality status 2012–2015).

Based on the results, the rivers with increased need for water quality monitoring are in the
wider area of Thessaloniki, and especially at the estuaries of Aliakmonas, Loudias, and Axios
rivers, due to increased agricultural and industrial activities observed in the particular basins.
Additionally, water quality monitoring is highly necessary in Ardas River; at the estuaries of Evros
and Nestos rivers; at Aggitis River; at the central part of Strymonas River; at Pinios River in Thessaly,
especially at the southern part; at the central and eastern part of Spercheios River; at the central part
of Kifissos River in Viotia; at the western part of Asopos River; at the estuaries of Louros, Arachtos,
and Acheloos rivers; at the estuaries of Pamisos River; at the eastern part of Pinios River in Peloponnese;
and at the southern-west and central part of Crete Island.

Regarding the reliability of the methodological approach, the correlation coefficient between
the water quality status of samples along Greek rivers and the class of sub-basin describing the
need for water quality monitoring resulted from the GIS-MCDA, was relatively high (R = 0.59,
p-value < 0.00001, statistically significant at 0.05 level; Figure 4b). Some discrepancies are expected,
since in many cases there is an increased need for monitoring due to higher vulnerability (e.g., in areas
structured by calcareous formations) or increased interest (e.g., in areas included in environmental
protection networks) that does not necessary imply poor or bad water quality status and water
resources degradation. This is evident in the case of western Greece, where many areas are included
in the Natura 2000 network, and in Southern Peloponnese, which is mainly structured by karstic
formations that increase the need for water quality monitoring while the water quality status was high
to very high. Finally, in some cases pollution pressures that lead to poor or bad water quality were not
able to be included to the analysis due to lack of information. More specifically, a limitation arises
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due to pollution pressures applied on rivers’ water quality that cannot be formally acknowledged
(e.g., illegal waste disposal, areas lacking sewerage system, or UWWTP; unsuccessful collection and
treatment of urban wastewater; misuse of fertilizers; and illegal water abstraction [91]) and included
in the analysis. This is the reason why there is an inconsistency is some cases between the water
quality status in Greek rivers’ sampling points and the respective subcatchment class of monitoring
need resulted from the GIS-MCDA (Figure 5). Nevertheless, in areas with moderate to bad water
quality, the classification of monitoring needs fluctuates from moderate to very high with very limited
exceptions (Figure 4b) which also validates the output of the approach. The eastern part of the country
indicates higher needs for water quality monitoring while the mountainous areas that are usually
pristine are classified as of very low and low monitoring importance.Water 2019, 11 FOR PEER REVIEW  14 
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3.2. Current Automatic Monitoring Network of Water Quality Parameters in Greece

Regarding the current automatic monitoring network, 145 stations were identified in the country
through the analysis of the questionnaires received by various stakeholders (Figure 6). The 145 stations
are depicted as circles, triangles, or rectangles if they are located in rivers (91), lakes and lagoons
(32), or artificial lakes and reservoirs (22), respectively. There are 68 fully operational stations (blue),
51 stations operating partly (green), but which have the potential to fully operate after some low-cost
repair, while those stations that were operational for a long period in the past but have been abandoned,
stolen, or simply removed from their owners (red) are 26 in number. In practice, new equipment
and full installation are needed to operate automatic stations again in these locations. The second
category of stations (green) seems favorable for an immediate expansion of the operational network
in Greece, as only low maintenance, usually replacement of parts of the equipment (few sensors) is
required, while the infrastructure to install the station is entirely available in situ and in good condition.
Most of the existing automatic stations are in northern Greece and in Crete Island while Peloponnese,
western Greece and the rest of the islands have very limited number of stations. A high concentration
of operational or partly operational stations is observed in the basins of Evros, Nestos, and Aliakmonas,
while almost none exists in the plain of Thessaly (Pinios River), which is one of the most important
agricultural areas in Greece. Moreover, in the lower parts of Acheloos river basin (Western Greece) as
well as in the main western Peloponnese rivers (Alfeios and Pineios) no stations exist.
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4. Discussion

The design of a successful environmental water quality monitoring program has always been
a challenge [14], and although it has been widely addressed in the published literature, there is
still no generally accepted, holistic, and practical approach to support all the phases and elements
related [35]. Most of the methodologies propose the selection of the water quality monitoring sites
based on statistical approaches, such as principal component analysis, principal factor analysis,
canonical correlation analysis, correlation analysis, cluster analysis, regression analysis, artificial neural
networks, maintenance of variance extension, and matter element analysis (e.g., [30–33,92–94]).
Other researchers employ other approaches and techniques, such as multicriteria decision-making
analysis, genetic algorithm, entropy-based and fuzzy logic approaches, or combinations of the above
(e.g., [27–29,34,95,96]).

Of the methodologies described above, GIS-MCDA is a cost-effective and easily applied approach
that does not require qualified personnel and access to extended information, while it has been used
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successfully in the design of the networks for monitoring of water quality parameters in the past
(e.g., [27,28,95,97]). In the present effort, the GIS-MCDA introduced takes into consideration the most
important nonpoint and point pressures due to human activities, and other criteria, such as increased
vulnerability, while it has been focused on Greece’s particularities (e.g., the general agricultural
practices taken place, the existence of informal industrial activities, the vulnerability arisen due to
karstic geological formations, and the increased interest for monitoring in areas included in networks
of environmental interest).

Based on the map of the existing automatic stations, Figure 6 reveals that partly operational stations
(green shapes) exist entirely in northern Greece, mainly at the transboundary of the Nestos River
and the Eastern Chalkidiki, where they belong to the private company “Ellinikos Chrisos”, a mining
company that was requested to monitor water quality of small streams in the vicinity of its installations.
However, the operation of the 33 stations installed in the area was important for monitoring the
environmental operation of the company but not for managing water resources at a national level.
Nevertheless, the company due to legal and operational reasons stopped the monitoring system in 2017.
Automatic stations installed and operated in the past but without possibility to restart their operation
were found both in the North (Nestos, Strimonas, and Loudias rivers), and the central and western
Greece (Acheloos River, Lake Karla, and Lake Pamvotida). Overall, the review of automatic stations in
Greece has shown a very good spatial allocation in the island of Crete, as well as, in the longest river of
Greece, Aliakmonas (including Lake Kastoria close to its headwaters), the estuary of the Evros River,
the Nestos River and its associated lagoon, as well as the Spercheios River in Central Greece.

On the other hand, a large part of continental Greece where the largest and highly pressured river
systems exist [98] remains without modern monitoring coverage. For example (Figure 5), monitoring is
absent in the Epirus water district, in the northwestern part of the country, which includes the important
rivers of Kalamas, Louros, and Arachtos Basins in Peloponnese with the important Pinios, Alfeios and
Pamisos Rivers, as well as, in central Greece, both along the hydrologically richest Greek river, Acheloos,
and within the Thessaly plain (Pinios river), the most important agricultural producer of Greece with
high irrigation demands and relevant pollution pressures to waters [99]. Finally, deficiencies are still
observed in the north, along the entire Greek part of the transboundary rivers Strymonas and Axios as
well as in the smaller Loudias river.

Based on the above, arising from the availability of operational stations and the magnitude of
the monitoring needs (Figure 5), 22 river sites in high priority areas are proposed for the immediate
installation of automatic monitoring stations. The sites selected were grouped into five areas of nearby
water districts and river basins that could facilitate in situ visits of the technical personnel for the
installation and maintenance of the monitoring stations:

• Eight (8) stations in rivers of Peloponnese (near the estuaries and/or upstream locations of the
rivers Pinios, Alfeios, Neda, and Pamisos).

• Two (2) stations at the estuaries of Kifisos and Asopos rivers in Central Greece near the Attica
Region and four (4) stations in Pinios River, Thessaly Central Greece (near the estuaries and
upstream sites).

• One (1) station in Acheloos river (estuaries).
• Three (3) stations in Epirus (two in Kalamas River and one in Louros).
• Four (4) stations at selected sites of the rivers Strymonas, Gallikos, Axios, and Loudias in northern

Greece (one station per river).

A full cost estimation was also carried out including both the purchase and the annual maintenance
costs of the stations for measuring the main parameters of interest: stage of water, pH, T, DO, and EC.
For the estimation of the total cost, the following formulas are used.

• Purchase cost (including installation): €10,000 × 22 stations = €220,000.
• Annual personnel cost: four persons (full time job) × €25,000/person = €100,000.
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• Annual maintenance cost: six field workdays × 5 regions to visit × 2 persons × €200 daily costs
(accommodation, transportation, per diem) + 22 stations × €1000 consumables = €34,000.

• Therefore, for acquiring and installing 22 automatic water monitoring telemetric stations, € 220,000
is required the first year and € 134,000 each next year, plus the possible costs to cover any damage
after the first year.

5. Conclusions

• The GIS-based multicriteria decision analysis methodological approach adopted in this study
proved to be efficient in identifying the priority areas regarding the water quality monitoring needs
in Greece, since the areas classified as of moderate to bad water quality, according to the official
WFD monitoring program, have been also characterized as of moderate to very high monitoring
necessity. Moreover, the correlation coefficient between water quality and monitoring necessity
indices was quite high at the country level, while the known areas of high pollution pressures
(industrial or agricultural activities) were in most cases classified also as of high monitoring need.
At the same time, the developed methodology has some limitations. The main weakness lies in the
inability to include the informal point and nonpoint pollution sources and pressures, such as illegal
disposal of untreated sewage and industrial wastes, areas lacking sewerage system or UWWTP,
malfunction of UWWTP, misuse of fertilizers, and illegal water abstraction. Continuous updates
and integration of the current databases of the conditioning factors used in the analysis will
improve the performance of the adopted GIS-based multicriteria decision analysis methodological
approach in the future.

• Greece is mostly an agricultural and touristic country, while almost 35% (46,201 km2 of
dryland) of the total area of the country is included in networks of environmental interest.
Therefore, the main farming plains as well as parts of the country’s coastal or mountainous areas
with high environmental interest that are vulnerable due to increased tourism or other activities,
demand water quality monitoring in a regular and frequent basis. Such monitoring requirements
can be satisfactorily covered by state-of-the-art, automatic, and telemetric monitoring stations that
can provide nowcasting and early warning services essential for mitigating potential pollution
and flood events in a timely and efficient manner. The current automatic monitoring network of
water quality parameters is insufficient to meet these needs.

• Under this scope the research project “Hellenic Integrated Marine-Inland waters Observing
Forecasting and offshore Technology System, HIMIOFoTS” aims to establish a national network
for real-time monitoring of the quantity and quality of surface waterbodies, supported by IT
applications for the management and dissemination of related information, as well as web
services for various user groups (models for research and business application, forecasting
systems, decision-making systems). Under this platform that focuses on inland water resources,
existing measuring systems, currently operated by authorized organizations and individuals will
be integrated, while new stations will be deployed by taking advantage of modern, low-cost data
transfer technologies.

• Finally, conceptual, physical, or empirical hydrological and water quality modeling [100] or
even alternative environmental modeling tools and new soft computing techniques based
on artificial intelligence (e.g., artificial neural networks, adaptive neuro-fuzzy inference
system, coupled wavelet and neural network, and conventional sediment rating curve
approaches [101–106]), can be employed and integrated in the platform in the future for water
quality forecasting and early warning system.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/6/1310/s1,
54_RightsLink Printable License; 89_RightsLink Printable License.
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