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Abstract: Water resources, especially riverine ecosystems, are globally under qualitative and quan-
titative degradation due to human-imposed pressures. High-temporal-resolution data obtained
from automatic stations can provide insights into the processes that link catchment hydrology and
streamwater chemistry. The scope of this paper was to investigate the statistical behavior of high-
frequency measurements at sites with known hydromorphological and pollution pressures. For this
purpose, hourly time series of water levels and key water quality indicators (temperature, electric
conductivity, and dissolved oxygen concentrations) collected from four automatic monitoring stations
under different hydromorphological conditions and pollution pressures were statistically elaborated.
Based on the results, the hydromorphological conditions and pollution pressures of each station were
confirmed to be reflected in the results of the statistical analysis performed. It was proven that the
comparative use of the statistics and patterns of the water level and quality high-frequency time
series could be used in the interpretation of the current site status as well as allowing the detection
of possible changes. This approach can be used as a tool for the definition of thresholds, and will
contribute to the design of management and restoration measures for the most impacted areas.

Keywords: automated monitoring survey; time-series statistical analysis; Greek rivers; pollution
pressures; cost-effective monitoring

1. Introduction

Access to abundant and high-quality freshwater resources has always been linked
to socioeconomic development [1]. Nevertheless, freshwater is under qualitative and
quantitative degradation globally due to the human-imposed pressures usually associated
with this development [2]. In particular, riverine ecosystems, apart from the hydromorpho-
logical alterations imposed upon then to due to engineering interventions, are the ultimate
recipients of pollution loads, related mainly to agricultural and industrial activities that
take place within their watersheds [3]. In addition to these pressures, rivers are very often
exposed to transient and dynamic disturbances (e.g., pollution incidents during which one
or more substances are released and rapidly end up in the water column), usually from
a point source [4]. Such events, especially when they occur frequently, threaten the eco-
logical integrity of surface waters, although the consequences often cannot be thoroughly
understood immediately [5].

Until recently, water quality programs for surface waterbodies were largely based
on low-frequency sampling regimes that could not capture system extremes and complex
hydrochemical patterns [6]. Real-time water quality and water level observations made
by automatic stations provide the historical data series necessary for understanding the
processes occurring between catchment hydrology and streamwater chemistry, how the
time scale and flow paths of the contaminants’ transport change with flow regimes and
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their responses during hydrological episodes [7], and with impacts from anthropogenic
activities [8]; additionally, they can be essential in determining the current site status and
making short-term predictions concerning water availability and possible related risks [9].
High-temporal-resolution data are especially valuable in small-sized river catchments, in
which the response to processes is high and fast [10], in understanding the mechanisms
controlling pollutant diffusion caused by rainfall events [11,12] and for the detection of
climate change impacts on water quality [13]. Finally, automatic monitoring systems pro-
vide real-time, continuous, reliable, and low-cost measurements [14] that enable immediate
awareness of the impacts of human activities, covering both short-term (e.g., in a case of
pollutant leakage [15]) and long-term events (e.g., in cases of land-use change [16]).

Currently, the existing national river monitoring network in Greece is mostly based on
in situ observations taken at seasonal or monthly frequencies, and is focused on assessments
of the ecological status of water bodies, as dictated by the Water Framework Directive
2000/60/EC [17]. Therefore, the main objective of the current monitoring network is the
design and evaluation of water management and restoration measures on a long-term
basis, but this network cannot meet the urgent need for operational, real-time monitoring
of water resources at the national level [9].

Within this scope, two projects were assigned to the Hellenic Centre for Marine Re-
search (HCMR), Department of Inland Waters. The first one, named HIMIOFoTS (Hellenic
Integrated Marine-Inland Waters Observing Forecasting and Offshore Technology Sys-
tem; https:/ /www.himiofots.gr/, accessed on 28 April 2021), aims to provide open access
to data from marine and inland water monitoring networks and from forecast-related
products. The inland waters component of HIMIOFoT OpenHi (Open Hydrosystem Infor-
mation Network; https://openhi.net/en/) is national e-infrastructure for the collection,
management, and dissemination of hydrological and environmental information for Greek
inland water resources. The second project, named Open ELIoT (Open Internet of Things
Infrastructure for Online Environmental Services; https:/ /www.openeliot.com/, accessed
on 28 April 2021), has the aim of implementing an integrated and economically viable
Internet of Things (IoT) solution for monitoring and analyzing environmental parameters
with regard to surface water. The analysis and processing of the datasets provided by the
automatic monitoring stations installed under the above-mentioned projects is the next
step toward the full exploitation of the infrastructure’s potential.

The aim of this paper was to examine the statistical behavior of high-frequency
measurements of water level and key water quality indicators at sites with known hy-
dromorphological conditions and pollution pressures. This approach enables direct and
accurate interpretation of the current status of the monitoring stations, but also allows for
the detection of possible changes related to phenomena that require immediate responses,
such as floods, droughts, and water pollution. Therefore, the results of this analysis will
allow the definition of thresholds for similar sites, which in future can be incorporated into
the automated monitoring system of surface water bodies in Greece and used as an early
warning system.

For this purpose, hourly time series of water level and key water quality indica-
tors (temperature, electric conductivity (EC), and dissolved oxygen (DO) concentration)
collected from four automatic monitoring stations under different hydromorphological
conditions and pollution pressures were statistically elaborated. Descriptive statistics,
box plots, correlation matrixes, frequency histograms, cross-correlation analysis, and
rescaled adjusted partial sums (RAPS) were employed. The above-mentioned analysis was
performed on datasets derived from four monitoring sites with well-known hydromorpho-
logical status and pollution pressures. Two automated monitoring sites were located in the
Pinios River in Thessaly (Nomi and Tempi), the second most productive agricultural area
in Greece (for the year 2016 [18]), and two in urban environments (Lithaios and Pikrodafni).
One site from each group was under pollution pressures (Nomi and Pikrodafni), while the
other was considered to be less impacted by human activities (Tempi and Lithaios).
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2. Materials and Methods
2.1. Sites Description

The location of the four monitoring sites is shown in Figure 1la, while the main
characteristics of the corresponding catchments are presented in Table 1. Three of the
four monitoring stations are located at the Pinios catchment in Thessaly, Greece while
the hydromorphological conditions and the pollution pressures applied to each one of
them are completely different. The monitoring stations presented in this study are part of
the automatic monitoring network of the Hellenic Center for Marine Research (HCMR),
Department of Inland Waters, and have been installed through Open ELIoT and HimiofoTS
National projects (https://www.openeliot.com/, accessed on 28 April 2021 and https:
//www.himiofots.gr/, accessed on 28 April 2021).

Table 1. Summary of the characteristics of monitoring sites.

Upstream Dominant

Station  Latitude Longitude Elevation Mean Ann131a1 Basin Land Use of Rese‘a rch Website
(m) Runoff (hm>/y) 2 . Project
(km?) Basin
https:/ /hydro-stations.
Nomi 395266  21.9383 93 1398.5 2243 Agricultural ~ HIMIOFoTs _ cmrgr/nomi-station-
pineios-river/, accessed on
28 April 2021
https:/ /hydro-stations.
Tempi  39.8968  22.6152 7 3116.1 10897  Agricultural HIMIOFoTS |C™mr8r/tempi-station-
pineios-river/, accessed on
28 April 2021
o https:/ /hydro-stations.
Lithaios ~ 39.5523  21.7707 109 85.1 226 Urban ELloT hemr.gr/lithaios-station/,
© accessed on 28 April 2021
https:
. . Open / /hydro-stations.hcmr.gr/
Pikrodafni 37.9184 23.7023 5 5.0 21 Urban ELIoT pikrodafni-station/,

accessed on 28 April 2021

Nomi and Tempi monitoring stations have been installed at the Pinios River in Thes-
saly, Greece. Nomi Station is located upstream (Figure 1b). The ecological status of this
specific water body (EL0816R000200039N) has been characterized as moderate and the
chemical status as good, while the pressures due to abstraction for irrigation are low [19].
The possibility of the Nomi surface water body (EL0816R000200039N) to meet the envi-
ronmental goals of the EU Water Framework Directive, 2000/60/EC [20] is most likely at
risk [21].

Tempi monitoring station is located in the downstream part of the Pinios River, close
to its mouth to the Aegean Sea, and about 120 km downstream of Nomi Station. The
ecological and chemical status of the specific water body (EL0816R000200003N) has been
characterized as good, while the pressure due to abstraction for irrigation is low [19].

Lithaios Station has been installed at the homonymous tributary of the Pinios River in
the center of Trikala city (Figure 1c). The Lithaios River originates in Mount Antihassia
and, following a northwestern—-southeastern direction, flows through the city of Trikala
and finally discharges into the Pinios River. The part of the Lithaios River examined that
flows through the city of Trikala (EL0816R000210045H) has been subjected to water flow
regulations and modifications for flood protection of the city [21] and water abstractions
for irrigation (moderate pressure) [19], and has been characterized as a heavily modified
water body [19]. The ecological status of the specific part of the Lithaios water body
(EL0816R000210045H) has been characterized as moderate [19].

The Pikrodafni Stream is located in southeastern Attica, Greece (Figure 1d), and is
one of the few remaining surface urban waterways in the wider metropolitan area of
Athens. A large part of the stream is embedded as a canal. The main pollution pressures
are uncontrolled urban constructions along the whole riparian zone, illegal waste disposal,
sewage pipelines, and human interventions on the streambed. The stream is very often
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subjected to pollution incidents and dynamic disturbances related to illegal sewage and
industrial waste disposal [22]. Based on the updated River Basin Management Plans,
the stream is subjected to multiple pollution pressures related to priority substances and
other pollutants. The ecological status of the specific water body (EL0626R000300013N)
has been characterized as moderate and the chemical status as good [23]. Nevertheless,
based on a recent, thorough study, the water quality downstream was degraded, and was
characterized as bad (based on nitrate concentrations), while the total physicochemical

status of the stream was characterized as moderate and poor [24].
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Figure 1. (a) Location of monitoring stations; (b) pollution pressure map of the Lithaios, Nomi, and Tempi catchments
(industrial activities based on the General Secretariat for Industry (GSI), Hellenic Ministry of Economy and Development [25],
classified based on the expected disturbances on the surrounding environment [9]); (c) pollution pressure map of the Lithaios
catchment ([26], after modifications); and (d) pollution pressure map of the Pikrodafni catchment ([27], after modifications).

2.2. Monitoring Program

For the present study, hourly time series covering the hydrological year 2019/2020
from the four above-mentioned telemetric stations were employed. The time series of the
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telemetric stations are automatically stored on an FTP server, while graphical visualization
of the dataset is available online in real time (Table 1).

In the current study, the main water quality indicators monitored were water tem-
perature, electrical conductivity, dissolved oxygen, and water level. These variables were
chosen based on financial and maintenance limitations, but also after taking into consider-
ation the fact that temperature and dissolved oxygen, along with discharge, are primary
regulators of life in flowing waters, and extreme variations of these set the physiological
and behavioral boundaries tolerated by the biota [28]. Due to the lack of stage-discharge
rating curves of the monitoring sites, it was not possible to convert water level to discharge.
Nevertheless, water level time-series can provide insights into the hydrological regimes
of rivers [29] when discharge information is unavailable, and are often used instead of
discharge in the analysis of anthropogenic activities and land use impacts on the water
quality of rivers [30-32].

Before proceeding to the statistical analysis of the current database, quality assurance
and control was conducted following the common practice proposed by the World Meteo-
rological Organization [33]. Data screening and processing operations were performed by
checking the data against specified screening criteria, such as the allowable variable ranges,
historical maxima or minima, allowable rates of change, comparison with measurements
conducted by different instruments, etc.

Finally, in the present study, categorization of the water quality status regarding the
dissolved oxygen concentrations was based on the Norway classifications (<2 mg/L: Bad,
2-4 mg/L: Poor, 4-6.4 mg/L: Moderate, 6.4-9 mg/L: Good, >9 mg/L: High [34]), which are
also used for the characterization of surface water bodies under the National Monitoring
of the Water Status in Greece [35].

2.3. Time Series Statistical Analysis

The statistical tools employed to examine the time variations of water level and
the main water quality indicators (water temperature, dissolved oxygen and electrical
conductivity) of the selected monitoring stations were descriptive statistics, boxplots,
correlation matrixes, and frequency histograms. The analysis was performed hourly and
on a seasonal basis (winter: D-J-F, spring: M-—A-M, summer: J-J-A, autumn: S-O-N).

Additionally, cross-correlation analysis and cross-correlograms were used to inves-
tigate the interactions between water level and main water quality indicators (water
temperature, dissolved oxygen, and electrical conductivity), in order to determine the
extent to which two data series exhibited oscillations, differing by a distance of k units
in time [36]. The time lag between lag 0 and the lag of the maximum value of the cross-
correlation coefficient (CCF) gives an estimation of the response of the system against a
unitary impulse [37]. This statistical approach is often used in ecology, where variation in
one variable is often interpreted in terms of variation in others to provide an insight of the
system’s response to external disturbances [36,38—40].

Cross-correlation function ryy (k) can be defined as:

ny<k) 1 —n—k

”xy(k) = 0y ’ ny(k) = 5 Lu=1 (xt = %)Yk —Y) 1)

where Cyy (k) is the cross-correlogram, and ¢, and ¢, are the standard deviations of the
time-series. The overbar represents the temporal mean value of the signal [41].

Finally, the rescaled adjusted partial sums (RAPS) were used to detect and quantify the
trends, shifts, data clustering, irregular fluctuations, and periodicities in the record in time-
series [42]. The specific approach was successfully applied in the analysis of hydrological,
meteorological, and water quality indicators [43—48]. The RAPS method is based on the
analysis of the time distribution of the outflow of the summary deviation curve and is
expressed as [49]:

Sk Y (x = %)

% =D, D;x

L k=1,2,...,n (2)
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where S;* is the rescaled adjusted partial sums (RAPS), S; is the adjusted partial sums or
cumulative deviations from the mean, Dy is the sample standard deviation of the mean, x;
is the value of the analyzed parameter of the considered time step ¢, and X is the mean of
the series.

3. Results
3.1. Descriptive Statistics

The number of valid measurements per examined parameter for the hydrological year
2019/2020 was about 8400 in the case of Tempi and Pikrodafni Stations, and about 7000
and 7400 in the cases of Lithaios and Nomi Stations, respectively (Tables 2 and 3).

The maximum values and the ranges of water temperature were higher in the case of
Nomi and Pikrodafni (5.7 to 31.3 °C and 7.5 to 29.0 °C in Nomi and Pikrodafni Stations,
respectively) compared to Tempi and Lithaios (7.5 to 23.1 °C and 8.4 to 23.1 °C in Tempi
and Lithaios Stations, respectively).

The minimum dissolved oxygen (DO) hourly concentration of Tempi Station was
5.0 mg/L and the maximum was 11.7 mg/L, whereas the mean and median concentra-
tions were 9.3 mg/L. Based on the results, water status in Tempi Station concerning DO
concentrations can be characterized as high for 66.0% of the measurements (DO concen-
tration higher than 9 mg/L), while only a few measurements were classified as moderate
(0.4%, DO concentration between 5.0 and 6.0 mg/L), and the remaining 33.6% were good
(Table 2; Figure 2a,e). At Nomi Station, DO hourly concentration ranged between 0.0
and 22.9 mg/L, while the mean concentration was close to the median (5.8 and 5.9 mg/L,
respectively). Water quality status concerning DO concentrations could be characterized
as high or moderate in the majority of the measurements. Nevertheless, about 27% of the
measurements were below moderate status (Table 2; Figure 2b,e). Although DO hourly
concentrations of Pikrodafni Station varied considerably between 0.0 and 21.1 mg/L, the
mean concentration was 2.0 mg/L (median 0.7 mg/L), while 75% of the measurements
were lower than 3.2 mg/L. Almost 80% of the measurements were below 6.4 mg/L, in-
dicating below-moderate water quality status (Table 3; Figure 2d,e). In contrast, the DO
concentration of Lithaios Station varied between 0.0 and 14.6 mg/L, the mean and median
concentrations were 7.0 mg/L, and 75% of the measurements were higher than 5.6 mg/L.
About 27% of the measurements were classified as high-quality status, 47% as good, while
26% were below moderate (Table 3; Figure 2c,e).
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Table 2. Descriptive statistics and correlation matrix for Tempi and Nomi Stations.
Parameter Temperature (°C) DO (mg/L) E. C&I‘;E;Sv“y Water Depth (m) Temperature (°C) DO (mg/L) E. C(OJS%S;SVHY Water Depth (m)
Descriptive statistics Tempi Nomi
Valid 8426 8426 8426 8226 7415 6590 7415 7395
N Missing 362 362 362 562 1373 2198 1373 1393
Mean 154 9.3 591.0 0.50 17.1 5.8 540.1 0.45
Median 16.0 9.3 619.4 0.33 16.8 59 542.5 0.25
Std. Deviation 3.7 1.0 143.0 0.59 6.6 44 166.3 0.68
Variance 13.5 1.0 20,461.9 0.35 43.2 19.3 27,668.7 0.46
Skewness -0.3 —-0.2 -0.7 4.04 0.1 0.5 -1.3 3.88
Minimum 7.5 5.0 146.4 0.00 5.7 0.0 56.9 0.00
Maximum 23.1 11.7 855.8 4.38 31.3 229 875.3 4.40
25 12.0 8.6 536.8 0.23 11.2 1.7 477.1 0.18
Percentiles 50 16.0 9.3 619.4 0.33 16.8 59 542.5 0.25
75 18.4 9.9 697.3 0.54 23.0 8.6 654.8 0.42
Correlations
R 1 —0.785 ** 0.184 ** —0.087 ** 1 0.245 ** 0.388 ** —0.338 **
Temperature (°C) Sig. (2-tailed) 0.000 0.000 0.000 0.000 0.000 0.000
N 8426 8426 8426 8226 7415 6590 7415 7395
R —0.785 ** 1 —0.244 ** 0.157 ** 0.245 ** 1 0.286 ** —0.137 **
DO (mg/L) Sig. (2-tailed) 0.000 0.000 0.000 0.000 0.000 0.000
N 8426 8426 8426 8226 6590 6590 6590 6570
R 0.184 ** —0.244 ** 1 —0.496 ** 0.388 ** 0.286 ** 1 —0.061 **
E. Conductivity Sig. (2-tailed) 0.000 0.000 0.000 0.000 0.000 0.000
(uS/cm)
N 8426 8426 8426 8226 7415 6590 7415 7395
R —0.087 ** 0.157 ** —0.496 ** 1 —0.338 ** —0.137 ** —0.061 ** 1
Water depth (m) Sig. (2-tailed) 0.000 0.000 0.000 0.000 0.000 0.000
N 8226 8226 8226 8226 7395 6570 7395 7395

**. Correlation is significant at the 0.01 level (2-tailed).
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Table 3. Descriptive statistics and correlation matrix for Lithaios and Pikrodafni Stations.
Parameter Temperature (°C) DO (mg/L) E. C(OL?SC}?;SVHY Water Depth (m) Temperature (°C) DO (mg/L) E. C(OL?SC}S;:;V“Y Water Depth (m)
Descriptive statistics Lithaios Pikrodafni
Valid 6946 6721 6946 6946 8418 8418 8418 8496

N Missing 1842 2067 1842 1842 370 370 370 292
Mean 16.3 7.0 565.3 0.47 18.6 2.0 809.3 0.17
Median 16.5 7.0 551.2 0.41 18.4 0.7 860.1 0.17
Std. Deviation 2.6 24 71.7 0.16 49 29 247 .4 0.05
Variance 6.5 5.6 5142.7 0.03 24.2 8.5 61,220.9 0.00
Skewness -0.2 0.0 0.9 473 0.0 22 0.0 10.24
Minimum 8.4 0.0 209.0 0.31 7.5 0.0 66.9 0.2
Maximum 23.1 14.6 880.8 211 29.0 21.1 1696.3 1.15

25 14.3 5.6 528.5 0.39 14.2 0.0 625.2 0.16
Percentiles 50 16.5 7.0 551.2 0.41 18.4 0.7 860.1 0.17

75 18.3 8.5 591.9 0.48 23.1 32 996.3 0.17
Correlations

R 1 —0.097 ** —0.186 ** —0.343 ** 1 0.390 ** 0.341 ** —0.180 **
Temperature (°C) Sig.(2-tailed) 0.000 0.000 0.000 0.000 0.000 0.000

N 6946 6721 6946 6946 8418 8418 8418 8418

R —0.097 ** x1 —0.351 ** 0.109 ** 0.390 ** 1 0.189 ** 0.094 **
DO (mg/L) Sig.(2-tailed) 0.000 0.000 0.000 0.000 0.000 0.000

N 6721 6721 6721 6721 8418 8418 8418 8418

R —0.186 ** —0.351 ** 1 —0.206 ** 0.341 ** 0.189 ** 1 —0.368 **
fgsc/i‘;f)““”“y Sig.(2-tailed) 0.000 0.000 0.000 0.000 0.000 0.000

N 6946 6721 6946 6946 8418 8418 8418 8418

R —0.343 ** 0.109 ** —0.206** 1 —0.180 ** 0.094 ** —0.368 ** 1
Water depth (m) Sig.(2-tailed) 0.000 0.000 0.000 0.000 0.000 0.000

N 6946 6721 6946 6946 8418 8418 8418 8496

**. Correlation is significant at the 0.01 level (2-tailed).
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Figure 2. Frequency distribution of DO (mg/L) hourly concentrations for stations (a) Nomi, (b) Tempi, (c) Lithaios, and
(d) Pikrodafni (dotted line: 25th percentile, solid line: 50th percentile, dashed line: 75th percentile), and (e) frequency
distribution of DO (%) hourly concentrations of monitoring sites per water quality class.

The highest values of electric conductivity in all cases were up to 900 uS/cm, with the
exception of Pikrodafni Station, where the maximum value was 1696 uS/cm.

3.2. Time Variations

Based on Figures 3 and 4, water temperature and DO concentrations significantly
fluctuated during the day. In the cases of Nomi and Pikrodafni, the range (maximum-
minimum) and the interquartile range of hourly water temperature during the day were
wider compared to Tempi and Lithaios. Additionally, in Tempi and Lithaios, water tempera-
ture showed typical diurnal variation (minimum values around 09:00 and maximum values
around 17:00), while at Nomi, and especially at Pikrodafni, temperature daily variations
seemed to be controlled by other external factors.



10 of 19

Hydrology 2021, 8, 86

i

i

30

25

20
15

1

30

25

20
15

o
o
@
g
5
2
©
I
k]
a
5
@

10

23:00
22:00
21:00
20:00
19:00
18:00
17:00
16:00
15:00
14:00
13:00
12:00
11:00
10:00
09:00
08:00
07:00
06:00
05:00
04:00
03:00
02:00
01:00
00:00

23:00
22:00
21:00
20:00
19:00
18:00
17:00
16:00
15:00
14:00
13:00
12:00
11:00
10:00
09:00
08:00
07:00
06:00
05:00
04:00
03:00
02:00
01:00
00:00

Hour

Hour

—
—
—— . —————————
— — —
— .
—— . ——————
e ——
e ———Snl
———
—
——
w ——— R —————
© — . ————
3 — .
o
= —— .
o —— e ————
—
———— R ——————
—
— .
—
— .
— . ——————
—— . ——————
o w o w =
“ G o~ - -
(20) @amesadway
—— .
——
——
— .
—
— .
——
e R
— .
— .
—
——— .
w
o — .
g —
£
= —— .
4
——— .
——— .
—_—r
— -
—— .
— -
— .
—
—— .
o ) o 0 o
@ ~ ~ = -

(J0) @an3esadwiag

23:00
22:00
21:00
20:00
19:00
18:00
17:00
16:00
15:00
14:00
13:00
12:00
11:00
10:00
09:00
08:00
07:00
16:00
05:00
04:00
03:00
02:00
01:00
00:00

23:00
22:00
21:00
20:00
19:00
18:00
17:00
16:00
15:00
14:00
13:00
12:00
11:00
10:00
09:00
08:00
07:00
06:00
05:00
04:00
03:00
02:00
01:00
00:00

Hour

Hour

Figure 3. Hourly boxplots of water temperature (°C) for stations (a) Tempi, (b) Nomi, (c) Lithaios, and (d) Pikrodafni.

23:00
22:00
21:00
20:00
19:00
18:00
17:00
16:00
15:00
14:00
13:00
12:00
11:00
10:00
09:00
08:00
07:00
06:00
05:00
04:00
03:00
02:00
01:00
00:00

23:00
22:00
21:00
20:00
19:00
18:00
17:00
16:00
15:00
14:00
13:00
12:00
11:00
10:00
09:00
08:00
07:00
06:00
05:00
04:00
03:00
02:00
01:00
00:00

— —
e
mmm— o
&
e e
owy —————— —
00 om0
comon |
00 00—
o oo [
o0 —
T
- oo e
5 R
= oo
@ ——
— —
—————
—
— T ——h
—_— T
— ——
e ——
— ——
w o wn =1 w o
o~ o~ - -
(r6w) oa
T —a
—i— ®
—— o
—i—
—i—
—i—
—{l—co
—il—o=
—{T—ce
—I—=
—f}—o
— o
e —i—o
E {0
e — o
I
—il—
—il— °
—i— o
— i
—a—
— 3
—i—
—m—
w o w o w o
o~ o~ - -
(r6w) oa

Hour

Hour

Pikrodafni

sm s ®o am

"

H
g
8
8
I

o

|

i

© oow

6o o m

il

apoo @

i

* @ avo

e —=="1

i

» ooo

h

« oo
BT S—"
© 0 oo ——

* ©om

:

Lithaios

25

20

w0
i

o )

=

(v6w) oa

25

20

w0
s

(y6w) oa

23:00
22:00
21:00
20:00
19:00
18:00
17:00
16:00
15:00
14:00
13:00
12:00
11:00
10:00
09:00
08:00
07:00
06:00
05:00
04:00
03:00
02:00
01:00
00:00

23:00
22:00
21:00
20:00
19:00
18:00
17:00
16:00
15:00
14:00
13:00
12:00
11:00
10:00
09:00
08:00
07:00
06:00
05:00
04:00
03:00
02:00
01:00
00:00

Hour

Hour

Figure 4. Hourly boxplots of DO (mg/L) for stations (a) Tempi, (b) Nomi, (c) Lithaios, and (d) Pikrodafni.
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At Nomi and Pikrodafni Stations, the DO variations were larger and the maximum
concentration values recorded were higher than 20 mg/L (Figure 4). In contrast, in Tempi
and Lithaios, the maximum DO concentrations were 11.7 mg/L and 14.6 mg/L, respectively.
DO concentrations and diurnal fluctuations in the cases of Tempi and Lithaios were milder
compared to Nomi and Pikrodafni. In Lithaios and Pikrodafni, the outliers were higher,
although in Lithaios, only low outliers were recorded. In Nomi and Pikrodafni, the higher
outliers were more pronounced (Figure 5). The diurnal DO concentration fluctuation was
typical in Lithaios, gradually increasing during the day, reaching a peak at around 16:00,
and then decreasing.
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Figure 5. Seasonal boxplots of (a) water temperature (°C), (b) DO (mg/L), (c) EC (uS/cm), and (d) water depth (m).

In Figure 5a, the seasonal variation of water temperature is evident, with the lowest
values being reported in winter (December, January, and February) and the highest values
in summer (June, July, and August), while in autumn (September, October, November),
the water was warmer than in spring (March, April, May). The lowest and highest values
were reported at Nomi Station. The seasonal variation of DO was small. However, in
Pikrodafni, high outliers were noted during the entire year, while in Lithaios, low outliers
were reported in winter (Figure 5b). As shown in Figure 5c,d, the electric conductivity
and the water level had no pronounced seasonal variation; however, it can be observed
(Figure 5d) that lower water level values occurred at all stations in summer.

Moreover, in Figure 6, the frequency distributions of hourly DO concentrations per
month are presented. Based on this figure, at Tempi monitoring station, most of the
measurements indicated high to good water quality status, especially in winter (December
and January), when the water discharge was also higher. Only in September did there
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Status
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Status
High (>9 mg/l)
Good (6.4-9 mg/l)
Moderate (4-6.4 mg/l)
Poor (2-4 mg/l)

Bad (<2 mg/1)

seem to be some small deterioration of the water quality, which may be due to the first
rainfall events after the dry period that drain fertilizer residuals from the basin’s soil.
At Nomi monitoring station, although in most cases the water quality concerning DO
concentrations could be characterized as high or good, the number of measurements
classified as moderate or bad was greater than Tempi station. At both sites, a seasonal
variation of DO concentration was evident, with higher values occurring in winter.

Tempi Nomi

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep | Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

o

Oct

Nov

Lithaios Pikrodafni

Dec Jan Feb Mar Apr May Jun Jul Aug Sep | Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

"

0% 100%

Figure 6. Heatmap of hourly DO concentrations (mg/L) and monthly frequency to the quality status for the hydrological
year 2019/2020 (DO classification based on [50]).

Similarly, at Lithaios monitoring station, the majority of the DO measurements were
higher than 6.4 mg/L (high to good water quality). Nevertheless, at Pikrodafni station,
only 21% of the measurements could be classified in high to good water quality status,
whereas the majority of the measurements were classified as bad. The lack of seasonal
variation in DO concentration was also evident in the case of the urban sites.

From the distribution of DO values along months and quality classes according to the
heatmaps (Figure 6), Tempi was the only site maintaining high and good status, almost
always with the vast majority of the measurements being above 9 mg/L (high status). In
contrast, the Pikrodafni DO values were distributed throughout the entire spectrum of the
natural variations, but with the majority of the measurements less than 6.4 mg/L (moderate
to bad status). Nomi and Lithaios Stations were in an intermediate condition, with high
variations of DO values, but with most of the measurements being above 6.4 mg/L (good
or high).

3.3. Time Series Statistical Analysis

Based on the correlation matrix, the relationship between the basic physicochemical
parameters and water level was statistically significant (p < 0.01) in all cases (Tables 2 and 3).

Pearson’s correlation coefficient R between hourly temperature and DO was negative
in the case of Tempi and Lithaios Stations (—0.785 and —0.097, respectively), although only
Tempi could be characterized as high based on the criteria for correlation interpretation
proposed by Hinkle et al. [51]. In the cases of Nomi and Pikrodafni, the correlation
coefficient between hourly temperature and DO was positive. Electric conductivity and
water depth were negatively correlated in all cases. DO concentration did not have a strong
correlation with water depth at any site. Finally, the correlation coefficients between DO
and EC were negative in the cases of Tempi and Lithaios (—0.244 and —0.351 in Tempi and
Lithaios, respectively), while in Nomi and Pikrodafni, the correlations were positive (0.286
and 0.189, respectively).
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The cross-correlogram (CCF) of water depth between Nomi and Tempi Stations was
asymmetrical. The highest CCF was achieved after 45 hours, while the value was quite
high (0.684), indicating the significant delay in peak discharge appearance between the two
sites (Figure 7a).
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Figure 7. Cross-correlograms (CCFs) of (a) Nomi and Tempi water depth (m), (b) dissolved oxygen (mg/L) and water
depth (m), (c) dissolved oxygen (mg/L) and electric conductivity (uS/cm), and (d) water temperature (°C) and dissolved
oxygen (mg/L).

The cross-correlograms (CCF) between dissolved oxygen and electric conductivity
(Figure 7c) and between water temperature and dissolved oxygen (Figure 7d) at Nomi
and Pikrodafni Stations demonstrated positive but low values, while Tempi and Lithaios
Stations indicated low, negative values. Additionally, no time lag was detected.

The sites at the Pinios River (Tempi and Nomi) demonstrated an evident symmetrical
pattern. Nevertheless, at Nomi station, CCF was negative in cross-correlogram between
dissolved oxygen and water depth. Similarly, CCF values were positive in the case of
Lithaios station and negative in the case of Pikrodafni station in the cross-correlogram
between DO and water depth. Finally, the pattern of cross-correlogram in the case of urban
monitoring stations was asymmetrical (Figure 7b).

Lithaios and Pikrodafni showed a diurnal variation in the cross-correlograms between
DO and water depth (Figure 7b), between DO and electric conductivity (Figure 7c), and
between water temperature and DO (Figure 7d), which was stronger at Pikrodafni.
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Increase in water depth can be considered to be an indication of an increase in the
rivers” discharge, while rapidly moving surface waters tend to have a higher concentration
of dissolved oxygen [52]. Similarly, an increase in water temperature leads to lower
concentrations of dissolved oxygen [52]. Based on Figure 8a,c, where the RAPS curves of
DO and water depth are presented, it was consistent for most of the high peaks at Tempi
and Lithaios, as expected. However, the same pattern was not observed in Nomi and
Pikrodafni, where in high flows, DO levels either decreased or remained approximately the
same (Figure 8b,d). In Tempi and Lithaios Stations, the S values of DO and temperature
(Figure 8a,c) were opposite in most cases, while in the case of Nomi and Pikrodafni,
this pattern was not obvious (Figure 8b,d). Electrical conductivity showed an opposite
fluctuation pattern in relation to water depth at Tempi and Lithaios Stations (Figure 8a,c).
Finally, the absence of water depth trend of Pikrodafni Station was evident.
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Figure 8. Rescaled adjusted partial sums (RAPS) analysis of daily dissolved oxygen (mg/L), water temperature (°C), electric
conductivity (uS/cm) and water depth (m), for monitoring stations (a) Tempi, (b) Nomi, (c) Lithaios, and (d) Pikrodafni.
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4. Discussion

Automatic monitoring of surface water bodies can provide the means for high-
temporal-resolution water quality and hydrologic observations that would provide the
necessary data for understanding the impacts from anthropogenic activities [53]. In the
present study, hourly time-series of water level and the main water quality indicators
(temperature, electric conductivity, and dissolved oxygen concentrations) obtained from
four automatic monitoring stations under different and well-known hydromorphological
and pollution pressure conditions were statistically elaborated.

Based on the results, the maximum values and the range of water temperature were
higher in the case of polluted stations (Nomi and Pikrodafni stations) compared to relatively
unimpacted sites (Tempi and Lithaios stations). Although high values of water temperature
can be related to many causes such as air temperature, it is an indication of possible
disturbance [52], especially when comparing Tempi, Lithaios, and Nomi stations where the
meteorological conditions are similar.

At Tempi station, which is located in an agricultural area with low rate of disturbances,
only 0.4% of DO concentrations were classified as below moderate, while at the impacted,
agricultural site, Nomi, almost 27% of DO measurements were classified as below moderate.
Accordingly, at the urban site, Lithaios, almost 27% of DO measurements were classified as
below moderate, and at the highly impacted site, Pikrodafni, 80% of DO measurements
were classified as below moderate.

The highest values of electric conductivity in all cases were up to 900 pS/cm, with the
exception of Pikrodafni station, where the maximum value was 1696 uS/cm. High electric
conductivity values indicate an increase in the dissolved solids concentration, possibly
related to pollution; electric conductivity measurements in combination with alkalinity
have often been used as a tool in river water quality assessments [54-56]. Values higher
than 1000 puS/cm can be attributed to pollution or large quantities of land run-off [57];
nevertheless, high electric conductivity measurements in urban areas have been reported
and may be associated with the wash-off of solutes from hard surfaces [58,59].

Regarding diurnal variations in the cases of impacted sites (Nomi and Pikrodafni),
the range (maximum-minimum) and the interquartile range of hourly water temperature
during the day was wider compared to unpolluted sites (Tempi and Lithaios). Additionally,
in Tempi and Lithaios, water temperature showed the typical diurnal variation (minimum
values around 09:00 and maximum values around 17:00), while at Nomi, and especially at
Pikrodafni, temperature daily variations seemed to be controlled by other, external factors.

DO concentration variations during the day depended on the characteristics of each
station. At stations receiving pollution pressures (Nomi and Pikrodafni), the DO variations
were larger. In contrast, at stations without pollution pressures (Tempi and Lithaios), maxi-
mum DO concentrations were 11.7 mg/L and 14.6 mg/L, respectively. DO concentrations
of diurnal fluctuations in the case of unpolluted sites (Tempi and Lithaios) were milder
compared to polluted sites (Nomi and Pikrodafni). At urban sites (Lithaios and Pikrodafni),
the outliers were higher, although in Lithaios, only low outliers were recorded. At im-
pacted sites (Nomi and Pikrodafni), the higher outliers were more pronounced. The diurnal
DO concentration fluctuation was typical at Lithaios (relatively unpolluted), gradually
increasing during the day, reaching the peak at around 16:00, and then decreasing due to
the higher oxygen consumption in relation to photosynthesis. Tempi was strongly affected
by groundwater springs and therefore the photosynthesis processes, as well as the limited
diurnal fluctuations of DO. Moreover, diurnal fluctuations were not evident in the cases of
Nomi and Pikrodafni stations, which were impacted by organic pollution and therefore the
aforementioned pattern of photosynthetic activity was not evident.

Pearson’s correlation coefficient R between hourly temperature and DO was negative
in the case of Tempi and Lithaios stations, which is evidence of the antagonistic effect of
high temperature to dissolved oxygen solubility. In the case of polluted sites (Nomi and
Pikrodafni), the correlation coefficient between hourly temperature and DO was positive,
indicating possible external factors affecting the system. Electric conductivity and water



Hydrology 2021, 8, 86

16 of 19

depth were negatively correlated in all cases, as expected, because increased water depths
can be associated with recent rainfall events that have relatively low EC values. DO
concentration did not have a strong correlation with water depth at any site. Finally,
the correlation coefficient between DO and EC was negative in the case of unpolluted
monitoring sites (Tempi and Lithaios), while in polluted sites, the correlation was positive
(Nomi and Pikrodafni).

The cross-correlogram (CCF) of water depth between Nomi and Tempi stations was
asymmetrical. The highest CCF was achieved after 45 hours, while the value was quite
high, indicating the significant delay in peak discharge appearance between the two sites.

The cross-correlograms (CCF) between DO and electric conductivity, and between
water temperature and DO at Nomi and Pikrodafni stations, demonstrated positive but
low values, while Tempi and Lithaios stations indicated low, negative values. Additionally,
no time lag was detected. The aforementioned difference in the CCFs supports the aspect
that higher pollution pressures are imposed on Nomi and Pikrodafni stations, because the
natural relationship between DO and water temperature was reversed in these sites and
the expected negative correlation was not met. The cross-correlograms (CCF) between
dissolved oxygen and electric conductivity, and between water temperature and dissolved
oxygen at Nomi and Pikrodafni stations, demonstrated positive but low values, while
Tempi and Lithaios stations indicated low, negative values. Additionally, no time lag
was detected. The aforementioned differences in the CCFs support the aspect that higher
pollution pressures are imposed on Nomi and Pikrodafni stations, because the natural
relationship between DO and water temperature was reversed in these sites and the
expected negative correlation was not met. The sites at the Pinios River (Tempi and Nomi)
demonstrated an evident symmetrical pattern. Nevertheless, at Nomi Station, CCF was
negative in the cross-correlogram between dissolved oxygen and water depth, indicating
that an increase in water availability leads to the deterioration of water quality, possibly
due to the increase in pollutants during rainfall events that drain agricultural fields.

Lithaios and Pikrodafni, both urban stations, showed diurnal variation in the cross-
correlograms between dissolved oxygen and water depth, between dissolved oxygen and
electric conductivity, and between water temperature and dissolved oxygen, which was
stronger at Pikrodafni, as expected (due to higher pollution pressures).

Finally, based on the RAPS curves, DO and water depth seem to be consistent for most
of the high peaks in Tempi and Lithaios. This implies that the significant amount of water
entering the system during heavy rainfall was also rich in DO. However, the same pattern
was not observed in Nomi and Pikrodafni, where in high flows, DO levels either decreased
or remained approximately the same due to the pollution sources existing in the sites’
basin. At Tempi and Lithaios stations, the S, values of dissolved oxygen and temperature
were in most cases opposite, as expected, while in the case of Nomi and Pikrodafni, this
pattern was not obvious, which means that there were other factors affecting DO more
than temperature at these sites (pollution). Electrical conductivity illustrated an opposite
fluctuation pattern in relation to water depth at Tempi and Lithaios stations, which was
explained by the low EC values of the rainfall that caused water depth peaks.

5. Conclusions

Socioeconomic development has inevitably led to the qualitative and quantitative
degradation of the environment. In particular, riverine ecosystems are subjected to multiple
pressures related to hydromorphological alterations and are the recipients of pollution
loads mainly associated with agricultural and industrial activities taking place in the water-
shed [3]. Under these circumstances, integrated river basin management that includes all
human activities and the preservation of the environment in a coordinated and sustainable
manner [60] requires reliable assessments of surface water quality [61], especially under the
challenge of the compliance of the regulation standards set by the EU Water Framework
Directive, 2000/60/EC, which aims to maintain and improve the quality of inland and
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coastal waterbodies [20]; integrated and economically viable solutions for monitoring and
analyzing environmental parameters related to surface water are a necessity.

In this paper, a simple yet effective and low-cost approach based on the statistical
analysis of automatic monitoring station data of water level and basic water quality in-
dicators (temperature, electric conductivity, and dissolved oxygen concentrations) has
been proposed. The specific framework was based on the analysis of high-frequency
measurements at sites with already known hydromorphological conditions and pollu-
tion pressures, and provided the means for the interpretation of the current status of the
monitoring stations, allowed for the detection of possible changes, and allowed for the
definition of thresholds at similar sites. This approach can be used as a textbook example
and can be easily reproduced by public agencies or other stakeholders, either locally or
regionally, involved in environmental monitoring, public health safety, or civil protection,
often lacking in necessary human or financial resources to perform regular environmental
monitoring activities. The advent of user-friendly statistical analyses can enable better
environmental protection by bridging the gap between data collection, data analysis, and
informing decision makers.

Author Contributions: Conceptualization, E.D.; Formal analysis, A.M. and E.D.; Funding acquisition,
E.D.; Methodology, A.P., G.P. and E.D.; Resources, G.V. and E.D.; Visualization, A.M.; Writing—
original draft preparation, A.M.; Writing—review and editing, G.V., A.P,, G.P. and E.D. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was conducted under the first implementation phase (2018-2020) of the Na-
tional Research Infrastructure (RI) “Hellenic Integrated Marine-Inland Waters Observing Forecasting
and Offshore Technology System, HIMIOFoTS” (MIS 5002739), funded by the Special Secretary
for Management of European Regional Development Fund (ERDF) & Cohesion Fund (CF), and
under the project “Open Internet of Things infrastructure for online environmental services- Open
ELIoT” (T1EDK-01613), co-financed by the European Union and Greek national funds through the
Operational Program Competitiveness, Entrepreneurship and Innovation, under the call RESEARCH-
CREATE-INNOVATE.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Mehta, L. Water and human development. World Dev. 2014, 59, 59-69. [CrossRef]

2. Wetzel, R.G. Clean water: A fading resource. Hydrobiologia 1992, 243-244, 21-30. [CrossRef]

3. Vitousek, PM.; Mooney, H.A.; Lubchenco, J.; Melillo, ]. M. Human domination of Earth’s ecosystems. Science 1997, 277, 494-499.
[CrossRef]

4. Beck, M.B. Transient pollution events: Acute risks to the aquatic environment. Water Sci. Technol. 1996, 33, 1-15. [CrossRef]

5. D’Arcy, B,; Kim, L.-H.; Maniquiz-redillas, M. Wealth Creation without Pollution: Designing for Industry, Ecobusiness Parks and
Industrial Estates; IWA Publishing: London, UK, 2017; ISBN 9781780408347.

6. Halliday, S.J.; Wade, A ].; Skeffington, R.A.; Neal, C.; Reynolds, B.; Rowland, P.; Neal, M.; Norris, D. An analysis of long-term
trends, seasonality and short-term dynamics in water quality data from Plynlimon, Wales. Sci. Total Environ. 2012, 434, 186-200.
[CrossRef] [PubMed]

7. Kirchner, ]JW,; Feng, X.; Neal, C.; Robson, A.J. The fine structure of water-quality dynamics: The (high-frequency) wave of the
future. Hydrol. Process. 2004, 18, 1353-1359. [CrossRef]

8. Jones, A.S.; Aanderud, Z.T.; Horsburgh, ].S.; Eiriksson, D.P.; Dastrup, D.; Cox, C.; Jones, S.B.; Bowling, D.R.; Carlisle, J.; Carling,
G.T.; et al. Designing and Implementing a Network for Sensing Water Quality and Hydrology across Mountain to Urban
Transitions. J. Am. Water Resour. Assoc. 2017, 53, 1095-1120. [CrossRef]

9.  Mentzafou, A.; Panagopoulos, Y.; Dimitriou, E. Designing the national network for automatic monitoring of water quality
parameters in Greece. Water 2019, 11, 1310. [CrossRef]

10. Meyer, AM,; Klein, C.; Fiinfrocken, E.; Kautenburger, R.; Beck, H.P. Real-time monitoring of water quality to identify pollution
pathways in small and middle scale rivers. Sci. Total Environ. 2019, 651, 2323-2333. [CrossRef] [PubMed]

11. Rabiet, M.; Margoum, C.; Gouy, V.; Carluer, N.; Coquery, M. Assessing pesticide concentrations and fluxes in the stream of a

small vineyard catchment. Effect of sampling frequency. Environ. Pollut. 2010, 158, 737-748. [CrossRef]


http://doi.org/10.1016/j.worlddev.2013.12.018
http://doi.org/10.1007/BF00007017
http://doi.org/10.1126/science.277.5325.494
http://doi.org/10.2166/wst.1996.0033
http://doi.org/10.1016/j.scitotenv.2011.10.052
http://www.ncbi.nlm.nih.gov/pubmed/22119034
http://doi.org/10.1002/hyp.5537
http://doi.org/10.1111/1752-1688.12557
http://doi.org/10.3390/w11061310
http://doi.org/10.1016/j.scitotenv.2018.10.069
http://www.ncbi.nlm.nih.gov/pubmed/30332665
http://doi.org/10.1016/j.envpol.2009.10.014

Hydrology 2021, 8, 86 18 of 19

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

Kozak, C.; Fernandes, C.V.S,; Braga, S.M.; do Prado, L.L.; Frohner, S.; Hilgert, S. Water quality dynamic during rainfall episodes:
Integrated approach to assess diffuse pollution using automatic sampling. Environ. Monit. Assess. 2019, 191, 402. [CrossRef]
Ockenden, M.C.; Deasy, C.E.; Benskin, CM.W.H.; Beven, K.J.; Burke, S.; Collins, A.L.; Evans, R.; Falloon, P.D.; Forber, K.J.;
Hiscock, KM.; et al. Changing climate and nutrient transfers: Evidence from high temporal resolution concentration-flow
dynamics in headwater catchments. Sci. Total Environ. 2016, 548-549, 325-339. [CrossRef] [PubMed]

Gujral, A.; Bhalla, A.; Biswas, D.K. Automatic water level and water quality monitoring. In Proceedings of the Ninth Symposium on
Field Measurements in Geomechanics; Dight, PM., Ed.; Australian Centre for Geomechanics: Perth, Australia, 2015; pp. 511-523.
Zhu, Y,; Tang, M.; Du, M. An Emergency Monitoring about Sudden Water Pollution Accident in Drinking Water Sources.
In IEEE International Conference on Emergency Management and Management Sciences; IEEE: Beijing, China, 2010; pp. 99-101.
ISBN 9781424460656.

Outram, EN.; Lloyd, C.E.M,; Jonczyk, J.; Benskin, C.; Grant, F.; Perks, M.T.; Deasy, C.; Burke, S.P.; Collins, A.L.; Freer, ].; et al.
High-frequency monitoring of nitrogen and phosphorus response in three rural catchments to the end of the 2011-2012 drought
in England. Hydrol. Earth Syst. Sci. 2014, 18, 3429-3448. [CrossRef]

European Commission. European Commission Council Directive 2000/60/EC of the European Parliament and of the Council of
23 October 2000 establishing a framework for Community action in the field of water policy. Off. J. Eur. Communities 2000, L327,
1-72.

Hellenic Statistical Authority Holdings and Utilised Agricultural Area, Divided into Mixed, Agricultural and Livestock Holdings,
by Region and Regional Unit. 2016 Farm Structure Survey. Available online: https://www.statistics.gr/en/statistics/-/
publication/SPG32/ (accessed on 1 March 2021).

Ministry of Rural Development and Food of Greece. 1st Update of River Basin Management Plans of the River Basins of Thessalia
Water District (EL08); Ministry of Rural Development and Food of Greece: Athens, Greece, 2017.

European Commission. Common Implementation Strategy for the Water Framework Directive (2000/60/EC), Guidance Document
No.19, Guidance on Surface Water Chemical Monitoring under the Water Framework Directive; Official Publications of the European
Communities: Luxembourg, 2009; ISBN 9789279112973.

Ministry of Environment and Energy. Detailed Documentation of the 1st Update of the River Basin Management Plans of Thessalia
Water District (EL08). Analysis of the Anthropogenic Pressures and Their Effect on the Surface and Groundwater Waterbodies; Ministry of
Environment and Energy: Athens, Greece, 2017.

Dimitriou, E.; Markogianni, V.; Mentzafou, A.; Karaouzas, I.; Zogaris, S. Ecological status assessment of Pikrodafni stream (Attica,
Greece), restoration and management measures. Desalin. Water Treat. 2015, 56, 1248-1255. [CrossRef]

Ministry of Rural Development and Food of Greece. 1st Update of River Basin Management Plans of the River Basins of Attiki Water
District (EL06); Ministry of Rural Development and Food of Greece: Athens, Greece, 2017.

Markogianni, V.; Anastasopoulou, E.; Tsoupras, A.; Dimitriou, E. Identification of Pollution Patterns and Sources in a Semi-Arid
Urban Stream. J. Ecol. Eng. 2018, 19, 99-113. [CrossRef]

Hellenic Ministry of Economy & Development-General Secretariat for Industry GIS Decision Support System for Investors in
Manufacturing. Available online: http://gis.ggb.gr/ioived/ (accessed on 1 May 2018).

Trikkaion Municipality GIS Applications of Trikkaion Municipality. Available online: https:/ /trikalacity.maps.arcgis.com/apps/
webappviewer /index.html?id=ff72c6b636444ddeac9448c632874582 (accessed on 1 March 2021).

Ministry of Environment and Energy of Greece Geoportal of Planning Department for Metropolitan, Urban and Suburban Areas.
Available online: http://msa.ypeka.gr/ (accessed on 1 March 2021).

Wetzel, R.G. Limnology. Lake and River Ecosystems, 3rd ed.; Academic Press: San Diego, CA, USA, 2001; ISBN 978-0-12-744760-5.
Poff, N.L.; Allan, ].D.; Bain, M.B.; Karr, J.R.; Prestegaard, K.L.; Richter, B.D.; Sparks, R.E.; Stromberg, ].C. The Natural Flow
Regime. Bioscience 1997, 47, 769-784. [CrossRef]

Xu, G,; Li, P; Lu, K,; Tantai, Z.; Zhang, J.; Ren, Z.; Wang, X.; Yu, K.; Shi, P.; Cheng, Y. Seasonal changes in water quality and its
main influencing factors in the Dan River basin. Catena 2019, 173, 131-140. [CrossRef]

Cruz, M.AS.; Gongalves, A.d.A.; de Aragao, R.; de Amorim, J.R.A.; da Mota, PV.M,; Srinivasan, V.S.; Garcia, C.A.B.; de Figueiredo,
E.E. Spatial and seasonal variability of the water quality characteristics of a river in Northeast Brazil. Environ. Earth Sci. 2019,
78, 68. [CrossRef]

Nakhle, P; Ribolzi, O.; Boithias, L.; Rattanavong, S.; Auda, Y.; Sayavong, S.; Zimmermann, R.; Soulileuth, B.; Pando, A;
Thammahacksa, C.; et al. Effects of hydrological regime and land use on in-stream Escherichia coli concentration in the Mekong
basin, Lao PDR. Sci. Rep. 2021, 11, 3460. [CrossRef] [PubMed]

World Meteorological Organization. Planning of Water Quality Monitoring Systems; Technical Report Series No. 3. World
Meteorological Organization: Geneva, Switzerland, 2013; ISBN 9789263111135.

Bratli, J.L. Classification of the Environmental Quality of Freshwater in Norway. In Hydrological and Lintnological Aspects of Lake
Monitoring; Heinonen, P, Ziglio, G., Van Der Beken, A., Eds.; John Wiley & Sons Ltd: Chichester, UK, 2000; pp. 331-343.
Hellenic Centre for Marine Research. Monitoring and Recording of the Water Status (Quality, Quantity, Pressures, Use) in Greece.
Annual Report 2019; Hellenic Centre for Marine Research: Anavyssos, Greece, 2020.

Legendre, P.; Legendre, L. Numerical Ecology. Developments in Environmental Modelling, 3rd ed.; Elsevier: Amsterdam, The
Netherlands, 2012; Volume 24, ISBN 9780444538680.


http://doi.org/10.1007/s10661-019-7537-6
http://doi.org/10.1016/j.scitotenv.2015.12.086
http://www.ncbi.nlm.nih.gov/pubmed/26803731
http://doi.org/10.5194/hess-18-3429-2014
https://www.statistics.gr/en/statistics/-/publication/SPG32/
https://www.statistics.gr/en/statistics/-/publication/SPG32/
http://doi.org/10.1080/19443994.2014.952250
http://doi.org/10.12911/22998993/81784
http://gis.ggb.gr/ioived/
https://trikalacity.maps.arcgis.com/apps/webappviewer/index.html?id=ff72c6b636444ddeac9448c632874582
https://trikalacity.maps.arcgis.com/apps/webappviewer/index.html?id=ff72c6b636444ddeac9448c632874582
http://msa.ypeka.gr/
http://doi.org/10.2307/1313099
http://doi.org/10.1016/j.catena.2018.10.014
http://doi.org/10.1007/s12665-019-8087-5
http://doi.org/10.1038/s41598-021-82891-0
http://www.ncbi.nlm.nih.gov/pubmed/33568764

Hydrology 2021, 8, 86 19 of 19

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.
50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

Benavente, J.; Pulido-Bosch, A. Application of Correlation and Spectral Procedures to the Study of Discharge in a Karstic System
(Eastern Spain). Proc. Ank. Antalya Symp. Karst Water Resour. IAHS 1985, 161, 67-75.

Pinault, J.; Berthier, F. A methodological approach to characterize the resilience of aquatic ecosystems with application to Lake
Annecy, France. Water Resour. Res. 2007, 43, 1-15. [CrossRef]

Arhonditsis, G.; Brett, M.T.; Frodge, J. Environmental Control and Limnological Impacts of a Large Recurrent Spring Bloom in
Lake Washington, USA. Environ. Manag. 2003, 31, 603—618. [CrossRef] [PubMed]

Lehmann, A.; Rode, M. Long-term behaviour and cross-correlation water quality analysis of the river Elbe, Germany. Water Res.
2001, 35, 2153-2160. [CrossRef]

Larocque, M.; Mangin, A.; Razack, M.; Banton, O. Contribution of correlation and spectral analyses to the regional study of a
large karst aquifer (Charente, France). J. Hydrol. 1998, 205, 217-231. [CrossRef]

Garbrecht, J.; Fernandez, G.P. Visualization of Trends and Fluctuations in Climatic Records. J. Am. Water Resour. Assoc. 1994, 30,
297-306. [CrossRef]

Shelton, M.L. Seasonal hydroclimate change in the sacramento river basin, California. Phys. Geogr. 1998, 19, 239-255. [CrossRef]
You, Q.; Jiang, H.; Liu, Y;; Liu, Z.; Guan, Z. Probability analysis and control of river runoff-sediment characteristics based on
pair-copula functions: The case of the Weihe River and Jinghe River. Water 2019, 11, 510. [CrossRef]

Dokulil, M.T.; Teubner, K. Deep living Planktothrix rubescens modulated by environmental constraints and climate forcing.
Hydrobiologia 2012, 698, 29-46. [CrossRef]

Burin, B.; Kranj¢i¢, N. Efficient Monitoring of Variation in the Parameters of Drinking and Wastewater Quality Using Spatial
Database and Application of Raps. Elektron. Casopis Gradevinskog Fak. Osijek 2020, 73-81. [CrossRef]

Bonacci, O.; Patekar, M.; Pola, M.; Roje-Bonacci, T. Analyses of climate variations at four meteorological stations on remote islands
in the croatian part of the adriatic sea. Atmosphere 2020, 11, 1044. [CrossRef]

Srajbek, M.; Durin, B.; Sakac, N.; Sirocic, A. Effect of nitrates on underground water resources -analysis by RAPS method. J. Agric.
Anim. Prod. Sci. Rural Dev. 2018, VIII, 75-79.

Buishand, T.A. Some methods for testing the homogeneity of rainfall records. J. Hydrol. 1982, 58, 11-27. [CrossRef]

Cardoso, A.C.; Duchemin, J.; Magoarou, P.; Premazzi, G. Criteria for the Identification of Freshwaters Subject to Eutrophication, EUR
19810 EN; EC Joint Research Centre: Ispra, Italy, 2001; ISBN 9289409479.

Hinkle, D.; Wiersma, W.; Jurs, S. Applied Statistics for the Behavioral Sciences, 5th ed.; Houghton Mifflin: Boston, MA, USA, 2003;
ISBN 978-0618124053.

Boyd, C.E. Water Quality: An Introduction, 2nd ed.; Springer International Publishing: Cham, Switzerland, 2015; ISBN 9783319174457.
Zhang, L.; Thomas, S.; Mitsch, W.J. Design of real-time and long-term hydrologic and water quality wetland monitoring stations
in South Florida, USA. Ecol. Eng. 2017, 108, 446—455. [CrossRef]

Kney, A.D.; Brandes, D. A graphical screening method for assessing stream water quality using specific conductivity and
alkalinity data. J. Environ. Manag. 2007, 82, 519-528. [CrossRef]

Thompson, M.Y.; Brandes, D.; Kney, A.D. Using electronic conductivity and hardness data for rapid assessment of stream water
quality. J. Environ. Manag. 2012, 104, 152-157. [CrossRef]

De Sousa, D.N.R.; Mozeto, A.A.; Carneiro, R.L.; Fadini, P.S. Electrical conductivity and emerging contaminant as markers of
surface freshwater contamination by wastewater. Sci. Total Environ. 2014, 484, 19-26. [CrossRef]

Chapman, D. Water Quality Assessments: A Guide to the Use of biotaWater Quality Assessments A Guide to the Use of Biota, Sediments
and Water in Environmental Monitoring, 2nd ed.; CRC Press, Taylor & Francis Group: London, UK, 1996; ISBN 0203476719.
Prowse, C.W. The impact of urbanization on major ion flux through catchments: A case study in Southern England. Water Air.
Soil Pollut. 1987, 32, 277-292. [CrossRef]

Diamantini, E.; Lutz, S.R.; Mallucci, S.; Majone, B.; Merz, R.; Bellin, A. Driver detection of water quality trends in three large
European river basins. Sci. Total Environ. 2018, 612, 49-62. [CrossRef] [PubMed]

Conservation Ontario. Overview of Integrated Watershed Management in Ontario; Conservation Ontari: Oshawa, ON, USA, 2010;
ISBN 0958472815.

Behmel, S.; Damour, M.; Ludwig, R.; Rodriguez, M.]. Water quality monitoring strategies—A review and future perspectives. Sci.
Total Environ. 2016, 571, 1312-1329. [CrossRef]


http://doi.org/10.1029/2006WR005125
http://doi.org/10.1007/s00267-002-2891-4
http://www.ncbi.nlm.nih.gov/pubmed/12719891
http://doi.org/10.1016/S0043-1354(00)00488-7
http://doi.org/10.1016/S0022-1694(97)00155-8
http://doi.org/10.1111/j.1752-1688.1994.tb03292.x
http://doi.org/10.1080/02723646.1998.10642649
http://doi.org/10.3390/w11030510
http://doi.org/10.1007/s10750-012-1020-5
http://doi.org/10.13167/2020.20.7
http://doi.org/10.3390/atmos11101044
http://doi.org/10.1016/0022-1694(82)90066-X
http://doi.org/10.1016/j.ecoleng.2017.06.021
http://doi.org/10.1016/j.jenvman.2006.01.014
http://doi.org/10.1016/j.jenvman.2012.03.025
http://doi.org/10.1016/j.scitotenv.2014.02.135
http://doi.org/10.1007/BF00225114
http://doi.org/10.1016/j.scitotenv.2017.08.172
http://www.ncbi.nlm.nih.gov/pubmed/28846904
http://doi.org/10.1016/j.scitotenv.2016.06.235

	Introduction 
	Materials and Methods 
	Sites Description 
	Monitoring Program 
	Time Series Statistical Analysis 

	Results 
	Descriptive Statistics 
	Time Variations 
	Time Series Statistical Analysis 

	Discussion 
	Conclusions 
	References

