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Abstract

Global water resources are currently under increasing pressures that lead to their quantitative
and qualitative degradation. Humanly imposed modifications of the environment lead to the
deterioration of the quality and availability of the water resources, especially of vulnerable
coastal, karstic systems. Towards the better understanding of the karst operational mecha-
nisms, time series analysis is often employed, especially in lack of other resources. Under this
scope, daily and hourly time-series of physicochemical characteristics (temperature, dissolved
oxygen and electrical conductivity) for the period 2011-2015 at an especially vulnerable
coastal wetland (Koumoundourou Lake, Athens, Greece) were statistically processed and
analysed, so as to investigate the response of the lagoon to the underwater recharging karst
system and the driving biological processes. Based on the results, the physicochemical
variables are largely controlled by the groundwater inflows or sea water intrusion and
macrophytes affect dissolved oxygen fluctuations. Precipitation affects the system after 72—
79 days, while meteorological variables affect significantly the water temperature and electri-
cal conductivity of the lagoon. Biological processes and freshwater inflows rather than climate
factors seems to affect dissolved oxygen concentrations.

Keywords Automated monitoring survey - Biological processes - Karst - Koumoundourou Lake -
Time series statistical analysis

1 Introduction

Global water resources are currently under increasing pressures that lead to their quantitative

and qualitative degradation (Wetzel 1992). Humanly imposed modifications of the environ-
ment as consequence of industrial sprawl and intensive agricultural activities, together with
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urbanization and other unsuccessful water management strategies, lead to the deterioration of
the quality and availability of the water resources and impact the integrity of water bodies.
Especially in the case of sensitive ecosystems such as coastal estuaries, lagoons and salt
marshes (Ruiz-Luna and Berlanga-Robles 2003) or geologically fragile environments such as
karst, which are highly vulnerable to overuse and misuse (Ford and Williams 2007), specialist
knowledge is required for proper management.

Towards the better understanding of a karst operational mechanisms, time series analysis is
often employed, since it can provide information concerning the hydrologic processes and the
physical properties of the system (Geyer et al. 2008). Although discharge and precipitation are
the main variables usually used during these analyses, physicochemical parameters are also
often employed (Raeisi and Karami 1997) and can provide an insight of the system charac-
teristics, especially in lack of other resources.

Such is the case of Koumoundourou Lake near Athens, Greece, a small coastal lagoon with
complex hydraulic conditions, which are controlled by the underwater karstic springs that
primarily recharge the lagoon and the seawater intrusion (Dimitriou et al. 2008; Paraschoudis
2002). In order to investigate Koumoundourou Lake, a highly vulnerable coastal lagoon,
advanced, automatic and low priced equipment was employed. The main scope of this effort
was the better understanding of the system’s complex operation and driving biological forces,
in order to address social concerns (Folster et al. 2014). Under this scope, the daily and hourly
measurements of the main physicochemical characteristics (temperature, dissolved oxygen and
electrical conductivity) from a monitoring station installed at the center of the lagoon were
statistically elaborated, so as to investigate the response of the lagoon to the recharging karst
system and the biological processes taking place. Additionally, the effect of the temporal
meteorological variations to the physicochemical parameters of the lagoon was investigated.

2 Study Area

Koumoundourou Lake is located at the northeastern part of Thriassion plain, west of Athens,
Greece, at the foothills of the Aegaleo Mountain (Fig. 1). It is a shallow, rather clear and
blackish lagoon with a surface area of 146,500 m2 and average depth of about 1.0 m
(Mentzafou et al. 2016; Roussakis 2004). The lagoon is separated from Elefsina Bay by a
coastal embankment, which is believed to be firstly constructed during 13th-twelfth century
B.C. Nowadays the communication between Koumoundourou Lake and the sea is accom-
plished through an artificial weir, after an intervention proposed by the Agricultural University
of Athens, so as to increase the water level of the lagoon and minimize the inflow of polluted
groundwater (Dimitriou et al. 2012; Koutsomitros et al. 2001). The weir construction has
inevitably affected the hydrological conditions of the lagoon, lead to the reduction of water
salinity, and affected the distribution of the submerged macrophyes (Chara corfuensis,
Lamprothamnium papulosum, Potamogeton filiformis and Ruppia cirrhosa) and reeds (Phrag-
mites australis), and the ichtyofauna abundance (Aphanius fasciatus, Gambusia holbrooki and
Anguilla anguilla; (Dimitriou et al. 2012; Mentzafou et al. 2016)).

The catchment area of the lagoon is 39.0 km? and has northeast-southwest direction. The
climate of the study area can be classified as “Hot-summer Mediterranean” (Csa) with hot and
dry summers and mild and wet winters (Dimitriou et al. 2012). The lowland of the basin is
mainly structured by quaternary deposits (alluvial deposits, talus cones and scree, torrential
fans, marls, sandstones and clays) that overly the moderately karstified dolomite and
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limestones. The autochthonous impermeable schists, arcoses and graywackes has limited
surface extent (Dimitriou et al. 2008). Koumoundourou Lake is mainly recharged by the
underwater karstic springs located northeastern and southeastern which discharge, respectively,
the karstic aquifers of Parnitha and Aegaleo mountains (Paraschoudis 2002). Nevertheless,
recharge of the lagoon is also accomplished through numerous smaller underwater outlets of
the complex karstic system throughout the entire lagoon bottom (Dimitriou et al. 2012), which
forbids the direct measurements of the total groundwater that flows into the wetland. The
catchment area is highly industrialized and the lagoon is under significant pressures due to the
surrounding infrastructures (motorway, heavy traffic local roads, Elefsina port) and various
pollution sources ((Mentzafou et al. 2016); Fig. 1).

3 Materials and Methods
3.1 Monitoring Program, Data Collection and Processing

The water quality monitoring program implemented at Koumoundourou Lake was designed
following the common practice proposed by World Meteorological Organization (World
Meteorological Organization 2013) and Bartram and Ballance (Bartram and Ballance 1996).
More specifically, the following procedure was carried out:

—  Definition of the objectives: In the specific effort the main objective was to investigate the
karst system’s complex operation and driving biological processes in the lagoon.

—  Preliminary studies: Good knowledge of the study area was necessary for the efficient
design of the monitoring program. Therefore, a review of the past surveys conducted in
the area was implemented. Based on the literature, Koumoundourou Lake does not
stratify, while salinity and temperature are rather uniformly distributed in the water
column, with only exception the area of the underwater recharging springs at the northeast
part (Papadopoulos et al. 2004). Additionally, the hydrological conditions of the lagoon
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Fig. 1 Koumoundourou Lake catchment and geological structure of the wider area
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have changed after the weir construction that also affected the salinity and macrophytes
abundance (Mentzafou et al. 2016).

—  Design of monitoring program: Due to the small size of the lagoon, one monitoring station
was considered adequate (Bartram and Ballance 1996). Nevertheless, in order to investi-
gate the temporal variations of the water quality in detail, it was decided that small time step
was necessary, and therefore, the installation of a telemetric station was appropriate. This
technology allows the automatic and financially supported monitoring of the main phys-
icochemical variables of the water with accuracy. In the specific effort, the main physico-
chemical parameters being monitored were water temperature, electrical conductivity and
dissolved oxygen. These variables were chosen based on financial criteria, but also taking
into consideration the fact that temperature and dissolved oxygen are two of the most
important factors that affect ecosystems and the chemical and biological processes taken
place (e.g., (Antonopoulos and Gianniou 2003)), while extreme values of dissolved oxygen
(hypoxia and anoxia) indicate degradation (Wolanski and Elliott 2016).

Therefore, in the present effort, hourly and daily time-series covering the period 2011-2015
from the automatic telemetric station (AP-2000 Aquaprobe, Aquaread Ltd) installed by the
Hellenic Centre for Marine Research (HCMR), Institute of Marine Biological Resources and
Inland Waters (IMBRIW) at the center of Koumoundourou Lake (lon 23.599801°, lat
38.024729 ©) were elaborated.

— Data storage, retrieval and distribution: The time series of the telemetric station are
automatically stored at an FTP, while the graphical visualization of the dataset is available
in real time online (http://imbriw.hcmr.gr/en/koumoundourou-lake-data/).

—  Quality-assurance procedures: The quality assurance and control of the database involves
field operations and data processing operations. Field operations include station installa-
tion, maintenance and calibration based on the manufacturer’s specifications. Probe was
also rinsed after each calibration, because due to the intense biological processes taken
place in the lagoon, organic material was frequently attached to the electrodes. Data
screening and processing operations were performed by checking the data against spec-
ified screening criteria such as the allowable ranges, historical maxima or minima,
allowable rates of change, comparison with measurements conducted by different instru-
ments, etc.

Climatic data were available from Ano Liosia automatic telemetric meteorological station,
located northeast of the lagoon, which is part of the Hydrological Observatory of Athens
network (National Technical University of Athens-Centre for Hydrology and Informatics;
http://hoa.ntua.gr/stations/d/17/; lon 23.670833°, lat 38.075278°; (Papathanasiou et al. 2013);
Fig. 1). Data included air temperature, precipitation, relative humidity, wind speed and
sunshine duration at 10 min intervals. The station has the most accurate and detailed meteo-
rological variable dataset in the broader area of the lagoon.

3.2 Time Series Statistical Analysis
The statistical tools employed so as to examine the time variations of Koumoundourou Lake’s
water physicochemical parameters (water temperature, dissolved oxygen and electrical con-

ductivity) were descriptive statistics, box-plots, correlation matrixes, frequency histograms and
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autocorrelogram. Additionally, correlation analysis (autocorrelation, cross-correlation func-
tions) and principal component analysis (PCA) was performed so as to study the relationships
between quantitative variables. Finally, bivariate spectral analysis (cross-amplitude, coherency
and gain functions) were used so as to investigate the effect of precipitation on water quality
and electrical conductivity in particular, assuming that the main factor impacting the latter is
the discharge of the karstic, underwater springs that recharge the lagoon.

Statistical analysis was performed with IBM SPSS Statistics v.24.

3.2.1 Correlation Analysis

Autocorrelation is a measure of the linear correlation between successive data series values
(Lambrakis et al. 2000). The Autocorrelation Function (ACF) measures the memory effect of
the examined variables (Mangin 1984), which is computed on the basis of decorrelation lag
time, defined as the time at which the autocorrelation function attains a predetermined value
(0.1 to 0.2 based on (Benavente and Pulido-Bosch 1985); 0.2 based on (Mangin 1984)). For
the needs of this effort, 0.2 was adopted. Autocorrelation function is represented with an
autocorrelogram. The slope of the autocorrelogram is determined by the response of the
system to an event. If the event has only a short-term influence on the response of the
variables, the slope of the autocorrelogram will have a steep and rapid decrease. However, if
the system is influenced by a long-term event, the slope of the autocorrelogram will be gentle
(Mayaud et al. 2014). Autocorrelograms were also used to investigate the seasonal variations
of the physicochemical parameters. Autocorrelation function (ACF) r(k) is defined as (Eq. 1):

k) = Ol = 1wt (5% (x0%) ()

(co) "

where £ is the time lag (k= 0 to m), n is the length of the time series, x is a single event, X is the

mean of the events, and m is the cutting point. The cutting point determines the interval in
which the analysis is carried out and is usually chosen to circumscribe a given behaviour like
annual or long-term effects (Larocque et al. 1998; Mangin 1984).

In a second approach, cross-correlation function was used, so as to examine the response of
electrical conductivity to precipitation. Given that the input stress is an uncorrelated process,
such as the daily rainfall, the cross- correlogram between precipitation and electrical conduc-
tivity can give information about the response of the system (Larocque et al. 1998; Padilla and
Pulido-Bosch 1995). The time lag between lag 0 and the lag of the maximum value of the
cross-correlation coefficient (CCF) gives an estimation of the pressure pulse transfer times
through the aquifer (Panagopoulos and Lambrakis 2006). If the input signal is a random
process, then the cross-correlation function has the form of the impulse response of the system
(Mayaud et al. 2014). Cross-correlation function 7,,(k) can be defined as (Eq. 2):

Cy(k 1 nk
ro (k) = &f((fy) Coh) = 3 (57%) (0s7) 2)
where C,(k) is the cross-correlogram, and o, and o, are the standard deviations of the time
series (Larocque et al. 1998).

Finally, in order to examine the relationship between electrical conductivity and precipita-
tion, the correlation (Pearson correlation coefficient R) between electrical conductivity and 1 to
90 days cumulative precipitation and 0 to 10 days time lags were examined. Based on the
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results, the response of the karst system that recharges the lagoon was examined, assuming
again that the main factor impacting the latter is the inflow of the karstic, underwater springs
that recharge the lagoon.

3.2.2 Principal Component Analysis (PCA)

A common and simple multivariate analysis that is widely used in environmental sciences is
principal component analysis (PCA) (Johnson et al. 2007). The objective of PCA is to
determine the minimum number of variables that contain the maximum amount of information
and to determine which variables are strongly interrelated, so as to provide a simple interpre-
tation of processes causing variation in variables (Brown 1998). Prior to the analysis, the
Kaiser-Meyer-Olkin (KMO) and Bartlett’s test of sphericity were conducted.

In a PCA analysis, a dataset containing p variables, interrelated or correlated to various
degrees, is transformed to a new dataset containing p new orthogonal, uncorrelated variables
called principal components (PCs) (Eq. 3). The variances of the PCs are the eigenvalues and
the coefficients or weights, a;;, are the eigenvectors extracted from the covariance or correlation
matrix (Olsen et al. 2012).

PCy = ajix +a12x2+"'+a|pxp:jgfll/'xj (3)
and so on for all p PCs.
3.2.3 Spectral Analysis
The study of the input and output signals of a system can be investigated with spectral analysis.
The cross-spectral density function S,,(f) corresponds to the Fourier transform of the cross-

correlation function and can be expressed as a function of the cospectrum /,,(f) and the
quadrature spectrum A,(f) (Egs. 4, 5, 6):

Su(f) = hy(F)-Na(f) @)

where i is the imaginary unit
o) =2 {rxyw) +3 (b + ryx<k>>D(k>cos<2wfk>} s)
Ao(f) =2 [rxy(m +3 (oh) + ryx<k>)D<k>sin<z7rﬂc>} ©)

The cross-spectrum can be expressed as a function of cross-amplitude (CAF) |S,,(f)| and phase
D,,(f) (Egs. 7, 8):

[So ()] = \/H, () + 25,0 (7)

By (f) = arctan (Axyﬁf >)

hy (f)
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Finally, the coherence (CF) CO,,(f) and gain (GF) G,,(f) functions are expressed as (Egs. 9, 10,
11, 12):

COw(f) = Suy(/)/1/Sx()Sy(f) 9)
Gy (f) = S (f)/Sx(f) (10)
where
S(f) =2 {1 n ZéID(k)r(k)cos(%r/k)} (11)
D(k) = [(1 + cos(vrﬁ)}/Z (12)

The cross-amplitude function indicates the filtering characteristics of the periodic components
of the precipitation by the system (Padilla and Pulido-Bosch 1995). A poorly developed karst
aquifer with high storage capacity can be considered as an “inertial” filter, while a well
developed and connected karst network behaves mostly as a “non-inertial” filter
(Panagopoulos and Lambrakis 2006). In the frequency domain, the cross-amplitude function
is characterized by a large spectral band which is necessary to attain frequencies higher than
0.2 to get a good filtering effect (Benavente and Pulido-Bosch 1985).

The coherence function shows whether variations in the output time-series respond to the
same type of variations in the input series, and thereby expresses the linearity between these
time-series (Larocque et al. 1998). The linearity is a characteristic of well developed karst
aquifers, where heavy precipition events lead to almost direct high water discharges through
karst springs (Panagopoulos and Lambrakis 2006).

The gain function expresses the amplification (>1) or attenuation (<1) of the input data,
attributable to the intervening system (Larocque et al. 1998; Padilla and Pulido-Bosch 1995).
In karstic systems, an amplification means release of water from repository, whereas an
attenuation means increase of water repository (Amraoui et al. 2003). In gain function, value
of 1 represents the duration of “baseflow” in the aquifer, values smaller than 0.4 corresponds
to the duration of the “quickflow”, while values between 0.4 and 1 can be attributed to
“intermediate flow” of the system (Padilla and Pulido-Bosch 1995).

4 Results
4.1 Descriptive Statistics

The number of valid data per examined parameter were above 1200 except for electrical
conductivity (EC, 878 values). The lagoon’s quality relevant parameters (DO and EC)
fluctuations indicate a lagoon environment that receives significant volumes of freshwa-
ter and probably some organic pollution pressures (25% of the DO measurements were
below 2.26 mg/L and 75% of the EC values were higher than 13,505 uS/cm). The total
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rainfall for the entire period of study was 2924.3 mm, meaning that the average annual
precipitation for the period 2011-2015 was 584.9 mm. Based on the correlation matrix,
the relation among the physicochemical and meteorological parameters was significant
(»<0.01 or p<0.05) in all cases. Pearson correlation coefficient R between water and air
temperature at Koumoundourou Lake can be characterized as very strong (0.941, signif-
icant at p<0.01). Also, water temperature was moderately correlated to sunshine dura-
tion (0.617, significant at p<0.01) and humidity (—0.615, significant at p <0.01).
Concerning DO, the highest correlation was achieved with electrical conductivity
(—0.202, significant at p <0.01). Finally, electrical conductivity was weakly correlated
to humidity (—0.350, significant at p <0.01), air temperature (0.394, significant at
»<0.01) and sunshine duration (0.219, significant at p <0.01) (Table 1).

4.2 Time Variations

Based on Fig. 2a, b, water temperature and DO fluctuate during the day significantly.
Both variables gradually increase during the day, reaching the peak at 17:00 or 18:00,
and then decrease. The minimum value has been recorded at 08:00 at both cases. The
correlation between the two variables was negative, which is evident of the antago-
nistic effect of high temperature to dissolved oxygen solubility (Table 1). Neverthe-
less, this diurnal DO concentration fluctuation is typical and not connected to the
typical diurnal fluctuation of temperature, and it can be attributed to chemical and
biological processes taking place by the biota and photosynthesis during the day,
which can lead even to DO oversaturation of water, and respiration during the night
(George 1961; Whitney 1942). Such diurnal variation was not observed in the case of
electrical conductivity (Fig. 2c¢).

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). Concerning monthly variation of water temperature, it was
noted that it is small, except in the case of the months February and October. Finally,
during summer (May to September) most of the values are greater than the mean and
median (Fig. 3a, d).

The seasonal variation of DO is small. The maximum value of DO was recorded in July, when
the temperature values was also the highest, although the correlation between these parameters was
negative (Table 1). This can be attributed to the smaller impact that temperature has on DO, in
relation to the photosynthetic processes. During spring and summer the fluctuation is larger, while
the highest median value is observed at the beginning of spring (Fig. 3b, e).

Concerning electrical conductivity, the highest values and the largest monthly
variations were reported between June and September and the smallest in December
(Fig. 3c, 1.

Autocorrelograms of water temperature and electrical conductivity showed an evident
seasonal pattern with a period of 365 days (Fig. 3g, i). Concerning water temperature, the
autocorrelogram showed a negative maximum at time lag 180 (in summer) and a positive
maximum at lag 365 (in winter), while concerning electrical conductivity, the autocorrelogram
showed a negative maximum at time lag 170 (in summer) and 365 (in winter), and a positive
maximum at time lag 270 (in autumn). DO autocorrelogram slowed decrease and decay to
zero, indicating a non-stationary behaviour of the time-series. The “curvy” shape can be
attributed to seasonality ((Hyndman and Athanasopoulos 2018); Fig. 3h).
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4.3 Impact of Meteorological Variations on Lake’s Physicochemical Parameters

Based on the autocorrelograms, the memory effect of electrical conductivity in the system was
rather low; ACF overcomes the value 0.2 after 79 days and value 0.0 after 100 days. The
autocorrelation function shape of the precipitation decreases rapidly, and the maximum ACF
was 0.13 and reached the value zero in 5 days, indicating a random occurrence of the
precipitation events (Fig. 4a).

w
v
N
S

. 02 -
9 S
230 > 20
g 15. 2
22 $ = g 18
< > ¥
7] oo -
Q.20 £10 > 16 &
£ % * ==
2y 8 51 ﬁ ¢
3 5 E] §
- °
T 10 g c 12
3 S
5 o ui 10
a 1234567 89101112 b 1234567 89101112 C 123456789 101112
Months Months Months
60 s " F s
5 5 5
§ o T g g
oL el llimd e 0 0 8 N | P
509
7 £ ¢ . €
g it < el el e | .
20 o
2 6o g g e
i ;Wmmh 1)) e :
6 L g o )1
60 » 50 » 60 »
s s s
g g g
ol |3 M‘I’meﬂk 3 2
[ =i 3 d S 0 L
d 5 10 15 20 25 30 35 0 5 10 15 20 f 10 12 14 16 18 20 22
Water temperature (°C) € DO (mg/I) E. Conductivity *103 (uS/cm)
Water temperature DO E. Conductivity
1.04
0.54
s}
Qoo
0.54
0 Coefficient
= Upper Confidence Limit
-1.0. 4 - —Lower Confidence Limit
1 41 81 121 161 201 241 281 321 361 h '1 ! 4'1 ! él' 1‘21’ 1'51’ 2['71' 21'%1' 2;31' 3'21’ 3;1 . I1 ' 4‘1 ' éll 1‘21' 1'61' ZlI)l‘ Zlﬂl ZVSII 3‘21I 3'61
Lag Number Lag Number 1 Lag Number

Fig. 3 Monthly box-plots, seasonal frequency histograms and autocorrelogram of water temperature (a, d, g),
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The CCF showed a clear dissymmetry towards the positive values which means that the
precipitation affects the electrical conductivity in the lagoon. The highest CCF was achieved after
78 days (Fig. 4b). Additionally, the maximum CCF was relatively low and thus the precipitation
input signal was substantially reduced after passing through the system (Larocque et al. 1998).

The best correlation value (R: —0.596; p value <0.00001, significant at p <0.01) was
achieved after 74 days of cumulative precipitation and zero days lag (Fig. 4b).

The cross-amplitude (Fig. 4d) and gain (Fig. 4f) functions confirmed an attenuation of the
input signal by the karstic system for frequencies higher than f=0.014 day! (< 72 days) and
an amplification for very low frequencies. The average value of the coherence function (Fig.
4e) was very low (0.17), which indicates that the specific karstic system is not linear.
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The PCA analysis explained 60% of the variation in the first two principal components. The
first PCA axis (PC1) explained most of the variation of the parameters examined (44%) and
was represented mainly by positive influence of air temperature, water temperature, sunshine
duration and electrical conductivity and negative influence of humidity. The second compo-
nent (PC2) showed strong negative association with dissolve oxygen and positive with rainfall
and electrical conductivity (Fig. 5). The PCA indicates a strong grouping between air and
water temperature, as expected while conductivity is slightly related to wind speed and to a
lesser degree to water temperature. DO, rainfall and air humidity cannot be grouped with any
other parameter and do not seem to be influenced by the rest of the measured variables.

5 Discussion and Conclusions

During the last decades, vulnerable water bodies such as coastal estuaries, lagoons and salt
marshes are imposed to multiple pressures due to anthropogenic modification of the natural
environment. Lake Koumoundourou, a small peri-urban coastal lagoon in close proximity to
Athens, is an extremely vulnerable water body due to the complex hydraulic conditions, but
also due to the geological structure of the wider area, which is characterized mainly by
karstified dolomite and limestones. The recharge of the lake is mainly controlled by multiple
underwater karst spring, which are not possible to monitor. Under this scope, advanced,
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Fig. 5 Principal component plot of the main physicochemical and meteorological time-series at the study area
(Temp: water temperature [°C], Cond: electrical conductivity [pS/cm], DO: dissolved oxygen [mg/L], AT: air
temperature [°C], Rmm: rainfall [mm], H: air humidity [%], WS: wind speed [m/s], and Smin: sunshine duration
[min])
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automatic and low-priced equipment was employed, aiming at the investigation of the
response of the lagoon to the recharging karst system and the effect of the temporal meteo-
rological variations to the physicochemical parameters of the lagoon. For this purpose, daily
and hourly datasets of the main physicochemical characteristics (temperature, dissolved
oxygen and electrical conductivity) of the lagoon were employed.

Based on the results, water temperature and DO fluctuate during the day significantly. This
diurnal DO concentration fluctuation is typical and not connected to the typical diurnal
fluctuation of temperature, and it can be attributed to chemical and biological processes, such
as photosynthesis occurring during day and respiration during night by organisms (George
1961; Whitney 1942). Especially at habitat such as Koumoundourou Lake, where the distri-
bution of submerged aquatic vegetation is dense (Dimitriou et al. 2012; Mentzafou et al. 2016),
diurnal fluctuation of DO at the near-surface water is mainly affected by biological processes
(Frodge et al. 1990) and may lead even to supersaturation of the water in the afternoon (Boyd
2015). The effect of biological processes on the diurnal DO fluctuation has been reported to
similar environments in many cases. Cyronak et al. (Cyronak et al. 2014) mentioned that DO
trends were consistent with biological drivers, while Wallace et al. (Wallace et al. 2016)
reported that DO values in wastewater lagoons were higher during high photosynthetic
activity.

The seasonal variation of water temperature and electrical conductivity is evident, with the
lowest values being reported in winter and the highest values in summer. This is in agreement
with a corresponding seasonal variation of freshwater inflow to the lagoon through the
underwater karstic springs, that during high discharge season leads to a decrease of water
temperature and electrical conductivity, while during low discharge season seawater intrusion
was the main factor affecting the value of these parameters. This effect of water recharge to
electrical conductivity or salinity is quite common to similar systems. For example, Psilovikos
et al. (Psilovikos et al. 2006) concluded that high water flow rates to the deltaic area of Nestos
coincide with low values of electrical conductivity. Mencioé et al. (Mencio et al. 2017)
investigated the influence of groundwater to coastal lagoons and salt marshes, and concluded
that water salinity was controlled by sea water intrusion and groundwater fluxes, with salinity
values decreasing with increasing groundwater recharge. Likewise, Liefer et al. (Liefer et al.
2014) reported that submarine groundwater discharge in a coastal lagoon in the USA was the
main source of freshwater affecting water salinity values.

The seasonal variation of DO was small. The fact that during summer DO and electrical
conductivity were relatively high is contradicting, since the saturation of DO in water
decreases with increasing salinity (Fox 1909) and consequently electrical conductivity. This
can be attributed to the smaller impact that temperature has on DO, in relation to the
photosynthetic processes of the aquatic vegetation, but also to the smaller groundwater inflow
through the underwater karstic springs and the higher recharge with sea water, that has higher
concentration of DO in relation to groundwater. During spring and summer the abundance of
submerged macrophytes leads to increased DO concentrations due to high photosynthetic
processes. During winter, DO concentrations are lower, affected by the higher inflow of
groundwater and the absence of aquatic vegetation in the lagoon. Similar phenomenon
concerning the fluctuation of DO and salinity (or electrical conductivity) in relation to
freshwater inflow and water circulation has also been reported to other lagoons (e.g.,
(Margoni and Psilovikos 2010)).

Concerning the impact of meteorological variables on the physicochemical parameters of
Koumoundourou Lake, based on correlation analysis, precipitation affects the system after 72—
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79 days. This can be attributed to the considerable extent of the aquifer which is developed in
the intensively karstic carbonate formations that recharge the lagoon with 2.5 months lag time
(Mentzafou et al. 2017). The average value of the coherence function indicates that the specific
karstic system is quite complex and not linear. Additionally, regarding meteorological vari-
ables there is a strong relation between air and water temperature, as expected while conduc-
tivity is slightly related to wind speed and to a lesser degree to water temperature. Dissolved
oxygen concentrations seems to be affected mainly by biological and photosynthetic processes
rather than climate factors. It has been reported that concerning urban lakes, the trophic state is
critical on the response of water quality to climatic variation, and that lakes with trophic state
better than highly eutrophic, are not vulnerable to variations of meteorological variables (Wu
et al. 2014). This is the case of Koumoundourou Lake, the trophic status of which can be
classified as oligotrophic based on phosphorus concentrations and as mesotrophic - eutrophic
based on Chl-a concentrations (Markogianni et al. 2014), while during the last decade
qualitative improvement of water has been recorded (Mentzafou et al. 2016).

Acknowledgments An initial shorter version of the paper has been presented in the 15th International Confer-
ence on Environmental Science and Technology (CEST2017), Rhodes, Greece, 31 August to 2 September 2017.

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

References

Amraoui F, Razack M, Bouchaou L (2003) Turbidity dynamics in karstic systems. Example of Ribaa and Bittit
springs in the middle atlas (Morocco). Hydrol Sci J 48:971-984. https://doi.org/10.1623/hysj.48.6.971.51418

Antonopoulos VZ, Gianniou SK (2003) Simulation of water temperature and dissolved oxygen distribution in
Lake Vegoritis, Greece. Ecol Model 160:39-53. https://doi.org/10.1016/S0304-3800(02)00286-7

Bartram J, Ballance R (1996) Water quality monitoring: a practical guide to the design and implementation of
freshwater quality studies and monitoring programs, 2nd edn. World Health Organization & United Nations
Environment Programme, London

Benavente J, Pulido-Bosch A (1985) Application of correlation and spectral procedures to the study of discharge
in a karstic system (eastern Spain). Proc Ankara-Antalya Symp karst water Resour. IAHS 161:67-75

Boyd CE (2015) Water quality: an introduction, 2" edn. Springer, Switzerland https://doi.org/10.1007/978-3-
319-17446-4

Brown C (1998) Applied multivariate statistics in geohydrology and related sciences. Springer, Berlin.
https://doi.org/10.1007/978-3-642-80328-4

Cyronak T, Santos IR, Erler DV, Maher DT, Eyre BD (2014) Drivers of pCO, variability in two contrasting coral
reef lagoons: the influence of submarine groundwater discharge. Glob Biogeochem Cycles Res 28:398-414.
https://doi.org/10.1002/2013GB004598

Dimitriou E, Karaouzas I, Sarantakos K, Zacharias I, Bogdanos K, Diapoulis A (2008) Groundwater risk
assessment at a heavily industrialised catchment and the associated impacts on a peri-urban wetland. J
Environ Manag 88:526—538. https://doi.org/10.1016/j.jenvman.2007.03.019

Dimitriou E, Mentzafou A, Zogaris S, Koutsikos N., Colombari E., Markogianni V., Karaouzas I.,
Konstantinopoulou A., Stathopoulou E., Dasenakis M., Katsiapi S., Moustaka M. (2012) Monitoring of
the ecological quality of Koumoundourou Lake and designing of management, restoration and develop-
mental actions. Final Technical Report [in Greek]. Hellenic Centre for Marine Research - Institute of Marine
Biological Resources and Inland Waters, Anavyssos

Folster J, Johnson RK, Futter MN, Wilander A (2014) The Swedish monitoring of surface waters: 50 years of
adaptive monitoring. Ambio 43:3—18. https://doi.org/10.1007/s13280-014-0558-z

Ford D, Williams P (2007) Karst hydrogeology and geomorphology. John Wiley & Sons Itd, the atrium, southern
gate, Chichester, West Sussex PO19 8SQ, England https://doi.org/10.1002/9781118684986

@ Springer


https://doi.org/10.1623/hysj.48.6.971.51418
https://doi.org/10.1016/S0304-3800(02)00286-7
https://doi.org/10.1007/978-3-319-17446-4
https://doi.org/10.1007/978-3-319-17446-4
https://doi.org/10.1007/978-3-642-80328-4
https://doi.org/10.1002/2013GB004598
https://doi.org/10.1016/j.jenvman.2007.03.019
https://doi.org/10.1007/s13280-014-0558-z
https://doi.org/10.1002/9781118684986

Time Series Analysis of the Physicochemical Parameters and... 133

Fox C (1909) On the coefficient of absorption of nitrogen and oxygen in distilled water and sea water, and of
atmospheric carbonic acid in sea water. Trans Faraday Soc 5:68-87. https://doi.org/10.1039/TF9090500068

Frodge JD, Thomas GL, Pauley GB (1990) Effects of canopy formation by floating and submergent aquatic
macrophytes on the water quality of two shallow Pacific northwest lakes. Aquat Bot 38:231-248. https://doi.
org/10.1016/0304-3770(90)90008-9

George MG (1961) Diurnal variations in two shallow ponds in Delhi, India. Hydrobiologia 18:265-273.
https://doi.org/10.1007/BF00162227

Geyer T, Birk S, Lied] R, Sauter M (2008) Quantification of temporal distribution of recharge in karst systems
from spring hydrographs. J Hydrol 348:452-463. https://doi.org/10.1016/j.jhydrol.2007.10.015

Hyndman RJ, Athanasopoulos G (2018) Forecasting: Principles and Practice. OTexts. https://otexts.org/fpp2/.
Accessed 20 October 2018

Johnson GW, Ehrlich R, Full W, Ramos S (2007) Principal components analysis and receptor models in
environmental forensics. In: Murphy B, Morrison R (eds) Introduction to environmental forensics, 2nd
edn. Academic Press, pp 207-272

Koutsomitros S, Mimides T, Sgoumpopoulou A, Rizos S (2001) Investigation of the self-cleaning ability of Lake
Koumoundourou near Athens from oil pollution. Environ Eng Policy 2:155-159. https://doi.org/10.1007
/3100220000029

Lambrakis N, Andreou AS, Polydoropoulos P, Georgopoulos E, Bountis T (2000) Nonlinear analysis and
forecasting of a brackish karstic spring. Water Resour Res 36:875-884. https://doi.org/10.1029/1999
WR900353

Larocque M, Mangin A, Razack M, Banton O (1998) Contribution of correlation and spectral analyses to the
regional study of a large karst aquifer (Charente, France). J Hydrol 205:217-231. https://doi.org/10.1016
/80022-1694(97)00155-8

Liefer JD, MacIntyre HL, Su N, Burnett WC (2014) Seasonal alternation between groundwater discharge and
benthic coupling as nutrient sources in a shallow coastal lagoon. Estuar Coasts 37:925-940. https://doi.
org/10.1007/s12237-013-9739-4

Mangin A (1984) Pour une meilleure connaissance des systémes hydrologiques. A’partir des analyses
correlatoires et spectrales. J Hydrol 67:25-43

Margoni S, Psilovikos A (2010) Sustainable management of Agiasma Lagoon-River Nestos delta using
R.E.MO.S. Daily monitoring data of water quality and quantity parameters. Trends, assessments, and natural
hazards for the years 2000-2002. Desalination 250:287-296. https://doi.org/10.1016/j.desal.2009.09.045

Markogianni V, Dimitriou E, Karaouzas I (2014) Water quality monitoring and assessment of an urban
Mediterranean lake facilitated by remote sensing applications. Environ Monit Assess 186:5009-5026.
https://doi.org/10.1007/s10661-014-3755-0

Mayaud C, Wagner T, Benischke R, Birk S (2014) Single event time series analysis in a binary karst catchment
evaluated using a groundwater model (Lurbach system, Austria). J Hydrol 511:628-639. https://doi.
org/10.1016/j.jhydrol.2014.02.024

Mencié A, Casamitjana X, Mas-Pla J, Coll N, Compte J, Martinoy M, Pascual J, Quintana XD (2017)
Groundwater dependence of coastal lagoons: the case of La Pletera salt marshes (NE Catalonia). J Hydrol
552:793-806. https://doi.org/10.1016/j.jhydrol.2017.07.034

Mentzafou A, Dimitriou E, Zogaris S (2016) Integrated ecological assessment and restoration planning in a
heavily modified peri-urban Mediterranean lagoon. Environ Earth Sci 75:983. https://doi.org/10.1007
/s12665-016-5800-5

Mentzafou A, Papadogianm C, Dimitriou E (2017) Time variations of the physicochemical parameters in a
Mediterranean Lake. 15th Int. Conf. Environ. Sci. Technol. Rhodes, Greece, 31 August to 2 Sept. 2017

Olsen RL, Chappell RW, Loftis JC (2012) Water quality sample collection, data treatment and results presen-
tation for principal components analysis - literature review and Illinois River watershed case study. Water
Res 46:3110-3122. https://doi.org/10.1016/j.watres.2012.03.028

Padilla A, Pulido-Bosch A (1995) Study of hydrographs of karstic aquifers by means of correlation and cross-
spectral analysis. J Hydrol 168:73—89. https://doi.org/10.1016/0022-1694(94)02648-U

Panagopoulos G, Lambrakis N (2006) The contribution of time series analysis to the study of the hydrodynamic
characteristics of the karst systems: application on two typical karst aquifers of Greece (Trifilia, Almyros
Crete). J Hydrol 329:368-376. https://doi.org/10.1016/j.jhydrol.2006.02.023

Papadopoulos V, Renieris P, Morfis A, Stasinos V (2004) Physical characteristics and water circulation [in
Greek]. In: Study of the groundwater, the water of the Koumoundouros Lake and Elefsis gulf, in relation to
the landfill area of the Western part of Attica region [in Greek]. Hellenic Centre for Marine Research,
Athens, pp 42-61

Papathanasiou C, Makropoulos C, Baltas E, Mimikou M (2013) The hydrological Observatory of Athens : a
state-of-the-art network for the assessment of the hydrometeorological regime of Attica. 13th Int Conf
Environ Sci Technol (CEST 2013), 5-7

@ Springer


https://doi.org/10.1039/TF9090500068
https://doi.org/10.1016/0304-3770(90)90008-9
https://doi.org/10.1016/0304-3770(90)90008-9
https://doi.org/10.1007/BF00162227
https://doi.org/10.1016/j.jhydrol.2007.10.015
https://otexts.org/fpp2/
https://doi.org/10.1007/s100220000029
https://doi.org/10.1007/s100220000029
https://doi.org/10.1029/1999WR900353
https://doi.org/10.1029/1999WR900353
https://doi.org/10.1016/S0022-1694(97)00155-8
https://doi.org/10.1016/S0022-1694(97)00155-8
https://doi.org/10.1007/s12237-013-9739-4
https://doi.org/10.1007/s12237-013-9739-4
https://doi.org/10.1016/j.desal.2009.09.045
https://doi.org/10.1007/s10661-014-3755-0
https://doi.org/10.1016/j.jhydrol.2014.02.024
https://doi.org/10.1016/j.jhydrol.2014.02.024
https://doi.org/10.1016/j.jhydrol.2017.07.034
https://doi.org/10.1007/s12665-016-5800-5
https://doi.org/10.1007/s12665-016-5800-5
https://doi.org/10.1016/j.watres.2012.03.028
https://doi.org/10.1016/0022-1694(94)02648-U
https://doi.org/10.1016/j.jhydrol.2006.02.023

134 Mentzafou A., Dimitriou E.

Paraschoudis V (2002) Hydrogeological study of West Attica (Megara - Thriassion plain), 1st volume:
hydrogeological study [in Greek]. Ministry of Rural Development and Food, Athens

Psilovikos A, Margoni S, Psilovikos A (2006) Simulation and trend analysis of the water quality monitoring daily
data in Nestos River Delta. Contribution to the sustainable management and results for the years 2000-2002.
Environ Monit Assess 116:543-562. https://doi.org/10.1007/s10661-006-7671-9

Raeisi E, Karami G (1997) Hydrochemographs of Berghan karst spring as indicators of aquifer characteristics. J
Cave Karst Stud 59:112-118

Roussakis G (2004) Bathymetry of Koumoundourou Lake [in Greek]. In: Study of the groundwater, the water of
the Koumoundouros Lake and Elefsis Gulf, in relation to the landfill area of the Western part of Attica
Region [in Greek]. Hellenic Centre for Marine Research, Athens, Greece, pp 17-22

Ruiz-Luna A, Berlanga-Robles CA (2003) Land use, land cover changes and coastal lagoon surface reduction
associated with urban growth in Northwest Mexico. Landsc Ecol 18:159—171. https://doi.org/10.1023
/A:1024461215456

Wallace J, Champagne P, Hall G (2016) Time series relationships between chlorophyll-a, dissolved oxygen, and
pH in three facultative wastewater stabilization ponds. Environ Sci Water Res Technol 2:1032-1040.
https://doi.org/10.1039/c6ew00202a

Wetzel RG (1992) Clean water: a fading resource. Hydrobiologia 243-244:21-30. https://doi.org/10.1007
/BF00007017

Whitney RJ (1942) Diurnal fluctuations of oxygen and pH in two small ponds and a stream. J Exp Biol 19:92-99

Wolanski E, Elliott M (2016) Estuarine ecological structure and functioning. In: Estuarine Ecohydrology, 2nd
edn. Elsevier, Amsterdam, pp 157-193

World Meteorological Organization (2013) Planning of water quality monitoring systems. Technical report series
no. World Meteorological Organization, Geneva, p 3

Wu Q, Xia X, Li X, Mou X (2014) Impacts of meteorological variations on urban lake water quality: a sensitivity
analysis for 12 urban lakes with different trophic states. Aquat Sci 76:339-351. https://doi.org/10.1007
/300027-014-0339-6

@ Springer


https://doi.org/10.1007/s10661-006-7671-9
https://doi.org/10.1023/A:1024461215456
https://doi.org/10.1023/A:1024461215456
https://doi.org/10.1039/c6ew00202a
https://doi.org/10.1007/BF00007017
https://doi.org/10.1007/BF00007017
https://doi.org/10.1007/s00027-014-0339-6
https://doi.org/10.1007/s00027-014-0339-6

	Time Series Analysis of the Physicochemical Parameters and Meteorological Factors in a Mediterranean Lagoon
	Abstract
	Introduction
	Study Area
	Materials and Methods
	Monitoring Program, Data Collection and Processing
	Time Series Statistical Analysis
	Correlation Analysis
	Principal Component Analysis (PCA)
	Spectral Analysis


	Results
	Descriptive Statistics
	Time Variations
	Impact of Meteorological Variations on Lake’s Physicochemical Parameters

	Discussion and Conclusions
	References


