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Abstract: Groundwater quantity and quality degradation by agricultural practices is recorded as one
of the most critical issues worldwide. This is explained by the fact that groundwater is an important
component of the hydrological cycle, since it is a source of natural enrichment for rivers, lakes,
and wetlands and constitutes the main source of potable water. The need of aquifers simulation,
taking into account water resources components at watershed level, is imperative for the choice of
appropriate restoration management practices. An integrated water resources modeling approach,
using hydrological modeling tools, is presented for assessing the nitrate fate and transport on an
over-exploited aquifer with intensive and extensive agricultural activity under various operational
strategies and future climate change scenarios. The results indicate that climate change affects
nitrates concentration in groundwater, which is likely to be increased due to the depletion of
the groundwater table and the decrease of groundwater enrichment in the future water balance.
Application of operational agricultural management practices with the construction and use of water
storage infrastructure tend to compensate the groundwater resources degradation due to climate
change impacts.

Keywords: integrated water resources modeling; groundwater nitrate contamination; climate change;
Lake Karla aquifer

1. Introduction

The development of modeling in surface and ground water hydrology is based on the causative
relationships among the hydrological cycle, climate, geomorphology, hydrogeology, and human
activities interaction on the above components [1]. According to Biswas [2], the complexity and
particularity of integrated water resources management is attributed to 24 different issues which are
included in integrated water resources management. One of the 24 issues is the coupling of surface
water and groundwater modeling. The difficulty of an integrated approach of these two water resources
components modeling for different temporal and spatial scales is mentioned by many scientists in
literature. The dynamic processes of surface and groundwater systems are mainly influenced by the
hydrological and hydrogeological conditions for integrated water resources management at watershed
level [3]. Therefore, understanding surface and groundwater processes requires the understanding
of the impact of geomorphology, hydrogeology, and climate on subsurface flow systems [4]. An
integrated approach leads to conclusions related to how recharge and discharge are influenced under
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climate scenarios and management strategies [5]. Moreover, surface water–groundwater interactions
could provide important information for contaminated areas [6].

High concentration values of nitrates in the saturated zone is recognized as a serious threat to
groundwater quality as indicated by several studies [7–18]. Groundwater contamination is classified
in two main categories—non-point and point sources. Nitrate in groundwater may be derived
from industrial, municipal, residential, and agricultural sources. Several studies show a significant
correlation between agriculture and increased nitrate concentration in groundwater [7,15,16]. Non-point
agriculture sources include nitrogen fertilizers, manure application, leguminous crops, irrigation
return-flows, dissolved nitrogen in precipitation, and dry deposition [19,20]. Groundwater nitrate
contamination is considered as a major concern in rural areas, where agriculture is the main human
occupation and economic activity and arises as a result of increased water demands as well as increased
application of nitrogen fertilizers [21,22]. Nitrogen is led to the saturated zone mainly in the form
of nitrate due to the denitrification process which occurs in the vadose zone [15]. Almasri and
Kaluarachchi [23] characterize nitrate anions (NO−3 ) as the most commonly encountered inorganic
pollutant in groundwater resources of rural watersheds, owing to their negative electrical load and
the low sorption ability of soils, and most importantly to their high mobility and water solubility.
Nitrate anions are dissolved in soil water and lost through the water movement in two ways: The
direct way, where leaching is performed at the vertical movement of dissolved molecules of nitrogen
through the soil profile to the saturated zone; and the indirect way, where the surface runoff solutes
are moving over the ground surface until they reach open channels such as field drains, rivers, or
lakes [12,24]. Extensive agricultural land use is related to subsurface nitrate contamination that has been
linked to adverse health concerns [21,22,25]. There are two types of farming systems—the intensive
cropping system and the extensive one. The intensive consists of the arable crops which predominate
in Mediterranean areas [26]. The leading forces of utilizing nitrogen-based fertilizers in agriculture
is the globally increasing demand for food, the improvement of the crop yield as well as the quality
of products. This is primarily caused by a growing world population with a high demand for food
production and food quality [27]. Groundwater contamination possibly leads to social and economic
losses which may be also influenced by climate change, crop pattern, and crop management [28].

Agriculture activity is closely linked to both ecosystems and society under a two-way relationship:
it is obviously affected by environmental changes and, at the same time, its practices directly affect
the environment. Climate change is a continuously variable global phenomenon effecting various
factors including water quantity and quality assessment as well as surface water and groundwater
systems management [29,30]. Human activities in ground and water resources management are, in
turn, in close relationship with climate scenarios, especially within the Mediterranean region, an
area recognized as one of the world’s most affected by climate change. Local climatic simulation
models estimate a significant decrease in precipitation and higher temperatures in the region for
the forthcoming period [31]. Furthermore, climate variability and climate change reveal negative
impacts in the hydrogeological environment with the decreased recharge rates and the increased water
withdrawals affecting the renewable groundwater resources. Impacts on the saturated zone could
also be attributed to human activities due to different land use and crop management practices [32,33].
Therefore, the determination of climate change consequences on groundwater systems requires future
assessment of the hydrological variables that interact directly with the hydrogeological environment
(e.g., groundwater recharge, pumping, pollutant leaching, etc.). The assessment of future conditions
impacts (climate, land use, water demands, etc.) on groundwater systems, is achieved with the
coupling of mathematical models which represents hydrological and hydrogeological processes [30].
In this study, surface-groundwater integrated modeling is applied in order to investigate the impact
of climate change scenarios and the effects of different operational water resources management
strategies on groundwater quantity and quality at Lake Karla watershed, Thessaly, Greece. The paper
emphasizes groundwater quality investigation and particularly emphasizes the simulation of advection
and dispersion of nitrate mass of the Lake Karla aquifer.
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2. Materials and Methods

2.1. Study Area Description

Lake Karla watershed is located at the southeastern part of the Thessaly plain, Greece, and has
an area of 1171 km2 (Figure 1). Agriculture is the main economic activity and as a result is the major
source of income of the local population. The study area is included in the main agricultural region of
Greece (i.e., Thessaly) and it is extensively cultivated with crops characterized by increased water and
fertilization demands such as maize, cotton, and alfalfa [34]. According to Directive 91/676/EEC, the
Thessaly plain area and especially Lake Karla watershed has been identified as Nitrate Vulnerable
Zones (NVZs) from agricultural practices. Figure 2 shows the major land use categories and the
spatial distribution of crop pattern for the year 2001, whereas Table 1 presents the Land Use and
Crop Classification percentage areas and show that the arable cropping systems (cotton, wheat, maize,
cereals etc.) dominate in the study area and cover 335.51 km2 or 67.10% of the total aquifer area.
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Table 1. Land Uses and Crop Classification percentage area.

Crops Area km2 Percentage (%)

Cotton 114.47 22.89
Wheat 153.19 30.64

Energy Crops 0.28 0.06
Legumes 14.38 2.88

Maize 12.29 2.46
Cereals 32.23 6.45

Sugar Beets 8.67 1.73
Pastures 37.24 7.45
Wetland 1.91 0.38

Water Bodies 42.28 8.46
Urban Areas 42.81 8.56

Other Land Uses 40.25 8.05
Total Area 500.00 100.00
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2.2. Climate, Hydrology, and Climate Change Scenarios

The climate of Lake Karla watershed is classified as Mediterranean continental and it is
characterized with cold and humid winters, and warm and dry summers. Average annual precipitation
and temperature is about 500–600 mm, and 16–17 ◦C, respectively. The study watershed, presented in
Figure 1, has diverse geomorphological features and complex terrain relief (its altitude varies from 40
to 1970 m with average altitude of about 230 m). Two distinct hydrological and elevation units are
identified in the study area—the mountainous zone with altitude higher than 200 m and the lowland
zone with altitude lower than of 200 m. Hence a semi-distributed approach is followed for the study
area based on these two zones [35]. It should be mentioned that the aquifer, with an area of about
500 km2, is located in the low altitude zone (Figure 1). Further details on Lake Karla watershed and
aquifer characteristics can be found in a recent study [36].

Future climate change scenarios are based on regional and global circulation models of
atmosphere-ocean systems. There are different types of climate models which are applied, such as Simple
Climate Models (SCMs) of the energy-balance type, Earth-system Models of Intermediate Complexity
(EMICs), and, finally, comprehensive three-dimensional General Circulation Models (GCMs). GCMs
are considered the most advanced applications to produce future climate plots regarding different
assumptions according to variations mainly in precipitation and temperature [33,37–40] and their
negative point is the low spatial resolution of the derived results. For this reason, a spatial downscaling
technique is needed when spatial heterogeneity is important. There are two main categories of
downscaling, the dynamical and the statistical. In this study, the statistical downloading methodology
is used and is based on multiple linear regression (MLR) with stochastic bias correction of the CGCM
results for the historical period (1995–2007) to produce monthly precipitation and temperature time
series for two future periods (2030–2050 and 2080–2100) at watershed level. Analytical description
of statistical downscaling methodology can be found in a recent study [39]. The paper analyzes 3
different climate change socioeconomic storylines, namely, SRESA2, SRESB1, and SRESAB1 from
Special Report on Emissions Scenarios (SRES) for two future periods, one mid-term (2030–2050) and
one long-term (2080–2100). The SRES were published in 2000 by the Intergovernmental Panel on
Climate Change (IPCC). In 2014, IPCC published the updated series attributed to radiation emissions,
named as Representative Concentration Pathways (RCPs). The SRES storylines correspond to RCPs.
The SRESA1B results were close related to RCP6.0 results, the SRESA2 outcomes were placed between
the RCP6.0 and RCP8.5 outcomes and finally the SRESB1 outputs were in agreement with the RCP4.5
outputs and could be used in climate change studies [41,42].

2.3. Geology and Hydrogeological Settings

The geology of Lake Karla watershed is composed by water resistant geological formations, karstic
aquifers, and finally porous formations. Lake Karla aquifer consists of alluvial deposits (Figure 1). The
basement rocks, consisting of impermeable marbles and schist, are located underneath the permeable
formations. Mavrovouni Mountain extends in the eastern boundary of the basin and consists mainly
of impermeable bedrocks. The Thessaly plain continues to the west of the study watershed and
Halkodonion Mountain is located to the southwest of the study watershed. The underlying aquifer is
located at the lower elevation part of the basin, extending in an area of about 500 km2 [34].

2.4. Water Resources Management

Water use for agriculture and especially for irrigation of crop cultivations is the primary category
of water needs at the Lake Karla watershed. Groundwater is the main supplier of water. Almost 98%
of the groundwater resources are exploited to cover irrigation needs [36]. In the northern area of the
basin aquifer there are 12 small irrigation reservoirs, which store and distribute 20 hm3/year of surface
water to the adjacent cultivations. The water stored in the small reservoirs is transferred from the
winter high flows of Pinios River, which is adjacent to Lake Karla watershed.
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The project of Lake Karla reservoir restoration is under construction to rehabilitate the
drained-in-1964 historical natural Lake Karla. This reservoir occupies an area of 38 km2, stored
water volume 141.14 hm3, and is situated at the lowest part of the basin (Figures 1 and 2). It will cover
the irrigation needs of 92,500 acres of cultivated fields located at the southern part of the watershed
and the simultaneous termination of groundwater pumping in the southern part of the aquifer. On
average, 46 hm3/year will be supplied to irrigation by the Lake Karla reservoir through an irrigation
pipe network under pressure.

2.5. Modeling Framework

The proposed Integrated Water Modeling Framework is based on simulation and coupling of
six mathematical models presented in Figure 3. Global Circulation Models (GCMs) [38] are used to
produce future climate scenarios. The surface water processes and the groundwater recharge, among
other hydrological variables, are simulated by the conceptual UTHBAL watershed model [43]. Monthly
areal time series of precipitation (12 precipitation stations), mean temperature (26 meteorological
stations) and potential evapotranspiration (calculated by Thornthwaite method) were used as inputs.
The water balance model uses a soil moisture mechanism to allocate the watershed runoff into
3 components namely, the surface runoff, the medium runoff, and the baseflow runoff. In this study,
the UTHBAL model was applied in a semi-distributed mode considering the hydrological components
of lowland area. The surface runoff was used as an input data to both UTHRL and LAK3 models, while
groundwater recharge was passed to MODFLOW model. UTHRL [43] is a mass balance model and it
was set up according to the reservoir’s volume-water stage curve as proposed by the constructors.
It is a simple monthly conceptual model using the general equation of reservoir’s water balance to
describe its operation in a monthly time step. It has as inputs the natural runoff of the basin, the direct
rainfall to the reservoir, and the flooded waters of Pinios River. The outputs are the withdrawals for
irrigation, the evaporation, the spillway overflows, and reservoir seepage to groundwater. The LAK3
module [44], is connected with the UTHRL, receiving the reservoir water stage and the reservoir stored
volume, and calculates the reservoir seepage to groundwater. The lake-aquifer interaction is simulated
in transient flow conditions, by updating at the end of each time step a water budget for the lake
that is independent of the groundwater budget represented by the solution for heads in the aquifer.
Implicit in the calculations of a lake water budget is the recalculation of current values of lake volume
and stage. The reservoir seepage is, then, used as input for MODFLOW model. Groundwater flow
and the nitrates transport processes are simulated using MODFLOW [45] and MT3DMS models [46],
respectively. The UTHBAL, UTHRL and LAK3 models have been presented, in detail, in previous
papers [36,40].

The present study examined the impacts of climate change scenarios and various water
management strategies using the integrated water modeling framework. Water resources management
scenarios are presented in detail, in [40]. In this paper, only two management scenarios are fully
described. The first is the no-reservoir scenario, in which the current situation is examined, and the
reservoir operation is not taken under consideration, while the second scenario is the reservoir scenario,
where the current and the future situation with reservoir operation are examined as well. In this
scenario, no private irrigation well will operate at the surrounding area of the new Lake Karla, since the
reservoir will cover the irrigation needs of these cultivations at an area of 92,500 acres. Moreover, for
the future periods, where the climate change impacts are examined, every main operational scenario is
divided into three water demand sub-scenarios: (1) Sub-scenario CS investigates the current situation;
(2) sub-scenario RCL investigates the reduction of canal losses; and (3) sub-scenario AIM investigates
the alteration of irrigation methods (from sprinkler to drip irrigation).
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2.5.1. Ground Water Flow Model Description

Groundwater flow of Lake Karla’s aquifer was simulated by MODFLOW code and it was applied
with transient version to obtain hydraulic head changes due to withdrawals during the period of
1 June 1995 to 1 September 2007. Twenty-seven observation wells were used to describe and define
boundary conditions of the aquifer on 1 June 1995. The domain was modelled as a one-layer unconfined
aquifer, with a finite difference grid of 12,500 cells, with each cell dimensions fixed at 200 m × 200 m.
Lateral boundaries in the west and southwest were specified using General–Head boundary due to
the hydraulic contact with the adjacent aquifer. No-flow boundary was utilized for the impermeable
boundary in the eastern and southeastern part of the aquifer, because of the schist’s presence. The
hydraulic parameters and storage coefficients distribution were obtained from [36]. Groundwater
infiltration caused by the precipitation, was derived from UTHBAL model on a monthly basis. Irrigation
return flow was equal to 10% of the irrigation requirements regarding the bibliography [47] and
was aggregated in the recharge. The utility of the ground water flow model was a vitally necessary
tool, since this provides the flow velocity for the advection and dispersion of nitrate mass in the
contaminant transport modeling [16]. The intense presence and the pumping rates of extraction wells
at the central, southernmost, and southeastern part of aquifer distort the natural groundwater flow
direction. Under this status, the groundwater flow is directed from northwest, west, and east to the
central and south/southeast.
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2.5.2. Nitrate Transport and Dispersion Model Description

MT3DMS code was applied to study the spatial and temporal variability of nitrate in the
groundwater regime. The spatial distribution of nitrate in groundwater is determined mainly by
hydraulic characteristics of the aquifer such as hydrodynamic dispersion and advection parameters,
calculating the mass flux at sources with the use of velocities from the groundwater flow model [14,18,48].
Advection and dispersion of pollutant in hydrogeological environment was predicated on some critical
geological coefficients. The first critical advection and hydrodynamic dispersion parameter is the
effective porosity, which affects the seepage velocity of the model domain [49]. Porosity value of
0.30 was selected, consistent with literature granular aquifers values [36]. Another critical transport
parameter is dispersivity. Longitudinal dispersivity (aL) symbolizes the local variations in the velocity
field of a groundwater solute in the groundwater flow direction [50]. The dipersivity is defined by the
characteristics of the aquifer’s geological materials. In the isotropic porous media, the dispersivity
is defined by two functions—the longitudinal dispersivity (αL) of the medium, and the transverse
dispersivity of the medium, αT. Concerning the geology of Lake Karla aquifer, the longitudinal
dispersivity (aL) was set to 20 m and the transverse dispersivity (aT) value was equal to 0.1 m, according
to Gelhar et al. [51]. Eleven observations wells indicated the initial groundwater nitrate status on
1 June 1995. Transient mass transport simulation started from June 1995 and terminated on September
2007. In this time period, systematic observation of groundwater quality was performed by the Greek
Institute of Geological and Mineral Exploration [52].

The amount of nitrate leaching to the aquifer system is influenced by various factors such as the
application of nitrogen fertilization, the geomorphology and the climate conditions of the area, the
physical and chemical parameters of the soil, the nitrogen biochemical transformations in the soil,
the land use, the agricultural management practices, and finally the irrigation methods [12,53]. The
estimation of the nitrate leaching amount is carried out by various methods. Nitrate concentration
in groundwater is determined mainly by hydrogeological parameters, the mass nitrogen loading,
and the water infiltration from the ground surface to subsurface system [17]. The typical form of a
groundwater nitrate leaching function is a timeseries of spatially loading application rates varying
by cultivated area, the crop pattern, the specific fraction of the on-ground nitrogen loading, which is
leaching in the nitrate form, and finally the amount of water, which infiltrates to groundwater system.
Moreover, there is the approach of nitrogen mass balance calculation in the unsaturated zone and
finally the application of agronomic modeling systems, which simulates the biochemical processes,
taking place in the unsaturated zone [54,55]. The rate of nitrate leaching to groundwater regime ranges
from 35–50% of nitrogen fertilizer products application [16,56,57].

In this paper, the initial method of nitrate leaching was applied to estimate nitrogen losses to
saturated zone (Equation (1)): The nitrate loading parameter was based on bibliography research [58].
Cultivation data were obtained from the Integrated Management System of cultivated areas [59].

Nitrate leaching (mg/L) =
Nitrate loading

( Kg
day

)
∗0.4

recharge
365 mm ∗ cultivated area (m2)

(1)

Simulation of nitrate fate and transport was based on groundwater flow calibrated model. The
transport and dispersion model was calibrated via the trial-and-error approach in 2007 and it is related
to the variations of nitrate leaching parameter. The model calibration was carried out until the simulated
nitrate concentration values fit closely to the observed ones. The location of the 41 observation wells is
presented in Figure 4.



Water 2019, 11, 1201 9 of 21
Water 2019, 11, 1201 9 of 24 

 

 
Figure 4. Location of observation wells for the simulation period. 

3. Results 

The calibration results for surface hydrology and groundwater flow models on watershed level 
have been presented in the previous studies [36,40]. Well-known and widely used statistical 
parameters have been used to evaluate the goodness-of-fit of the applied hydrologic models for 
calibration and validation periods [15,60]. Goodness-of-fit parameters are the Nash–Sutcliffe Model 
Efficiency (Ef) (Equation (2)), the Root Mean Squared Error (RMSE) (Equation (3)), and the Coefficient 
of Determination (R2). Ef  1- ∑ 𝑌  𝑌∑ Y0t -YO 2Tt 1  (2) 

where, YO is the mean observed value, Ym is the simulated value, and Yo is the observed one at time 
t.  

RMSE ∑ 𝑌mi- Yoi  2ni 1 n  (3) 

where, Ym is the simulated value, Yo is the observed one, i is the code number of observation points, 
and n is the number of observation points. 

The UTHBAL model was calibrated with the observed sporadic monthly values of Lake Karla’s 
basin runoff to the Pagasitikos Gulf for the historical period of October 1960 to September 2002, using 
the multistart Generalized Reduced Gradient algorithm and the split sample test. The Nash–Sutcliffe 
Model Efficiency was equal to 0.66 for development (using 2/3 of the data selected with random 
sampling) and validation (using the rest 1/3 of the available streamflow data) periods. The LAK3 
model was calibrated against the reservoir’s water level results of the UTHRL model, under the full 
operation hypothesis. This is due to the absence of historical observed data of the reservoir’s water 
stages, since the reservoir is still not fully operated in the benefit of the agricultural demands. The 
Coefficient of Determination (R2) of LAK3 calibration was equal to 0.7805. For the used models 
UTHRL and LAK3, no validation process was conducted since the reservoir is not in operation yet 
and no observations are available for validation purposes. The MODFLOW model was calibrated for 
spatially distributed hydraulic conductivity against 27 observed hydraulic heads for the period of 

Figure 4. Location of observation wells for the simulation period.

3. Results

The calibration results for surface hydrology and groundwater flow models on watershed level
have been presented in the previous studies [36,40]. Well-known and widely used statistical parameters
have been used to evaluate the goodness-of-fit of the applied hydrologic models for calibration
and validation periods [15,60]. Goodness-of-fit parameters are the Nash–Sutcliffe Model Efficiency
(Ef) (Equation (2)), the Root Mean Squared Error (RMSE) (Equation (3)), and the Coefficient of
Determination (R2).

Ef = 1−

∑T
t=1

(
Yt

m −Yt
o

)2

∑T
t=1

(
Yt

0 −YO
)2 (2)

where, YO is the mean observed value, Ym is the simulated value, and Yo is the observed one at time t.

RMSE =

√∑n
i=1(Ymi−Yoi)2

n
(3)

where, Ym is the simulated value, Yo is the observed one, i is the code number of observation points,
and n is the number of observation points.

The UTHBAL model was calibrated with the observed sporadic monthly values of Lake Karla’s
basin runoff to the Pagasitikos Gulf for the historical period of October 1960 to September 2002, using
the multistart Generalized Reduced Gradient algorithm and the split sample test. The Nash–Sutcliffe
Model Efficiency was equal to 0.66 for development (using 2/3 of the data selected with random
sampling) and validation (using the rest 1/3 of the available streamflow data) periods. The LAK3 model
was calibrated against the reservoir’s water level results of the UTHRL model, under the full operation
hypothesis. This is due to the absence of historical observed data of the reservoir’s water stages, since
the reservoir is still not fully operated in the benefit of the agricultural demands. The Coefficient of
Determination (R2) of LAK3 calibration was equal to 0.7805. For the used models UTHRL and LAK3,
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no validation process was conducted since the reservoir is not in operation yet and no observations
are available for validation purposes. The MODFLOW model was calibrated for spatially distributed
hydraulic conductivity against 27 observed hydraulic heads for the period of 1997–1987. RMSE was
1.252 and R2 value was 0.989 for the calibration period. The validation period of MODFLOW occurred
on May 2002 using 10 wells for the assessment and four statistical criteria (Mean Absolute Error
(MAE) = 1.003, RMSE = 1.65, γ = 0.985, and R2 = 0.993). Hence, only the simulation procedure of
advection and dispersion of nitrates is presented using the integrated framework to assess natural and
man-made effects on groundwater quality. Finally, it is worth mentioning that the dry and wet periods
that were used had been characterized on the available historical meteorological data.

3.1. Nitrate Transport and Dispersion Model Calibration

The model calibration procedure is followed in order to assert that the simulated nitrate
concentration values are close to the observed ones. The model was calibrated considering the
nitrate leaching parameter as the guidance criterion, using the trial and error approach for the observed
nitrate concentration data values on 1 September 2007. The visual inspection of Figure 5 (R2 = 0.96)
and the performance measure explained by the Nash–Sutcliffe model efficiency coefficient (Ef = 0.95)
demonstrated the successful calibration process. The validation process of MT3DMS took place on
September 2008 and 22 wells were used. Moreover, the statistical parameter R2 was used for the
validation period and it was equal to 0.83. Table 2 shows the starting and final parameter values
before-and-after the calibration process of the most significant crops.
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Table 2. Parameters and changes before-and-after calibration of the main crops.

Crops Nitrate Loading

Before Calibration (kg/ha/year) After Calibration (kg/ha/year)

Cereal Crops 100 140
Cotton 150 240

Energy Crops 220 310
Legumes 0 30

Maize 250 330
Sugar Beets 115 195

Wheat 140 240
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3.2. Operation Strategies Results

The operational strategies were performed for the historical period 1995–2007. In these strategies
no water demand sub-scenarios were examined. The results regarding to the hydrological modeling
on watershed level, were performed by the UTHBAL, UTHRL and LAK3 models and described in
the paper of Tzabiras et al. [40]. As expected, between the two scenarios, there was no difference in
UTHBAL results as the climatic conditions were the same. Furthermore, there were no UTHRL and
LAK3 results for the non-reservoir scenario. However, for the reservoir scenario, UTHRL resulted in a
positive volumetric water budget of the aquifer and LAK3 calculated the annual seepage volume at
18 hm3 into the aquifer. These results are fundamental and used as input data of the groundwater
nitrate contamination modeling system.

3.2.1. Groundwater Hydrological Modeling

Annually observed water withdrawals of 80 hm3 from the non-renewable resources of the
subsurface water system for the no-reservoir scenario described the aquifer’s over-exploitation. As
a result, the hydraulic head reached the value of −80 m at the south part of the aquifer area, which
is depicted in Figure 6a. On the reservoir scenario implementation, although 62 hm3 per year were
exploited from the non-renewable resources, there was a significant rehabilitation of aquifer’s water
table at nearby reservoir areas including the southern area of the aquifer (Figure 6b).Water 2019, 11, 1201 12 of 24 
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3.2.2. Nitrate Transport and Dispersion Modelling

The spatial distribution of nitrate concentration values regarding the no-reservoir scenario, was
modelled and presented in Figure 7a. The nitrate values were significantly increased, reaching 33 mg/L
in the south-western and south-eastern part of the study area. The large nitrate concentration values
were attributed to the excessive application of nitrogenous fertilizers and to the prevailing crop pattern
on the study area. According to the reservoir scenario, the results of nitrate concentration values
were considerably lower than the no-reservoir scenario. The reservoir operation scenario signaled the
increased recharge which is also explained by the direct hydraulic connection between the reservoir
and the aquifer. The spatial distribution of its nitrate concentration values is presented in Figure 7b.
The maximum nitrate concentration value was equal to 24 mg/L and the lower ones were mostly
observed in the south-eastern part of the aquifer, where the reservoir is located. Hence, as nitrates
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are water-soluble contaminants and the recharge rate is considerably increased, the combination of
these two factors resulted in the decrease and dissolution of nitrates in the aquifer. Comparatively
evaluating the two management scenarios, the percentages of differences of nitrate concentrations in
the surrounding area of the reservoir, ranged between 10% and 15%. Thus, it can be concluded that
the contribution of the reservoir operation is of critical importance towards the remediation of the
groundwater quality.
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Figure 7. Nitrate concentrations on the operational scenarios modeling: (a) No-reservoir scenario
nitrate concentrations; (b) reservoir scenario nitrate concentrations.

The maximum allowable nitrate concentration limit according to Directive 98/83/EC is the value
of 50 mg/L, while the upper limit of 25 mg/L is also defined as the “guidance value”, above which
the water is characterized as not appropriate for domestic use, since above the defined nitrate upper
threshold, severe health issues are caused. The nitrate transport modeling of the no-reservoir scenario
showed gradually increasing concentrations of the nitrate compounds in the aquifer, in analogy to
the fertilizer application rates on the studied area. The presence of the reservoir, conversely, leads
to the increased reservoir’s recharge and the decrease of nitrate concentrations in the groundwater
system. Furthermore, the reservoir operation leads to local decrease of nitrate concentrations in the
surrounding areas, even below the upper indicative threshold of 25 mg/L, as shown in Figure 8a.
Regions with nitrate concentrations above the indicative threshold of 25 mg/L for both the no-reservoir
and the reservoir scenario, respectively, are depicted in Figure 8b. As a result, for the inversion of
this environmental degradation and the prevention of water pollution, radical measures should be
taken for the study area, following the application of good agricultural practices, and the adoption of
efficient irrigation methods for the no-reservoir scenario.
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3.3. Climate Change Results

3.3.1. Surface Hydrological Modeling

Groundwater recharge is the most essential hydrological component factor that affects nitrate
leaching in the aquifer. The annual rainfall decrease observed in all three socioeconomic climatic
scenarios has direct impact on the groundwater recharge rates. Annual average recharge rate was
estimated to be 41.7 hm3 for the historical period. For the mid-term period of 2030–2050, annual
recharge rate is estimated to be 40.7 hm3 for the SRESB1 scenario, 40.5 hm3 for the SRESA1B scenario,
and 39.1 hm3 for the most adverse scenario SRESA2. For the long-term period of 2080–2100, it is
estimated to be 40.2 hm3 for the SRESB1 scenario, 37.9 hm3 for the SRESA1B scenario, and 37.3 hm3 for
the SRESA2 scenario [40].

3.3.2. Groundwater Hydrological Modeling

The overall simulation results highlight the impact of climate change and the effectiveness of
the three sub-scenarios of two water resources strategies on the groundwater quantity regime, as
shown in Tables 3 and 4. More specifically, applying of the two water resources management scenarios,
the sub-scenarios, and the socioeconomic storylines for the mid and long-term period, the average
hydraulic head drawdown was estimated at about 200 m. The largest drawdown (210.73 m) was
observed in the mid-term period of the SRESA1 socioeconomic scenario. For the SRESB1 scenario, the
drawdown reached the value of 231.40 m for the mid and long-term periods.

3.3.3. Nitrate Solute and Transport Model

The nitrate concentration results which were estimated for the two operational strategies indicated
significant differences. Conversely, the resulting differences were minimized during the application
of the three socio-economic storylines. The groundwater nitrate contamination results of the two
operational scenarios for the historical period and for the three socioeconomic storylines are presented
in Tables 5 and 6.
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Table 3. Simulation results from MODFLOW for water demand sub-scenarios of no reservoir
operation strategy.

MODFLOW Simulation Results

Historical
Period

Mid-Term Period Long-Term Period

A1B A2 B1 A1B A2 B1

Hydraulic
Head (m)

CS
sub-scenario

Min −80.60 −216.49 −146.96 −201.37 −198.11 −218.31 −228.32
Max 105.57 49.81 69.85 58.68 58.68 60.04 49.82

Mean 44.52 −31.66 45.81 7.04 6.95 −16.38 −30.97
Median 45.81 −29.05 48.32 7.79 7.74 −13.30 −28.19
Standard
deviation 0.97 1.62 2.18 2.31 2.33 2.85 1.65

RCL
sub-scenario

Min −80.60 −210.59 −210.73 −200.69 −224.14 −204.94 −225.28
Max 105.57 58.75 58.68 58.68 49.81 49.78 49.81

Mean 44.52 8.37 7.38 7.58 −27.83 −29.40 −27.48
Median 45.81 9.10 7.91 8.05 −23.69 −25.55 −23.32
Standard
deviation 0.97 1.95 2.02 1.99 1.64 1.67 1.60

AIM
sub-scenario

Min −80.60 −208.44 −201.37 −202.03 −224.56 −231.40 −221.41
Max 105.57 58.68 60.31 56.08 49.81 62.29 49.81

Mean 44.52 7.19 19.25 −1.30 −30.38 −12.01 −33.06
Median 45.81 7.81 18.46 −1.93 −27.06 −7.98 −30.08
Standard
deviation 0.97 2.21 2.53 2.74 1.70 1.44 1.35

Table 4. Simulation results from MODFLOW for water demand sub-scenarios of reservoir
operation strategy.

MODFLOW Simulation Results

Historical
Period

Mid-Term Period Long-Term Period

A1B A2 B1 A1B A2 B1

Hydraulic
Head (m)

CS
sub-scenario

Min −79.00 −201.11 −202.25 −205.72 −223.95 −222.59 −197.11
Max 105.44 58.68 59.00 59.02 69.73 71.62 71.81

Mean 46.52 12.27 6.98 7.43 −8.95 −12.41 −10.50
Median 47.22 11.82 7.51 8.00 −1.93 −3.73 −1.97
Standard
deviation 1.01 2.20 3.03 2.94 1.94 1.96 1.72

RCL
sub-scenario

Min −79.00 −202.22 −207.48 −201.73 −224.73 −224.21 −229.15
Max 105.44 58.99 59.00 59.02 71.71 71.62 71.81

Mean 46.52 8.33 8.05 8.54 −8.18 −9.25 −7.47
Median 47.22 7.94 7.69 8.09 −3.41 −4.33 −2.86
Standard
deviation 1.01 2.58 2.64 2.55 1.55 1.61 1.54

AIM
sub-scenario

Min −79.00 −203.02 −199.75 −202.22 −221.32 −194.98 −222.90
Max 105.44 58.99 59.00 59.02 71.71 71.62 71.81

Mean 46.52 7.68 7.40 7.87 −9.94 −11.13 −9.19
Median 47.22 7.98 7.69 8.21 −3.07 −4.05 −2.66
Standard
deviation 1.01 2.82 2.87 2.78 1.64 1.75 1.59
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Table 5. Simulation results from MT3DMS for water demand sub-scenarios of no reservoir
operation strategy.

MT3DMS Simulation Results

Historical
Period

Mid-Term Period Long-Term Period

A1B A2 B1 A1B A2 B1

Nitrate
Concentration

(mg/L)

CS
sub-scenario

Min 0.20 0.93 0.93 0.92 0.90 0.93 0.95
Max 32.64 31.87 32.47 31.70 47.72 50.48 47.18

Mean 14.13 13.86 13.96 13.84 18.54 18.66 18.45
Median 13.29 13.76 13.84 13.75 17.53 17.35 17.45
Standard
deviation 0.87 0.18 0.17 0.17 0.45 0.50 0.44

RCL
sub-scenario

Min 0.20 0.93 0.93 0.92 1.06 1.05 1.07
Max 32.64 30.73 31.13 31.17 49.26 48.93 51.33

Mean 14.13 13.80 13.69 13.86 18.39 18.23 18.12
Median 13.29 13.75 13.66 13.76 17.45 17.03 16.89
Standard
deviation 0.87 0.19 0.21 0.14 0.47 0.50 0.45

AIM
sub-scenario

Min 0.20 0.93 0.93 0.92 0.98 0.98 0.99
Max 32.64 31.28 31.71 31.01 48.05 49.78 47.24

Mean 14.13 13.87 13.61 13.84 18.54 17.97 18.44
Median 13.29 13.77 13.29 13.75 17.51 16.91 17.43
Standard
deviation 0.87 0.18 0.19 0.17 0.46 0.48 0.45

Table 6. Simulation results from MT3DMS for water demand sub-scenarios of reservoir
operation strategy.

MT3DMS Simulation Results

Historical
Period

Mid-Term Period Long-Term Period

A1B A2 B1 A1B A2 B1

Nitrate
Concentration

(mg/L)

CS
sub-scenario

Min 0.06 0.26 0.26 0.26 0.18 0.17 0.19
Max 24.04 20.58 20.69 20.37 20.84 20.56 20.77

Mean 11.40 11.06 11.06 18.85 10.33 10.34 19.20
Median 11.33 11.23 11.23 11.06 10.43 10.44 10.33

Standard deviation 0.23 0.06 0.05 0.10 0.03 0.03 0.09

RCL
sub-scenario

Min 0.06 0.26 0.26 0.26 0.22 0.21 0.23
Max 24.04 18.95 18.49 18.47 19.52 18.08 19.24

Mean 11.40 11.06 11.21 11.21 10.50 10.50 10.49
Median 11.33 11.23 11.17 11.17 10.44 10.45 10.43

Standard deviation 0.23 0.06 3.27 3.27 3.24 3.25 3.23

AIM
sub-scenario

Min 0.06 0.26 0.26 0.23 0.20 0.18 0.15
Max 24.04 19.65 18.59 18.79 19.06 18.59 19.98

Mean 11.40 11.06 11.10 11.21 10.49 10.36 10.48
Median 11.33 11.23 10.98 11.17 10.43 10.23 10.42

Standard deviation 0.23 0.06 3.23 3.27 3.25 3.20 3.27

The maximum nitrate concentration value range increased from 31.87 mg/L in the mid-term
period, to about 50 mg/L in the long-term period due to climate change without antropogenic activities
(no reservoir operation). The highest values of nitrate concentrations was recorded to be 50.48 mg/L in
the long-term period of the SRESA2 scenario. Furthermore, the highest values of nitrate concentration
were observed at the south-eastern region and portrayed in Figure 9. Additionally, the lowest values
of nitrate concentrations were recorded in the mid-term period of the SRESA1B scenario in the
north-eastern and south-western part of the study area and are also presented in Figure 9. On the
contrary, the nitrate concentration values ranged from 0.20 to 32.64 mg/L, in the historical period. The
maximum nitrate concentration value of 32.64 mg/L was recorded in the southeastern area while the
minimum value was encountered in the northern part of the study area.
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Figure 9. Maps of Nitrate concentration for the two water resources management and socio-economic
scenarios: (A) SRES scenario of no-reservoir operational strategy; and (B) SRES scenario of reservoir
operational strategy.

Spatial nitrate concentrations that exceed the indicative threshold value of 25 mg/L regarding
the mid-term and long-term period, are depicted in Figure 10a,b, respectively. The comparison of
Figures 8 and 10 reveal the impact of climate change on nitrate concentrations, since the areas where
the value of 25 mg/L is exceeded for the two future periods are significantly larger than the one for the
historical period. The percent differences between the three socio-economic plots and the historical
period range between 0% and 15% for the mid-term period, and between 0% and 30% for the long-term.
Their spatial distribution is illustrated in Figure 11. The differences for the historical period of the
reservoir scenario are not depicted, because in neither of the operational nor the climate scenarios was
the indicative value of 25 mg/L exceeded. The groundwater quality spatial status for the two water
resources operational scenarios in conjunction with the climate change storylines is shown in Figure 9.
The above results highlight the necessity of continuous monitoring of groundwater quality in the study
area, since many wells are used to supply water for domestic and irrigation uses in the surrounding
settlements and in the city of Volos [34].
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Figure 10. Spatial distribution of 25 mg/L excess for all three socio-economic scenarios for the historical
period of no-reservoir scenario: (a) For Mid-Term Period of 2030–2050 and (b) for Long-Term Period
of 2080–2100.
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4. Discussion

One of the most important impacts of climate change and variability on water resources is the
reduction of groundwater recharge rate and aquifers’ water table depletion [17,32,33]. This fact affects
groundwater quality, leading to the increase of nitrates concentration [17,31,61]. In our research, for the
long-term period of SREA2 scenario without reservoir operation, groundwater recharge was reduced
to 4.4 hm3 per year and hydraulic head drawdown reached 45 m resulting to about 18 mg/L increase of
nitrates concentration. Furthermore, the area of 25 mg/L nitrate concentrations exceedance of aquifer
was expanded due to the climate change impact.

On the contrary, the water storage infrastructures operation contributes to the groundwater
recharge raise due to their hydraulic connection with the underneath aquifer [62,63]. In the cases where
these infrastructures cover the irrigation needs of the nearby cultivations, a significant rehabilitation of
aquifer water table was observed [64,65]. The results of this study highlight this benefit. Reservoir
operation, for the historical period, increased the groundwater recharge to 18 hm3 per year. Therefore,
an elevation of the hydraulic heads at 40 m leading to a reduction of 20 mg/L nitrates concentration
was observed in the reservoir vicinity. This concluded to a 41% area reduction of 25 mg/L exceedance.

The land use and the hydrological and hydrogeological data used in this study, refer to the
historical period 1995–2007. Newer land use data have been compared with the relevant data of
2001 and the changes were found to be marginal. On the other hand, newer datasets of hydrological
and groundwater data are not available. All the component models of the modelling system were
calibrated successfully, indicating that the models were able to simulate accurately the hydrological
and hydrogeological processes of the watershed and the aquifer of the study area. The calibrated
models were also able to capture the future hydrological response because there were no significant
changes in the state parameters of the surface and groundwater hydrological processes. Therefore, the
use of older datasets was acceptable. They did not introduce additional uncertainties in the results of
the paper, and they did not affect the conclusions of the paper.

5. Conclusions

The present study described and evaluated the applicability of an integrated modeling system
approach on water management strategies and climate change impacts assessment on the water
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resources quantity and quality of the Lake Karla aquifer. Nitrates are the most important pollutant
factor and nitrate pollution is a known global issue according to worldwide scientific literature, which
is caused by the need for increased food-supply production to address the needs of the growing world
population. The modeling system included coupled surface, groundwater, and reservoir’s operation
hydrological simulation tools that clearly focused on the advection and dispersion of nitrate mass in
the groundwater regime.

The groundwater quantity and quality regimes were examined on Municipal District level. Overall,
six original water management strategies were compared and evaluated. Two management strategies
described the aquifer’s status, one without taking under consideration the operation of the reservoir
(no-reservoir scenario) and one taking it under consideration (reservoir scenario). Both cases were
sub-linked to three water demand strategies. The climate change impacts were also evaluated for three
socio-economic storylines. The applied water resources management strategies’ simulation results
under climate change scenarios were milder for the mid-term period, as compared to ones for the
long-term period that were more moderate as impact results. Regarding the nitrate contamination of
groundwater resources, the management strategies and the current crop pattern applied continued to
have significant negative impacts on the groundwater quality regime.

Based on the simulation results, it is concluded that the current agricultural activities were the
main reason for the groundwater quality degradation. This phenomenon becomes more intense
with climate change impacts. Operational management practices in conjunction with water demands
methods compensated the groundwater resources nitrate contamination of climate change impacts.
Although the reservoir’s operation in the study area is evidently an efficient groundwater resources
management tool, promoting not only the sustainability of the general water regime, but also the
regional socio-economic development, this approach of groundwater resources recovery alone, is not
a panacea. The adoption and implementation of good agricultural practices in conjunction with the
application of appropriate crop pattern, that comply with the objectives of water resources quality
remediation constitutes a great necessity.
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