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Abstract: Pinios river basin constitutes the most important agricultural production area in Greece, 

contributing to the degradation of the quality and quantity of surface and groundwater bodies. 

Bioenergy crops, implemented as part of the existing cropping systems, could be a novel and efficient 

mitigation strategy against water degradation contributing to the production of energy through 

renewable sources. This study uses the Soil and Water Assessment Tool (SWAT) to first develop a 

representative model of Pinios river basin and evaluate its current state with respect to water 

availability and nitrate water pollution. A low input perennial bioenergy crop, switchgrass, is then 

simulated closely to the Greek conditions, to investigate its potential effects on water through three 

implementation scenarios: installation and growth of switchgrass in the entire irrigated cropland, 

exclusively in irrigated sloping (slopes > 1.5%) cropland and exclusively in irrigated non-sloping 

cropland. The simulated results demonstrate that under all scenarios, water quality improvements 

with respect to nitrate loads entering surface and groundwater bodies were significant, with their 

reduction being directly affected by the extent that switchgrass replaced the resource-demanding 

conventional crops. However, the potential of improving water status with growing switchgrass only 

in sloping areas was considerable, at the same time with significant biomass production. The study 

also highlights the contribution of the bioenergy crop to the increase of groundwater levels across the 

basin, implying that its adoption could be a promising means against water scarcity. 

Keywords: bioenergy crop scenarios; biomass production; nitrate-pollution; Pinios river basin; 

SWAT; switchgrass; water quality; water quantity 

 

1. Introduction 

Water degradation is often caused by the intensification of agricultural activities. Especially 

around the rural landscape of the Mediterranean region, agriculture has led to the overexploitation 

of water reserves for irrigation and to the decline in water quality due to non-point source pollutants 

like fertilizers and pesticide residues entering water bodies [1–5]. While intensive agriculture is 

crucial for food, feed and fiber production, achieving a balance with water quality and quantity is a 

challenge. Therefore, appropriate management practices are required, to accomplish these conflicting 

objectives and meet the objective of good ecological status required by the Water Framework 

Directive (WFD) (Directive 2000/60/EC, 2000) and Nitrates Directive (Directive 91/676/EEC) [6]. 

In addition, agriculture is being promoted globally as a significant method for sustainable 

energy production through the cultivation of bioenergy crops for renewable energy. The European 
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Union (EU) has implemented measures to advance biofuels through the Renewable Energy Directive 

(Directive 2018/2001), which is part of the European Green Deal aiming for a climate-neutral EU by 

2050. Biomass and biofuels are seen as promising energy sources within the current energy crisis in 

the EU, as they can be produced domestically, thereby reducing dependence on energy imports. The 

need to increase bioenergy production in Greece has been recognized over the past decades [7]. 

Efforts to increase combined heat and power production from biomass and replacement of portions 

of gasoline and diesel by liquid biofuels has been reported from more than a decade ago [8]. However, 

the national use of renewable energy sources remains low. As an EU member state, Greece must 

comply with the European Directive, which, for example, mandates that biofuels should contribute 

with >10% to total transport energy consumption by 2030 [9]. 

Apart from the energy targets, bioenergy production can however have positive environmental 

impacts, when it comes from bioenergy crops that are incorporated within existing resource 

demanding cropping systems. Specifically, perennial bioenergy crops are considered as a viable 

option, since they have the capacity to substantially reduce nitrate losses and subsequently reduce 

nonpoint source pollution [10]. In addition, bioenergy crops like sunflower and sorghum, require less 

irrigation water than the majority of irrigated crops, enhancing groundwater conservation [11]. In 

particular, the perennial bioenergy crop switchgrass, introduced from the US, characterized as low 

input, is expected to exhibit similar behavior. Nevertheless, producing bioenergy requires extensive 

agricultural areas, often leading to significant land use changes. Therefore, it is essential to assess a 

bioenergy crop’s socio-economic and environmental footprint before selecting it for regional 

planning. In Greece, no such plan has yet been proposed for any agricultural region to ensure 

continuous, uninterrupted production of bioenergy products. 

The Thessaly plain, located in the center of Greece, represents the most important agricultural 

producer in the country. The largest river basin in the area is Pinios river basin (PRB), covering 

roughly 11,000 km2. It is characterized by Mediterranean climate, fertile soils and mild topography 

and is considered ideal for a variety of crop cultivations. These characteristics have caused the 

intensification of irrigated agriculture in the region with water quantity and quality implications 

[5,12]. The region is included in the list of areas characterized as nitrate vulnerable zones, with a 

negative water balance [13]. 

For the assessment of land use changes at the river basin scale, including changes in cropping 

patterns and their effects on water resources, advanced hydrological models that can provide time-

efficient water quantity and quality predictions are widely utilized. Specifically, the process-based 

Soil and Water Assessment Tool (SWAT) model, has been used worldwide in a wide range of studies, 

among which, one can find a few with bioenergy crops simulation [14–16]. Of substantial interest for 

the present paper are the SWAT studies with bioenergy crops that have highlighted a significant 

nitrate loss reduction and considerable biomass accumulation for potential energy production, even 

when grown in low-productivity areas [17,18]. Moreover, Gassman et al. [19] have found that the 

realistic, limited inclusion of bioenergy crops within agricultural systems, can result to considerable 

reduction of nitrate loss from land to water. 

This study aims to build a dynamic SWAT hydrologic and management model of the intensively 

managed PRB that will consider climate, land use and agricultural practices to estimate crop yields 

and evaluate the resulting water quantity and quality of surface and groundwaters. Within this 

model, the study is the first to attempt a realistic simulation of switchgrass growth cycle in Greece 

and execute rough scenarios of its implementation across large agricultural areas in order to explore 

potential upper levels of water improvements and biomass production at the river basin scale.   

2. Materials and Methods 

2.1. Study Area 

Pinios river basin covers almost entirely the river basin district (RBD) of Thessaly, which is 

located in Central Greece, as can be observed in Figure 1. Specifically, it covers an area of about 11,000 

km2 and is the most important agricultural producer in the country. Agriculture is associated with 
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almost 45% of the total basin’s area [20]. According to the Hellenic Statistical Authority, sector of 

Agriculture, Livestock, Fishery for the year 2022, crops on arable land cover 80% of the total 

cultivated agricultural and fallow land [21]. The main crops cultivated in the PRB are cotton and 

wheat followed by much smaller areas of corn and alfalfa. The average annual precipitation in the 

basin is estimated at 700 mm [22,23] and the average annual river flow after 'Tempi' location and near 

the outlet (Figure 1) is roughly 80 m3/s as reported by Panagopoulos et al. [12].  

 

Figure 1. Location of Pinios river basin in Thessaly, central Greece and the basin’s monitoring points and 

reservoirs. 

The region has been classified as a nitrate-vulnerable zone (Nitrates Directive) [24], mostly due 

to intensive agricultural activities, particularly related to the growth of wheat, cotton and corn. 

Irrigation accounts for 94% of total water usage according to the Hellenic Ministry for the 

Environment, Energy and Climate Change-Special Secretariat for Water [25]. Since groundwater 

currently supplies more than 65% of the region's total water usage, groundwater is crucial to the 

region's sustainability [20]. Two of the twenty-seven groundwater bodies recognized in the PRB, 

covering 2,184 km2, have been classified as having “bad” quality, while nine are recorded to have 

“bad” quantity status according to the most recent regional water management plan [26]. In addition, 

three reservoirs operate in the area contributing to a lower extent as irrigation sources (Figure 1). 

Specifically, “Girtoni” reservoir is located in the Northeastern part of the basin, “Karla” is the 

reservoir in subbasin 41 in the southeastern part (Figure 1) and “Smokovo” is the reservoir in the 

south. These three reservoirs irrigate approximately 13,500 ha, 7,600 ha and 11,500 ha respectively. 

Additionally, 9,600 ha of cropland in the southwestern part of the basin (subbasins 39, 43, 47) are 

irrigated by an outside source, 'Plastiras' lake, as shown in Figure 1.  

2.2. SWAT Model Description 

SWAT was developed by the US Department of Agriculture in collaboration with Texas A&M 

University [27] for use in complex agricultural landscapes. It is a semi-distributed, process-based 

small watershed-to-river basin-scale model used for the simulation of hydrologic, sediment, and 

nutrient processes as well as crop growth, management practices, and land use changes in a 

watershed by using the water balance approach [28]. The watershed in the GIS-based SWAT is 

divided into subbasins and one reach is associated with each subbasin. The subbasins are then 

divided into Hydrologic Response Units (HRUs), which represent a unique combination of land use, 

soil type and topography.  

Runoff and loadings such as nutrients, sediments and pollutants transported by runoff are 

calculated separately in each HRU and then summed together to define the total loadings from the 
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subbasin. Crop growth is also modeled at the HRU scale. Water balance is the driving force behind 

water quality processes and crop growth rates occurring in the basin, including the simulation of 

surface runoff/infiltration, evapotranspiration, lateral flow, percolation, and return flow. Surface 

runoff is estimated at the HRU level by using a modification of the Soil Conservation Service (SCS) 

Curve Number (CN) method [29]. Groundwater aquifers are separated in SWAT into two systems: a 

shallow unconfined aquifer, which governs the amount of return flow to streams and a deep confined 

aquifer, which does not contribute to return flow, but can act as a source or sink. The soil erosion 

caused by rainfall is calculated by the Modified Universal Soil Loss Equation (MUSLE) [30], which is 

a modified version of the Universal Soil Loss Equation (USLE) developed by Wischmeier and Smith 

[31].  

The crop growth component of SWAT is a simplified version of the Erosion Productivity Impact 

Calculator (EPIC) model, which is capable of simulating a wide range of crop rotation, pastureland, 

and trees. Agricultural management practices are defined in SWAT by specific management 

operations [12,29,32] affecting every cropping and livestock system, including bioenergy crops 

[33,34], by defining planting, harvesting, tillage passes, irrigation, grazing, nutrient and pesticide 

applications. In order to simulate the PRB the latest available ArcSWAT 2012 version; Release 687 

compatible with ArcGIS 10.8.2 was implemented. 

2.3. SWAT Pinios Model 

A terrain layer was inserted to start the modeling setup for the PRB. An available 25x25 Digital 

Elevation Model (DEM) for the study area [12] was used to delineate the study area of PRB, covering 

a large part of the River Basin District of Thessaly in central Greece (Figure 1). The area of the basin 

delineated was 10,623 km2 covering roughly 75% of the Thessaly region. The elevation ranges 

significantly in this region with maximum values around 2,000 m near the borders of the basin. The 

basin was then divided into 61 subbasins based on the natural hydrologic pathways defined by the 

surface topography. For the stream delineation, a 10,000 ha upstream drainage area was decided (1% 

of the total basin’s area), defining the minimum drainage area required to form the origin of a stream. 

The river locations with accessible measured flows, the meteorological stations of the area and the 

existing dam locations were also taken into account in the definition of subbasins.  

A land cover layer derived from Corine (CLC) 2012 [35] was used in the modeling. The use of 

the 2012 land use map until nowadays was allowed by a direct comparison with CLC 2018 which 

showed insignificant changes of landcover types in PRB, but also by comparing the current crop 

patterns in the agricultural land with those of previous decades. So, both recent and older crop 

allocation data from the Hellenic Statistical Authority were analyzed and confirmed the rather stable 

crop types and irrigated land in PRB in the last two decades [21]. In the final land use layer for SWAT 

only crops covering a significant area (>1% of the total agricultural land) were considered. 

Specifically, the 10 land use classes included in the final map were: pasture, forested areas, wetlands, 

urban lands, orchard trees, fallow areas, wheat, corn, cotton and alfalfa cultivations. Table 1 presents 

the basin's area assigned to crops that was considered representative from 2010 and onwards in PRB. 

Corn was the most resource-demanding crop in this study, receiving 630 mm of irrigation water and 

364 kg N/ha annually. In addition, cotton was fertilized with 185 kg N/ha and was irrigated with 420 

mm every year. Wheat, which occupied the largest area, as a non-irrigated crop, received 169 kg 

N/ha. Lastly, alfalfa, as a perennial crop with significant irrigation water consumption, needed >600 

mm of irrigation water annually, while its fertilization did not include N inputs. 

Table 1. Distribution of cultivated crops in Pinios river basin. 

Land use Area (ha) Basin percentage (%) 

Alfalfa 15,287 1.4 

Corn 22,908 2.0 

Cotton 164,497 15.5 

Fallow areas 84,159 7.9 
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Wheat 165,636 15.6 

The soil map of PRB was produced with data obtained from the European Soil Database (ESDB) 

[36,37]. Table 2 presents some of the soil parameters required by SWAT and the corresponding 

parameters of the datasets based on ESDB. From the ESDB shapefile, the polygons located in the PRB 

were extracted, resulting in a shapefile with 19 different soil types. All these 19 soils had two layers 

with the first layer being always of 300 mm depth. Most of the soils belonged to the hydrologic 

category B, having moderate infiltration rates and water capacities. Specifically, among the most 

important parameters used by SWAT, the available water capacities of the soils ranged between 0,14-

0,17 mm water/mm soil and the saturated hydraulic conductivities ranged between 9,98-21,69 mm/hr.  

Table 2. Soil parameters in SWAT Pinios river basin model extracted from the European Soil Database [36,37]. 

SWAT Soil 

Layer 

Parameters 

SWAT Parameters 

Definition 

Parameters of Datasets based on 

ESDB 
Dataset 

SOL_BD1 

(g/cm3) 

Moist bulk density in 

the first soil layer  
STU_EU_T_BD 

ESDB 

Derived data 

SOL_AWC1 

(mm/mm) 

Available water capacity 

of the first soil layer 
(=FC-WP) 

3D Soil 

Hydraulic 

DB 

SOL_CBN1 (% 

wt.) 

Organic carbon content 

in the first soil layer 
STU_EU_T_OC 

ESDB 

Derived data 

SOL_K1 

(mm/hr) 

Saturated hydraulic 

conductivity in the first 

soil layer 

KS 

3D Soil 

Hydraulic 

DB 

CLAY1 (%wt.) 
Clay content in the first 

soil layer 
STU_EU_T_CLAY 

ESDB 

Derived data 

SILT1 (%wt.) 
Silt content in the first 

soil layer 
STU_EU_T_SILT 

SAND1 (%wt.) 
Sand content in the first 

soil layer 
STU_EU_T_SAND 

ROCK1 (%wt.) 
Roch Fragment content 

in the first soil layer 
STU_EU_T_GRAVEL 

USLE_K1 

USLE equation soil 

erodibility (K) factor in 

the first soil layer 

K_factor_soiltexture_Wischmeier 
Global Soil 

Erodibility 

The study area was divided into two slope classes. Higher sloped land was considered more 

erosive and therefore, for the needs of this study, a threshold to distinguish it from lowland was 

required. From the initial model executions and simulated erosion rates per HRU, the threshold of 

1.5% was considered as critical for significant erosion occurrence. A similar approach has been 

followed in another published study with the critical threshold being 2%, very close to our selection 

[17]. The above layers of land use, soils and slope classes were overlayed, creating 1850 HRUs. The 

average HRU area in PRB was 5.7 km2. 

Additional pressures of N in the basin were added by livestock. The parameterization of the 

model took into consideration the recent reported numbers from the Hellenic Statistical Authority 
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[38]. These are: 108,363 cattle, 1,410,538 sheep and 936,838 poultry during the years 2011 to 2021. 

These numbers corresponded to the three distinctive regions where livestock operations occurred: 

Prefectures of Larisa, Trikala, and Karditsa and animals were spatially allocated during the setup of 

the model to match the respective number for each district. The pressures of livestock activity were 

assessed based on the total number of animals within each subarea and the types of manure 

associated with each animal category [29]. Grazing in the region occurred from April to October for 

cattle and goats, whereas during the remaining wet months of the year, it was assumed that animals 

were confined to indoor or restricted open spaces with manure being collected into manure heaps 

and then deposited onto grassland areas on a regular weekly basis. Grazing and manure deposition 

in the model was simulated in pastureland. Due to insufficient data regarding the poultry in PRB, a 

unified approach was adopted, involving weekly spreading of poultry manure across grassland areas 

(pastures) for the entire number of poultry in the basin (both domestic and those raised in organized 

poultry farms) throughout the year.  

Finally, nitrogen (N) pressures from the waste water treatment installations (WWTPs) of the two 

biggest cities within PRB, ‘Larisa’ and ‘Trikala’, were added to the model as point source discharges 

to rivers. Data were collected from the official website of the Ministry of Environment and Energy 

[39], as well as from the approved River Basin Management Plans of the 1st Revision, and specifically 

from the detailed documentation text of the analysis of anthropogenic pressures and their impacts 

on surface and groundwater systems of the Thessaly Water District [40]. In Larisa, the calculated 

daily N load was 175.2 kg, corresponding to 63,948 kg N/ year, whereas in Trikala the respective loads 

were 104.5 kg N/day or 38,142.5 kg N/year. 

2.4. Hydrological Evaluation of the Pinios River Basin Model 

Our SWAT PRB model was developed with meteorological data for 8 years (2016-2023). River 

flow measured data were also accessible from the automatic monitoring network of hydrological 

stations of the Inland Water Department of the Hellenic Centre for Marine Research (HCMR) for 

almost the same period [41]. Flow data from the station 'Tempi' near the outlet of PRB (Figure 1) was 

used for evaluating flow simulations. A warm-up period of two years was also considered necessary 

with this rather short simulation period in order to eliminate the initial uncertainties [42]. To deal 

with the problem of flow data limitations and accelerate the hydrological baseline representation 

with SWAT, we took advantage of the detailed previous studies conducted with SWAT for the same 

study area [12,43]. Even with small differences in land use types and crop growth schedules, 

transferring some parameters to a new model of the same area was considered realistic for simulating 

hydrology. Therefore, the default values of certain parameters related mostly to soil and groundwater 

modules of SWAT were modified by adopting the respective well calibrated parameters of the 

previous studies, which have evaluated simulated flows in a Pinios river location upstream the 

'Tempi' station but also in several other nested subbasins within the model domain. Therefore, the 

parameter values used for hydrology in the present study were quite representative of a reliable 

simulation of monthly river flows on a multi-site basis, as recommended to achieve the required 

model performance efficiency all across the landscape [44]. The statistical results produced from the 

comparison of past measured flows with the respective simulations were sufficient [12], with Nash 

Sutcliffe Efficiencies (NSE) and coefficients of Determination (R2) being close to “1”, quite above the 

minimum thresholds required for satisfactory performances [45]. The final parameter values used in 

the present SWAT modelling study were thus based on the reported optimum values and some small 

further adjustments carried out in the present work (Table 3) with the purpose to optimize the 

convergence of simulated monthly flows at 'Tempi' station with the recent available measured ones. 

Special attention was given to the parameters related to groundwater due to their important 

sensitivity [46]. 

Table 3. Calibrated parameters used constantly in the Pinios river basin model. 

ID Parameter Optimum value 
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1 GWQMIN (mm) 1000 

2 GW_REVAP 0.02 

3 REVAPMN (mm) 750 

4 
GW_DELAY 

(days) 
31 

5 CN2 
Ranging from 65.05 - 82.65 depending on the land use and 

soil type 

6 SOL_AWC (mm) 
0.11-0.17 water/mm soil for each layer depending on the 

soil type 

7 SOL_K (mm/hr) 8.2-21.69 for each layer depending on the soil type 

8 SHALLST (mm) 0 

GWQMIN: Threshold depth of water in the shallow aquifer required for return flow to occur (mm), 

GW_REVAP: Groundwater “revap” coefficient, REVAPMN: Threshold depth of water in the shallow aquifer 

for “revap” or percolation to the deep aquifer to occur (mm), GW_DELAY: Groundwater delay (days), CN2: 

Initial SCS number runoff curve number for moisture condition II, SOL_AWC: Available water capacity of the 

soil layer (mm), SOL_K: saturated hydraulic conductivity (mm/hr) and SHALLST: Initial depth of water in the 

shallow aquifer (mm). 

It should be noted that the zero values selected for the last parameter of Table 3 had a critical 

role in PRB modelling. The parameter represented the initial water content in the shallow aquifers of 

the basin with significant values of it allowing groundwater exploitation regardless of the magnitude 

of natural recharge occurring. In PRB however, groundwater has been overexploited over the years. 

As a result, pumping from permanent reserves that are usually found at high depths is not 

economically and technically feasible nowadays. To allow the model to exploit only the renewable 

groundwater reserves, namely the water resources that entered each year the aquifers, and in this 

way mimic the actual situation across the intensively irrigated cropland of PRB, a zero value for the 

parameter was assigned to all HRUs at the beginning of simulation (1/1/2016).  

The hydrological performance of the model in the recent period of 2016-2023, with available 

discharge data from HCMR is shown in Figure 2 below. The Figure depicts the comparison of 

simulated versus observed river flows at the flow station “Tempi”, near the outlet of the basin (Figure 

1). The available observed data covered a period of almost 4 years (2019 to 2023), with a few other 

stations having much less data available, not allowing a reliable comparison. The accuracy of 

simulation was measured with the use of NSE and R2, which were calculated as 0.59 and 0.65 

respectively. 

 

Figure 2. Simulated vs observed river flows (2019-2023) at Tempi station. 

2.5. Water Quality Evaluation of the Pinios River Basin Model 
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Due to insufficient observed river loads of nitrates-nitrogen (N-NO3) or total nitrogen (TN) for 

conducting a detailed comparison with simulated loads, we adjusted a few empirical parameters. In 

Table 4 the most important calibrated parameters with their final values are shown. The very sensitive 

N percolation coefficient (NPERCO) was adjusted at the entire basin level based on data found in the 

literature in order to depict a more realistic to the Greek conditions simulated value [47]. Moreover, 

the parameters CDN and SDNCO, which governed soil denitrification, were adjusted to achieve a 

reasonable simulated denitrification rate. The adjustment was based mainly on the annual N 

fertilization rate in crop areas and was terminated when simulated denitrification from soil was 

within 10-20% of N fertilization [29]. 

Table 4. The main optimum nitrogen parameters of the SWAT Pinios River basin model. 

Variable 

Name 
Description 

Normal 

Range 

Final 

Value 

CDN 
Denitrification exponential rate 

coefficient 
0.0 - 3.0 0.1 

SDNCO Denitrification threshold water content 0.1 - 1.1 0.997 

NPERCO N-NO3 percolation coefficient 0.0 - 1.0 0.2 

RCN 
Concentration of nitrogen in rainfall 

(mg N/L) 
- 1 

RCN_SUB 
Atmospheric deposition of nitrate 

(mg/L) 
- 1 

The river water quality observations related to N species were acquired by the national 

monitoring program for the implementation of the WFD in Greece conducted by HCMR [48]. These 

observed data were comprised of scarce samples within the five-year period 2018-2022, covering 

evenly the wet (November – April) and the dry (May – September) periods. Due to the limited and 

irregular frequency of the grab samples for measuring N-NO3 and TN, these specific measurements 

could not be compared with simulated data reliably. Therefore, the observed sparse-sampled 

concentrations were averaged across the wet and dry periods of each year and then compared to the 

respective simulated seasonal concentrations. In situations like this where a complete measured time 

series is unavailable, the data are insufficient for analysis using the recommended statistics 

mentioned in the hydrological evaluation section 2.4. Therefore, model outputs for N-NO3 and TN 

were compared graphically with the observations to ensure that the calibrated outputs were within 

the range of seasonal nutrient levels in the river [47]. Figure 3 presents these graphic comparisons 

which allowed an adequate model evaluation for N species at large time steps. 
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Figure 3. Total Nitrogen (a) and N-NO3 (b) comparisons at the basin outlet Tempi. 

Upon initial observation, scattergrams demonstrate a positive correlation and a comparable 

magnitude between observed and simulated seasonal concentrations. In Figure 3a the simulated TN 

concentrations were either above or below the 1:1 line, indicating no systematic over- or under-

estimation by the model on a seasonal basis. The N-NO3 concentrations were slightly overestimated, 

but the data pairs were not far from the 1:1 line, suggesting that the model predicted a magnitude 

comparable to the observed data. The correlation coefficient for TN was 0.84 (R2 = 0.71), indicating a 

strong positive correlation between the simulated and observed values (Figure 3). The correlation 

coefficient for N-NO3 was 0.56, (R2 = 0.31), which was not as strong as that of TN. Nevertheless, even 

the current degree of coincidence between the seasonal observed and simulated values allowed a 

quite realistic aggregation of seasonal concentrations that led to reasonable estimation of TN and N-

NO3 river loads at large time steps (annual, mean annual). Specifically, the mean annual (2018-2022) 

observed TN and N-NO3 concentrations were 1.37 and 0.89 with the respective simulated ones being 

1.97 and 0.85. 

2.6. Plant Growth Evaluation  

Additionally, the simulated crop yields of all the four conventional crops of the area served as 

evaluation indicators for this study. In order to accurately simulate crops' growth, several plant 

parameters were adjusted slightly in the SWAT plant database according to local knowledge and the 

convergence of the simulated yields with reported ones. Table 5 summarizes the adjusted parameters 

and their final values for each land cover type. 

Table 5. Adjusted plant parameters of the four conventional crops in the Pinios river basin. 

Variable 

name 
Definition Cotton Wheat Corn Alfalfa 

HVSTI 
Harvest index for optimal growing 

conditions [(kg/ha)/(kg/ha)] 
0.5 0.4 0.6 0.8 

WSYF Lower limit of harvest index [(kg/ha)/(kg/ha)] 0.5 0.2 0.5 0.6 

BLAI Maximum potential leaf is Index (LAI) 5 5 8 4 

CHTMX Maximum canopy height (m) 1 0.9 3 0.9 

RDMX Maximum root depth 1.5 1 1.5 3 

T_OPT Optimum temperature 28 20 26 25 
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T_BASE 
Minimum (base) temperature for plant 

growth (℃) 
14 0 9 2 

ALAI_MIN 
Minimum leaf area index for plant during 

dormant period (m2/m2) 
0 0 0 0.5 

C_USLE 
Minimum value of USLE C factor for water 

erosion applicable to land cover/plant 
0.2 0.03 0.2 0.03 

HEAT 

UNITS 

Total heat units for cover/plant to reach 

maturity 
1700 1342 2700 1264 

The simulated mean annual yields were compared with observed and reported values provided 

by the Hellenic Statistical Authority [21] and the comparison proved that with the above crop 

parameter values the model simulated the annual productions of the cultivated crops with acceptable 

deviations. Specifically, the simulated values for corn, cotton, alfalfa and wheat were 11.45 t/ha, 3.11 

t/ha, 12.38 t/ha and 3.84 t/ha with their respective observed production yields being 12.24 t/ha, 3.45 

t/ha, 11.88 t/ha and 3.64 t/ha. Upon further analysis of the available observed data, it was determined 

that the simulated spatial variability of the produced yields was also reasonable. 

2.7. Baseline Simulation 

The validated PRB model produced the baseline results with respect to hydrology, water quality 

and crop production with reference to the period 2018-2023 (the first two years 2016 and 2017 were 

disregarded as warm up years). As explained above, the initial groundwater tables at the beginning 

of the simulation were set equal to zero in order to simulate only the exploitation of the renewable 

groundwater reserves for irrigation. This representation was considered realistic due to the 

overexploitation of groundwater in the past decades and the resulting decrease in the level of 

groundwater tables at rather inaccessible levels. 

The average annual surface runoff at the entire basin level was calculated at 96 mm. The average 

annual evapotranspiration for the basin was estimated at 447.3 mm for the same period, with a total 

rainfall of 700 mm. The areas where the annual abstractions covered fully or partly the needs of the 

crops were also detected. The irrigation deficit varied across the basin with a maximum at 90% but 

with the irrigated HRUs that met a severe water scarcity of ≥50%, covering a rather small part of the 

irrigated land. In the baseline, during the period of 2018-2023, the total amount of water consumption 

per year for irrigation was roughly equal to 680 × 106 m3. Irrigation from shallow aquifers was the 

main source of irrigation in the region, as 79% of the total arable land, without including fallow land, 

was irrigated by this source. The remaining 21% was irrigated by surface water including the three 

reservoirs located within the basin (Figure 1) and an outside source, “Plastiras lake”, which satisfied 

the irrigation needs of approximately 10,000 ha of cropland in the southwestern part of the basin. In 

order to examine the extent of groundwater exploitation, the amount of water stored in shallow 

aquifers at the end of the simulation period (SWAT parameter SA_ST) was used. In the most 

intensively managed areas, the groundwater content at the simulation end varied between 0–200 mm. 

Regarding water quality, the analysis of the baseline results has shown that the area is indeed 

sensitive to N-NO3 pollution, as its concentration exceeded the threshold of 0.6 mg/l, which, 

according to the Greek classification system for rivers [49], has been set as the upper limit of the 

“good” physicochemical status of water bodies. Specifically, the simulated mean annual N-NO3 

concentration at the basin outlet was 1.68 mg/l. In addition, the mean annual TN loss from the entire 

land of PRB to its surface waters was calculated at 4.65 kg/ha. In groundwater, N-NO3 pollution was 

caused by the accumulation of nitrates, which in some cases reached levels that are prohibitive for 

the use of water for water supply purposes. Concentrations of N-NO3 leaching, used as a pollution 

indicator in this work, were directly or indirectly governed by several N-NO3 pathways such as the 

N applied with fertilizers in the topsoil, the N uptake of different crops as well as the N that was 
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transported directly to streams. The average annual N-NO3 leached concentration in the basin was 

calculated at 21.2 mg/l. 

2.8. Bioenergy Crop Simulation 

In this study, the implementation of the perennial bioenergy crop, switchgrass, in PRB was 

examined through three what-if scenarios. The developed scenarios are listed in Table 6 together with 

the baseline scenario which was used for comparison purposes. 

Table 6. Switchgrass scenarios applied across the cropland of the Pinios river basin. 

Scenario No. Description 

1 Baseline scenario 

2 Switchgrass in the entire irrigated cropland 

3 Switchgrass in irrigated sloping cropland 

4 Switchgrass in irrigated non-sloping cropland 

Sloping land was taken into consideration for switchgrass implementation separately because 

grasses and perennial vegetation with persistent roots have theoretically the capacity to adapt to 

these areas of potentially lower productivity and it would be thus of interest to compare the results 

produced there with those in non-sloping areas. The term “sloping land” refers to areas of land that 

are not generally considered very well-suited for intensive agricultural use due to land slope that 

limits the use of machinery, and several practices compared to the lowland areas. These areas may 

also be subject to soil degradation due to increased soil erosion that causes loss of valuable topsoil 

and are usually described as erosive, droughty and nutrient poor, which may lead to reduced 

productivity [17]. In the PRB model of the present study, as sloping lands, the crop areas with slopes 

>1.5% were considered based on the definition of HRUs. Moreover, it was chosen not to extend 

switchgrass implementation scenarios in pastureland or semi-forested regions, but only to the 

irrigated cropland (sloping, non-sloping) areas. Non-irrigated cropland was not candidate for 

switchgrass installation as no additional water pressure from switchgrass irrigation, would be 

realistic in the water scarce PRB. 

Figure 4 illustrates the sloping and the non-sloping irrigated cropland areas of PRB on HRU 

level. Sloping irrigated cropland (presented with the red color in the map) represented 5.8% of the 

whole basin. Specifically, 219 out of 1,850 HRUs represented the sloping irrigated cropland of PRB, 

accounting for 30% of the irrigated cropland. The remaining 70% represented the non-sloping 

irrigated cropland (illustrated with the green color in the map of Figure 4). In numbers, from the 

202,692 ha of the total irrigated cropland, 61,156 ha represented the irrigated sloping cropland and 

141,537 ha the irrigated non-sloping cropland as presented in Table 7. 
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Figure 4. Sloping (>1.5%) and non-sloping irrigated cropland map of Pinios river basin. 

Table 7. Sloping and non-sloping irrigated cropland distribution in Pinios river basin. 

Category Area (ha) % basin % cropland % irrigated cropland 

Basin 1,062,270 - - - 

Cropland 368,328 34.7 - - 

Irrigated cropland 202,692 19.0 55.0 - 

Irrigated sloping land 61,156 5.8 16.6 30.0 

Irrigated non-sloping land 141,537 13.2 38.4 70.0 

None of the developed scenarios can be considered as very realistic mostly due to the extensive 

implementation of the bioenergy crop in the sloping and non-sloping irrigated landscapes or the total 

irrigated land. However, our focus in developing these initial scenarios was to test the behavior of 

our PRB model across a large variety of land with switchgrass established and explore the potential 

effects on water under big changes to the existing irrigated cropping system. 

To simulate the crop closely to the Greek conditions several plant parameters were adjusted in 

the SWAT plant database according to the recommendations of experts from the University of 

Thessaly and their relevant published works [50,51]. The parameters as well as their final adjusted 

values are presented in Table 8.  

Table 8. Plant parameters adjusted for Alamo switchgrass. 

Variable name Definition Switchgrass 

HVSTI Harvest index for optimal growing conditions [(kg/ha)/(kg/ha)] 0.95 

BLAI Maximum potential leaf is Index (LAI) 9 

CHTMX Maximum canopy height (m) 2.5 

RDMX Maximum root depth 3 

T_OPT Optimum temperature 27 

T_BASE Minimum (base) temperature for plant growth (℃) 10 

WSYF Lower limit of harvest index [(kg/ha) /(kg/ha)] 0.95 
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HEATUNITS Total heat units for cover/plant to reach maturity 2,500 

Switchgrass was simulated with its sowing date in May of the first year of simulation (2016) and 

its harvest and kill operation in October of the last year of simulation (2023), with annual harvests in 

all intermediate years [51]. The results produced from its growth refer to the last 6 years (2018-2023) 

of the simulation period due to the 2-y warm up period that was neglected. The irrigation amount 

applied annually during the dry period (May-September) was 250 mm [51]. Only N fertilization was 

considered in this study since switchgrass requirements for P are minimal, with P application being 

only necessary in cases of significant soil deficiency [52]. The usual N fertilization rate for Greek 

conditions ranged between 80 and 160 kg per ha and was considered adequate to satisfy the plant 

needs resulting in a satisfactory amount of produced biomass [50]. In this study, 150 kg N per ha 

during each year was applied with an additional 30 kg of N per ha right after seeding. For harvesting 

switchgrass, the one cut system was selected as the optimal one for the study area.  

In all the developed scenarios switchgrass replaced all the irrigated crops existing in the 

respective land of each scenario, namely cotton, corn and alfalfa. When cotton was replaced by 

switchgrass, almost 20% less N was applied to the respective HRUs, while there were no P 

applications. Moreover, this replacement resulted in 40% less irrigation water used (if groundwater 

availability allowed optimum irrigation). Similarly, when corn was replaced, there was a 59% 

reduction in the N applied with fertilization and a 60% theoretical reduction in the water consumed 

for irrigation. On the other hand, only when alfalfa was replaced by switchgrass, the amounts of 

applied N increased (alfalfa did not receive N at all) but there was a significant theoretical reduction 

of 58% in the irrigation water applied. 

3. Results 

The three manual scenarios were tested one by one in the Pinios river basin. The baseline 

scenario that simulated the 8-year period from 2016 to 2023 by providing results for the 6-y period of 

2018-2023 due to the first 2-y warm up period, was used as a test bed for evaluating these alternative 

switchgrass implementation scenarios. The results of the baseline scenario (scenario 1) proved that 

the study area was vulnerable to N-NO3. The mean annual effects of all the four scenarios on surface 

runoff, ET, groundwater content, total irrigation, N-NO3 loads, N-leached concentrations and 

switchgrass biomass production at the entire basin scale were calculated and are listed in Table 9. 

Table 9. SWAT estimates of water, N, ET and biomass production in Pinios river basin during 2018-2023 under 

the implementation of the four scenarios. 

Parameters 

Results 

Scenario 

1 

Scenario 

2 

Scenario 

3 

Scenario 

4 

Average annual surface runoff (mm) 157 133 150 140 

Average annual ET (mm) 461 470 465 466 

Groundwater content at the end of the 

simulation period (106 m3) 
5,610 6,180 5,817 5,914 

Total annual irrigation water used (106 m3) 680 413 616 493 

N-NO3 loss (kg/ha) 1.48 1.21 1.37 1.38 

N-leached (mg/L) 21.2 11.9 16.4 15.9 

Average annual switchgrass biomass 

production (t/ha) 
- 18.6 18.2 18.4 
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Scenario 1: Baseline scenario, Scenario 2: Switchgrass implementation in the entire irrigated cropland, Scenario 

3: Switchgrass implementation in irrigated sloping cropland and Scenario 4: Switchgrass implementation in 

irrigated non-sloping cropland. 

3.1. Results on Hydrology 

Switchgrass as a perennial crop with significantly high biomass production had increased 

evapotranspiration values compared to other crops. Specifically, a 2.2%, a 1% and a 1.5% increase in 

the mean annual baseline ET (461 mm) of the entire basin was observed in the second, third and 

fourth scenarios respectively, compared to the first scenario. The effect was much more pronounced 

at the HRU level with ET increases up to 10% on an annual basis where cotton was the baseline crop. 

The average increase in the HRUs where corn was replaced by switchgrass was almost 2.5%, while 

alfalfa replacement by switchgrass resulted to almost the same ET values as both were perennial 

crops with similar simulated biomass yields.  

Surface runoff in the switchgrass implementation scenarios was expected to be reduced 

compared to the baseline mean annual 157 mm that were simulated at the entire basin level. As 

presented in Table 9, a mean annual reduction of 15%, 4% and 11% occurred in the second, third and 

fourth scenarios respectively. Figure 5 illustrates the effect of switchgrass installation on the 

groundwater content of the basin. Figure 5a represents the first scenario (baseline), while Figure 5b 

depicts the impact of switchgrass implementation in the second scenario with switchgrass simulated 

in the entire irrigated land. The data used for the creation of the Figure maps represent the values 

simulated by SWAT at the last day of simulation (31/12/2023) allowing the assessment of the long-

term effect of switchgrass on groundwater exploitation. Thus, the map on the left, referring to the 

first scenario, presents the groundwater content in mm at the end of 2023, while the map on the right 

depicts the groundwater increase (in mm) per subbasin from the baseline caused by the second 

scenario (switchgrass in all irrigated cropland). 

 

Figure 5. Groundwater content in the Pinios river basin at the end of the simulation period (end of 2023), 

expressed in mm of water for the baseline (Figure 5a) and as increase from the baseline (in mm) in the second 

scenario (Figure 5b). 

As can be observed in Figure 5 switchgrass resulted in significant increases of the groundwater 

content with almost half of the PRB area gaining >60 mm (or 600 m3/ha) of water in the aquifers when 

switchgrass replaced the more water-demanding conventional crops. The majority of the subbasins 

present an increase of water stored in the shallow aquifers. The average increase observed among the 

subbasins was 68 mm while 22 out of the 61 subbasins met >50% increases of groundwater content 

from the baseline. As shown by the results on Table 9, the total effect of switchgrass implementation 

scenarios on the groundwater amounts stored in the aquifers of the entire PRB at the end of the 
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simulation was positive in all cases. Specifically, the 5.61 billion m3 of stored groundwater at the end 

of the simulation period in scenario 1 were increased by 10%, 4% and 5% under scenarios No. 2, 3 

and 4 respectively.  

The irrigation water abstracted from the shallow aquifer with switchgrass implementation was 

considerably reduced as well. As stated in section 2.8, according to the theoretical irrigation water 

needs of the crops, 40%, 60% and 58% less water consumption was expected by replacing cotton, corn 

and alfalfa with switchgrass respectively. According to the results of Table 9, the total 680 hm3 of 

water that was actually abstracted from the shallow aquifers of PRB for irrigation purposes on a mean 

annual basis in the baseline, was reduced by 40%, 10% and 28% from the implementation of the 

second, third and fourth scenarios respectively. Obviously, these numbers resulted from the extent 

of the irrigated areas and irrigated conventional crops that were replaced by switchgrass in each 

scenario. 

3.2. Results on Water Quality 

The impacts on N-NO3 were quite positive too, with predicted N-NO3 loss reductions being quite 

or very significant on the entire basin level, depending on the extent of the perennial crop installation. 

Figure 6 illustrates the effect of the N-NO3 loss of the basin in the first (6a) and second scenario (6b). 

The data used for creating the maps represent the average year for each scenario, calculated from the 

model’s output data for the 6-year period of interest (2018-2023). 

 

Figure 6. Mean annual (2018-2023) N-NO3 load of the irrigated cropland within Pinios river basin under: a) the 

baseline scenario and b) the switchgrass implementation in all irrigated cropland scenario. 

It is evident that there was an important effect in reducing N-NO3 under switchgrass 

implementation in parts of PRB's cropland. Specifically, the average percentage reduction observed 

in the HRUs of the most lowland areas of the Thessaly plain, covering the central part of the basin, 

was 80%, with the reduction in certain HRUs approaching 95%. As can be observed in Figure 6, in 

the central, southern and western parts of PRB N-NO3 annual loads in many irrigated areas were 

reduced at the levels of <0.3 kg/ha, with the respective baseline values being greater than 1 kg/ha. 

The maximum N-NO3 annual HRU load simulated in the first, baseline scenario, was 19.8 kg/ha 

whereas in the second, extensive switchgrass implementation scenario, the corresponding value was 

reduced to 11.1 kg/ha. The mean annual N-NO3 loads on the entire basin level were calculated for all 

switchgrass scenarios (Table 9) and precisely, from the mean annual 1.48 kg of lost N-NO3 per ha of 

PRB land to streams, an 18%, a 7% and similarly a 7% reduction were simulated from the second, the 

third and the fourth implementation scenarios respectively. 

Another important output is the mean annual N-NO3 leached concentrations of the baseline and 

the three switchgrass scenarios, included in Table 9 as well. From the calculated mean concentrations 

at the basin level, a 44%, a 23% and a 25% reduction of the baseline N-NO3 leached concentration of 
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21.2 mg/L was predicted on a mean annual basis in the second, third and fourth scenarios 

respectively. 

3.3. Results on Switchgrass Biomass Production 

Figure 7 illustrates the mean annual biomass production of switchgrass under the second 

simulated scenario with switchgrass implemented in the entire irrigated land. The presented map 

was created by using the simulated mean annual (2018-2023) data on switchgrass biomass 

production. 

 

Figure 7. Mean annual (2018-2023) switchgrass biomass production in t/ha in the second scenario (switchgrass 

implementation in the entire cropland). 

The simulated production of switchgrass, both mean annual (2018-2023) and averaged in space, 

was calculated at 18.6 t/ha (Table 9), with the maximum biomass simulated for a single HRU being 

22 t/ha. Published data on actual switchgrass growth within the study area [50] reported a typical 

range from 15 t/ha to 20 t/ha of biomass production on an annual basis. According to this evidence, 

simulated biomass yields that belong to the first class of the map of Figure 7 (<12 t/ha/y) were 

considered very low, these of the second (12-15 t/ha/y) and third (15-20 t/ha/y) classes were rather 

low and normal respectively, and the rest (>20 t/ha/y) were near optimum. It is remarkable that, 

according to the last row of Table 9, in the third scenario, when switchgrass was only implemented 

in the sloping irrigated land, its mean annual biomass production was simulated equal to 18.2 t/ha, 

while in the fourth scenario (only in non-sloping cropland) it was just a little higher and equal to 18.4 

t/ha. These almost identical production levels per unit area have shown that, in our model, growing 

switchgrass on milder topography had similar production levels with growing it on steeper areas. 

Thus, the selection of sloping areas was not a limiting factor for biomass production. 

4. Discussion 
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The PRB SWAT model developed in this study simulated realistically the hydrological and N 

cycle processes occurring at the river basin scale. This is the case with crop yields and switchgrass 

biomass production in particular, as well as with switchgrass impact on water quality and quantity 

for which it was essential to rely on other research studies to compare our model predictions. The 

reduction in surface runoff caused by switchgrass implementation was the combined effect of: a) the 

more dense land coverage that characterizes most perennial crops compared to annual crops 

resulting in surface runoff reductions [53], b) the reduced amount of water that switchgrass received 

with its irrigation applications that also resulted to the production of less water capable of becoming 

runoff and c) the slightly increased ET, leaving a reduced water amount to be lost via runoff [54]. 

As has been stated, switchgrass received notably less irrigation water compared to the existing 

irrigated crops in the PRB, which led to the assumption that its adoption could increase groundwater 

reserves. Indeed, apart from the reduced direct water abstractions, in the majority of HRUs 

switchgrass could reduce surface runoff and increase soil water content and percolation, the water 

that moves below the root zone over time [55]. While this was a fair observation for the entire basin 

level there were certain HRUs where the opposite was observed due to less water applied on the 

topsoil via irrigation.  Overall, despite the fact that the areas that were available for switchgrass 

installation covered small percentages of the entire basin (19% of the basin represented the total 

irrigated cropland, 5.8% was the sloping irrigated cropland and 13.2% the non-sloping irrigated 

cropland), the individual effects in the subbasins were anything but trivial as they proved to have the 

potential to improve considerably water availability because of the reduced abstractions. 

Regarding the total irrigation water used in PRB, as expected, the effect of the fourth scenario 

(switchgrass in non-sloping irrigated cropland) was greater than the effect of the third one (sloping 

irrigated cropland), and this difference was attributed to the significantly more area of non-sloping 

irrigated land that was available for switchgrass installation in the fourth scenario. This resulted in 

the replacement of more crops with greater irrigation water needs. Based on all these results 

concerning the hydrology of the area in all the developed scenarios, it can be concluded that the 

perennial crop could be effective in alleviating high-water abstractions from the shallow aquifers of 

PRB and in this manner enhancing their water balance. 

The agricultural use of N fertilizers has been a major contributor to N exports to waters from 

agricultural areas. Specifically, in PRB that is highly vulnerable to N-NO3 pollution, N-NO3 reduction 

was considered of great importance. The trend in N loss reduction was correlated with N transported 

in dissolved forms via runoff (mainly N-NO3). In general, the decrease in N-NO3 loadings was mainly 

because switchgrass required lower N fertilizer inputs in comparison to baseline crops. The model 

simulations indicated that biofuel crop adoption could reduce N losses compared to current cropping 

systems used in PRB as observed in other studies as well [17,19,56,57]. The level of reduction varied 

between scenarios, with the areal extent of deployment of the bioenergy crop being the key factor for 

the greatest reduction caused by the second scenario (all irrigated crops replaced by switchgrass). 

However, the third and the fourth scenarios had the same overall effect at the basin level resulting to 

average N-NO3 loss rates of 1.37 and 1.38 kg/ha, even though a lower rate would be expected in the 

fourth scenario with switchgrass implemented in the double area than in the third scenario. The 

almost identical N-NO3 reduction is obviously attributed to the greatest effect of the perennial crop 

in sloping areas where increased runoff reduction led to a more pronounced N-NO3 reduction as 

well. The rather low N-NO3 percentage reduction of 7% (1.37 and 1.38 from 1.48 kg./ha as shown in 

Table 9) was considerable for both scenarios, since conventional crops replacement represented a 

small percentage of land cover change in the entire basin (5.8% for the sloping irrigated cropland 

scenario and 13% for the non-sloping irrigated cropland scenario) and additionally, in both scenarios 

there were extensive areas of non-irrigated wheat, not replaced by switchgrass, that still contributed 

greatly to N pollution (wheat HRUs contributed 47% of the total N-NO3 pollution from the cropland 

in the first, baseline scenario). So, even though the effect was not as significant in the entire basin level 

as in the irrigated HRUs, if the perennial crop was planned to be installed in the entire sloping 

cropland (irrigated and non-irrigated), N-NO3 could be reduced substantially, leading probably to 

impressive water quality improvements. 
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Nitrate pollution in PRB had anthropogenic activities as main sources, mostly crops cultivation 

and secondly, livestock farming. In groundwater, nitrate pollution is generally caused from the 

accumulation of nitrates, which in some cases can reach levels that are prohibitive for the use of water 

for water supply purposes. This means that the magnitude of N-NO3 leaching is directly or indirectly 

governed by N fertilization, N crop uptake and N lost from soils that is transported to streams. 

Additionally, the increased concentration of leaching nitrates can be attributed to high irrigation rates 

in these areas [58,59]. Thus, the reduced leached N-NO3 concentrations from switchgrass 

implementation were expected as the perennial crop could reduce significantly N-NO3 leaching from 

the agricultural lands of our study area due to its lower irrigation and N fertilization needs.  

One limitation of SWAT in the simulation of crop growth is the inability to account for crop 

diseases in specific areas and years that may have led to relatively higher simulated yields in certain 

years than those reported. Hence, it is always preferred to discuss simulated average annual yields, 

and this was the case with switchgrass biomass production simulated under scenarios. By calculating 

biomass yields only in sloping areas, it can be concluded that some of the highest yields occurred 

there. Evidently, switchgrass had a great potential to grow in these areas. The average biomass 

production calculated in the sloping-land scenario was 18.2 t/ha and the maximum production 

observed in a single HRU was 22 t/ha. The areas where inadequate productions (less than 12 t/ha) 

were observed (Figure 7) could be related to irrigation water deficits in these areas. In the center of 

the basin where the main part of the Thessaly plain (lowland areas) is located, there were constant 

biomass production yields of less than 15 t/ha (Figure 7). This can be also attributed to the insufficient 

groundwater content of the aquifers in this subregion due to the lower precipitation levels in this area 

that has subsequently led to less percolation and aquifer recharge compared to other areas in the 

western parts of the basin. The deficit irrigation observed proved further that irrigation water was 

the main limiting parameter for switchgrass crop growth as it has been also stated by Giannoulis et 

al. [60] for this particular subregion of PRB. It should be also noticed that all irrigated areas served 

by reservoirs in this study had no problems of irrigation water shortage. A representative example 

of the positive role of reservoirs in meeting irrigation water needs in PRB is the large area irrigated 

by the Karla reservoir in the most eastern part where, despite the low precipitation and groundwater 

recharge, switchgrass biomass production reached its maximum values of >20 t/ha/y (Figure 7).  

Concerning the conventional irrigated crops in the PRB, their spatially averaged simulated yield 

rates per ha of cropland in the last two scenarios when only part of the irrigated land was replaced 

by switchgrass, did not practically changed from their average (per unit area) simulated yields at the 

baseline. However, an added benefit that was observed at the very local level under the partial 

replacement of irrigated conventional crops by switchgrass in the third and fourth scenarios was the 

increased availability of groundwater due to the reduced overall abstractions. Switchgrass 

implementation solely in sloping/non-sloping irrigated areas gave the potential to adjacent 

conventional crops in non-sloping/sloping areas that were irrigated inadequately before, to improve 

their production yields due to increased irrigation amounts applied from groundwater. 

5. Conclusions 

The purpose of this study was to provide estimates of the effects that switchgrass cultivation can 

have on water quantity and quality when implemented in large areas of a Greek agricultural basin, 

using SWAT. The developed scenarios had the purpose to explore upper limits of water 

quantity/quality impacts arising from the hypothetical wide adoption of a perennial bioenergy crop, 

as they were simulated for the first time in a Greek basin with the common Mediterranean 

hydrometeorological conditions. Switchgrass proved to have great potential of growing in sloping 

areas and producing sufficient amounts of biomass, even though these areas were expected to have 

relatively lower productivity due to their higher susceptibility in soil and nutrient loss.  

The reduction of total nitrates loss from land to waters depended on the spatial extent of 

switchgrass implementation, which also had significantly positive effects on water quantity and 

quality at the very local level. Switchgrass was confirmed to be a low input crop in this study, 

increasing the groundwater content of several subbasins. The numerical results indicated that in such 
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an extensively managed area, with N-NO3 pollution problems and high exploitation of water 

resources, switchgrass had the potential to serve as a mitigation measure to alleviate both these 

issues. Indeed, the study can support the progressive substitution of parts of the cropland with 

conventional crops with bioenergy crops, promoting it as an effective restoration measure for water 

bodies, according to the WFD requirements, that could be also adopted in the next phases of the 

regional WFD management plans. 

Ongoing research activities can add value to the preliminary results presented in this paper. An 

economic analysis including the cultivation costs and benefits from crops may facilitate decision 

makers to take local socio-economic factors into consideration when selecting locations for bioenergy 

crops adoption within the basin. Cost numbers will be also associated with water quantity and quality 

impacts for various schemes of crops allocation across the landscape. The development of an efficient 

optimization tool to identify optimum solutions that can simultaneously satisfy economic (net 

farmers' income, bioenergy production) and environmental (water quantity and quality in rivers and 

groundwater) objectives at the basin scale is included in our ongoing research efforts. It is believed 

that the current study on switchgrass simulation with SWAT, along with the future directions 

constitute a useful approach to hydrologic, water quality and bioenergy crop simulation that can help 

decision makers and water managers incorporate bioenergy crops within their combined efforts 

towards renewable energy production and water protection.  
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The appendix is an optional section that can contain details and data supplemental to the main 

text—for example, explanations of experimental details that would disrupt the flow of the main text 

but nonetheless remain crucial to understanding and reproducing the research shown; figures of 

replicates for experiments of which representative data is shown in the main text can be added here 

if brief, or as Supplementary data. Mathematical proofs of results not central to the paper can be 

added as an appendix. 

Appendix B 

All appendix sections must be cited in the main text. In the appendices, Figures, Tables, etc. 

should be labeled starting with “A”—e.g., Figure A1, Figure A2, etc. 
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