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Abstract

:

In this study, the physically-based hydrological model MIKE SHE was employed to investigate the effects of anthropogenic land cover changes to the hydrological cycle components of a regional watershed in Central Greece. Three case studies based on the land cover of the years 1960, 1990, and 2018 were examined. Copernicus Climate Change Service E-OBS gridded meteorological data for 45 hydrological years were used as forcing for the model. Evaluation against observational data yielded sufficient quality for daily air temperature and precipitation. Simulation results demonstrated that the climatic variabilities primarily in precipitation and secondarily in air temperature affected basin-averaged annual actual evapotranspiration and average annual river discharge. Nevertheless, land cover effects can locally outflank the impact of climatic variability as indicated by the low interannual variabilities of differences in annual actual evapotranspiration among case studies. The transition from forest to pastures or agricultural land reduced annual actual evapotranspiration and increased average annual river discharge while intensifying the vulnerability to hydrometeorological-related hazards such as droughts or floods. Hence, the quantitative assessment of land cover effects presented in this study can contribute to the design and implementation of successful land cover and climate change mitigation and adaptation policies.
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1. Introduction


The quantitative and qualitative state of water resources of a watershed are formed by a variety of drivers that interact in a complex and often indirect way [1]. Climate elements (precipitation; relative humidity; wind speed and direction; solar radiation and temperature that also controls evaporation/evapotranspiration and snow melt and their temporal and spatial distribution) and the biogeophysical characteristics of a catchment (topography, land—vegetation cover, geological structure, soil coverage) are fundamental determinants of regional hydrology [2,3]. The conceptual model describing the interactions among the abovementioned drivers is the hydrological cycle that links the exchange, storage and movement of water among the biosphere, atmosphere, cryosphere, lithosphere, anthroposphere, and hydrosphere [4], while the quantification of the relationships among the components of the hydrological cycle at a given location constitutes the water balance [5].



All characteristics of the catchment (climate elements and biogeophysical characteristics) are factors that can be largely affected by anthropogenic activities and pressures [3]. Humanly imposed climate change due to increased emissions of greenhouse gases and dust from anthropogenically-disturbed soils [6], is expected to significantly increase freshwater-related risks such as modification of the hydrological regime, floods and droughts, and to affect water cycle components [7,8]. Climate change is projected to reduce renewable surface water and groundwater resources significantly in most dry subtropical regions and is likely to increase the frequency of meteorological droughts (less rainfall) and agricultural droughts (less soil moisture) in presently dry regions. Additionally, projections imply variations in the frequency of floods and negative impacts on freshwater ecosystems by changing streamflow and water quality [4,7]. Regarding anthropogenic interventions in catchment’s physical characteristics (for example alteration of the land surface soil moisture, albedo and roughness [9]), land cover changes due to livestock grazing, agriculture, timber harvest, deforestation, and urbanization can reduce retention of water in watersheds and lead to an increase of the size and frequency of floods and to the reduction of baseflow levels [10]. Dam constructions and diversion, canalization, snagging and dredging of rivers, streams and drainage ditches, and groundwater overexploitation, disrupt the dynamic equilibrium between the movement of water and sediment that exists in rivers [10]. Based on recent studies, direct human impacts on the terrestrial water cycle are in some large river basins of the same order of magnitude, or even larger than climate change [11,12]. Especially land cover change alters annual global runoff to a similar or greater extent than other major drivers [13], while land use change contribution in regional runoff values in tropical regions is larger than that of climate change [14], especially in the case of smaller catchments [15].



Worldwide studies support the impacts of land cover changes, mainly deforestation and urbanization, on the hydrometeorological factors, leading primary to river discharge increase [16,17,18,19,20,21,22,23] and generally to an increase of eco-environmental vulnerability of the watersheds [24,25]. In Greece, studies confirm the impact of land cover change and deforestation in river discharge. For example, a study conducted in Pinios river basin proved that expanding the agricultural land over forest by 20%, a mean monthly increase in the river discharge of up to 3%, can be observed from October to April and a respective reduction from May to September, reaching a maximum of 6% in July [26]. Moreover, human interference in streams crossing urban or suburban areas raise the vulnerability to flash floods. For example, the hydrometeorological analysis of a fatal flash flood event which occurred on 15 November 2017 in the suburban area of Mandra, western Attica, Greece resulting in extensive damages and 24 fatalities, showcased heavy storm-induced run-off water in combination with human pressures on streams as the reason for the flood [27].



Regarding the impact of land cover change to evapotranspiration, it has been reported that mean annual evapotranspiration can be up to 39% lower in agricultural ecosystems than in natural ecosystems in Brazil [20]. A recent study concerning the whole of China showed that the average annual land surface evapotranspiration decreased at a rate of −0.6 mm/yr from 2001 to 2013, attributed partly to land use and land cover changes of forests to other land types [28]. In Greece, a study in a small catchment showed that 16% increase of agricultural land against wetland and forest area led to a 6% increase of evapotranspiration and 10% increase of the water deficit in the soil [29].



Given the uncertainty of future land cover changes due to socio-economic driving forces and local development policies applied, a scenario-based modeling framework can be beneficial in supporting the analysis of potential land cover changes, so as to mitigate potentially negative future impacts on a basin’s water resources. In order to investigate the effect of anthropogenic land cover changes to the hydrological cycle components and the main hydrometeorological factors of a regional agricultural watershed in Central Greece (Spercheios river basin) of great ecological value, three (3) land cover case studies were adopted, based on the land cover distribution documented in the following years: in 1960 (hereafter LC1960; baseline), in 1990 (hereafter LC1990; mid-period), and in 2018 (hereafter LC2018; current state). The modeling tool used was the physically-based hydrological model (MIKE SHE), while the high-resolution gridded observational daily meteorological dataset of Europe named E-OBS [27] from the EU-FP6 project UERRA [30] and the Copernicus Climate Change Service [31] was also employed to drive the model. Since the E-OBS gridded dataset had not been used before in similar studies in Greece, the statistical evaluation of its efficiency was considered to be obligatory before performing any further analysis. Finally, statistical tests and trend analysis were performed on the simulated time series of each land cover case study examined.



The main objective of the present study was the better understanding of the system’s response and the basin’s water resources to possible future land cover changes, while the main research questions intended to be addressed are: (a) which are the interrelationships among land cover and the main hydrometeorological factors’ (precipitation, air temperature, discharge, and actual evapotranspiration) variations, (b) how land cover changes affect the trend magnitude of the main hydrometeorological factors, and (c) which are the hydrometeorological-related hazards associated with land cover changes in the study area?




2. Materials and Methods


2.1. Study Area


Spercheios river basin is located in the prefecture of Pthiotida in Central Greece, covers an area of 1,661 km2, and has a mean altitude of 641 m and a dense hydrographic network (Figure 1; [32]). The main human activities of the wider area since it was first inhabited in the Early Neolithic period [33] include arable agriculture and grazing, while industrial activities are limited mainly to small manufacturing units of agricultural products and olive oil refineries [34]. The main hydromorphological modifications of the area include water abstractions for irrigation, water flow regulations (small weirs, water distributor), canalization, and the partial diversion of the original route of the river close to its estuary. Spercheios river wider area has been included in many environmental protection networks (for example NATURA 2000, CORINE biotopes, and Wildlife Refuges; [32,35]).




2.2. Hydrological Simulation


2.2.1. Methodological Approach


The modelling tool used in the present study was the MIKE SHE, developed by the Danish Hydraulic Institute Water and Environment. MIKE SHE is a physically-based distributed model that is able to simulate all hydrological domains within the land phase of the hydrological cycle in a river basin. MIKE SHE is fully integrated with the channel flow code MIKE 11, which is a one-dimensional model that can simulate water flow and level, water quality and sediment transport in rivers, flood plains, irrigation canals, reservoirs, and other inland water bodies [36]. The hydrological model has already been successfully set up, calibrated and validated during a previous study for Spercheios river basin [35].



More specifically, during a previous research study, the hydrological model of Spercheios river basin was set up and calibrated for the hydrological years 2008/2009–2010/2011 and validated for the hydrological years 2013/2014–2014/2015 [35]. These periods were chosen based on the data availability (actual in situ observations of water level and discharge and high-quality climatological data) and on the fact that in 2008 the construction of the last engineering flood control structures in the hydrological network and the river banks were completed. The calibration and validation periods’ length were considered to be adequate since most studies addressing the question of the utility of additional data in terms of the length of available discharge time-series in hydrological model calibration concluded that several years of data ranging between 2 and 8 years are sufficient for reliable parameter identification [37]. Moreover, when 2–3 years of continuous daily discharge data are available, then the model activates the complete set of its procedures, and the use of longer data sets would not offer a significant benefit in the definition of the model’s uncertainty [38]. The results of the Spercheios river basin hydrological model calibration showed a satisfactory agreement between observed and simulated water levels and discharge measurements. Their correlation coefficient R can be characterized as moderate (0.55) to high (0.77) based on the criteria for correlation interpretation proposed by Hinkle et al. [39], and in all cases the data were statistically significant at the 0.05 level, indicating the sufficient performance of the model. During validation, the resulted correlation coefficient R was also moderate (0.68) to high (0.84) [39], and the data were also statistically significant at the 0.05 level. The model performance can be considered satisfactory since the results meet the criteria proposed by Moriasi [40] (R2 > 0.50, RSR < 0.70, and PBIAS ± 25% for streamflow) in the cases where river discharge data were available for validation [35] (Table 1).



In order to investigate the impact of land cover change on the hydrological cycle components, the calibrated hydrological model of Spercheios river basin was integrated for 45 hydrological years (1960/61–2004/05) for three different land cover case studies. The specific period was characterized by a stable hydrographic network with minimum engineering interventions. Any hydraulic construction built after 2006 was omitted from simulation procedure, while all engineering interventions which took place before 1960 were included into the simulation, for the best representation of the actual state of the river network during the period 1960/61–2004/05. For the specific simulation period, the gridded time-series of the meteorological dataset used for the specific study area was complete and without gaps. Finally, the land cover case studies were selected according to the data availability and taking into consideration the overall anthropogenic interventions in the area, aiming at the better representation of each distinguished period. More specifically, until 1960, the major hydraulic interventions and the major agricultural reform of Greece had been completed, and ever since the area used for agricultural activities has been practically stable in the study area [41]. The first available documentation concerning the land cover distribution in Greece was from the year 1960 [42]. In 1990, the first pan-European land cover data collection was utilized based on satellite image processing (Coordination of Information on the Environment- CORINE Land Cover Programme [43]), and the most recent version is from the year 2018 [44]. Therefore, the following three land cover case studies in Spercheios river basin were implemented: (1) LC1960 based on the land cover of Spercheios river basin in 1960 (baseline), (2) LC1990 based on the land cover in 1990 (mid-period) and (3) LC2018 based on the land cover in 2018 (current state) (Figure 2).




2.2.2. Meteorological Data


Due to the lack of detailed and evenly distributed meteorological time-series in Spercheios river basin covering the entire simulated period (1960/61–2004/05), the necessary data for the hydrological modeling concerning daily temperature (minimum, average and maximum values) and precipitation were retrieved from the high-resolution gridded data set of daily climate over Europe termed E-OBS from Copernicus Climate Change Service [45,46]. The specific data set covers the period back to 1950 and provides high-resolution gridded fields at a spacing of 0.1° × 0.1° in regular latitude/longitude coordinates. The ensemble version of E-OBS v.19.0e (the dataset produced from averaging multiple equally probable interpolations of station-based observations, so as to provide the best representation of the spatial and temporal distribution of climate parameters and a measure of uncertainty [47]) is based on the European Climate Assessment and Dataset (ECA&D) initiative that combines collation of daily series of observations at meteorological stations, quality control, analysis of extremes, and dissemination of both the daily data and the analysis results (Figure 1; [48,49]).



The reliability of the E-OBS dataset was evaluated by comparing the time-series of in-situ observations from meteorological stations installed in the wider area by various agencies (Table 2; Figure 1) against the corresponding grid point of the E-OBS dataset. The statistical criteria used to investigate the dataset reliability were the following: mean error ME; mean absolute error MAE; root mean squared error RMSE; standard deviation STDEV; and correlation coefficient R, while also the p-value was calculated to estimate the significance of the results.



The lack of the necessary climatological data (relative humidity, solar radiation and wind speed) precluded the use of the Penman-Monteith equation for the estimation of daily reference evapotranspiration ET. Therefore, ET was estimated using the Hargreaves empirical approach [50], which is recommended only in cases of lack of other meteorological data and is considered to provide satisfactory results with an error rate of 10–15% or 1 mm/d, whichever is greater [51,52]. In the Hargreaves approach, except for daily average, minimum and maximum temperature, all the other required parameters (solar radiation, latent heat of vaporization) can be estimated using empirical relationships [52].




2.2.3. Land Cover Spatial Distribution


The oldest official and most detailed information concerning land cover distribution in Spercheios river basin was available from National Statistical Service of Greece for the year 1960. These data were part of the preparatory activities taken place prior the Agricultural and Livestock Census of March 19, 1961 [42] and concerned the main land cover types per local community: agricultural land, communal or private pastures for grazing animals, forest, artificial surfaces and water. It should be noted that in the 1960s land cover census, all agricultural activities (annual, crops, vineyards, tree plantations, and fallow land) were grouped together, while areas covered by shrubs, transitional woodland—shrub areas or areas with dense vegetation were characterized as pastures. During this procedure, forests were defined as areas mainly covered by ligneous plants clearly supported by a trunk and branching out to no less than 1 m from the ground. The category artificial surfaces included cities, settlements, roads, mines, and bare rocks. Finally, the category water included lakes, permanent inland and salt marshes, coastal areas and lagoons, estuaries, water courses, river beds, and areas covered by water for the greatest part of the year. Areas temporarily covered by water and areas lying near rivers or lakes dried and usually cultivated in summer were included in arable land (Table 3).



The production of the 1960 land cover map (LC1960) was carried out by distributing the land uses per local community, by also taking into consideration the land cover distribution of the CORINE Land Cover (CLC) inventory for the year 1990 [44] and the Census of Agricultural and Livestock Holdings for the year 1961 [53]. As mentioned above, detailed agricultural activities were not distinct in 1960s land cover documented distribution [42]; therefore, the estimation of the different agricultural classes was based on their corresponding distribution per local community for the year 1990 [44]. Natural grasslands, pastures, sclerophyllous vegetation, transitional woodland-shrub, moors and heathland, and sparsely vegetated areas were classified as pastures, while artificial surfaces included continuous and discontinuous urban fabric, airports, industrial or commercial units, mineral extraction sites, construction sites, and road and rail networks (Table 3). The spatial distribution of forest classes (broad-leaved, coniferous and mixed) was also based on the CORINE Land Cover (CLC) inventory for the year 1990 [44].



The land cover maps for the years 1990 (LC1990) and 2018 (LC2018) were retrieved from CORINE Land Cover (CLC) inventory for the corresponding years [44]. It should be noted that based on the methodological approach of CORINE Land Cover (CLC), the density of houses is the main criterion to attribute a land cover class to the discontinuous urban fabric or to the agricultural area, in complex cultivation patterns class. In case of patchwork of small agricultural parcels and scattered houses, the cut-off-point to be applied for discontinuous urban fabric is 30% at least of urban fabric within the patchwork area [43]. Therefore, documented sparsely populated areas in 1960 and 1990 land cover distributions were in many cases classified as complex cultivation patterns (Table 3; Figure 3).




2.2.4. Irrigation Demands


In order to estimate the irrigation demands for each land cover case study in LC1960, LC1990 and LC2018, due to a lack of detailed information concerning the crops cultivated for each reference year, the irrigation demands for the year 2010 were used. More specifically, during a previous study [35], the irrigation demands for Spercheios river basin per local community were calculated taking into consideration the detailed agricultural activities and the cultivated crops per local community from the Census of Agricultural and Livestock Holdings 2010 [54] and the methodology proposed by Food and Agriculture Organization of the United Nations (FAO) for the estimation of the net irrigation requirement of each crop in the study area [55]. The irrigation demands were then projected for the years 1960 (LC1960), 1990 (LC1990) and 2018 (LC2018) per local community, based on the ratio of the corresponding irrigation area as documented during the corresponding census or annual agricultural statistical surveys [53,56,57] and the irrigation area of 2010 (for Pthiotida prefecture; Table 4).





2.3. Statistical Analysis


In order to investigate the effects of anthropogenic land cover changes to the annual actual evapotranspiration and river discharge, the following statistical tests were applied to the time-series of each land cover case study examined.



The sequential version of the Mann-Kendall (SMK) test [58] and the non-parametric rank-based distribution-free cumulative sum CUSUM test [59] were applied, so as to detect the approximate change of trend with time. The sequential version of the Mann-Kendall test (SMK) is calculated so that rank (xi) > rank (xj) (i > j). The number of cases xi > xj is counted and denoted by ni. The t statistic is calculated as Equation (1):


  t =   ∑   i = 1  n   n i   



(1)




The distribution of t is assumed to be asymptotically normal with the following expectations (Equations (2) and (3)):


  E  ( t )  = μ =   n  (  n − 1  )   4   



(2)




and


  V a r  ( t )  =  σ 2  =   n  (  n − 1  )   (  2 n + 5  )    72   .  



(3)




The null hypothesis that there is no trend is rejected for high values of the reduced variable |u(t)|, which is calculated as Equation (4):


  u  ( t )  =   t − E  ( t )      V a r  ( t )      .  



(4)




Similar to the calculation of the sequential progressive series u(t), the retrograde series u′(t) is computed backwards starting from the end of the time-series [58]. The intersection of the curves u(t) and u′(t) indicates the approximate turning point of the trend of the original time-series. For the trend to be significant, the point of intersection must exceed the critical values of the confidence level. The sign of the curve u(t) indicates whether the trend is increasing or decreasing.



In CUSUM test, the test statistic Vk is defined as Equation (5):


   V k  =  ∑  i = 1  k  s g n  (   x i  −  x  m e d i a n    )  ,   k = 1 ,   2 ,   … ,   n  



(5)




Where    x  m e d i a n     the median value of the xi data set and   s g n  ( x )   . CUSUM test allows the detection of changes in mean value of a sequence of observations ordered in time, by comparing successive observations with the median of the series. If a significant trend develops in the plotted points either upward or downward, it is evidence that the process mean has shifted and further investigation is required [59,60,61].



After estimating the approximate change of trend with time, the rank-based non-parametric Mann-Kendall test [62,63] was applied to each sub-period, so as to identify the trend significance. The Mann-Kendall statistic S compares each value of the series    (   x t   )    with all subsequent values    (   x  t + 1    )    and is defined as Equation (6):


  S =   ∑    t ′  = 1   n − 1     ∑   t =  t ′  + 1  n  sgn  (   x t  −  x  t ′    )   



(6)




where sgn is the sign function (Equation (7)).


  sgn  (   x t  −  x  t ′    )  =  {      1 ,   i f    x t  >  x   t ′          0 ,   i f    x t  =  x   t ′          − 1 ,   i f    x t  <  x   t ′           



(7)




If n < 10, the absolute value of S is compared directly to the theoretical distribution of S derived by Mann and Kendall [64]. When n ≥ 10, the statistic S is approximately normally distributed with the mean m and the variance V as follows [62,63] (Equation (8)).


  E S = 0 ,   V  ( S )  =  1  18    [  n  (  n − 1  )   (  2 n + 5  )  −   ∑   i = 1  g   e i   (   e i  − 1  )   (  2  e i  + 5  )   ]   



(8)




g is the number of tied groups, and ei is the number of data in the ith tied group. The values of S and VAR(S) are used to compute the test statistic Z. The standardized test statistic Z is defined as follows (Equation (9)).


  Z =   S + m     V  ( S )      ,  



(9)




Finally, the trend magnitude for each trend period identified from the abovementioned statistical test was calculated based on Sen’s estimator of slope. This non-parametric statistic can be applied in cases of linear trend and determines the magnitude of change per unit time [65]. The Sen’s slope estimation test is defined for a season g as follows (Equation (10)):


  β = M e d i a n  (     x i  −  x j    i − j    )  ,   i < j  



(10)




where β; the slope between points xi and xj, xi data measurement at time i, and xj data measurement at time j. The positive value of the β; implies the slope of the upward trend and negative value for the downward trend [66].





3. Results


3.1. Long-Term Land Cover Changes


Based on the results, the land cover of Spercheios river basin has changed considerably over the last five decades. The artificial surfaces have increased during the years reaching from 1% in 1960 and 1990 to 3% of the total river basin area in 2018. This can be partly attributed to the fact that in some cases, small settlements in 1990 were classified as agricultural areas due to the 30% threshold adopted in the methodology by European Environmental Agency in CLC inventory for distinguishing discontinuous urban fabric and complex cultivation patterns [43].



Agricultural land ranges from 28% (470 km2) in 1960, through 32% (531 km2) in 1990, to 30% (498 km2) in 2018. Permanently irrigated land has increased from 2% (40 km2) in 1960, through 4% (71 km2) in 1990, to 8% (135 km2) in 2018. On the contrary, non-irrigated land has decreased from 12% (196 km2) in 1960, through 10% (171 km2) in 1990, to 5% (79 km2) in 2018. Other agricultural activities, the majority of which were also irrigated, range from 14% (235 km2) in 1960, through 17% (289 km2) in 1990, to 17% (284 km2) in 2018. Pastures have decreased over the last decades (from 636 km2—38% in 1960, through 599 km2—36% in 1990, to 538 km2—32% in 2018). Finally, forested land change ranges from 31% (517 km2) in 1960, through 30% (492 km2) in 1990, to 34% (558 km2) in 2018 (Figure 3 and Figure 4).



Figure 5 presents the differences in agricultural land (Figure 5a), pastures (Figure 5b) and forests (Figure 5c) for the three land cover case studies examined. Some of the areas characterized by transitions in land cover among the cases studies were used to investigate the impact of land cover change on annual actual evapotranspiration.




3.2. Meteorological Data


Based on the results of the comparison between in-situ observations from ground meteorological stations and the E-OBS dataset, there was sufficient agreement regarding precipitation (Table 5). The correlation coefficient R ranged between low (0.3) to very high positive (0.9; based on the criteria for correlation interpretation proposed by Hinkle et al. [39]); nevertheless, the p-value in all cases was statistically significant at the 0.05 level, except in the case of the meteorological station Ano Mpralos. Overall, the E-OBS dataset systematically underestimated annual precipitation for the entire period of evaluation, except in the case of Zilefto meteorological station for which the ME was calculated to be positive. E-OBS dataset was not able to sufficiently estimate the altitude effect on the precipitation rate, leading to a higher value of ME in meteorological stations of higher elevation (Table 5; Figure 6). This led to an average 37% underestimation of spatially-averaged annual precipitation of Spercheios river basin.



Concerning air temperature, the E-OBS dataset managed to represent the actual measurements efficiently, except in the case of minimum air temperature, based on the higher MAE statistics calculated in minimum temperature in all stations (and maximum temperature of Mousounitsa station). The correlation coefficient R ranged between moderate (0.49) to very high (0.98) positive [39]; nevertheless, the p-value was not statistically significant at the 0.10 level in the case of minimum temperature at Lamia station and at 0.05 level in the case of maximum temperature at Mousounitsa station. Overall, temperature was underestimated (ME negative in all cases), especially in the case of minimum air temperature of Lamia station and of minimum and maximum air temperature of Mousounitsa station (Table 6).




3.3. Statistical Analysis


Based on the descriptive statistics of the simulated time-series of the main hydrometeorological factors at Spercheios river basin, the mean annual precipitation of the entire catchment for the period 1960/61–2004/05 was 542.5 mm, and the mean annual air temperature was 13.2 °C for the same period. Mean annual river discharge to Maliakos Gulf ranged from 5.1 m3/s in LC1960, through 5.7 m3/s in LC1990, to 5.4 m3/s in LC2018, while annual actual basin-averaged evapotranspiration ranged from 406.1 mm in LC1960, through 384.7 mm in LC1990, to 395.0 mm in LC2018 (Table 7; Figure 7). Hence, in comparison with LC1960, LC1990 and LC2018 case studies estimated 11.8% and 5.9% higher mean annual river discharge to Maliakos Gulf, respectively. On the other hand, they estimated 5.3% and 2.5% lower basin-averaged annual actual evapotranspiration. These results can be attributed to water balance which force discharge and actual evapotranspiration to be “communicating vessels”, given the same meteorological forcing in the three land cover case studies examined. It is interesting to note that the results showcased the role of richly-vegetated area variabilities on the hydrological characteristics of the catchment. Deforestation as well as intertemporal increase of artificial surfaces have negative effects on evapotranspiration while increasing discharge. For example, the reduced forested area of LC1990 in comparison with both LC1960 and LC2018, resulted in minimum basin-averaged annual actual evapotranspiration and maximum mean annual river discharge.



As far as mean annual actual evapotranspiration is concerned, the three land cover case studies present spatial differences. LC1960 is characterized by more inhomogeneous patterns than in LC1990 and LC2018 (Figure 8). It resulted in values exceeding 520 mm/yr and lower than 280 mm/yr at many areas. A possible explanation for this difference is the increased scattering of areas covered by forests, agricultural land and pastures in LC1960 which have effects of different magnitude on evaporation and transpiration (see Figure 2). Forests and agricultural land increased evapotranspiration in comparison with pastures and artificial surfaces [67]. In contrast to LC1960, LC1990 and LC2018 case studies are characterized by wider continuous areas covered by the same land cover. Hence, the pattern of mean annual actual evapotranspiration is smoother in LC1990 and LC2018 than in LC1960.



Comparing the results of the three land cover case studies, annual actual evapotranspiration is almost the same at areas covered by artificial surfaces over time, for example at the city of Lamia (not shown). On the other hand, the transition from pastures to agricultural land or forest increased mean annual actual evapotranspiration, while the inverse transition had the opposite effects. In order to quantitively estimate the impact of each land cover transition, case studies are compared in pairs e.g. LC1960 vs LC 1990, regarding spatially averaged actual evapotranspiration only at areas characterized by a specific transition. As far as deforestation is concerned, the transition from LC1960 to pastures in LC1990 decreased annual actual evapotranspiration with a mean rate of about 33 mm/yr (Figure 9a,b). It is important to note that the reduction is also evidenced for the entire simulation period which means that land cover change effects can locally outflank the impact of climatic variability [11,12]. However, the transition from pastures in LC1960 to agricultural land in LC2018 increased annual actual evapotranspiration (Figure 9c,d) with a mean rate of about 24 mm/yr. On the other hand, the transition from forest in LC1990 to agricultural land in LC2018 caused a reduction in annual actual evapotranspiration with a mean rate of about 26 mm/yr. Although, differences exist at areas with the same land cover in all three cases examined, these are quite a bit smaller than those which appeared at areas where land cover changed. These smaller differences may be attributed to the horizontal propagation of land cover effects. The local differences in land cover introduce complex forcing in parameters such as run-off water, infiltration, evaporation, and transpiration which can sharply affect in a non-linear way the spatial distribution of water balance, yielding local differences in evapotranspiration.



The statistical tests applied on the time-series of the main hydrometeorological factors (precipitation, air temperature, actual evapotranspiration, and river discharge) for the trend analysis and change point detection, resulted in the following findings. Although the u(t) and u′(t) curves of precipitation intersect only at one point (1981/82), the following trends were identified based on the general form of the u(t) curve. C, concerning annual precipitation: (1) three increasing periods were identified (1960/61–1973/74, 1976/77–1981/82 and 1992/93–2002/03), and (2) four decreasing periods (1973/74–1976/77, 1981/82–1992/93 and 2002/03–2004/05 respectively). It should be noted that all trends identified, either with SMK test, either with CUSUM test, were not significant at the 0.05 confidence level (Figure 10a and Figure 11a).



Regarding annual air temperature, the following trends were identified, based on the form of the u(t) curve: (a) two decreasing periods were identified (1960/61–1964/65 and 1969/70–1983/84), followed (b) by two increasing periods (1964/65–1969/70 and 1983/94–2004/05 respectively). Of the abovementioned trend periods, based on the SMK test, the periods 1960/61–1964/65 and 1983/94–2004/05 were significant at the 0.05 confidence level, while with the CUSUM test, the trends identified were not statistically significant at the 0.05 confidence level (Figure 10b and Figure 11b).



The trend analysis and change point detection tests applied in actual evapotranspiration time-series of all land cover case studies examined, led to the identification of: (1) three increasing periods (1960/61–1967/68, 1977/78–1982/83 and 1989/90–1994/95), followed by (2) three decreasing periods (1967/68–1977/78, 1982/83–1989/90 and 1994/95–2004/05 respectively; Figure 12a–c). Nevertheless, the trend magnitude of each period was different for each land cover case study examined. More specifically, the trend magnitude in all trend periods identified was higher in the case of 1960, followed by the trend magnitude calculated for the periods 1990 and 2018, with the exception of the period 1977/78–1982/83 that the trend magnitude was greater in LC2018, followed by LC1990 and LC1960, and the period 1982/83–1989/90, where trend magnitude was practically identical in all land cover cases examined. It should be noted that all trends identified were not significant at the 0.05 confidence level with the SMK test, while with the CUSUM test, the period 1982/83–1989/90 was statistically significant at the 0.05 confidence level in all land cover case studies examined (Figure 13a and Figure 14a).



Finally, concerning Spercheios annual river discharge and outflow to Maliakos Gulf, three decreasing periods were identified for all land cover case studies examined (1960/61–1976/77, 1981/82–1992/93 and 1995/96–2004/05), followed by two increasing periods (1976/77–1981/82 and 1992/93–1995/96; Figure 12d–f). In all trend periods identified, the trend magnitude was smaller in LC1960, followed by LC1990 and LC2018, except in the case of the period 1981/82–1992/93 that the trend magnitude for LC2018 was smaller than in the case of LC1990. These results revealed a significant impact of land cover on the formation of extreme hydrometeorological events. This finding indicates that the decrease of a richly-vegetated area, for example due to deforestation between LC1960 and 1990, increased annual river discharge while intensifying the vulnerability to extreme climatic variabilities which often provokes either droughts or floods. Of the abovementioned trend periods, based on the SMK test, 1981/82–1992/93 was significant at the 0.05 confidence level, while with the CUSUM test, the trends identified were not statistically significant at the 0.05 confidence level (Figure 13b and Figure 14b).




3.4. Water Budgets


Regarding the water budgets of each land cover case study examined, the following can be stated. The actual evapotranspiration at Spercheios river basin ranged in the three land cover case studies examined from 74.9% (LC1960), through 70.9% (LC1990), to 72.8% (LC2018). Baseflow to river ranged from 16.7% (LC1960), through 19.2% (LC1990), to 18.1% (LC2018). Storage change ranged from 11.6% (LC1960), through 13.3% (LC1990), to 12.4% (LC2018) (Figure 15).





4. Discussion


Anthropogenic land cover changes and interventions on catchment’s characteristics can be leading factors affecting the hydrological cycle components and, in some cases, the impacts can be of the same order of magnitude, or even larger than those attributed to climatic variabilities [11,12]. In order to investigate the effects of land cover changes on the main hydrometeorological factors of a regional river basin in Central Greece, a physically-based hydrological model (MIKE SHE) and gridded observational meteorological data (Copernicus Climate Change Service E-OBS) were employed, and three land cover case studies were adopted.



Before the simulations, the reliability of the E-OBS dataset including precipitation and daily temperature (average, minimum and maximum) was evaluated by comparing against time-series of in-situ observations from meteorological stations at the basin. Based on the results, E-OBS dataset systematically underestimated precipitation in Spercheios river basin for the entire period of evaluation. This may be attributed to issues arising in the comparison of in-situ measurements with area-averaged estimates [68], such as the identification of the most representative grid-point for each meteorological station, the insufficient density of the weather stations network in Spercheios river basin or possible uncertainties concerning the accuracy of observational measurements [69]. Moreover, the coarse horizontal resolution of E-OBS prevented to accurately describe the influence of topography on precipitation and to adequately resolve the atmospheric mesoscale processes; 10–15 km grid spacing of meteorological variables generally improves the realism of the results but does not necessarily significantly improve the objectively scored accuracy of the forecasts [70]. Additionally, the coarse network of Greek meteorological stations used in the E-OBS development that are not evenly distributed and do not cover higher altitude sufficiently, eventually does not allow the accurate representation of area-averaged estimates. More specifically, the spatially-averaged annual precipitation calculated at the present study for the period 1960/61–2004/05 was 542.5 mm, which is close to the mean annual precipitation of Lamia meteorological station (585.5 mm for the period 1970–2000 [71]). In other studies, the spatially-averaged annual precipitation of Spercheios river basin was estimated to be 836 mm for the period 2008/09–2010/11 (precipitation estimated based on Thiessen polygons method [72]) and 1,077 mm for the wet hydrological years 2013/14–2014/15 [73] (simulated precipitation provided by Poseidon Monitoring, Forecasting and Information System [74]) [75], while for the period 1949/50–1989/90, the spatially-averaged annual precipitation for Spercheios river basin was estimated to be 904.6 mm [76]. Nevertheless, the main scope of the present study was the trend analysis of the time-series of the main hydrometeorological factors and, therefore, these discrepancies were considered to be acceptable, since no other meteorological data except from the low-altitude Lamia meteorological station (Hellenic National Meteorological Service, WMO 16675) were available for the entire simulation period (1960/61–2004/05).



As far as the results of hydrological simulations are concerned, average annual actual evapotranspiration and river discharge were the main parameters of the hydrological cycle which were analyzed in this study. First, the average annual actual evapotranspiration at Spercheios river basin was −5.3% and −2.5% decrease in LC1990 and LC2018 respectively, in comparison to LC1960. These variations can be attributed to the presence of the larger areas covered by vegetation (forest and pastures) in LC1960 (70% in comparison to 66% in LC1990 and LC2018), and especially to the larger extent of areas classified as pastures that also include shrubs, transitional woodland—shrub areas or areas with dense vegetation (38% in LC1960), that led to increased actual evapotranspiration. The higher value of actual evapotranspiration in LC2018 in comparison to LC1990 can be attributed to the increased forested land (34% in LC2018 in comparison to 30% in LC1990). The simulations also presented high spatial differences in average annual actual evapotranspiration. Land cover in 1960 was characterized by a more inhomogeneous pattern than in 1990 and in 2018 due to the increased distribution patterns of areas covered by forests, agricultural land and pastures in 1960 which have different effects on evaporation and transpiration. Moreover, mean annual actual evapotranspiration was almost the same at areas covered by artificial surfaces over time, for example Lamia city, but presents variations where land cover changed. The transition from pastures to agricultural land or forest increased evapotranspiration, while the inverse transition had the opposite effects for the entire simulation period which means that land cover effects can locally outflank the impact of climatic variability.



Second, average annual river discharge to Maliakos Gulf was +11.8% and +5.9% increased in LC1990 and LC2018 respectively, in comparison to LC1960. This can partially be attributed to the contribution of the baseflow to river, that ranged from 16.7% in LC1960, through 19.2% in LC1990, to 18.1% in LC2018, following the same pattern. Additionally, the high forested land covering the area of Spercheios river watershed in the case of LC1960 (31%) combined with the lowest irrigation demands during the same period and led to the smallest river discharge. Although in 1990 the forested land slightly decreased (30%), the irrigation demand was almost double, leading to higher exploitation of underground waters, offering residual water in the rivers’ flow and leading eventually to the highest river discharge. Finally, the increase of forested areas in 2018 (34%) and the additional high irrigation demand in 2018 led to the small decrease of river discharge.



Regarding trend analysis, the effect of land cover change on the trend magnitude was evident. Concerning precipitation and river discharge, the trend change points identified were almost identical. Additionally, the trend change points of actual evapotranspiration identified coincide with those of precipitation, verifying the fact that precipitation is a major factor affecting actual evapotranspiration in dry areas, in contrast to wet areas that evapotranspiration is energy-limited (radiation and air temperature) (for example [77,78,79]). On the contrary, the trend change points of actual evapotranspiration and air temperature were not the same, indicating that actual evapotranspiration is affected in a more complicated way and also by other factors except air temperature as expected, such as land cover and water availability. This was also evident during the trend magnitude analysis of each trend period, where the effect of land cover was noticeable. More specifically, in the case of LC1960, where mean annual actual evapotranspiration was the highest in comparison to the other land cover cases examined, and forested land and pastures (that also include natural grasslands, sclerophyllous vegetation, transitional woodland-shrub, moors and heathland and sparsely vegetated areas) consisted of 70% of the total watershed area, the trend magnitude of each trend period examined was higher. Additionally, highly vegetated watersheds showed smaller tolerance to changes of hydrometeorological factors regarding actual evapotranspiration. On the contrary, the small trend magnitude of river discharge in LC1960 in comparison to LC1990 and LC2018 indicated that in the case of a highly vegetated river basin, the response of the system to changes of hydrometeorological factors regarding river discharge was milder. It is an important finding because land cover of LC1960 could play a relaxing role on the consequences of extreme weather phenomena, either droughts or floods, which will possibly increase in the future.



It should be noted that some uncertainties arise due to the fact that during the present study precipitation and air temperature were considered to be unaffected by land coverage. This is a weakness of the present methodological approach since the current version of the hydrological model MIKE SHE does not provide the option of a two-way dynamically coupled atmospheric-hydrological modeling. The use of an uncoupled system can lead to overprediction of the change in evapotranspiration caused by land cover use changes in comparison to the use of a coupled model results [80].




5. Conclusions


In this study, the physically-based hydrological model MIKE SHE and Copernicus Climate Change Service E-OBS gridded meteorological dataset were used to analyze the effects of anthropogenic land cover changes to the hydrological cycle components of the regional watershed of Spercheios river in central Greece. Three case studies based on the land cover of the years 1960, 1990, and 2018 were investigated.



The analysis of simulation results showed that phenomena like deforestation reduced mean annual actual evapotranspiration while increasing mean annual river discharge. The increase of irrigated agricultural land and irrigation demand also increased discharge as revealed by the results of the case study based on the latest land cover of 2018. Even though irrigation often reduces overland water resources, the exploitation of underground waters can increase river discharge.



Moreover, the climatic variabilities primarily in precipitation and secondarily in temperature influenced annual actual evapotranspiration and annual river discharge. Nevertheless, the response of various watershed areas on land cover changes was shown to be more significant, hiding the effects of climatic variabilities. Land cover changed among the case studies, and thus, locally exceeded the impact of climatic variabilities as indicated by the reduced interannual variabilities of differences in annual actual evapotranspiration. The inhomogeneity of land cover as well as the reduction of vegetated areas were highlighted as the main reasons for this effect.



Remarkably, an in-depth trend analysis unveiled the effect of land cover on increasing the vulnerability on extreme climatic variabilities causing intense hydrometeorological events, either droughts or floods. This means that the resilience of the watershed to extreme weather and climatic phenomena was higher in cases of increased vegetated area, since the response of river discharge in changes of hydrometeorological factors and precipitation was milder in cases of land cover dominated by forested land. This finding highlights the fact that the natural systems under stress mainly due to land cover changes and anthropogenic interventions are likely to have more rapid and acute reactions to climatic variabilities.



Understating the complex interactions among multiple stressors—land degradation and hydrometeorological hazards—can contribute to the development and implementation of successful Integrated Water Resources Management plans. Given the high level of uncertainty of climate change projections and related impacts on water resources, the effects of climatic variabilities on freshwater resources cannot be quantified in a deterministic way; decision-making should be rather based on possible future freshwater hazards and risks. Under this scope, the quantitative assessment of land cover effects presented in this study can be a basis for adaptation and mitigation to climate change and human interventions.
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Figure 1. Study area. 






Figure 1. Study area.
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Figure 2. Flowchart of the current methodological approach. 
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Figure 3. Land cover maps for the year: (a) 1960 produced for the present study, (b) 1990, and (c) 2018 from CORINE Land Cover (CLC). 
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Figure 4. Distribution of land cover type for the three land cover case studies examined. 
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Figure 5. Differences in agricultural land (a), pastures (b) and forests (c) for the three land cover case studies examined. 
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Figure 6. Precipitation lapse rates of Spercheios river basin based on observational meteorological data and E-OBS dataset. 
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Figure 7. Basin-averaged annual actual evapotranspiration (mm) (a) and river discharge (m3/s) to Maliakos Gulf (b) reconstructions. LC1960, LC1990 and LC2018 are represented by blue, orange and gray lines. 
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Figure 8. Simulated mean annual actual evapotranspiration (mm/yr) in (a) 1960, (b) 1990 and (c) 2018. 
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Figure 9. Timeseries, regarding areas characterized by transition from forest in 1960 to pastures in 1990, of (a) annual actual evapotranspiration (mm/yr) simulated by LC1990 (orange line) and LC1960 (blue line) as well as (b) their differences (red for positive and blue for negative). The same for (c,d) as well as (e,f) regarding transition from pastures in 1960 to agricultural land in 2018 and transition from forest in 1990 to agricultural land in 2018, respectively. 
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Figure 10. SMK and CUSUM tests for (a) precipitation and (b) air temperature. 
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Figure 11. Results of Mann-Kendall test (No border in columns indicates S test and black border Z test; (*) and (+) symbols indicate if trend is significant at α = 0.05 level and at α = 0.1 level respectively) and Sen’s slope for (a) precipitation and (b) air temperature. 
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Figure 12. SMK and CUSUM tests for actual evapotranspiration for (a) LC1960, (b) LC1990, and (c) LC2018, and river outflow to Maliakos Gulf for (d) LC1960, (e) LC1990, and (f) LC2018. 
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Figure 13. Results of Mann-Kendall test for actual evapotranspiration (a) and river discharge (b) for LC1960, LC1990, and LC2018. No border in columns indicates S test and black border Z test. (*) and (+) symbols indicate if the trend is significant at the α = 0.05 level and α = 0.1 level, respectively. 
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Figure 14. Sen’s slope for actual evapotranspiration (a) and river discharge (b) for LC1960, LC1990, and LC2018. 
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Figure 15. Water budget of Spercheios river basin for the three land cover case studies examined. 
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Table 1. Statistical characteristics and efficiency criteria for the calibration and validation of the hydrological model at the Spercheios river basin [35].
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Station

	
Para-Meter

	
Statistical Parameter




	
N

	
ME

	
MAE

	
RMSE

	
R

	
p-Value

	
R2

	
PBIAS

	
RSR






	
Kastri bridge

	
Calibration

	
L

	
1095

	
0.065

	
0.177

	
0.238

	
0.77

	
<0.00001 *

	
0.56

	
-

	
-




	
Kompotades bridge

	
L

	
909

	
0.042

	
0.273

	
0.387

	
0.55

	
<0.00001 *

	
0.11

	
-

	
-




	
Komma bridge

	
L

	
1063

	
−0.105

	
0.351

	
0.479

	
0.61

	
<0.00001 *

	
0.34

	
-

	
-




	
KR2

	
Validation

	
L

	
176

	
0.063

	
0.102

	
0.138

	
0.70

	
<0.00001 *

	
-1.06

	
-

	
-




	
KR3

	
L

	
236

	
0.009

	
0.085

	
0.143

	
0.80

	
<0.00001 *

	
0.62

	
-

	
-




	
KR6

	
L

	
303

	
0.146

	
0.266

	
0.366

	
0.68

	
<0.00001 *

	
-1.24

	
-

	
-




	
KR7

	
L

	
462

	
−0.060

	
0.195

	
0.405

	
0.76

	
<0.00001 *

	
−0.88

	
-

	
-




	
KR2

	
Q

	
12

	
0.735

	
1.164

	
1.777

	
0.79

	
0.002333 *

	
0.48

	
32%

	
0.21




	
KR3

	
Q

	
11

	
−0.718

	
1.304

	
2.007

	
0.84

	
0.001277 *

	
0.56

	
−27%

	
0.20








* result significant at p < 0.05; L: Level (m); Q: Discharge (m3/s); N: number of sample pairs; ME: mean error; MAE: mean absolute error; RMSE: root mean squared error; R: correlation coefficient; R2: Nash-Sutcliffe coefficient of efficiency; PBIAS: percent bias; RSR: RMSE-observations standard deviation ratio.
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