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Abstract

:

Climate change and intensive hydropower development pose serious challenges to the sustainable water supply of natural and social systems. This study’s purpose is to statistically estimate the complex influence of these factors on the Prut River flow. Its methodical approach is based on a comparative analysis of the flow in 1961–1990 and 1991–2018, reflecting the regional climate before and after an intensive global warming onset, and in 1950–1975 and 1980–2017, before and after the construction of the Stanca-Costesti hydropower plant (HPP) on the Prut’s riverbed. The compared statistics include annual, seasonal and monthly averages and trends of climatic and hydrological parameters for each period. Since the 1990s a statistically significant increase has been demonstrated in the basin-wide annual mean, maximum and minimum temperatures, of 1.04, 1.11 and 1.21 °C, respectively. Negative trends of annual precipitation were negligibly small and statistically insignificant in both periods (−2.1 mm and −0.6 mm/year, respectively), with annual totals differing by 1.4 mm. The seasonal transformation and changes of the Prut river flow, showing a small annual increase in the period 1961–1990 and a 1.8% decrease over next decades, are in good agreement with variability patterns of temperature (positive tendencies) and precipitation (negative tendencies). The operation of mean-capacity HPP has no significant impact on the total water discharge downstream, but modifies the seasonal distribution of the river’s streamflow.
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1. Introduction


Prut River is one of the main left-bank tributaries of the Danube River and one of the largest rivers in Romania, Moldova and Western Ukraine. In general, it is classified as being vulnerable from economic, social and ecological points of view and sensitive to climate change impacts [1,2].



It is well known that anthropogenic activities and climate change trigger the modifications in the hydrological regime of rivers, increasing the severity of issues associated with water security in their basins [3,4,5,6]. Water is a sector impacted to a large extent by climate change. Recent reports highlight the central role of healthy rivers in adapting to climate change [7], showing that freshwater conservation must stay at the basis of adaptation agendas and efforts [8,9]. Thus, the careful management of water through nature-based solutions is a crucial element in tackling the most serious global climate risks.



According to the latest Intergovernmental Panel on Climate Change, (IPCC) Assessment Report [10], human activities have caused approximately 1.0 °C of global warming above pre-industrial levels, and the warming is likely to reach 1.5 °C between 2030 and 2050 if it continues to increase at the current rate—about 0.2 °C per decade (between 0.1 °C and 0.3 °C, depending on the region) due to past and ongoing anthropogenic emissions. The future climate-related risks depend on the rate, duration and peak of warming, especially if the peak temperature is high (e.g., about 2 °C) [10]. Some impacts, such as ecosystems loss, may be long-lasting or irreversible. Changing temperature and precipitation impact flow-rates in freshwater or riverine ecosystems and bring changes to water supplies and demands, affecting human well-being, economy, especially agriculture, ecosystems and their services [11,12,13]. Moreover, global warming is accompanied by an increase in climatic extremes, and in temperate continental climates the heavy rains create favorable conditions for extreme floods [14,15]. For example, a historical eight-day flood, with a probability of 0.1%, occurred in the Prut River basin in July 2008. The water discharge of this flood was 4240 m3/s—the second highest value ever recorded in Romania—and it affected 51.83 km2 of agricultural land and human settlements over 36.5 km of the river bed [16,17].



Due to their contribution to a wide range of public goods and services, freshwater, in general, and rivers, in particular, occupy a special place in climate resilience assessments [9]. Because most rivers are within watersheds already affected by human activities, the observed change in climate will add to or magnify present risks through its potential to alter rainfall, temperature and runoff patterns, correspondingly disrupting the biological communities and their ecological linkages. As a result, many users will face a shortage in their water supplies, with dramatic consequences, threatening public health, weakening economies and decreasing the quality of life. In this regard, the Prut River as an object of this study is not an exception [1,18].



Nonetheless, hydropower development has an undoubted impact on the rivers’ adaptive response to climate change [19]. As one of different anthropogenic factors affecting surface water resources, hydropower development has acquired new nuances on the background of a changing climate, introducing new aspects to the relationship between renewable energy and water resources. Moreover, Qi et al. [20] quantified the contribution to hydrological droughts of both climate and land use/land cover (LULC) change and river dam construction, proving that all these factors led to a streamflow decline in a marshy river, the most influential factor being dam construction. If climate change was a main driver of the increase in drought events, then LULC and the reservoir building would be responsible for the severity of droughts.



The transformation of a hydrological cycle, due to climate change, leads to a variety of impacts and risks caused by the interaction of climatic and non-climatic transformation stimuli with their responses to water resources management. Hydropower projects are often promoted as a “clean and green” source of electricity, and, based on this perspective, many countries are stepping up their expansion. According to the survey [21], hydropower is currently the leading renewable source of energy, contributing to the production of two-thirds of the global electricity from all renewable sources combined. Hydropower-generated electricity is expected to increase from 45% presently to 70% by 2040, depending on future policies, with 3700 new hydroelectric facilities either planned or under construction. The last inventory of massive hydropower presence in European rivers [22] reveals a total of 30,172 hydropower plants (HPPs), of which 21,387 already exist, 8507 are planned and 278 are already under construction. Numerous HPPs also exist or are planned in the Black Sea basin [23].



Undoubtedly, the HPPs’ water storage reservoirs provide multiple benefits due to water accumulation and supply, flood control and recreational opportunities. However, the relationship between hydropower, climate change and water security is not so unambiguous. First of all, an HPP requires a river to be dammed in order to create a reservoir for water storage [24]. In European rivers, numerous dams, weirs and sluices have a strong negative impact on river ecology and biodiversity. According to [25]’s estimates, based on analysis and field validations, there is almost one barrier for each river kilometer in Europe, a density that is much higher than previously indicated in the national databases. The well-known detrimental effects of dams also include the impoundment of free-flowing river habitats, blockage of fish migration and reduced water quality in reservoirs and river reaches downstream [26,27,28,29]. A study of these shortcomings is especially important when considering the combined impact of climate change and hydropower [30,31]. Adynkiewicz-Piragas and Miszuk [32] have estimated that the future will bring a very high risk of decrease in water resources and in hydropower production. According to their results, increasing air temperatures and sunshine durations can negatively affect water resources, even though precipitation projections do not show significant trends.



The complexity of coordination between the water, energy and environmental sectors increases substantially in transboundary river basins where the impacts spread from one country to another, and trade-offs and externalities can cause friction between riparian countries. The management of interlinked resources leads to a “nexus approach” as a way of enhancing water and energy security by increasing its efficiency, building synergies and improving governance, while protecting ecosystems [33]. However, in spite of some common features, each river basin has significant differences, requiring a careful, thorough study and individual accounting for the transboundary monitoring of flow. A basin-wide approach is one of the principal dimensions in river basin management [34,35].



The assessment of the sustainability of HPP work must take into account climate variability and change, and climate challenges should be integrated into all assessment methods [36]. Although these impacts have been partially taken into account in the scientific literature for the Prut River [2,37,38], a new, more detailed and statistically comprehensive analysis is needed, based on historical information from two riparian countries—Romania and the Republic of Moldova. The aim of this paper is to analyze and statistically estimate the complex influence of climate change and hydropower on the water flow of the transboundary Prut river. This study will help policy makers, water managers, researchers and farmers to understand the potential impacts of climate change and hydropower and to adapt the appropriate water management strategies.




2. Materials and Methods


2.1. Study Area


The transboundary Prut River is the second longest tributary of the Danube River, its sub-basins being located in Romania, Moldova and Ukraine (Figure 1a) [39]. It originates in the south-western slope of the Hoverla Mountain, at about 15 km south-southeast of Vorokhta village, in the Chornogora mountain massif of the Ukrainian Carpathians, and flows into the Danube at about 164 km from its mouth, 0.5 km south-eastwards of Giurgiulesti village. The river’s length is 967 km and its catchment area (i.e., an area that drains to a single stream or river (McCabe 2011); synonyms such as river basin and watershed are also used in North America) is 27,540 km2. The studied area occupies the part of the Prut basin which is located in eastern Romania and western Moldova; it accounts for 68.2% of the entire Prut basin [40]. The length of the transboundary part between Romania and Moldova is 711 km. As for its shape, the basin is a relatively narrow band, with an average width of 51 km (up to 70 km). The geological structure of this area comprises a large variety of rocks with different physical and chemical properties that play a main role in the formation of the basin’s structure, topography, hydrographic network, and ground waters. The Moldovan Plateau, in which the studied area is located, has the maximal absolute altitude, 429.5 m (the Codri Hills), and the minimal one, 2.4 m, in the Prut mouth. The mean altitude is 130 m, with an average slope of 0.2% [16].



The mountainous hydrological origin of Prut accounts for its sufficiently large water content, but also for the frequent floods, representing real hazards for both Moldova’s and Romania’s economy and human security [16]. However, the Prut basin belongs to a zone of insufficient humidity [2]. Precipitations decrease from north to south with significant spatial heterogeneity depending on the terrain. Because the wind’s prevailing directions are north-west and west, the highlands receive higher precipitation compared to the downwind slopes.



According to historical observations, the annual precipitation amounts to approximately 900 mm in the northern and central parts of the basin, but is less than 270–300 mm in the south [41]. The Prut’s average annual streamflow amounts to 2.7 km3, varying from 1.2 km3 in the years with insufficient precipitation to 5 km3 in the years with the highest surface runoff [41]. These and other characteristics also depend on changes in the regional climate and in the Stanca-Costesti HPP works. According to this study, in 1980–2017—that is after putting this HPP into operation—at the hydrological post Oancea, an annual water discharge was, on average, 91.6 m3/s, ranging from 38.4 to 150.4 m3/s.



This HPP, jointly operated by Romania and Moldova, was built in the period 1974–1978, using as a reservoir the Stanca-Costesti Lake, located in the Prut (Figure 1b), at 580 km from its confluence with the Danube [42]. To build a reservoir, the lake was blocked by a dam with a height of 47 m and a length of 740 m, retaining a gross volume of 1285 million m3 and used volume of 450 million m3. The reservoir’s area is 59 km2, and the maximum depth 41.5 m. The HPP’s capacity is 32 MW (two hydraulic units of 16 MW each), and its designed annual electricity production is 130 million kWh. According to the European classification [22], this facility belongs to a size class 3 (from 10 to 50 MW).



However, the main goal of this complex construction is not only to generate electricity. It also regulates the Prut’s streamflow and provides water accumulation to supply riparian settlements, industrial enterprises and agricultural irrigation, and to attenuate high floods. In particular, the Stanca-Costesti reservoir has prevented the potentially catastrophic consequences of the above-mentioned historical flood of 2008 [17]. Nevertheless, the HPP and its reservoir have altered the river water flow, which, especially in dry years, was sometimes below an ecological minimum, thus affecting the hydrological regime of floodplain lakes and the Lower Prut scientific reserve.




2.2. Initial Material


The transboundary nature of the Prut River and the shape of its basin (a relatively narrow band) have made it possible to use a corresponding approach to the selection of an initial material. In particular, historical climatic information was provided by Moldova and hydrological information—by Romania. Partially, such approach was also driven by the specifics of this study, carried out in an international project framework (see: Acknowledgements). Thus, the climate change study was based on data series of four Moldovan weather stations located within the study area (Figure 1), while monthly observation data at three Romanian hydrological stations (Figure 1; Table 1) served as an initial material to analyze the Prut water multi-year discharge.



The choice of hydrological stations was made based on the need to correctly assess a twofold impact on the Prut’s flow: (1) of the climate change and (2) of the Stanca-Costesti HPP and its reservoir. From the former point of view, the gauging station in Radauti is the best choice. Located upstream the reservoir at a distance of about 300 km from the Prut source, it records a long-term (since 1950) water flow generated in the upper part of the Prut basin, not being disturbed by the HPP construction and operation. This factor allows for the correct assessment of a possible contribution of global warming to changes in the Prut’s streamflow. The Stanca gauging station is important as the closest one downstream of the HPP (about 20 km), which also has a fairly long (since 1950) series of reliable measurements of water discharge. The station in Oancea records the Prut’s streamflow in its lower part, or practically a total runoff from the basin, because the Prut has no significant tributaries downstream.




2.3. Methods


A difference in tasks to be solved has determined the choice of methods and time periods for the study. In particular, climate, in its narrow sense, is defined as the average weather, or more rigorously, as the statistical description of key climatic variables in terms of their means and variability over a certain period of time [43]. Thus, it is very important to select the correct period of averaging, and its duration is one of potential sources of uncertainty and bias in the research results. This moment is important not only when choosing a “reference climate”, or “baseline” time period, from which the potential climate change projections are estimated (e.g., [44]), but also in identifying any changes in the current climate. Unfortunately, in a number of works, including some of those cited below, a choice of time periods for averaging has often been governed by the availability of historical observations data. However, according to the current World Meteorological Organization’s (WMO) Technical Regulations [45], climatological standard normals are defined as averages of climatic data computed for successive 30-year periods, updated every 10 years. Based on this definition, to define changes in the Prut basin climate two 30-year (1961–1990 and 1991–2018) periods were compared. These periods reflect, respectively, the relatively “normal” regional climate of the second part of the 20th century and the climate of intensive global warming that has been observed over the last three decades. Some objective “shortening” of the second period (28 years) can be neglected.



To assess climate change impacts on the Prut water discharge, by analogy with the analysis of changes in temperature-humidity conditions, the 1961–1990 and 1991–2018 periods were chosen as well. In turn, to assess the HPP impacts, the water discharge was compared taking into account the periods before this plant construction (1950–1975) and after putting it into operation (1980–2017).



Methodical approaches to assess changes in the climate and the Prut’s streamflow included three main components:




	
The study of time trends in historical data. Usually, a trend analysis of meteorological elements that are perceived as different aspects of climate, which can be statistically described, e.g., air temperature and precipitation [45], provides useful information for understanding the climatic changes associated with global warming. Equally, the trend analysis of streamflow characteristics is important for water resources management [46,47]. In the most recent relevant publications, these variables are considered both individually and in their various combinations. Thus, Hammad and Salameh [48] have used air temperature trends to indicate changes in climate in the Central Palestinian Mountains, Ge et al. [49] in the Indochina Peninsula and Jeganathan et al. [50] in one Indian state. In turn, Zhao et al. [51] explored linear trends for analyzing mean and extreme precipitation under climate change within the Yellow River Basin (China), while Szwed [52] analyzed the variability of precipitation in Poland. More often, however, the temperature and precipitation trends are considered concurrently. As examples, we can name the works of Ay [53] for the western Black Sea region and Scorzini and Leopardi [54] for Central Italy, or some work for more remote areas, e.g., Machiwal et al. [55] for India’s arid region. Nikzad Tehrani et al. [56] evaluated the trends of hydro-climatic variables (precipitation and streamflow) in northern Iran. Yan et al. [57] investigated the individual and combined effects of LULC and climate change on water balance in the upper reaches of the Beiluo River basin, in China. Their research showed that these future effects are similar to trends of climate change at both the annual and seasonal scales. Lately, a basin-wide approach has been increasingly used in trend analysis [51,58,59,60,61]. In the present study, trends of air temperature and precipitation over selected climatic periods were also chosen as principal indicators of observed tendencies in climate dynamic and climatic conditions, which form a surface runoff from the Prut River’s catchment and its potential change, expressed in trends in the river water discharge.



	
A descriptive analysis was used to describe and compare basic features of the Prut catchment’s temperature-humidity conditions in the selected climatic periods. Descriptive statistics included annual and seasonal averages and standard deviations (Sd) of mean (Tmean), maximum (Tmax) and minimum (Tmin) air temperatures, and analogous statistics for precipitation (p) totals and water discharge (Q).



	
An assessment of the statistical significance of observed differences between estimated statistics for the two periods, considered as a sound evidence of the presence or absence of reliable changes in the regional climate and the Prut’s streamflow.








All statistical analyses were performed using appropriate tools provided by the Microsoft Excel 2019 and Statgraphics (2014) software (STATGRAPHICS Centurion XVII, Statpoint Technologies, Inc., Warrenton, VA, USA) [62].





3. Results


3.1. Climate Change in the Prut River Basin


3.1.1. Air Temperature Trends


Figure 2 demonstrates changes in annual trends of air temperature in the Prut basin caused by global warming. It is clear that the decrease of mean and maximum temperatures and only a slight increase of the minimum temperature in 1961–1990 shifted to their sharp increase in the last thirty years. The most important statistics characterizing linear trends of annual and seasonal temperatures, as well as their comparison analysis, are presented in Table 2. In this analysis, a slope shows the value of a corresponding temperature change per year, while its sign indicates the direction of the change. A p-value less than 0.05 means the statistical significance of the linear regression model at 95.0% or higher confidence level; R2 statistic (or coefficient of determination) indicates the percent of an estimated parameter’s variability explained by the model, or a level of its value dependence in a year [62].



The analysis of Table 2 leads to the following conclusions:




	
since the 1990s, in the Prut basin, a sharp increase in the annual air temperature has been observed for all its parameters; this increase for Tmin, Tmean and Tmax amounted, per decade, to about 0.6, 0.8 and 0.9 °C, respectively, compared to 0.04, −0.01 and −0.07 °C in 1961–1990;



	
unlike 1961–1990, the observed trends of regional warming in 1991–2018 have a high level of statistical significance: p-values for all seasons (except winter) and for the entire year are less than 0.001.








The previous conclusion is confirmed by a sharply increased R2: in the last three decades, in all seasons, except for winter, the linear trends explain from about 35% to more than 50% of the air temperature’s variability.




3.1.2. Statistical Significance of Air Temperature Change


Table 3 shows the results of an evaluation of the statistical significance of the differences between temperature averages and their standard deviations in two climatic periods. As can be seen, in 1991–2018 the annual averages of Tmin, Tmean and Tmax have increased by 1.04, 1.11 and 1.21 °C, respectively, relative to the previous 30 years. In absolute terms, the maximal increase of all temperature characteristics was observed in summer, and the minimal increase in winter.



To determine whether or not the differences between temperatures in the two periods are statistically significant, the Sample Comparison procedure was used [62]. This procedure runs a t-test to compare the averages of two samples. Except for one case (autumn Tmax), all increases are statistically significant with p-values < 0.05; this means that the observed increase of air temperature in 1991–2018 in comparison with 1961–1990 is reliable at a confidence level of 95.0% or higher.



To compare the standard deviations (Table 3), the F-test was run. Since this time the computed p-values in most pairs are not less than 0.05 (except in summer for Tmax), there are no statistically significant differences between Sd in the two temperature samples at an acceptable confidence level. Thus, we can argue that the observed increase in air temperature was not accompanied by a corresponding change in its variability.




3.1.3. Changes in the Course of the Mean Annual Temperature


Though the Prut basin air temperature is changing, its annual course is preserved (Figure 3), with minimal values in January-February and maximal ones in July–August. At the same time, a temperature increase is visually observed practically in all months and for all temperature parameters.





3.2. Precipitation Change


Precipitations in the form of rain and snow are a primary source of surface runoff in the Prut catchment. In both study periods, negative trends in annual precipitation took place, although they were negligibly small: about −2.1 mm and −0.6 mm per year in 1961–1990 and 1991–2018, respectively (Figure 4; Table 4). In the first period, a decrease in precipitation was observed in winter and spring, but in subsequent years in all seasons except winter. However, none of these trends are statistically significant (p-values are much higher than 0.05), and both graphs demonstrate an extreme interannual variability of basin-wide precipitations, with a consecutive dry and wet years occurring many times since 1961.



This fact, along with insignificant values of R2, gives us no grounds to speak about significant decreases in the total amount of precipitation falling in the Prut basin. Such conclusion is supported by the statistical comparison of precipitation averages and standard deviations (Table 5): the differences between their values in two periods are not statistically significant for all seasons, and their annual totals differ by about 1.4 mm. However, it is worth drawing attention to an obvious increase in autumn precipitation with a decrease in other seasons.



Although the total annual precipitations remain almost unchanged, their certain redistribution by months is observed (Figure 5). So, the monthly precipitation maximum (82 mm), which was in 1961–1990 in June, is now decreased to 75 mm and is observed in July. The previous monthly precipitation minimum (October, 27 mm) in the last decades has disappeared as such, and the new minimum has shifted to February (28 mm). Other (not so significant) changes in precipitation patterns are also observed in the rest of the months.




3.3. Changes in the Prut’s Streamflow


Climate Change Impact on the Prut’s Water Discharge


As was noted above (Section 2), the impact of climate change on the Prut’s streamflow was estimated based on historical observations at Radauti hydrological station, located upstream of the Stanca-Costesti HPP. Thereby, a possible transformation of the river flow, caused by the HPP factor, was excluded. The streamflow analysis itself, by analogy with the basin-wide climate change assessment, included a comparison of water discharges and their trends in 1991–2017 vs. 1961–1990.



Linear trends of the Prut’s annual water discharge are shown in Figure 6, and their statistics, along with seasonal ones, in Table 6. Even visually, one can see that a slight increase in the annual discharge in 1961–1990 shifted to a decrease over the next decades. This decrease, which has been outlined since the mid-1990s, is in good agreement with the beginning of an intense global warming; it continues throughout the following years in all seasons. In the 1991–2017 period, a previous spring decrease (−0.556 m3/s) had approximately doubled to −1.189 m3/s; no less demonstrative is the change in the autumn discharge: from a positive trend (0.401 m3/s) in the first period to a more intense subsequent negative decrease (−1.273 m3/s).



In Table 6, as in the analysis of climatic variables, the R-squared statistic indicates the percent of variability of water discharge explained by a linear model. Very small values of this statistic demonstrate a weak relationship between a discharge by trend and the corresponding year. Such conclusion is supported by the fact that practically all p-values, except for autumn in 1991–2017, are higher than 0.05. Thus, the observed trends are not statistically significant at the 95.0% or higher confidence level. In the absence of statistical significance, along with an extremely small R2, there is no reason to argue about a time stability of observed trends in the Prut’s water discharge. It is possible that they only reflect shallow- and large-water periods in flows, well known in hydrology. Such conclusion is supported by the analysis of standard deviations characterizing the variability of water discharge in Radauti station (Table 7). According to this table, the coefficient of variation of an annual discharge, calculated as a ratio of Sd to Average values, equals, in the compared periods, 33.4% and 36.6%, respectively, or a third of the averages.



In general, Table 7 allows us to extract information about the absolute and relative changes in the Prut’s water flow due to climate change. Although in all seasons the observed differences in water discharge are statistically insignificant (all p-values > 0.05), their certain patterns are undeniable, being in good agreement with global estimates, and can be summarized as follows:




	
the approximately 15% increase of the Prut’s streamflow in winter and its 9.7% decrease in spring are in good agreement with the increase in basin-wide winter temperatures (Table 3) and, accordingly, the earlier onset of spring floods;



	
an increase of the streamflow in autumn and its decrease in summer are in good agreement with the 21.9% increase in autumn precipitation and 9.2% decrease in summer (Table 5);



	
the seasonal transformation of water discharge is in good agreement with the seasonal redistribution of precipitation.








Thus, despite the seasonal redistribution of the Prut’s streamflow caused by climate change, its annual volume entering the territory of Romania and Moldova in the upper part of the river basin has decreased very slightly—only by 1.8%. Nevertheless, in a purely physical perspective, this decrease is in good agreement with observed air temperature increases and precipitation decrease. The climate change impact on the Prut discharge variability is demonstrated by a statistically significant increase of Sd observed only in summer (~1.5 times) and a similar Sd lowering (~1.4 times) observed in winter. However, the difference between the interannual variability in two periods is much lower (7.7% increase).



The changes in the Prut’s water flow discussed above, caused by climate change, are well detailed when considering a monthly water discharge (Figure 7). While maintaining the form of its annual distribution, the ratios of its monthly values have changed significantly. In particular, the last decade’s monthly increase took place mainly in January–February and September–November against the four-month decrease in April–July, with its maximum in May.





3.4. Hydropower Impact on the Prut’s Water Discharge


In accordance to a chosen methodology, the assessment of changes in the Prut’s flow due to the operation of the hydropower complex Stanca-Costesti was based on comparison of its water discharge at two hydrological stations: Radauti, located upstream, and Stanca, located downstream of this complex (Figure 1), in the periods before and after its construction. To exclude from the analysis the construction period, 1950–1975 and 1980–2017 years were considered for the comparison. Monthly water discharges in these two reaches of the Prut River are shown in Figure 8.



This histogram should be interpreted as a type of “qualitative” assessment of a hydropower impact on the Prut’s streamflow. Thus, in 1950–1975, when the streamflow was undisturbed, the annual water discharges at both hydrological posts were almost identical in shape. Somewhat larger volumes at Stanca gauging post are explained by a natural increase in the surface runoff caused by an increase in the catchment area downstream of Radauti (see Table 1). The observed changes in water discharge in Radauti in 1980–2017, e.g., its slight reduction and transforming over a year, can be explained by purely natural factors: its response to changes in the basin’s drainage characteristics or to the variability of precipitation, temperature and evapotranspiration caused by changes in regional climate. At the same time, in Stanca, the modification of the water discharge is more pronounced. Such a conclusion is supported by a comparative analysis (Table 8). In particular, while at Radauti gauging post the difference in the water discharge (both values and variability) in the two periods is not statistically significant (p-values are much higher than 0.10), at Stanca post these differences are statistically significant in all seasons, except for summer and the entire year. A winter increase in water discharge here (above 30%) can be partially explained by earlier snow melting, while a substantial decrease in the spring discharge (−21%) is most likely caused by a regulated accumulation of water in the Stanca-Costesti reservoir for economic, environmental or social needs in a warm period. This conclusion is confirmed by a water discharge increase in summer and autumn. As a result, the natural excess of an average annual discharge in Stanca in comparison with Radauti (by 2.9 m3/s), which took place in 1950–1975 due the greater catchment area, has decreased to 1.9 m3/s in 1980–2017. Here, we should also take into account that the Stanca-Costesti reservoir collects water not only from the Prut’s flow but also from a number of side tributaries, from both its banks, for which the total flow can reach 1 m3/s [42].





4. Discussion and Conclusions


Based on the analysis of historical data and the use of modern statistical approaches, a comprehensive research on responses of the Prut River flow to climate change and hydropower development yields some original results, which add new information to these pressing problems. The main generalized conclusions which can be drawn from the obtained results are formulated as follows:




	
The changes in temperature-humidity conditions of the Prut River basin in the periods before and after the global warming onset clearly demonstrate its obviousness in a regional manifestation. Since the 1990s, a substantial increase in the annual air temperature has been observed for all parameters, and their positive trends have a high level of statistical significance, or reliability. In 1991–2018 the annual averages of Tmin, Tmean and Tmax have increased, respectively, by 1.04, 1.11 and 1.21 °C relative to the previous thirty years. What is important is that the observed changes are statistically significant, with a confidence level of 95.0% and higher. However, the obvious temperature increase, which took place in all months, was not accompanied by a statistically significant change in temperature interannual variability.



	
The negative trends of annual precipitation totals were observed in both periods, but they were negligibly small and statistically insignificant: about −2.1 mm and −0.6 mm per year in 1961–1990 and 1991–2018, respectively. In the first period, a precipitation decrease was observed in winter and spring, in subsequent years—in all seasons except winter. The resulting decrease in the annual precipitation average was only 1.4 mm. A high interannual variability of precipitation, inherent in both periods with successive wet and dry years, often led to atmospheric and hydrological droughts. The latest example is the drought in Moldova in 2020.



	
A slight increase in the Prut’s annual water discharge, observed in 1961–1990, shifted to a decrease over the next decades, a trend which is in good agreement with the strengthening of global warming. However, in the absence of statistical significance, there is no reason to argue about a time stability of observed trends, and they are very likely to reflect only the shallow- and large-water periods. Despite a transformation of the Prut water discharge’s seasonal distribution under climate change, its annual volume entering the territory of Romania and Moldova has decreased very slightly—only by 1.8%. In a hydro-climatologic perspective, this fact is in good agreement with the observed air temperature increase and precipitation decrease.



	
The creation of the Stanca-Costesti reservoir and the construction of a mean-capacity HPP have not showed a statistically significant effect on annual water discharge downstream, but changed its seasonal distribution according to the interests of certain water users. Thus, it can be assumed that hydropower, with an optimal combination of its capacities and the volume of surface runoff flowing into a riverbed, as well as with competent management, makes it possible to combine energy, economic and environmental requirements in a river basin, in particular, maintaining the sustainability of water supply in the lower part of the Prut basin.








As a concluding remark, the authors would like to emphasize that the climate transition to a new state requires in-depth research, taking into account all applied aspects and hydropower. This is especially important for all systems related to freshwater, which is most sensitive to climate change and its variability. The new climate impacts natural and social systems either directly, through changes in air temperature-humidity conditions, or indirectly, transmitting its adverse consequences through transformations in a river flow. There is also no doubt that any hydropower construction in the riverbed introduces an additional dimension to these challenges, including those related to the sustainability issue as a whole.
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Figure 1. Map of the study area: (a) sub-basins of Danube’s tributary Prut River in Romania (RO), Moldova (MD) and Ukraine (UA); (b) Prut River basin within Romania and Moldova, and selected hydrological and weather stations. 
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Figure 2. Linear trends of air temperature in the Prut basin in two climatic periods: 1961–1990 and 1991–2018. 






Figure 2. Linear trends of air temperature in the Prut basin in two climatic periods: 1961–1990 and 1991–2018.



[image: Sustainability 13 00066 g002a][image: Sustainability 13 00066 g002b]







[image: Sustainability 13 00066 g003 550] 





Figure 3. Average monthly air temperatures (°C) in the Prut basin in two climatic periods. 
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Figure 4. Linear trends of annual precipitation p (mm) in the Prut basin in two climatic periods. 
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Figure 5. Monthly precipitation (mm) in the Prut basin in two climatic periods. 






Figure 5. Monthly precipitation (mm) in the Prut basin in two climatic periods.



[image: Sustainability 13 00066 g005]







[image: Sustainability 13 00066 g006 550] 





Figure 6. Linear trends of the Prut’s annual water discharge (m3/s) in two climatic periods. 
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Figure 7. The Prut’s monthly water discharge (m3/s) in two climatic periods. 
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Figure 8. The Prut water monthly discharge (m3/s) at hydrological posts upstream (Radauti) and downstream (Stanca) of the Stanca-Costesti HPP in the periods 1950–1975 (left) and 1980–2017 (right). 
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Table 1. Morphometric characteristics of hydrological stations on the Prut River in Romania [16].
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Hydrological

Station

	
Operation from

	
Geographic Coordinates

	
Distance from the Mouth

	
Catchment Area

	
Elevation

above

Black Sea




	
Latitude

	
Longitude

	
Area, km2

	
Altitude, m






	
Radauti

	
1950

	
48°14′55″

	
26°48′14″

	
652 km

	
9074

	
529

	
101.9




	
Stanca

	
1950

	
47°47′00″

	
27°16′00″

	
554 km

	
12,000

	
480

	
62.0




	
Oancea

	
1928

	
45°53′37″

	
28°03′04″

	
88 km

	
26,874

	
279

	
6.3











[image: Table] 





Table 2. Slope, coefficient of determination (R2) and statistical significance (p-value) of air temperature linear trends in the Prut River basin in two climatic periods.
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Season

	
1961–1990

	
1991–2018




	
Slope

	
R2, %

	
p-Value

	
Slope

	
R2, %

	
p-Value






	
Minimum temperature (Tmin)




	
Winter

	
0.056

	
6.21

	
0.184

	
0.045

	
5.82

	
0.216




	
Spring

	
0.010

	
0.50

	
0.709

	
0.067

	
44.0

	
0.000




	
Summer

	
−0.025

	
11.8

	
0.063

	
0.046

	
35.4

	
0.001




	
Autumn

	
−0.038

	
12.1

	
0.059

	
0.064

	
27.0

	
0.005




	
Year

	
0.004

	
0.27

	
0.785

	
0.056

	
45.8

	
0.000




	
Mean temperature (Tmean)




	
Winter

	
0.059

	
7.32

	
0.148

	
0.042

	
5.24

	
0.241




	
Spring

	
0.008

	
0.26

	
0.790

	
0.098

	
51.7

	
0.000




	
Summer

	
−0.024

	
7.32

	
0.148

	
0.079

	
38.5

	
0.000




	
Autumn

	
−0.049

	
17.3

	
0.022

	
0.088

	
41.3

	
0.000




	
Year

	
−0.001

	
0.02

	
0.940

	
0.076

	
53.3

	
0.000




	
Maximum temperature (Tmax)




	
Winter

	
0.072

	
10.8

	
0.010

	
0.042

	
4.33

	
0.288




	
Spring

	
0.007

	
0.09

	
0.872

	
0.121

	
46.3

	
0.000




	
Summer

	
−0.034

	
9.76

	
0.092

	
0.104

	
38.3

	
0.000




	
Autumn

	
−0.068

	
20.6

	
0.012

	
0.104

	
43.0

	
0.000




	
Year

	
−0.007

	
0.34

	
0.759

	
0.093

	
52.3

	
0.000
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Table 3. Statistical comparison of air temperature (°C) in the Prut basin in two climatic periods.
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Season

	
Average ± Standard Error

	
Standard Deviation




	
1961–1990

	
1991–2018

	
Difference

	
p-Value

	
1961–1990

	
1991–2018

	
Difference

	
p-Value






	
Minimum temperature (Tmin)




	
Winter

	
−5.03 ± 0.36

	
−3.97 ± 0.29

	
1.06

	
0.027

	
1.97

	
1.53

	
−0.44

	
0.184




	
Spring

	
4.86 ± 0.22

	
5.76 ± 0.16

	
0.90

	
0.002

	
1.18

	
0.84

	
−0.34

	
0.072




	
Summer

	
14.41 ± 0.12

	
15.99 ± 0.12

	
1.58

	
0.000

	
0.65

	
0.63

	
−0.02

	
0.912




	
Autumn

	
5.91 ± 0.25

	
6.56 ± 0.24

	
0.65

	
0.017

	
1.38

	
1.28

	
−0.10

	
0.803




	
Year

	
5.07 ± 0.13

	
6.11 ± 0.13

	
1.04

	
0.000

	
0.73

	
0.68

	
−0.05

	
0.712




	
Mean temperature (Tmean)




	
Winter

	
−2.34 ± 0.35

	
−1.35 ± 0.29

	
0.99

	
0.034

	
1.91

	
1.52

	
−0.39

	
0.235




	
Spring

	
9.27 ± 0.27

	
10.41 ± 0.22

	
1.14

	
0.002

	
1.46

	
1.12

	
−0.34

	
0.164




	
Summer

	
19.59 ± 0.14

	
21.30 ± 0.20

	
1.71

	
0.000

	
0.79

	
1.05

	
0.26

	
0.143




	
Autumn

	
9.85 ± 0.19

	
10.34 ± 0.21

	
0.49

	
0.091

	
1.04

	
1.13

	
0.09

	
0.672




	
Year

	
9.09 ± 0.14

	
10.20 ± 0.16

	
1.11

	
0.001

	
0.79

	
0.85

	
0.06

	
0.697




	
Maximum temperature (Tmax)




	
Winter

	
0.78 ± 0.35

	
1.80 ± 0.31

	
1.02

	
0.035

	
1.92

	
1.66

	
−0.26

	
0.455




	
Spring

	
14.49 ± 0.35

	
15.98 ± 0.28

	
1.49

	
0.002

	
1.91

	
1.47

	
−0.44

	
0.173




	
Summer

	
25.38 ± 0.17

	
27.32 ± 0.26

	
1.94

	
0.000

	
0.95

	
1.38

	
0.43

	
0.050




	
Autumn

	
14.77 ± 0.24

	
15.07 ± 0.25

	
0.30

	
0.386

	
1.31

	
1.31

	
0.00

	
0.988




	
Year

	
13.85 ± 0.18

	
15.06 ± 0.20

	
1.21

	
0.000

	
0.99

	
1.06

	
0.07

	
0.716
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Table 4. Statistics of linear trends of precipitation in the Prut River basin.
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Season

	
Period

	
Slope

	
R2, %

	
p-Value

	
Period

	
Slope

	
R2, %

	
p-Value






	
Winter

	
1961–1990

	
−1.341

	
6.10

	
0.188

	
1991–2018

	
1.328

	
7.49

	
0.159




	
Spring

	
−0.464

	
0.94

	
0.610

	
−0.320

	
0.33

	
0.771




	
Summer

	
0.209

	
0.15

	
0.837

	
−1.067

	
2.25

	
0.447




	
Autumn

	
0.480

	
0.57

	
0.691

	
−0.516

	
0.45

	
0.734




	
Year

	
−2.066

	
3.43

	
0.327

	
−0.596

	
0.24

	
0.806








Note: Symbolic notation—see Table 2.
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Table 5. Statistical comparison of Prut basin precipitation p (mm) in two climatic periods.






Table 5. Statistical comparison of Prut basin precipitation p (mm) in two climatic periods.





	
Season

	
Average ± Standard Error

	
Standard Deviation




	
1961–1990

	
1991–2018

	
Difference

	
p-Value

	
1961–1990

	
1991–2018

	
Difference

	
p-Value






	
Winter

	
108.5 ± 8.7

	
93.4 ± 7.5

	
−15.1

	
0.200

	
47.8

	
39.9

	
−7.9

	
0.348




	
Spring

	
135.8 ± 7.7

	
133.3 ± 8.6

	
−2.5

	
0.830

	
42.1

	
45.7

	
3.6

	
0.662




	
Summer

	
211.7 ± 8.6

	
202.5 ± 11.1

	
−9.2

	
0.512

	
47.0

	
58.5

	
11.5

	
0.248




	
Autumn

	
111.7 ± 10.2

	
133.6 ± 11.9

	
21.9

	
0.166

	
55.8

	
63.1

	
−8.1

	
0.520




	
Year

	
567.3 ± 17.9

	
565.9 ± 19.1

	
−1.4

	
0.957

	
98.2

	
100.8

	
2.6

	
0.889
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Table 6. Slope, coefficient of determination (R2) and statistical significance (p-value) of linear trends of the Prut River’s water discharge (m3/s) in two climatic periods.






Table 6. Slope, coefficient of determination (R2) and statistical significance (p-value) of linear trends of the Prut River’s water discharge (m3/s) in two climatic periods.





	
Season

	
1961–1990

	
1991–2017




	
Slope

	
R2, %

	
p-Value

	
Slope

	
R2, %

	
p-Value






	
Winter

	
0.480

	
5.30

	
0.221

	
−0.180

	
1.13

	
0.598




	
Spring

	
−0.556

	
1.06

	
0.589

	
−1.189

	
6.36

	
0.204




	
Summer

	
1.017

	
2.95

	
0.364

	
−0.526

	
0.30

	
0.786




	
Autumn

	
0.401

	
1.43

	
0.530

	
−1.273

	
15.91

	
0.039




	
Year

	
0.335

	
1.17

	
0.570

	
−0.792

	
4.56

	
0.285
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Table 7. Statistical comparison of the Prut’s water discharge (m3/s) in two climatic periods at Radauti hydrological post.






Table 7. Statistical comparison of the Prut’s water discharge (m3/s) in two climatic periods at Radauti hydrological post.





	
Season

	
Average ± Standard Error

	
Standard Deviation




	
1961–1990

	
1991–2017

	
Difference

	
p-Value

	
1961–1990

	
1991–2017

	
p-Value




	
Absolute

	
%






	
Winter

	
37.5 ± 3.4

	
43.1 ± 2.6

	
5.6

	
14.9

	
0.203

	
18.4

	
13.4

	
0.110




	
Spring

	
124.9 ± 8.7

	
112.8 ± 7.2

	
−12.1

	
−9.7

	
0.295

	
47.6

	
37.4

	
0.220




	
Summer

	
113.4 ± 9.5

	
108.2 ± 14.6

	
−5.2

	
−4.6

	
0.765

	
52.2

	
76.1

	
0.050




	
Autumn

	
51.6 ± 5.4

	
57.0 ± 4.9

	
5.4

	
10.5

	
0.459

	
29.6

	
25.3

	
o.428




	
Year

	
81.8 ± 4.1

	
80.3 ± 5.7

	
−1.5

	
−1.8

	
0.836

	
27.3

	
29.4

	
0.687
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Table 8. Statistical comparison of the Prut basin discharge (m3/s) upstream and downstream from the HPP.






Table 8. Statistical comparison of the Prut basin discharge (m3/s) upstream and downstream from the HPP.





	
Post

	
Season

	
Average ± Standard Error

	
Standard Deviation




	
1950–1975

	
1980–2017

	
Difference

	
p-Value

	
1950–1975

	
1980–2017

	
p-Value




	
Abs.

	
%






	
Radauti

	
Winter

	
36.0 ± 3.2

	
41.9 ± 3.0

	
5.9

	
16.4

	
0.141

	
15.9

	
15.5

	
0.865




	
Spring

	
114.7 ± 7.7

	
113.7 ± 7.8

	
−1.0

	
−0.8

	
0.920

	
38.6

	
40.6

	
0.830




	
Summer

	
98.9 ± 12.9

	
109.9 ± 13.3

	
11.0

	
11.1

	
0.524

	
64.5

	
69.2

	
0.721




	
Autumn

	
45.2 ± 5.0

	
53.8 ± 4.9

	
8.6

	
19.0

	
0.182

	
25.0

	
25.3

	
0.952




	
Year

	
73.7 ± 4.7

	
79.8 ± 4.5

	
6.1

	
8.3

	
0.384

	
23.6

	
29.7

	
0.229




	
Stanca

	
Winter

	
38.6 ± 3.2

	
50.5 ± 4.0

	
11.9

	
30.8

	
0.017

	
16.1

	
20.9

	
0.181




	
Spring

	
118.3 ± 7.9

	
93.4 ± 7.7

	
−24.9

	
−21.0

	
0.016

	
39.5

	
39.9

	
0.974




	
Summer

	
101.9 ± 13.2

	
118.0 ± 3.2

	
16.1

	
15.8

	
0.331

	
66.1

	
63.6

	
0.819




	
Autumn

	
47.4 ± 5.1

	
65.0 ± 5.6

	
17.6

	
37.1

	
0.016

	
25.4

	
29.3

	
0.457




	
Year

	
76.6 ± 4.8

	
81.7 ± 5.6

	
5.1

	
6.7

	
0.458

	
24.0

	
29.1

	
0.320
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