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Abstract

:

This study analyzed the long-term alterations in runoff regime, seasonality and variability in headwater montane basins in Central Europe in response to the manifestations of climate change. We tested the common hypotheses on climate change effects on surface runoff dynamics in the Central Europe region, assuming that (i) recent climate warming will result in shifts in the seasonality of runoff, (ii) the runoff balance will remain without significant changes and (iii) that higher variability in runoff can be expected. The analyses were done on eight montane catchments in four mid-latitude mountain ranges in Central Europe, based on the uninterrupted time series of daily discharge observations from 1952 to 2018. We used 33 indicators of hydrologic alteration (IHA), 34 indicators of environmental flow components, the baseflow index, the calculation of surplus and deficit volumes and the frequency of peak and low flows. Homogeneity testing using Buishand, Pettitt and SNHT tests was applied to test the response of the hydrological alteration indicators to climate warming. We have proved the significant shifts in runoff seasonality, coinciding with the timing of the air temperature rise, marked by earlier snowmelt, followed by a decline in spring flows and a prolonged period of low flows. There was detected a rise in the baseflow index across the mountain ranges. Unlike the common hypotheses, the expected rise of runoff variability and frequency of peak flows was not demonstrated. However, we have identified a significant change of the flood hydrographs, tending to steeper shape with shorter recessing limbs as a sign of rising inner dynamics of flood events in montane catchments.
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1. Introduction


The growing severity of floods and droughts in Europe, which became a major source of damage and societal risk over the past two decades [1], significantly stimulated research in the fields of changes in long-term trends of hydrological regimes [2] and recent variability in hydrological extremes and their regional aspects. Particular attention is paid to the potential drivers of changes, with a special focus on climate change [3,4,5] and land use changes [6,7]. A better understanding of the trends of hydrological extremes, their spatial distribution and drivers are thus sought as a key for designing efficient potential adaptation measures [8].



The rising vulnerability of Europe to the risk of hydrological extremes in the past three decades can be detected at different scales [9]. The changes in seasonality, frequency or spatial distribution of the hydrological extremes are less distinct on a regional level. In contrast, the local factors, such as physiography, land use or river modifications, play a significant role in the interpretation of the observations [10]. Central Europe represents a transient region in terms of climate gradients, features highly variable physiography and a significant human impact. Recent studies assume that the hydrological effects of climate change in this region will chiefly affect the seasonal distribution of runoff, inter- and intra-annual variability in discharge and an increase in the risk of floods and droughts [11,12]. In particular, the projections of climate models indicate the alterations of hydrological regimes, including the seasonal distribution, magnitude and duration of precipitation; rise in evapotranspiration; and a reduction in the snow season [11,13]. Therefore, climate change, both observed and predicted by climate models, is considered a key driver of changes in runoff patterns [12,14]. The effects of rising air temperatures as the most significant indicator of change have been detected across the region of Central Europe since the 1980s [14,15], together with the rising variability in precipitation in headwater areas of Central Europe [16,17]. However, studies focused on the changing patterns of peak flows in Central European rivers did not indicate any significant trends of the runoff response from a long-term perspective [18,19]. Compared to changes in the regions of Western Europe, Scandinavia or the Mediterranean, the changes in streamflow are less pronounced here [20]. In particular, the studies of streamflow balance in montane headwater catchments in the region indicate a similar picture of only marginal changes [21,22].



Besides the changing climate, there are other factors, that potentially affect the alteration of hydrological processes. In particular, these are the structural measures such as dam construction or intense stream regulations [23] and the gradual or abrupt changes in land use [24]. In the montane basins with dominating forest cover, the forest management such as forest thinning or timber logging [13], as well as the forest health status can play significant role. Climate warming and forest disturbance in the Sumava Mountains resulted in the significant shifts in the seasonal distribution of runoff, intraannual runoff variability, a rise in the frequency of peak flows of low magnitude and increasing duration of the periods of drought over the past two decades [25]. The elevated inner dynamics and variability in the runoff in montane catchments in the Sumava region were further demonstrated at different spatial scales [26,27].



Based on these in our study, we selected a set of basins in four montane ranges in Central Europe to test the generally accepted hypotheses, assuming that (a) recent climate warming results in shifts in the seasonality of runoff distribution, while (b) the indicators of runoff balance will remain without significant changes and that (c) higher variability in the runoff, displayed by a higher frequency of floods and droughts, can be expected. Based on these hypotheses, the following research questions are arising. First, are the generally assumed changes in long-term time series of runoff seasonality, balance and variability, apparent coherently in the European mid-latitude montane basins? Second, is there a coincidence between the detected changes in the runoff regime and observed timing of climate warming as the principal driver of hydrological alterations. In addition, third, are there apparent any spatial patterns in trends, reflecting, i.e., effects of climate continentality?



The research was done on a set of catchments in four boundary mountain ranges in Central Europe. In particular, we examined eight basins in the boundary mountain ranges—the Šumava Mountains (Bohemian Forest), Krkonoše (Giant Mountains), Orlické hory (Eagle Mountains) and Beskydy Mountains The basins are of comparable size (40–90 sq. km), with stable land use structure and all are without hydrological regulation structures. The long-term daily discharge observations in hydrological years 1952–2018 were used for the analyses. We focused on indicators that reflect the aspects of the runoff regime that are likely to be affected by the assumed effects of the changing climate. In particular, the set of 33 indicators of hydrologic alteration (IHA), 34 indicators of environmental flow components (EFC) and the frequency and distribution of the peak and low flows were used. Statistical testing of the significance of changes was performed using the Mann–Kendall test and breakpoint analysis, analysis of deficit and surplus volumes, and homogeneity testing were performed using the Buishand, Petitt and SNHT tests.




2. Materials and Methods


2.1. Study Area


The research was conducted in a set of basins located in headwater montane regions of the Czech Republic as an environment that is sensitive to the effects of landscape disturbances and climate change [12,25]. The included basins were selected based on the following criteria: (i) headwater basins in boundary montane ranges in different regions of Czechia, (ii) basins with unregulated streams and without reservoirs or significant water regulation structures and (iii) basins with monitoring stations, providing long, uninterrupted time series of daily discharge observations. Based on those criteria, we selected eight basins in five montane ranges—Vydra and Blanice in the Šumava Mountains (Bohemian Forest), Mumlava and Úpa in the Krkonoše Mountains (Giant Mountains), Zdobnice in the Orlicke Mountains, Branná in the Jeseniky Mountains and Čeladenka and Vsetínská Bečva in the Beskydy Mountains (Figure 1). The selected basins are of size, ranging from 40–90 sq. km.



For the physiographic properties, the potentially significant factor affecting streamflow generation is the geological structure. The mountain ranges in the western part of the Hercynian system are formed by crystalline complexes, while the eastern montane ranges are part of the Alps–Himalayan system with dominant Mesozoic and Tertiary sedimentary rocks [28,29]. These effects of geology are reflected by the typological categories of the water bodies of the Czech Republic, classified according to the prevailing geological bedrock [30]. GIS analysis of the share of the two key categories shows that only two basins in the Beskydy Mountains (CEL and VSB) are based on sedimentary rocks, while all others are dominated by crystalline bedrock (Table 1).



All basins have a prevailing close-to-nature structure of land use with a dominant share of categories reflecting conditions close to the natural status. Forests, meadows and pastures, as the typical land use categories in a montane environment, have shares from 83% to 99.8% of the basin areas (Table 1). Except in the VYD basin—where a significant forest disturbance since 1990s was detected [31]—the study basins have in long-term perspective stable health status without significant extent of forest health deterioration or decay [32], potentially affecting runoff generation.



Arable land is developed in only part of the catchments and to a limited extent. The share of built-up areas is then marginal (Table 1). All basins are unregulated, without dams or regulation structures, significantly affecting the streamflow effects.



The above-stated approach enabled minimization of the cross-effects of the different drivers, whose mutual impact on the hydrological regime can be difficult to disentangle [33], leaving climate change as the only principal driver of changes in hydrological regime.




2.2. Data Sources


For hydrological analyses, a joint database of uninterrupted daily discharge observations at gauging stations in montane headwater catchments in the boundary mountains of the Czech Republic was used (Table 1). The time series applied in the study started in 1954 until 2018 as the longest time span available at all monitoring stations. Although some of the stations started monitoring earlier, at most of the stations, long breaks in monitoring were apparent during World War II, and some stations started operating in the early 1950s. Time series of precipitation and snow cover have been available since 1961. Hydrological and meteorological monitoring (Table 2) was performed by the Czech hydrometeorological Institute, which provided the data for the research [34].




2.3. Applied Methods


The methods used for analysis comprised a mix of hydrological analysis tools and statistical techniques used for calculation of hydrological alteration parameters and detection of their changes in long time series of daily discharge observations.



In the analysis, we have consecutively (i) performed the calculation of indicators, describing the various aspects of hydrological alteration, (ii) tested if a trend was detected in the time series of such indicators and tested the significance of such trends, (iii) analyzed the potential driving forces of hydrological change in basins—land use changes, structural measures and climate change, (iv) used the breakpoint analysis to detect the moment of shift in the time series of air temperature observations, considered as a potential driver of hydrological change, (v) split the time series of hydrological observations according to the detected breakpoint in climate change and (vi) analyzed the scope of indicators of hydrological alteration in the pre- and postimpact period, with a focus on the changes in balance, seasonal distribution and variability of the indicators.



These tests were applied to the time series of air temperature daily observations at Churáňov and Lysá hora stations, representing the western and eastern bounds of the analyzed region. The resulting breaks in the time series of hydrological observations were then considered as a point of change in air temperatures and were used as thresholds to analyze the impacts of climate change on the hydrological regimes in the assessed basins.



As a basis for the description of the potential hydrological change, we used the indicators of hydrological alteration (IHA, 33 indicators) and the environmental flow components (EFC, 34 indicators). The IHA and EFC parameters cover the key aspects of hydrological change, including:




	
Magnitude and seasonal distribution of water conditions;



	
Magnitude and duration of annual extreme water conditions;



	
Timing of annual extreme water conditions;



	
Frequency and duration of high- and low-flow events;



	
Rate and frequency of water condition changes.








The IHA and EFC indicators reflect the hydrological effects of both continuous and abrupt changes in potential drivers. Their applicability to detect changes in the hydrological regime has been demonstrated in various environments [35,36,37].



The baseflow separation was performed using the recursive digital filter, applied to separate the direct flow and baseflow from the daily discharge time series [38]. The calculation was performed using the Web based Hydrograph Analysis Tool (WHAT) model [39], based on the BFLOW filter [40], demonstrated to be an efficient method for direct and baseflow separation from daily discharge observations [25,41]. From the results of separation, the baseflow index (BFI) was calculated as a ratio of baseflow to total streamflow. The aggregation of the daily values of direct flow and baseflow components was calculated as the median yearly values of the indices.



In addition to the sets of IHA and EFC indicators, calculated according to the standardized methods, we also calculated other parameters, reflecting changes in balance indicators, such as surplus/deficit volumes as well as the specific peak and low-flow indicators. Days with discharge lower than the 0.25 quantile and higher than the 0.75 quantile were selected as days with deficit and surplus discharge, respectively. The values of quantiles vary in time, and the calculation is performed in a 5-year moving window. The total outflow in m3 in those deficit and surplus days was summed and further analyzed. The increase in deficit volume means a decrease in total outflow on deficit days, as the value has a negative meaning. Increase in surplus volume means the increase in outflow realized at high-flow conditions. The analysis simply observes the runoff distribution across different hydrological conditions.



As a more sensitive approach, we used minimax threshold detection, developed for such purposes [25]. The threshold for low-magnitude peak flows (POT) is defined as a minimum value of yearly maximum daily discharge in the time series. The threshold for low flows (LOF) is then defined as a maximum value of yearly minimum daily discharge in the time series. Based on this classification, the long-term set of daily flow observations provides the sets of at least one POT and one LOF event per year. In headwater areas, the changes resulting from climate and environmental changes are rather gradual and often subtle. Hence, the analysis, based on low-magnitude pulses and a dense dataset is suitable to analyze the subtle changes in flow variations as a signal of environmental change.



To analyze the significance and direction of changes, we tested all of the calculated indicators by the Mann–Kendall trend test. The sets of the 33 indicators of hydrologic alteration, 34 indicators of environmental flow conditions and the abovementioned additional alteration indicators were tested for the presence of a monotonic linear trend. The testing was done separately for the whole time span of the hydrological years 1952–2018 and then separately for the pre- and postimpact periods 1952–1988 and 1989–2018, separated according to the breakpoint in air temperature values. The resulting set of 104 indicators, calculated for 3 periods, describe the key aspects of hydrological change—the trends in runoff balance, seasonal distribution and variability.



To identify the point of change in the time series, homogeneity tests were performed on the time series of daily and yearly temperatures to identify the potential breakpoints in air temperatures. To analyze the homogeneity of the time series of the calculated IHA and EFC parameters, Pettitt’s test, SNHT and Buishand tests [42], designed to work on any type of distribution with an unknown position of the point of change [43], were used. The selection of these tests was based on their demonstrated performance on hydrological time series in the environment of mid-latitude montane basins [22,25].




2.4. Applied Tools


The IHA 7.1 tool was used to calculate two sets of parameters—33 IHA and 34 EFC parameters [44]. The analysis was performed for 8 catchments for uninterrupted daily discharge observations in the time period of the hydrological years 1952–2018. For all analyses, the water year was set to start in November, corresponding to the hydrological conditions in the European mid-latitudes. The calculations were based on nonparametric (percentile) statistics using the default threshold values for the detection of the peak and low-flow events [45].



The flow duration curves (FDCs) were calculated to detect extreme events based on the thresholds of daily flow exceedance. In accordance with the typical IHA thresholds, the extreme low flows were defined as the initial low flows below 10% of daily flows for the calculated period. The high flows were considered all flows that exceeded 75% of daily flows for the calculated periods. The threshold for low flows is set to flows below 50% of daily flows. Small floods are defined as a peak flow over a 2-year return period and a large flood is defined as an event exceeding a 10-year return period [44].



For each station, two sets of analyses were performed. First, the analysis based on the daily observations for the whole time period aimed to describe the long-term trends of hydrological properties in the assessed basins. For the second set of analyses, the time series was split into two periods according to the calculated breakpoint in air temperatures. The aim was to analyze the differences in seasonality, variability and dynamics of the hydrological properties in the pre- and postimpact periods as an effect of climate change.



The classification of POT and LOF events using the minimax thresholding method was performed using the KNIME 4.1 (KNIME.com, Zurich, Switzerland) statistical package [46]. In the KNIME workflow, the threshold values were calculated as the flow variables controlling the calculations in the consequent nodes and the classification of the events. The Plot.ly library, called via KNIME nodes, was used for plotting the outputs.



For the calculations of deficit and surplus volumes, the Microsoft Excel 365 spreadsheet was used. The Mann–Kendall test together with Sen’s slope estimate was elaborated within Makesens 1.0, MS Excel template by the Finnish Meteorological Institute.



Testing of homogeneity on the time series of air temperatures aimed to detect the points of change was performed using the XLStat 2020 (Addinsoft, Paris, France) package. In the performed analyses using Pettitt’s, Buishand’s and SNHT tests, the null hypothesis (H0: data are homogeneous) and an alternative hypothesis (Ha: there is a date at which there is a change in the data) were tested. The p-value was computed using 10,000 Monte Carlo simulations, and the significance level alpha was set to 0.05 (α = 0.05 s, the risk of rejecting the hypothesis is equivalent to 5%).





3. Results


3.1. Variations of Meteorological Factors


Based on the stable structure of land use and lack of control structures on the hydrographic network in the assessed basins, climate change was considered a key factor affecting the hydrological regime in the study areas. We analyzed the air temperatures and precipitation at key climate stations in the Sumava, Krkonoše and Beskydy Mountains, covering the principal mountain ranges of the study area (Figure 2). The long-term observations indicate the same trends at all stations. Despite the natural fluctuations, there is no clear trend in the total annual precipitation at any of the stations. Although the absolute values of the precipitation totals vary due to the different altitudes, the overall neutral trend is repeated at all mountain ranges in the studied region (Figure 2a).



In contrast, the mean annual air temperatures at both stations feature a continuous increase in values over the study period, again with a shift of the absolute air temperature values stemming from the different altitudes of the stations. However, at all stations, there is a rise in air temperatures from the long-term perspective since the beginning of monitoring in the 1960s. The air temperatures were thus considered as the potential factor driving the changes in the hydrological system in the study basins.



The tests of homogeneity of the daily time series of air temperatures were launched at three stations, Churáňov (Sumava Mountains), Harrachov (Krkonoše Mountains) and Lysá hora (Beskydy Mountains), covering the key mountain ranges in the study areas. In the time series of 1961–2018, a significant point of change was indicated. All of the performed tests (Buishands, Pettitt’s and SNHT tests), concluded that there was a significant break in the air temperatures occurred in 1988 at Churáňov (CHU) and Lysá hora (LYS) stations (Table S1), representing the upper montane environment. In Krkonoše Mountains there is no station with uninterrupted observations in the upper montane part. The Harrachov (HAR) station, located at lower altitude with warmer climate (Figure 2) thus detected the shift in air temperatures earlier—in 1987; however, with the same level of significance (Table S1).



The year 1988, concordantly reflecting the change in the upper montane stations in the most western and eastern spans in the area of interest, was considered as a changepoint in air temperatures. This shift in rising temperatures was assumed as a factor driving the potential alterations of hydrological response in the catchments. This year was then used as a threshold in the consequent analyses of the indicators of hydrologic alteration, splitting the time series into periods prior to and after the air temperature shift. The preimpact period of 1952–1988 spans from the joint start point of hydrological observations at all stations to the year of the detected shift in air temperatures. This period includes the cold and wet period in the 1970s and 1980s. In the study basins, it also represents a relatively long time period with no significant extreme events. In contrast, the postimpact period of 1989–2018 covers the period with elevated variability in hydroclimatic processes in the area of Central Europe, including the extreme regional floods in 1997, 2002 and 2013 and series of summer storm floods in 2009 as well as the long and intense dry period, lasting since 2015.




3.2. Trends of Changes in the Hydrological Regime


The significance of changes in trends, tested by the Mann–Kendall trend test, confirmed that the threshold in air temperatures detected in 1988 represents a significant breakpoint in trends for most of the hydrological alteration indicators. Between the periods of 1953–1988 and 1989–2018, there are apparent changes in indicators, expressing alterations in balance, seasonality and variability of runoff response. All the results are supported by Sen’s slope analysis highlighting the magnitude of change.



The basic patterns of changes in seasonality are repeated across the study areas, despite the variable physiography of the assessed basins, expressed in shifts in the timing of processes, e.g., snowmelt in basins of different altitudes. At the level of the whole time period of 1953–2018, there is a general rise in discharge values in the hydrologic winter half of the year and a respective decline in discharges in the summer half-year (Table 3). This general pattern differs when viewed in the two periods, separated by the air temperature break. In most of the catchments, the first period of 1953–88 is marked by the rising monthly discharges in most of the months except July over all the basins and in spring in the western basins. In contrast, the period since 1989 is marked by a declining trend in almost all basins and seasons.



The spatial and temporal patterns of changes in balance indicators are not uniform. By the basis balance indicator mean annual discharge, there is a clear effect of the air temperature breakpoint in 1988, as there is a trend of neutral or rising discharges in the period of 1953–1988 and an overall decline in discharge in the period of 1989–2018.



The baseflow index (BFI) is a parameter reflecting the conditions for runoff generation and groundwater storage. In the long-term perspective, the share between the baseflow and total flow should be stable. However, the changes in the driving forces of hydrological processes, reflected, for example, by the effects of climate change, can affect the balance between direct and base flow. In the period 1953–1988, the BFI values increased in almost all basins, while since 1989, there was a decline in the western part of the mountain ranges (Table 4).



In the whole time span, there is an obvious trend of increasing surplus volume and decreasing deficit volume, highlighting the tendency of the basins toward wetter conditions in the winter half of the year. In contrast, the summer half of the year is represented by a drop in surplus volume and increase in deficit that leads to overall drier conditions in the summer half of the year. The deficit and surplus volumes do not show any consistent trends in the separated periods.



The breakpoint in air temperatures is well represented in the time series of runoff variability. The most significant changes are visible in the parameter of hydrological reversals as a sign of intraannual runoff variability. From a long-term perspective, the number of reversals is rising. However, there is a clear difference between a significantly decreasing number of reversals in the preimpact period of 1953–1988 and a rising trend as a signal of increasing variability in runoff since 1989.



The indicators of rise and fall rates, defined as a mean increase or decrease in daily flows, show an overall trend with significant divergence in the two assessed periods (Table 5). The fall rate indicator has a consistent decreasing trend in both time and space. In contrast, the rise rates have significantly diverging patterns when comparing the periods of 1953–1988 and 1989–2018. In the first period, there is an increase in the rise rate in all, but one basin, while since 1989, there was an overall decline.



The parameters of minimum and maximum flows suggest a decrease in both peak and low flow values since 1988 in most of the basins. In contrast, in the preimpact period, the magnitude of low flows increases. There is an overall tendency of longer low-flow periods over the whole time span.



We have further focused on the selected indicators, displaying the most significant changes in terms of the trend or spatial extent. In the three groups of indicators (balance, seasonality, variability), parameters were selected with (i) statistically significant changes in most of the catchments and with the coherent direction of change, displaying the alteration of hydrological regime across the regions, as well as (ii) parameters that are statistically significant, but with varying spatial patterns of trends, indicating regional effects in changing trends.



For the analysis of changes in runoff balance, the indicators of annual discharge, baseflow and surplus/deficit volume were selected. For the analysis of runoff seasonality, the indicators of March and May flows, date of maximum flow and seasonal runoff distributions were used. For the analysis of runoff variability, the indicators of rise and fall rates, reversals and peak and low-flow frequency were selected according to the minimax thresholds. These indicators were used for the detailed analysis of changes in the hydrological regime.




3.3. Changes in Runoff Seasonality


The long-term changes in seasonal runoff distribution display distinct patterns of change, apparent across the regions, both in the whole time series and, in particular, when comparing the periods, split by the break in air temperatures in 1988. From the long-term perspective, there is a rise in discharge in a cold period, particularly in winter and early spring. The rise in discharge in March, February or January is apparent in all basins. In contrast, the spring and summer flows correspondingly decrease. The most pronounced change is visible in May, but the whole spring and summer season until August features a noticeable decrease in flows across the basins (Figure 3).



The spring flow increase is accompanied by a flow decrease of −34% ± 7% in the summer season observed in each basin (significant in each basin except CEL). The rise in discharge in March and a corresponding decline in discharge values in May (Figure 3a) in montane catchments correspond to the timing of the snowmelt period. This trend is also reflected by the changes in the date of the maximum flow (Figure 3b). There is an obvious general trend of earlier dates of occurrence of the yearly peak flows across the basins. The different trend direction of VSB is governed by the oscillation of the date of maximum flow from late December to early January.



In most of the basins, there are plausible accelerations of this trend since the break in air temperatures in 1988 as a response to rising air temperatures, forcing earlier snowmelt. Since 1989, an earlier start of snowmelt has occurred in most basins. This tendency is most plausible in the basins of Vydra, Mumlava, Úpa, Zdobnice and Čeladná.



The timing of the snowmelt period in particular basins depends on the physiographic properties, mostly the mean elevation, so the shift is reflected in March in most of the basins (+49% ± 32%), but in April in the basins with mean elevations above 1000 m ASL. (VYD and UPA basins, +47% ± 2%). Increasing discharges are found in February and January, as well as the highest rate in January (significant in MUM, ZDO and CEL, +87% ± 23%). The significant decline in discharge starts in April in the BLA (significant, −45%) and eastern basins (not significant, −10% ± 5%). In May, there is a uniform and significant decreasing trend in all basins in the range of −45% ± 5%.



The second phenomenon, even more significant, is the change in timing and intensity of the consecutive dry periods. The decreasing trend is manifested in all basins and all months of summer and autumn (Figure 4), although the range and the statistical significance drop in later months (−31% ± 10% in the June–August period). In all catchments, a steeper transition occurs from spring snowmelt toward the period of low flows, lasting from May until October (until August in the Beskydy Mountains, VSB and CEL) and featuring a significant decline in the minimum flows in the period since 1989.



The differences in the seasonal distribution in the pre- and postimpact periods, defined according to the break in the air temperatures in 1988, confirm this trend. The hydrograph of monthly discharges calculated for these two periods proves the shifts of peak flows from early spring to late winter (Figure 4).




3.4. Changes in Runoff Balance


For the indicators of intraannual hydrological balance (baseflow, rise rate), there is a typical almost neutral average change across the catchments and spatial heterogeneity between the western and eastern parts of the assessed area.



The changes in the total accumulated annual discharge from the catchments (Figure 5a), calculated from the time series of daily discharges, indicate that the fluctuations in the runoff balance over the 70-year time period of observations are subtle. However, in most of the catchments, there is a trend of decreasing annual discharge since the breakpoint in 1988 (−36% ± 23%). This trend is most evident in the period in the last decade of observations, which was marked by intense droughts in Central Europe.



The analysis of the baseflow (Figure 5b) indicates a continuous rise in the baseflow index across the basins with a shift in time series, corresponding to the breakpoint of air temperatures in 1988. This tendency is in line with the rise in temperatures and the shorter snow cover periods, limiting the groundwater recharge. Despite this general trend, the scope of change since 1988 is not univocal. In particular, in the southwestern mountain range of the Sumava Mountains (VYD and BLA basins), the rise in the baseflow index is decelerating. However, these basins are already reaching very high BFI values compared to those of the other regions.



Surplus and deficit volume analysis indicate flow regime variations. The goal was to detect any differences in the share of runoff in dry or wet conditions on total runoff. The breakpoint of air temperature in 1988 is not very noticeable in the analysis of duration curves, but there are apparent changes in the whole period of 1952–2018 (Figure 6). The yearly values of deficit and surplus volume do not show any significant trends. When focused on the intraannular variability, the winter half-year is a period with an increase in surplus volume and a decrease in deficit volume (BRA and CEL basins do not show the increase in surplus volume); thus, the winter flow regime tends to be wetter overall. In contrast, in the summer half-year, there is a significant decreasing trend in surplus volume accompanied by an increase in deficit volume indicating an overall drying out of the basins in the summer half-year.



When we look further at the seasonal changes, March has an overall decrease in deficit volume (−48% ± 30%). In April and May, there is very scarce evidence of flow below the 0.25 quantile, thus the months were not evaluated. Regarding the winter half-year surplus volume, January has an overall large increase in surplus volume with a W-E gradient (+460% and +920%) in the Šumava Mountains (BLA and VYD both highly significant), approximately 250% in the Krkonoše Mountains, 540% in the BRA—the western-oriented basin in the Jeseníky Mountains and approximately 100% in the eastern basins. In the VYD basin and Krkonoše Mountains (UPA, MUM), the January increase continues throughout the hydrologic spring season. In contrast, spring surplus volume in BLA, BRA, ZDO and CEL remains unchanged or slightly decreases in the spring season.



The summer overall decrease in surplus volume starts mostly in May. The tendency is reduced toward late summer and early autumn and turns into an increasing tendency in October in most of the basins except the BLA. A decrease in the surplus volume is accompanied by a June decreasing tendency of deficit volume (−50% ± 32%) in all basins except the Jeseníky Mountains and a more significant increase in the deficit volume in the autumn season was mostly realized in August and September, with the highest range and significance in August in the MUM and CEL (353%), but obvious in all periods and all basins. The increase is followed by a decrease in the variable toward winter wetter conditions as described above.




3.5. Changes in Intraannual Runoff Variability


Indicators of rise and fall rates reflect the change in water condition volatility by calculating the mean of all positive differences between the consecutive positive (Rise rate) or negative (Fall rate) daily discharge values. Changes in rise rate values, calculated from daily discharges in a yearly step, thus express the mean water surplus. In contrast, the indicator of the fall rate reflects the change in water deficit conditions.



The threshold in air temperatures is evidently reflected by the changes in the rise and fall rate indicators in all assessed basins. The rise rate has generally declined in the period of climate warming since 1989, while most of the catchments record lower positive differences in daily discharges (Figure 7a). The only exceptions are VYD and MUM, where the trend was neutral, however, diverging from the rising trend in the period of 1952–1988. As a counterpart, the fall rate indicator is on a general rise. The lower mean negative differences of daily discharge values appear as a concordant trend in all assessed regions.



Hydrological reversals, defined as the number of transitions between the consecutive surplus and deficit volumes in a year, reflect the interannual runoff variability. In most of the catchments, there is a distinctly diverging pattern of a general decline in variability in the period of 1952–1988, followed by a steep rise since 1989 (Figure 7b). This trend is evident in all mountain ranges. In two catchments (MUM and ZDO), the trend in the postimpact period is neutral; however, the average number of reversals in the period 1989–2018 is higher than that in the preimpact period.




3.6. Changing Frequency of Peak and Low Flows


As a sign of changing runoff variability related to climate change, the rising frequency of low-flow and peak-flow events is expected. The frequency of peak and low flows was tested on events selected by minimax thresholding. The detection of significant flow-pulses, based on standard recurrence interval thresholds, results in a minimal set of events, even when applied on the long time series. In the analyzed catchments, the most frequent occurrence of peak flows was detected in VYD basin with 35 events and least frequent in MUM and UPA basins in Krkonoše Mountains with only 12 events exceeding the threshold of one-year flood in 70-year-long time series. In the case of a 5-year flood, there were five events reached in VYD basin and only one event recorded in the MUM and UPA basins in the given period. The values are distributed highly unevenly, and such a sparse dataset has limited usability for the detection of potential changes in the seasonal aspects of peak flow occurrence. Hence, the use of the relatively soft thresholds, selecting at least one event per year, enabled the obtainment of a more robust dataset for the trend analysis.



The results proved the expectation that the rise in air temperatures, recorded in all catchments, translated to a rising frequency of low flows. The number of days with flow under the LOF threshold has generally risen since the breakpoint of air temperatures in 1988 after a decline in the preimpact period, although the intensity of the rising trend varies.



Another aspect of runoff variability assumed to rise as a result of climate change in the mid-latitudes is the frequency of peak flows. However, unlike the low flows, there is no uniform response or trend in peak-flow frequency in the study basins in the period of rising air temperatures since 1989 (Figure 8). In most of the catchments, the trend is neutral or declining. Even in the catchments where the trendline slope for the period of 1989–2018 is slightly rising (BLA and VSE), there is a marked decline in peak flow in the decades since 2010, marked by the period of intense droughts. In this indicator, the results did not confirm the general assumption of the rising frequency of peak flows, expected as an effect of climate change.



However, the detailed analysis indicated the shifts of the patterns of high-flow hydrographs, reflecting the changing dynamics of the high-flow events (Figure 9). For the analysis, runoff events in the summer half-year were selected to exclude the effects of snowmelt, and trends in rise and fall rates together with the shape of those hydrographs were explored. Both parameters decreased in the period of 1953–1988 (all basins except MUM and BRA, where the rise rate increased); in contrast, in the period of 1989–2018, there was an increase in both parameters (all basins except BRA, where both parameters decreased).



The shapes of the mean hydrographs indicate that the rising and falling limbs of the hydrographs tend to be steeper (Figure 9). The steeper hydrographs of the peak flows, apparent in the postimpact period in almost all basins, indicate a significant shift in the dynamics of the runoff-generation processes. The tendency for faster runoff during the high-flow events, indicated by the steeper hydrographs, has two-fold negative effects. First, the shorter time of the high flows means a higher intensity of the flood events and thus a potential increase in the flood risk despite the lower frequency of the events. Second, the steeper shape of the recession limbs of the hydrographs reflects the shortening of the time when the water is available in the basin for recharge of the groundwater storage and for the ecosystems. With the unchanged water balance, such limitation in water availability can deepen the water deficiency in dry periods.





4. Discussion


Analysis of alterations of the hydrological regime in four mid-latitude montane catchments in Central Europe based on the long-term daily discharge observations proved that only some of the common assumptions on the expected effects of climate change can be confirmed.



Changes in seasonality were confirmed as a strong signal of change, corresponding with the detected rise in air temperatures since 1989. The shifts in seasonal runoff distribution are apparent in all studied regions and have concordant trends. The most significant change was detected in the spring season, which in the mid-mountain environment of the European mid-latitudes is related to snowmelt. The spring snowmelt also drives the yearly peak flows with a maximum in May and slight variations according to the basin altitude and topography. The analysis proved a marked decline in May flows, resulting from the shift of snowmelt toward an earlier period. The earlier snowmelt, stemming from the rise in air temperatures, is translated into a shift of the day of maximum flow and is also evident in the synthetic hydrographs of monthly discharges calculated for the pre- and postimpact periods.



This result is in line with earlier studies from individual catchments as well as with modeling studies [25]. The rising air temperatures have a role as a principal driver of changes in the hydrological regime in Central European mountains [14,15], while the precipitation characteristics seem to have no significant trends [21,22]. However, this process can differ in various regions, i.e., in Alpine regions [47], suggesting contrasting trends with insignificant changes in air temperatures and marked shifts in precipitation.



The changes in hydrological balance display only minimum changes in the long-term perspective. When regarded either as the change in mean yearly flows or baseflow index, the changes are only subtle and the trendline slopes, expressing the change in the indicators, are smaller by one or two orders of magnitude compared to those of the other indicators of hydrologic. However, the continuous, though subtle, rise in the baseflow index, reflecting the increasing share of the baseflow in the total flow, implies a more intense draining of the groundwater storage, which can result from the shorter period with snow cover and consequent longer warm and dry periods.



From the results of runoff variability, a change in the intraannual variability measures has emerged since the late 1980s. The most notable shift is in the parameter of hydrological reversals. Trendline slopes calculated for the pre- and postimpact periods are distinctly opposite, with a steep rise in the number of reversals since 1989 in all regions. The frequency of the peak and low flows of low intensity indicate a significant rise in the number of days with low-flow conditions since the break in 1988. This trend is in line with the rising air temperatures, with a particularly strong hot and dry period recorded in Central Europe since 2015.



In contrast, the supposed tendency toward a higher frequency of peak flows in relation to climate change in Central Europe was not confirmed by the long-term daily observations. The peak flows of low intensity, selected with a soft threshold to capture the maximum number of events, display neutral and declining trends of peak flow occurrence since 1989 (Figure 8). Moreover, in all catchments, there is a substantial drop in peak flows from 2005 until the end of observations in 2018.



Another aim of the study was to disclose the spatiotemporal aspects of the changes to prove the general trends or to disclose their potential regional variability.



The selection of representative stations, enabling intercomparison and analysis of the spatial distribution of the given phenomena, is a key part of the design of such a comparative study. Study basins selected for cross-analysis should meet different types of criteria. First are the hydrologic and physiographic properties of the basins, securing a selection of areas providing comparable physiographic properties and meaningful for the comparison of hydrological processes. Among the properties, basin size, altitude, drainage density, soil cover, topography, geology and land use have key roles. Such criteria are important in selecting basins with comparable physiographic conditions, controlling runoff generation and a comparable level of homogeneity of the properties. The second key criterion is the representativeness of the time series. The selected time series should be of adequate length to provide equal time spans and sampling frequency, obtained from stations where the human impact is negligible [48]. In addition to the data collection framework, of key importance is that the data have no interruptions in time series and that monitoring, as well as the dataset, undergo data quality control [49].



In this study, the application of the above-stated criteria on the set of more than 300 hydrological stations in the Czech Republic [34] led to a vital reduction of the available stations and finally resulted in the selection of the eight presented basins, covering the major montane boundary ranges. Assurance of data quality was secured by using the quality-controlled and uninterrupted time series from the monitoring network of the Czech hydrometeorological Institute, securing the monitoring and providing the data at the national level. However, the study underlined the need for control and adjustment of the design values. The detection of peak flows events based on the official design values at given gauging stations revealed that such thresholds would result in very sparse datasets. The minimum is the MUM and UPA catchments in Krkonoše Mountains with only 12 one-year flood events in the 70-year-long time series detected. Such sparse datasets do not allow the analysis and interpretation of the underlying processes, so the softer criteria for the event selection need to be applied. meanwhile, this implies that more attention should be paid to the update of the design flood values, assuring their fit to the basins’ changing hydrological conditions.



For the above-discussed indicators, the spatiotemporal aspect of trends was tested. Based on the assumptions in the literature, we were seeking different patterns of changes in hydrological properties, stemming from the different nature of the process, driving the changes. The concordant trends in all or most the assessed areas thus could be considered a sign of a large-scale driving force, in particular climate change. In contrast, significant regional differentiation of even diverging trends with no clear regional distribution could also be expected as a result of diverging physiographic conditions or human impacts.



In the case of most of the indicators, there is no specific regional differentiation—and when the signal of change is strong enough—the changes mostly occur in all assessed mountain ranges. However, there are differences, and in some parameters, the spatial pattern or change is differentiated.



A spatially coherent distribution of trends is apparent in the indicators of hydrological balance.



The decrease in annual discharge is, with the exception of one catchment, concordant across the regions. The same pattern is evident in baseflow, where the subtle, but continuous rise in BFI is recorded in all catchments. Otherwise, the water balance remains without substantial alterations across the regions. The only significant aspects of change are apparent on the side of the inner variability and dynamics of the runoff, which can be related to the changing retention properties of basins.



The spatial patterns of trends in parameters of changing runoff seasonality are more coherent in the postimpact period since 1989. Both in the parameter of May flows and the day of maximum flow, there is a uniform tendency of the shift of the snowmelt to the earlier season, reflected both in the shift of the peak flows and in a dryer spring period.



The parameters of changes in runoff variability display variable spatial patterns. Spatially coherent trends at all stations display the fall rate with slightly increasing values in both periods and, in particular, low flows. This indicator has the strongest signal of change between the pre- and postimpact periods, with a uniform decrease in the first period and a uniform increase in the second period. Prevailing spatially uniform patterns and a substantial switch between the two periods are indicated by hydrological reversals. The frequency of peak flows is then the only parameter with a sign of spatial differentiation, indicating a decreasing frequency in peak flows in catchments in the northern ranges (MUM, UPA, ZDO, BRA) and a rise in the Sumava Mountains (BLA, VYD) and Beskydy Mountains (VSB, CEL) (Figure 10).



The spatial similarities were tested by intercorrelation of the trend magnitude of all evaluated parameters calculated from Sen’s slope across individual basins and mountain ranges. A strong correlation was found by the Šumava Mountains basins BLA and VYD (r = 0.73) and Beskydy Mountains basins VSB and CEL (r = 0.67). Another strong correlation was found between the BLA and ZDO basins (r = 0.82) and between the VYD and ZDO basins (r = 0.72). The same, but not so strongly correlating pattern of relationships can be found in the preimpact period limited by 1988 with the exception of the Šumava Mountains basins. However, when we consider only the 1989–2018 period of the rise in air temperatures, the correlations of mountain pair basins disappear. This implies that the impact of climate warming on runoff generation in montane regions is a complex and nonlinear process that can amplify the role of local physiographic and environmental conditions. As all of the basins are dominated by the forest land use, so the forest structure, health status and management will have decisive role on the hydrological balance and regime. As in most of the Central European mountain ranges, there are emerging large-scale bark beetle disturbances, the sensible balance between montane nature conservation and forest management will have significant role on the hydrological resilience of the montane basins to the effects of climate change.



Hence, it is vital to further study the mutual cross effects of climate change and the local physiographic properties or environmental disturbances to better understand the changing dynamics of hydrological processes in headwater montane areas.




5. Conclusions


The study analyzed long-term changes in the runoff variability in four montane ranges in Central Europe as a response to the effects of climate change and modifications to the environment. We compared the patterns of various sets of indicators of hydrologic alteration derived from the long-term time series of daily discharge observations in montane basins with the recent premises of climate change effects on surface runoff dynamics in the Central Europe region. In particular, the following hypotheses were tested: (i) recent climate warming will result in shifts in runoff seasonality, (ii) the indicators of runoff balance will remain without significant changes and (iii) a higher variability in runoff can be expected, exhibited by a higher frequency of floods and droughts. These hypotheses were tested in eight unregulated headwater basins in four mid-latitude mountain ranges of Central Europe. The uninterrupted time series of daily discharge observations from 1952 to 2018 was used for the analyses at the gauging stations.



The study has identified that only some of the hypotheses on the effects of climate change on runoff can be demonstrated, while some of the aspects of hydrological alteration have no clear temporal or spatial trends. The homogeneity analysis of long-term air temperatures highlighted that 1988 was a significant breakpoint in air temperatures, marking a significant period of climate warming across the studied regions.



We have proved the pronounced changes in runoff seasonality, coinciding with the timing of the air temperature rise. The changes in seasonal runoff distribution are marked by the shift of spring snowmelt toward an earlier season and a decline in spring flows. The second aspect of the changing seasonality is an earlier and prolonged period of summer low flows. There are no notable changes in runoff balance in response to climate warming. However, there is a long-term continuous rise in the baseflow index, indicating shifts in the share of the key runoff components. Runoff variability is generally on the rise since the break in air temperatures, in particular, the number of reversals as well as the number of days with low-flow conditions. The number of peak-flow events is not rising. However, a significant change in the inner dynamics of the events resulting from precipitation was detected. The high-flow events have shorter hydrographs with steeper recessing limbs. Hence, despite the lower frequency, the emerging change in the shape of flood hydrographs indicated a potential rise in the inner dynamics of flood events in mid-latitude montane basins.
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Figure 1. Location of study basins and meteorological stations. Data: Czech hydrometeorological institute (CHMI). 
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Figure 2. (a) Total annual precipitation and (b) mean annual temperatures at meteorological stations of Churáňov (CHU, 1118 m ASL) Harrachov (HAR, 675 m ASL) and Lysá hora (LYS, 1322 m ASL) in the western and eastern margin of the study area. Data: CHMI. 
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Figure 3. Shifts in the indicators of runoff seasonality. (a) May flows; (b) date of maximum flow. Data: CHMI. 
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Figure 4. Shifts in seasonal runoff distribution in study basins in pre- and post-impact periods. Data: CHMI. 
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Figure 5. Changes in runoff balance indicators. (a) Annual total discharge from the catchments; (b) baseflow index. Data: CHMI. 
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Figure 6. Changes in normalized flow duration curves for (a) summer and (b) winter half-year. Data: CHMI. 
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Figure 7. Change of indicators of hydrologic alteration (IHA), indicators of intraannual runoff variability. (a) Rise rate and (b) reversals. Data: CHMI. 
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Figure 8. Change of peak and low flow frequency, selected according to the minimax thresholds. (a) Low flows; (b) peak flows. Data: CHMI. 
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Figure 9. Change in mean hydrograph shape of the rainfall–runoff events in the summer half-year, calculated for the first and last five years of the time series. Data: CHMI. 
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Figure 10. Spatial variability of trends in parameters of (a) annual discharge; (b) baseflow index; (c) May flows; (d) date of the maximum flow; (e) fall rate; (f) hydrological reversals; (g) frequency of peak flows; (h) frequency of low flows. Data: CHMI. 
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Table 1. Study basins and their principal physiographic and hydrological properties. Data: CORINE Landcover 2018, Czech Geological Survey, WRI TGM.
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Stream–Station

	
Code

	
%

Crystalline

	
%

Sedimentary

	
%

Cambisol

	
%

Gleysol

	
%

Histosol

	
%

Forest

	
%

Meadows

	
%

Arable

	
%

Built-Up






	
Vydra–Modrava

	
VYD

	
90.1

	
9.9

	
6.7

	
25.6

	
18.7

	
91.4

	
3.8

	
0.4

	
4.4




	
Blanice–Blanicky mlyn

	
BLA

	
100.0

	
0.0

	
51.0

	
11.4

	
0.4

	
68.1

	
26.1

	
5.4

	
0.4




	
Mumlava–Janov

	
MUM

	
95.6

	
4.4

	
22.2

	
18.7

	
2.5

	
83.7

	
6.8

	
0.1

	
9.4




	
Upa–Horni Marsov

	
UPA

	
98.1

	
1.9

	
25.6

	
5.9

	
1.4

	
85.2

	
9.9

	
1.9

	
3.0




	
Zdobnice–Slatina

	
ZDO

	
94.6

	
5.4

	
62.1

	
1.8

	
0.1

	
64.9

	
24.5

	
8.8

	
1.7




	
Branna–Jindrichov

	
BRA

	
100.0

	
0.0

	
72.0

	
0.6

	
0.0

	
65.6

	
22.5

	
10.9

	
1.0




	
Vsetinska Becva–Velke Karlovice

	
VSB

	
0.0

	
100.0

	
93.7

	
1.5

	
0.0

	
79.4

	
4.4

	
14.7

	
1.5




	
Celadenka–Celadna

	
CEL

	
0.0

	
100.0

	
88.3

	
1.5

	
0.0

	
99.8

	
0.0

	
0.0

	
0.2
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Table 2. Study basins and their principal hydrological characteristics. Data: CHMI.
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	Code
	Basin Area

(sq. km)
	Station Altitude

(m ASL)
	Mean Altitude

(m ASL)
	Mean Slope

(%)
	Start of Observations

(year)
	Qa

(m3·s−1)
	Qdmin

(m3·s−1)
	Qdmax

(m3·s−1)





	VYD
	89.8
	973.3
	1125
	12
	1933
	3.34
	0.20
	82.00



	BLA
	85.5
	743.4
	883
	13
	1953
	0.92
	0.02
	64.70



	MUM
	51.3
	580.7
	986
	24
	1941
	1.90
	0.17
	63.80



	UPA
	82.0
	570.5
	1025
	32
	1949
	2.47
	0.26
	75.30



	ZDO
	84.2
	384.2
	715
	20
	1941
	1.87
	0.08
	53.10



	BRA
	90.3
	446.3
	754
	24
	1953
	1.53
	0.20
	101.00



	VSB
	68.5
	505.3
	747
	31
	1952
	1.16
	0.02
	40.50



	CEL
	31.0
	507.0
	805
	36
	1954
	0.82
	0.02
	46.50







Note: Qa is mean annual discharge; Qdmin is minimum daily discharge value; Qdmax is maximum daily discharge value recorded at the respective station.
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Table 3. Direction and significance of trends of the calculated seasonality indicators using the Mann–Kendall trend test. Blue represents flow increase; red represents flow decrease. Statistically significant trends (p < 0.05) are highlighted by dark colors bold font. Dash represents no trend (<10%).
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Table 4. Direction and significance of trends of the calculated runoff balance indicators using Mann–Kendall trend test. Blue represents flow increase; red represents flow decrease. Statistically significant trends (p < 0.05) are highlighted by dark colors bold font. Dash represents no trend (<10%). hydrological seasons are spring (II–IV), summer (V–VII), autumn (VIII–X) and winter (XI–I).
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Table 5. Direction and significance of trends of the runoff variability indicators using Mann–Kendall trend test. Blue color represents flow increase, red color represents flow decrease. Statistically significant trends (p < 0.05) are highlighted by dark colors bold font. Dash represents no trend (<10%).
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