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Abstract

:

In the last two decades, the effects of global climate change have caused a continuous drying out of temperate landscapes. One way in which drying out has manifested is as a visible decrease in the streamflow in the water recipients. This article aims to answer the questions of how severe this streamflow decrease is and what is its main cause. The article is based on the analysis of daily streamflow, temperature, and precipitation data during five years (1 November 2014 to 31 October 2019) in a spruce-dominated temperate upland catchment located in the Czech Republic. Streamflow values were modeled in the PERSiST hydrological model using precipitation and temperature values obtained from the observational E-OBS gridded dataset and calibrated against in situ measured discharge. Our modeling exercise results show that the trend of decreasing water amounts in forest streams was very significant in the five-year study period, as shown in the example of the experimental catchment Křtiny, where it reached over −65%. This trend is most likely caused by increasing temperature. An unexpected disproportion was found in the ratio of increasing temperature to decreasing discharge during the growing seasons, which can be simplified to an increasing trend in the mean daily temperature of +1% per season, effectively causing a decreasing trend in the discharge of −10% per season regardless of the increasing precipitation during the period.
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1. Introduction


In the last two decades, the effects of global climate change (GCC) have caused continuous drying out of temperate landscapes, which is commonly referred to as drought [1,2]. One way in which drying out is manifested is as a visible decrease in the streamflow in the water recipients. This phenomenon is especially significant in forested upland headwater areas in temperate zones, which are important water sources in this climatic region [3]. The decreasing amount of water in the recipients indicates ongoing changes in long-term water balance parameters such as discharge [4] and affects water availability [5].



The changes in the water balance variables are associated with the overall increasing temperature in Europe and the resulting prolongation of the growing season [6], which in return increases the evapotranspiration demands of the landscape [7]. The ongoing changes are most profound in the case of forested catchments since the transpiration rate is the most important water balance factor [8,9].



Although the lack of water in the streams of upland forested head watersheds is visible, studies quantifying this phenomenon are lacking in the currently published literature (except for [10,11]) and most of the information is available for mountainous regions [12,13]. This is probably caused by a lack of detailed measured data from small ungauged headwater basins since measurements on remote forest streams are very complex to perform [14] and are subject many sources of uncertainties as shown below. This issue could, to some degree, be solved by hydrological modeling [15].



There are a number of hydrological models and approaches that differ according to the purpose of the modeling exercise [16]. Regardless of the models used, the main problem is good-quality data even though a large scientific focus is placed on the predictions in ungauged basins [17]. Input data can be either hard, raw, instrumental data (measured in the field) or estimated soft data (e.g., meteorological models and transpiration models) [18] or a combination of the two. Each of these approaches has some pros and cons. Most notably, instrumental data are subject to many uncertainties [19], such as device failure and technological limitations, and are usually localized. On the other hand, estimated data from interpolations are subject to a degree of generalization [20]. Perhaps the best method is to incorporate both approaches to obtain the most realistic data series, which is the approach adopted in this paper, where we use instrumental data to define a realistic framework for the following model setup.



The Precipitation, Evapotranspiration and Runoff Simulator for Solute Transport (PERSiST) hydrological model was used since the authors are familiar with it. It was designed primarily for single-catchment simulations [21]. Other models could have been used for the task (for example): HYDRUS 1D [22], SWAT [23,24], and HYPE [25], and some authors suggest that for the evaluating the link rainfall–runoff in terms of trend, copula functions can be adopted [26,27]. Furthermore, PERSiST program might be upgraded with usage of Archimedean copula function, which might capture nonlinear and asymmetric correlations between variables, that is, streamflow, temperatures, and rainfall [28]. The modeling exercise goal was to obtain a continuous streamflow data series for the period where in situ water level measurements have been performed since 2014 and to limit the uncertainties of the measured data [19]. More about this approach is provided in the methodology and discussion.



Here, we show the most common sources of field data uncertainties (as encountered during the 5 years of measurements) and present a unique “work around” modelling approach based on freely available replacement climatic data with the conjunction of local data, literature values to constrict the parameter space and expert knowledge of the catchment. Its goal is to highlight the importance of the manual calibration of user defined parameters present in hydrological models and how to link them to “real world” field measurements. The modeled data series were then used in a catchment study to understand the local climate’s temporal patterns (temperature and precipitation) and its effects on water availability.




2. Materials and Methods


The article is based on the analysis of daily streamflow, temperature, and precipitation data during the last five years (1 November 2014 to 31 October 2019) in a spruce-dominated temperate upland catchment located in the Training Forest Enterprise (TFE), Masaryk Forest (MF) Křtiny, Czech Republic (CR). TFE is located in an upland region of the European temperate zone. The experimental catchment and its surroundings are situated in the Bohemian Massif [29] on the granodiorite complexes of the Brno Massif, consisting mainly of granodiorites and, to a lesser extent, acidic granodiorites [30]. The whole region can be characterized as having a temperate climate with a mean long-term annual temperature of 8.9 °C and a mean annual precipitation of 560 mm (Czech Hydrometeorological Institute).



2.1. Experimental Catchment Properties


The experimental catchment is a forested headwater catchment with an area of 57 ha (Table 1). Its mean altitude reaches 520 m above sea level with eastern exposure and a mean catchment slope reaching 21%. The current forest stands are common production forests dominated by Norway spruce (Picea abies) (Figure 1). The soils are mainly inceptisols (Cambisols; Soil type according to Soil Survey Staff [31]).




2.2. Climatic Data


Near the catchment (within 1 km), a field climatic station (MeteoUNI, Amet, Velké Bílovice, Czech Republic) was installed in an open area of forest nursery grounds in 2016. The station has been in function with occasional failures (unexpected battery death, rain gauge breakage, etc.) and technological gaps (software upgrades, solar panel exchange, etc.) since its installation. Because the station does not include a heated rain gauge, it is unable to correctly read snow precipitation.



Given the technological limitations of the field climatic station, daily precipitation and temperature data were also obtained from the freely accessible climatic network European high-resolution gridded dataset (E-OBS), which is provided by the European Climate Assessment and Dataset project (ECA&D). The current version 21.0e was used. It offers data from 1950 to 2019 included in a grid of 0.1° latitude and longitude. In this part of the globe, this roughly corresponds to a rectangle with dimensions of 11.1 by 7.3 km. The center of the rectangle that was used in this case was located at 49.25° N; 16.65° E. The estimates of both precipitation and temperature values are created from a simulation of 100 spatial correlations (for more details, see [32]). Since the original construction of the E-OBS network [33], the number of included meteorological stations has increased over time, currently reaching 3700 temperature stations and 9000 precipitation stations. The highest density of stations is located in Scandinavia and Central Europe [32], which includes CR.




2.3. Hydrological Data


A Thomson weir for streamflow estimations is located in the discharge outlet of the catchment (Figure 1). The weir was installed in 2014, and the water level above its spillway has been continuously measured with winter and technological gaps or occasional failures since 2015. In 2015–2018, the water level was measured by a hydrostatic submersible pressure sensor (TSH22-3-1) connected to a datalogger (Hydro Logger H40D, both Fiedler AMS, České Budějovice, CR; [33].) The water-level values were automatically converted to streamflow by the datalogger every 15 min by a preset rating curve for the Thomson weir [34]. In 2019, the measuring system was upgraded to an ultrasound sensor US3200 with a combination HYDRO-LOGGER H2 datalogger (both Fiedler Automatic Monitoring Systems AMS, České Budějovice, CR), and roofing was installed over the watered area behind the spillway to mitigate some of the issues connected with objects (mostly branches and leaves) falling into the stream and causing measurement errors.



Similar to the field climatic station data and given the technological limitations (gaps in measurements caused by the stream surface freezing solid during the winter season), changes in technology (pressure vs. ultrasound sensor), and complications during storm flood events and low flow periods (more on this in the discussion), the streamflow data from the Thomson weir were utilized as a reference for streamflow simulation performed by the PERSiST hydrological model. The PERSiST model is a conceptual hydrological model with a daily time step that enables the simulation of water balance components even in small catchments. The model simulates the movement of precipitation water throughout the system by calculating interception, evapotranspiration, and infiltration in different hydrological horizons (called buckets) in the resulting streamflow [21]. The model is ongoing development, and version PERSiST_v1.6.1beta2 was used in this case.




2.4. The PERSiST Model Calibration Strategy


The driving data for the model were the daily series of precipitation and mean daily temperature obtained from the E-OBS database. The primary quantitative catchment properties (such as catchment area and stream length) were obtained from basic GIS analysis after catchment delineation. The qualitative parameters (landscape units and species composition) were obtained from the currently viable forest management plan.



The parametrization of the model was performed in several steps:




	1.

	
The realistic range of possible daily interception (1–3 mm/day) and mean daily evapotranspiration during the growing season (1–6 mm/day) was defined by a combination of values consistent with the recent literature, similar to the approach of Deutscher [35]. Measured local data [18] were obtained from close forested catchments in TFE, where historically detailed measuring campaigns took place [12,36,37]. The emphasis in this step was on realistically capturing the differences between evergreen coniferous (spruce) and deciduous (beech and larch) tree stands. Therefore, the catchment was divided into two specific landscape units representative of the areal distribution of deciduous and coniferous tree species, and the most important parameters were set up to incorporate the expected differences between the two stand types (Table 2). For example, the ratio of the maximum daily evapotranspiration of deciduous plants to conifers was kept between 20% and 30%, which should be expected in the region [12].









	2.

	
The model soil structure setup and the basic properties of individual hydrological soil horizons (soil buckets) were based on combining the results mentioned above from antecedent field measuring campaigns in similar nearby catchments and in situ measurements, including soil surveys [38], in a “bottom up” manner [39]. Soils in the catchment reach are 60–80 cm deep, and its maximum capillary capacity ranges from 29% to 35%. Three hydrologically distinct soil horizons (soil buckets) were selected from the soil stratigraphy to represent the fast-moving surface and shallow-depth runoff zone (upper runoff bucket), rooting zone (from which water is consumed for stand transpiration—Tanspiration zone bucket), and deep soil horizon responsible for sustaining base flow (deep runoff bucket). Retained water depth and maximum capacity of these buckets were estimated from the soil survey, similar to the protocol in Deutscher [35] using maximum capillary capacity and porosity respectively, to define realistic parameter range for these two user defined parameters. The soil parameters were not changed during the calibration process, with the exception of the initial water depth (which was changed to obtain the correct initial streamflow) and the time constant that we had no available relevant field measurements to base upon (this is where we used the temporal dynamics of the measured data as a reference for realistic streamflow behavior, most notably the quick one-day response to precipitation events).




	3.

	
Calibration was then performed manually against the periods of best available measured streamflow data (parts of 2019 after the ultrasound technology update), which is the most commonly used method [21] and own expertise. The periods with the best available measured streamflow data were also used to perform the model accuracy testing. However, since the measurements of streamflow in small forest streams are subject to a high amount of uncertainties [40,41], we used the measured dataset mostly as a reference. During periods with gaps in the measured data series, most importantly during winter periods, emphasis was placed on sustaining a reasonable minimum streamflow value such that the modeled streamflow would never be less than 0.2 L/s. This value was not observed in the stream since 2014, when monitoring of the catchment began. Ultimately, the overall performance of the model was reviewed by own expertise to determine whether the model reasonably simulated the expected temporal patterns in streamflow dynamics, such as quick reactions to precipitation events in small catchments [42], realistic recession curves in precipitation-free periods [33], and sustained reasonable streamflow during periods of low flow [12].








2.5. Temporal Trend Analysis


Complete temperature, precipitation (E-OBS), and streamflow (PERSiST) data series were obtained in the above-described manner for the experimental catchment in five consecutive years up to 2019. First, temporal trend analysis of these variables was performed for the conventional hydrological years in the European temperate zone, e.g., 1 November of the antecedent year to 31 October of the following year, resulting in a study period of 1 November 2014 to 31 October 2019 and five hydrological years. Second, given the seasonality of the temperate climate and the corresponding aspects of tree physiology and ecophysiology, the growing season (1 April to 31 October., 214 days) and the antecedent dormant season (1November of antecedent year to 31 March of the current year) were analyzed separately.



Simple linear trend analysis was performed on the total precipitation, total discharge, and mean daily temperature during the described periods (five hydrological years, five growing seasons, and five dormant seasons). For this purpose, specific discharge (L/m−2 or mm/m−2) was calculated from the mean daily streamflow values in each period. Linear trend analysis was also performed on the discharge coefficients in the same periods to enable a mediated estimation of precipitation usage in the catchment system. The interpretation of the observed temporal trends of these variables was performed by comparing the initial and ending values of the trend lines, which were obtained from the linear regression function (1).



Simple linear regression equation


y = a × x + b



(1)




which describes a line with slope b and y-intercept a.





3. Results


3.1. E-OBS and PERSiST Accuracy


The accuracy of the E-OBS climatic data was verified against the data from the field climatic station (Figure 2 and Figure 3). A comparison between the measured and grid-ded data showed a high correlation (R2 0.99). Precipitation showed a lower correlation (R2 0.51). This lower correlation is probably mainly due to differences in the time regis-tration of precipitation events between the two sources (oftentimes it is one day; points close to the X and Y axes, Figure 2 and Figure 3). More importantly, the difference in the total sum of precipitation reaches only 18% (gridded data are underestimated), which indi-cates a higher overall correlation.



The overall performance of the PERSiST model reached R2 0.15, Nash–Sutcliffe 0.13 and RMSE 133 L per second (L/s) (Figure 4). Compared to occasional in situ manual water level measurements during weir maintenance (under standard water level conditions), it was better (R2 0.57; Nash–Sutcliffe 0.56; RMSE 60 L/s). The mean measured streamflow from all the available periods reached 0.69 L/s. The simulated streamflow for the same period reached 0.56 L/s. This result indicated an underestimation of modeled values by ca. 19%. This difference is likely caused by the driving precipitation data, which showed a similar underestimation (18%).



The model accuracy was tested in more detail against the best available measured data obtained by the updated ultrasound technology (since 2019) to minimize the effect of erroneous measurements. In this period, the model reached a correlation of R2 0.61 (Figure 5). The main differences could be observed during storm events, which indicated an overall underestimation of the simulated streamflow values. As mentioned before, the differences between measured and simulated streamflow might be caused by a slight shift in the registration of precipitation events in the driving climatic data (more in the discussion).




3.2. Characteristics of the Study Period


The mean daily simulated streamflow for the study period (1 November 2014 to 31 October 2019) reached 0.64 L/s, the mean daily temperature was 9.17 °C, and the mean annual precipitation was 510 mm (Table 3, Figure 6).



The long-term averages according to the 1980–2010 climatic standard for the South Moravian Region (obtained from the freely available database at Czech Hydrometeorological Institute) reach 559 mm of annual precipitation and 8.9 °C of mean daily temperature. All the hydrological years in the study period had lesser precipitation and higher temperature (Table 4).



Both precipitation and temperature increased during the period, while streamflow exhibited a decreasing trend (Table 4). When compared to the five-year standard, their observed temporal patterns can be characterized as follows: the interannual increase in temperature exceeded +9%, while the interannual decrease in streamflow reached almost –25%, and precipitation was rather stable throughout the period (the interannual change reached +0.02%).




3.3. The Trend Analysis in Hydrological Years


The trends of temperature, precipitation, and discharge over the five-year period were analyzed from the relative change that occurred during the period. The trend lines were constructed from the annual averages in the five hydrological years (Table 4). The relative change was calculated as the ratio of the initial value of the trend line (x = 1) to the difference between its initial (x = 1) and ending values (x = 5) (Table 5, Figure 7). The observed trends confirm the increase in temperature and precipitation as well as the decrease in discharge (streamflow) as mentioned above in the comparison of daily value trends to their five-year average (Table 3). This analysis of the relative change indicates that over the five-year period, discharge from the catchment decreased by more than −65%, even though precipitation increased by more than +11%.




3.4. The Trend Analysis of Seasonal Patterns


The decrease in discharge during the five-year study period seems very stable and high, reaching more than −65% in both growing and dormant seasons (Table 6, Figure 8 and Figure 9). The temperatures increased during the growing seasons (over +6%) but decreased throughout winter (−63%). The most important difference was found in the precipitation amounts occurring during the dormant season (a decrease of almost −11%) compared to the growing season, when an increase of over +27% occurred.



The runoff coefficient as a ratio of precipitation to runoff is used here as a simplified indicator of the inverse usage of water by the catchment. The lower the coefficient is, the higher the consumption of available water resources in the catchment is. During the growing season, the trends in the runoff coefficient seem to be equivalent to the trend in discharge (both decrease at similar rates over −65%; Table 7, Figure 10). This result indicates that the catchment’s water demands have increased by more than −65% during the growing season, which corresponds to the observed decrease in discharge even when precipitation increased (by +27%). This situation is different in the dormant season when the water usage does not increase as rapidly (−58%).





4. Discussion and Conclusions


Gridded climatic data from E-OBS [43] and the hydrological model PERSiST [21] were used to evaluate the temporal trends of streamflow during the last five years (2014–2019). The relevance of the gridded temperature and precipitation was verified by comparison to our own in situ measurements. The E-OBS dataset’s overall accuracy was deemed sufficient for this research purpose (model driving data). In contrast to the utilization of the E-OBS data in previous research by the authors in Hradec Králové city (1) [35], our study showed lower correlation in precipitation (R2 0.51 in this case as compared to 0.90 in (1)). This can be explained by the different comparison datasets used in the studies. In (1), data obtained from the Czech Hydrometeorological Institute (which represent interpolations from the closest meteorological stations) provide a similar model to E-OBS. In comparison, the present study uses our own in situ measurements performed near the catchment. Notably, the total sum over the five-year period was only 18% different. The main issue with the E-OBS dataset was not the amount of rainfall but the difference in the registration time of the precipitation events, which was sometimes shifted one day earlier or later. The sources of uncertainty of the local instrumental data as the main reasons for the lower correlations between precipitation values were explained in the methodology section (mainly the non-heated rainfall gauge, malfunction and battery death which occurred several times throughout the study period and can be considered a common issue for remote experimental sites in the forest). For the purpose of this research, we therefore opted for the E-OBS dataset that is not burdened by technological gaps and is free of erroneous measurements as opposed to the instrumental data [19], even though some microclimate specificity might have been lost due to the degree of generalization in the E-OBS dataset [20]. It should be noted that due to the gaps and high level of uncertainty in the instrumental data, no correction methods were applied to the dataset [44].



The hydrological model PERSiST seemed to be a good tool for the simulations in this research. Its ability to reproduce continuous streamflow patterns even on a very small catchment (57 ha) was crucial for filling the gaps and work around the uncertainties of the in situ estimations caused by erroneous measurements. Throughout the years of streamflow estimations at the Thomson weir, we encountered several issues with the technology connected to the nature of the in situ measurement design, some of which have been reported before from catchments with similar technology [45,46,47]. During stormflow, the increased flow magnitude may release pulses of wash load, bed material load as well as wood, that gets clogged in the spillway. This causes an unrealistic increase in observed streamflow. Therefore, the magnitude of the observed stormflow peaks comes with a high degree of uncertainty. During low flow, which in the Křtiny catchment corresponds approximately to 0.2–0.3 L/s, the water level of the spillway beam that is registered by the sensors is less than 4 cm. With such a small amount of water, single leaves can temporarily clog the spillway (this is very significant during leaf fall), which again causes some erroneous streamflow estimations and can disrupt the usually decreasing streamflow signal in the period [45]. To mitigate this issue in the future, roofing was placed above the weir basin (in 2019) to reach the effect of a trash screen [47]. Lastly, during frost periods, the hydraulics of the spillway change and the rating curve of the Thomson weir is no longer applicable [47]. That is why winter periods were excluded from the observed dataset. At the same time, the hydrostatic submersible pressure water level sensor that was used for most of the measured data (until 2019) is prone to exhibit decreasing accuracy during rapidly changing conditions (during storm events)—barometric pressure, air temperature, quick water level increase, changes in hydraulic pressure due to rapid sediment deposition, and so forth (Fiedler AMS, České Budějovice, CR).



All these sources of uncertainty happening on this small forest stream cause the need for a streamflow model in the first place. As mentioned in the methodology section, we used modeled data only for the trend analysis presented in the paper, and the measured streamflow was used as a guideline during the modelling exercise because common approaches of model accuracy (comparison to accurate measured data) [21] were not fully available in this case. Therefore, a “bottom up” unorthodox approach [39] based on good knowledge of the catchment (from in situ measuring campaigns) in combination with actual results published in the literature, used as references for setting realistic parameter range [35], was adopted.



Driven by the E-OBS gridded climatic data, it captured the temporal dynamics during standard water levels well, as reported in other works using the PERSiST model [35,48]. The model limitations in the present study’s case come mainly in the underestimation of observed streamflow peaks occurring after precipitation events, similar to the results discussed by Futter [48]. However, the main technological limitations of the water level registration technology used for the in situ streamflow estimations occurred at exactly the same time as discussed above. The underestimation of some of the flood events by the PERSiST model possibly could be explained by the streamflow measuring system not functioning properly and giving erroneous results, so-called “dissinformative observations” [49]. Detailed audit control of possible erroneous results and accuracy of the model was performed by comparing streamflow data measured by the updated technology since 2019, which used unsubmerged ultrasound sensors and should have been more stable and accurate under the conditions of stormflow, and the modeled data. In this specific period, the model reached accuracy of R2 0.60. Notably, the severity of the uncertainties in the instrumental dataset obtained throughout the experiment meant that it could not have been used as the only metric of model fit and therefore a subjective expert verification of expected streamflow behavior was performed and was deemed as similarly important (quick reactions to precipitation events [42], realistic recession curves in precipitation-free periods [33] and sustained low flow [12]). The obtained accuracy level indicates that the PERSiST calibration presented here as the result of the unorthodox approach can be deemed sufficient for the simulation of mean streamflow under standard water level conditions (occurring for most parts of the year).



This study’s modeling results, based on daily datasets (Table 3, Figure 6), indicate that the precipitation was stable, the temperature increased, and the streamflow/discharge decreased in the five-year period (1 November 2014 to 31 October 2019) in the studied catchment. This shows that with increasing temperature, the amount of water in the forest stream decreases.



Since transpiration is the main driving factor of the water balance of temperate forested catchments [9], the growing and the dormant seasons were analyzed separately as we assumed that the effect of vegetation would be better visible. For this reason, we used the hydrological year as the main evaluation period since it can be used as a defined water balance period. Since we worked with dormant seasons and growing seasons separately, we evaluated the trends from the individual hydrological years in this step. For the evaluation, the length and the time of the growing season were arbitrarily set the same for all the years (1 April to 31 October, 214 days). This period is slightly longer than the long-term averages of ca. 190 days typical for this region in the past [50] to incorporate ongoing climate changes [51]. A number of studies show that the length of the growing season has been increasing in the region by several weeks [7,52], most notably because of the earlier start of spring. However, our set definition of the growing season’s length does not allow us to account for possible interannual variability, which could be important [53].



In the context of the ongoing climate changes where drought effects have been reported in the region in the past 10 years [1,4,54], the combination of the simple linear trend and annual averages from studied hydrological years in the five-year period was used to depict the currently ongoing changes in the water balance of the catchment.



Our modeling indicates a significant increase in precipitation (+27.3%) during the growing season even though the discharge dramatically decreased (−65.6%, Table 6). This finding suggests that the increasing transpiration demands driven by increasing temperatures and their effects on streamflow are unexpectedly disproportional since temperature exhibited an increasing trend of +6.5% while discharge exhibited a decreasing trend of −65.6%. Similar discharge patterns were observed during the dormant season. In this case, the driving force was probably not temperature, which exhibited only a slight increasing trend (+1.2%), but rather the decreasing precipitation (−11%). These observed patterns of lower winter precipitation seem to be more common in the region and might become the new standard [55].



These results obtained by the simple linear regression are in accord with previously published studies from the region. Blöschl et al. [56] demonstrated that between 1960 and 2010, decreasing winter snow precipitation led to a decreasing flood trend in Eastern Europe and increasing autumn and winter precipitation led to an increasing flood trend in Northwestern Europe. CR lies in the middle of the two regions and seemed to be affected by both of these signals in the five-year study period since both an increase in temperature and an increase in precipitation were found. Our modelled decrease in discharge coefficient (more than −65% in 2015–2019, Table 7) could be representative of the continuation of the decreasing flood trend identified by Blöschl et al. [56] in 2000–2010 in the CR. In a recent modelling study from the CR, Řehoř et al. [57] reported that a significant occurrence of soil drought has been found in the Moravian parts of the CR both summer and winter periods.



The increasing temperatures mean that in winter, a higher proportion of the precipitation falls in a liquid state and ground does not freeze solid, leading to a bigger proportion of water infiltrating the soil [58], and also leading to higher winter evapotranspiration caused by coniferous stands not being fully dormant during mild winters [59]. This, in combination with decreasing winter precipitation (−11%; Table 6), can be the reason why the catchment’s water use in our simulation during the dormant season was only reduced by 7% (Table 7) in comparison to the growing season. At the same time, the earlier start of the growing season leads to the occurrence of severe soil water depletion during summer [57], which means that not enough water is available for sufficient ground water recharge, as indicated by the runoff ratio presented in Table 7. Lack of winter groundwater recharge not only poses a risk to water availability but also might cause water stress to forest stands in the spring when they are in increased need of water to support leaf out. As a result, the forests in the region have suffered from lack of water quite severely during the last years [60].



The decreasing streamflow can be connected to the effects increasing temperature has on vegetation. Increasing temperatures prolong the growing season [7] by its earlier start [6]. The increasing transpiration demands increase the water consumption by the stands and limit the water use efficiency of the catchment [37], as shown by the decreasing trends in the runoff ratios (Table 7). However, there also seems to be some reverse effects associated with increasing concentrations of CO2 in the atmosphere, which can limit transpiration and stomata conductivity [61], as well as the water depletion in the summer period [57], which can limit transpiration as well. Our simulations identified a decreasing trend in streamflow of 65% over the course of the five years. This corresponds to a 13% reduction in streamflow per year.



Our modeling results show that a trend of decreasing water amounts in the forest stream of the experimental catchment Křtiny (indicated by streamflow and discharge results in this study) occurred in the five-year study period (1 November 2014 to 31 October 2019) even despite increasing precipitation. As discussed above, the decrease is most likely caused by increasing temperature and its subsequent second–order effects. It can indicate two important aspects that occurred in the catchment during these five years:




	
A decreasing discharge (−65%), despite an increase in precipitation during the growing season (+27%), indicates that increasing temperature causes an increase in water demand in the catchment that cannot be offset even by the increase in precipitation.



	
A lack of winter precipitation related to increasingly warmer dormant seasons can be associated with less snow cover and higher evapotranspiration, which causes even further water depletion.








An unexpected disproportion was found in the increasing temperature to decreasing discharge during the growing season, which can be simplified to an increasing trend in the mean daily temperature of +1% per season, effectively causing a decreasing trend in the discharge of −10% per season, regardless of the increasing precipitation during the period.



This paper presents a unique approach to work around some of the common uncertainties in local field data by using replacement climatic data and expert knowledge of the catchment. Importantly, it also showcases the importance of understanding the user defined model parameters to be able to obtain the right answer for the right reasons [49]. The modeling results obtained this way are in accord with more robust modelling campaigns of other authors from the region. This suggests that a similar approach could have its place in the modelling practice but at the same time should be limited for simulations of standard water level conditions where it offers best results.
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Figure 1. Vegetation map of the study catchment. 






Figure 1. Vegetation map of the study catchment.



[image: Water 13 01143 g001]







[image: Water 13 01143 g002 550] 





Figure 2. Gridded (European high-resolution gridded dataset—E-OBS) vs. measured (field climatic station) temperatures. 
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Figure 3. Gridded (E-OBS) vs. measured (field climatic station) precipitation. 
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Figure 4. Modeled vs. measured streamflow (note that the gaps in between the observed data are automatically connected by straight lines). 
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Figure 5. Modeled vs. measured streamflow in 2019. 
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Figure 6. Mean daily values for temperature (grey line), precipitation (inverted line) and streamflow (doted black line) in the study period 1 November 2014 to 31 October 2019 in the experimental catchment Křtiny. Temperature and precipitation were obtained from the E-OBS dataset. Streamflow values were modelled in PERSiST. 
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Figure 7. Hydrological years—discharge, precipitation, and mean temperature. Dotted are the annual averages for given years. 
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Figure 8. Growing seasons—discharge, precipitation and mean temperature. Dotted are the annual averages for given years. 
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Figure 9. Dormant seasons—discharge, precipitation and mean temperature. Dotted are the annual averages for given years. 
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Figure 10. Annual and seasonal runoff coefficients (%). Dotted are the annual averages for given years. 
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Table 1. Characteristics of the experimental catchment Křtiny.
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	Area (ha)
	57





	Main stream length (m)
	940



	Max. elevation a.s.l. (m)
	563



	Min. elevation a.s.l. (m)
	456



	Mean elevation a.s.l. (m)
	521



	Exposure
	Eastern



	Mean catchment slope (%)
	21



	Ratio of coniferous (of which spruce)
	56 (43%)



	Ratio of deciduous (including larix)
	44%
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Table 2. Most relevant Precipitation, Evapotranspiration and Runoff Simulator for Solute Transport (PERSiST) parameters regarding vegetation properties.
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	PERSiST Parameter
	Deciduous
	Coniferous





	Canopy interception (mm/day)
	1.5
	2



	Growing degree threshold (°C)
	7
	1.5



	Solar radiation scaling factor
	70
	120
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Table 3. The simple linear regression parameters for precipitation, temperature, and discharge for the whole study period 1 November 2014 to 31 October 2019 in the experimental catchment Křtiny calculated from daily values. The annual trend is calculated as a times the number of days in a year. The five-year standard is the mean annual value from the 5 years. The interannual change is calculated as a ratio of the annual change to the five-year standard.
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	a
	b
	Annual Trend
	Five-Year Standard
	The Interannual Change





	Temperature
	0.0023
	7.0684
	0.84
	9.17
	9.17%



	Precipitation
	0.0003
	−12.54
	0.12
	510.52
	0.02%



	Discharge
	−0.0004
	1.04
	−0.16
	0.64
	−24.68%
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Table 4. Characteristics of hydrological years. The discharge coefficient is calculated as the ratio of annual discharge to annual precipitation.
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	Hydrological Year
	Temperature °C
	Precipitation mm
	Discharge mm
	Discharge Coefficient





	2015
	10.1
	366.7
	59.6
	16%



	2016
	9.8
	484.1
	54.0
	11%



	2017
	9.2
	401.7
	17.8
	4%



	2018
	10.4
	305.6
	38.5
	13%



	2019
	9.9
	514.1
	20.8
	4%
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Table 5. The simple linear regression parameters for precipitation, temperature, and discharge in the study period 1 November 2014 to 31 December 2019 in the experimental catchment Křtiny calculated from annual averages in the five hydrological years.
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	a
	b
	Initial Value of y
	Ending Value of y
	Change of y in the Period
	Relative Change %





	Temperature
	0.03
	9.81
	9.83864
	9.64
	0.11776
	1.20%



	Precipitation
	11.63
	379.55
	391.18
	437.7
	46.52
	11.89%



	Discharge
	−9.31
	66.11
	56.79391
	19.54019
	−37.25372
	−65.59%
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Table 6. The simple linear regression parameters for precipitation, temperature, and discharge in the growing (214 days) and dormant (151 days) seasons in the study period 1 November 2014 to 31 October 2019 in the experimental catchment Křtiny.
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a

	
b

	
Initial Value of y

	
Ending Value of y

	
Change of y in the Period

	
Relative Change %






	
Growing season

	
Temperature

	
0,25

	
15,25

	
15,50

	
16,51

	
1,01

	
6.52%




	
Precipitation

	
15,94

	
217,94

	
233,88

	
297,64

	
63,76

	
27.26%




	
Discharge

	
−5,12

	
36,31

	
31,20

	
10,72

	
−20,48

	
−65.58%




	
Dormant season

	
Temperature

	
−0,29

	
2,10

	
1,81

	
0,66

	
−1,15

	
1.20%




	
Precipitation

	
−4,31

	
161,61

	
157,30

	
140,06

	
−17,24

	
−10.96%




	
Discharge

	
−4,19

	
29,77

	
25,57

	
8,79

	
−16,78

	
−65.61%
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Table 7. The simple linear regression parameters for the runoff coefficient (precipitation/runoff ratio) in the hydrological year and growing (214 days) and dormant (151 days) seasons in the study period 1 November 2014 to 31 October 2019 in the experimental catchment Křtiny.






Table 7. The simple linear regression parameters for the runoff coefficient (precipitation/runoff ratio) in the hydrological year and growing (214 days) and dormant (151 days) seasons in the study period 1 November 2014 to 31 October 2019 in the experimental catchment Křtiny.





	Runoff Coefficient
	a
	b
	Initial Value of y
	Ending Value of y
	Change of y in the Period
	Relative Change %





	Hydrological year
	−0.02
	0.17
	0.14
	0.05
	−0.09
	−64.34%



	Growing season
	−0.02
	0.15
	0.13
	0.04
	−0.09
	−65.64%



	Dormant season
	−0.02
	0.19
	0.16
	0.07
	−0.09
	−58.70%
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