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Abstract

:

Hydromelioration networks aim to expand the vadose zones of waterlogged and peaty sites, which is expected to provide more soil space for trees’ roots, thus improving forest stand stability and production. However, the recent climate is manifested by increasing air temperatures, changed distribution of precipitation and frequent droughts. This raises the issue of the suitability of such measures. Additionally, the impacts on the ground water table (GWT) level, drainage, and forest health are disputed. This study deals with the behaviour of the shallow-aquifer GWT level in a formerly deforested headwater catchment named U Dvou louček (UDL) which had been monitored for 30 years and placed at a mountain site in north-eastern Bohemia, Czech Republic. GWT (84 m long transect with 22 probes), precipitation, throughfall, discharge, air temperatures and stand parameters were measured. Young Norway spruce stands now dominate within the UDL area. Average precipitation of the open area reached 1285 mm, and precipitation in years 2003, 2015 and 2018 was minimal (910 to 950 mm). Calibration of the GWT measurement took place in 1992–1995. After a 5-year stabilisation period in 1996–2001 with gradually falling GWT levels, following the digging of new ditches, the GWT no longer fluctuated significantly. The discharge and GWT change responses to stand growth were modest, and the impact of forest tending was limited. Lower GWTs in dry years were temporary. The inter-annual water levels in the immediate vicinity of the ditches fluctuated the least. The small-scale technical hydromelioration intervention neither had a negative impact on the GWT level, nor threatened the water supply of growing forest stands even in dry years. The results confirmed the long-term potential of such measures to improve the water regime of reforested clear cuts on waterlogged forest soils in mountains with a minimal risk of threat in warming environments.
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1. Introduction


Local adjustments made to the water regime of waterlogged forest sites, where problems with stability of forest stands and also with reforestation occur, have been employed in European conditions since the 18th century [1,2,3]. Beginning in the second half of the 19th century, it became an integral part of the forestry management of specific habitats. Technical (engineering) methods for adjusting the water regime [4,5] are often coupled with a biological approach, which includes selecting tree species that can tolerate adverse water-affected conditions and/or nursing tree species that improve conditions for the target tree species [6,7].



The engineering ameliorations are mostly supposed to lower the water table level in forest soil (drainage), and a controlled return of water to the forest (periodic irrigation) occurs less frequently [8]. To ensure the correct operation of a ditch network, its proper maintenance is necessary [9,10]. The elements of the systems currently affect (modify) the properties of many forest habitats worldwide [2]. Besides the lowering of the ground water table (GWT), on calamity clearings of water-affected sites on slopes, where the water regime has been disturbed by logging and skidding machinery, an additional effect of engineering amelioration acts as protection of the soil horizon from water erosion [11,12].



The recent climate has mainly manifested in the form of increased temperatures and both the amount and distribution of precipitation [13], which leads, among other things, to more frequent periods of soil drought [14,15,16]. This raises the issue of the usefulness and efficiency of hydromeliorations, which are primarily aimed at draining forest soils. In addition, it is important to question their impact on the groundwater level, on drainage from catchments, as well as on the health and development of forest stands [13]. In contrast to agricultural land with annual crop rotation cycles, the regeneration and long-term development of forest stands play a significant role in forest hydrology [17]. Specifically, one of the generally beneficial strategic goals of the future is to retain and maintain water in the landscape (in soil) so that it will be available for vegetation during periods of drought. It also indirectly helps the landscape stay cooler and form more favourable micro-climates (and meso-climates) [18,19]. Long-term monitoring can provide answers to the questions surrounding the development of the effects of engineering ameliorations on the hydric regime of soils, habitats, and vegetation. There is, however, only a limited number of studies of this nature (e.g., [13]) and each responds to specific site conditions, vegetation and climate. Our monitoring of the hydrological conditions of a small mountain headwater catchment that experienced temporary deforestation, offers potential for making a long-term assessment of the effect of drainage on the hydric regime of a developing forest. It can supplement the knowledge base needed for making relevant decisions of the appropriate approach to take with respect to soil drainage.



The aim of the study was to evaluate the behaviour of the upper-aquifer groundwater level in the monitored area over a period of 30 years from the stage of calamitous clearing to closed-canopy stands under the conditions of the ongoing climate. The null hypothesis was verified; that small-scale drainage did not negatively affect the development of the groundwater level, and posed no threat to the water supply of forest stands even in years with unfavourable precipitation resulting from the ongoing climate.




2. Materials and Methods


2.1. Study Site


The U Dvou louček catchment (hereinafter UDL) is a forest-hydrology experiment established at a summit site of the Orlice Mts., north-eastern Bohemia, Czech Republic. Its area is 32.6 ha and altitude ranges between 800 and 950 m above sea level (50.221 N, 16.498 E; Figure 1). There are remnants of an 80- to 120-year-old spruce-beech stand (Picea abies, Fagus sylvatica) in the south-western part of the catchment that recently covered 3.4 ha (10.5% of the area). Most of the catchment (79% of the area) is a former clear-cut resulting from an air-pollution salvage cut in the 1980s [20] on which 20- to 27-year-old Norway spruce stands now dominate. The height of the mean stem was 11 m, average DBH was 17 cm, stand density ranged from 1200 to 1600 trees.ha−1, and the basal area totaled about 31 cm2.ha−1 in 2020. Logging and skidding machinery rutted the soil surface, thus creating an unsuitable network of streams and ditches, which also increased the surface erosion of the lower part of the catchment at the beginning ([21]; Figure 2; see below). There was 2.5 ha of forest roads with an unconsolidated surface within the catchment area. The changing slope was about 7.5° at the bottom, 8.5° in the middle and 4.3° at the upper part of the catchment.



The beech–spruce forest represents potentially dominating vegetation within the UDL, where various soil types such as podzol, cambisol and histosol are present. The bedrock is built up of mainly foliated two-mica gneisses and mica schists of a Stronie unit [22]. The Quaternary cover consists of 20 to 50% skeletal soils of deluvial and fluviodeluvial sand-to-clay origin; the thickness ranges from 1 to 2 m. In the lower part, the UDL is drained by a two-branch stream (see below). Direct communication of the upper and second aquifers of the watershed was not confirmed; compared to the upper aquifer the relationship of the second aquifer to precipitation and outflow was weak, noticeable during long periods of rain or drought only [23].



The annual average open area precipitation on the catchment from 1992 to 2021 was 1285 mm, 49% of which was winter precipitation. The average discharge from the catchment reached 919 mm. The mean evaporation from 1992 to 2002 was computed at 375 mm [24]. The average air temperature from 1996 to 2021 was 4.8 °C.



The experimental catchment UDL was used as a model area for making analyses of complex environmental issues (e.g., [25,26,27,28]).




2.2. Data Measurement and Analysis


Shallow GWT levels were measured using a line 84 m long (transect) oriented perpendicularly to drainage ditches (Figure 1). The depth of the 22 probes spaced 4 m from each other was 70–95 cm. The stratification of the soil horizon across the line varied: a humified organic layer reached up to 65 cm, while in higher parts, the B-horizon was missing (Figure 3). Other measured parameters on the UDL study site included precipitation via 8 manual (500 cm2) and 2 automated (200 cm2) rain gauges, and air temperature and outflow (measured as streamflow) at the discharge point (automated since 1996). Throughfall, as the base for making an interception estimation, was measured using 5 circular rain gauges (in summer 113 cm2 and in winter 167.5 cm2) below a young spruce canopy and 5 others installed in the old spruce–beech stand. Because the growing spruce stands were still young, stemflow was considered to be negligible. Approach of ignoring spruce stemflow was also used in other studies (e.g., [29,30]), because the share of stemflow is small even in adult spruce stands (it is less than 1% of incident rainfall only, see e.g., [31,32]). The mean annual precipitation of the catchment area was calculated using a polygon method (see [33]) and represents effective precipitation, that is, open-area precipitation modified by interception. The situation (topography) of the hydrographic network and of other measuring equipment was geodetically mapped.



Beginning in 1992, the water-table was measured from May to October at intervals of 7 to 14 days. Precipitation in the automated stations and outflow were monitored all year long every 10 min, with winter precipitation being corrected by manual gauges. After the fourth year of calibration in 1996, the hydromelioration network was modified and optimised. Sporadic drainage ditches with a depth of 60 to 70 cm were dug manually and drained into a two-branch stream to restore the functionality of the existing drainage network and to interrupt slope erosion caused by skidding machinery [23]. It was carried out in the lower part of the catchment on mostly waterlogged soils and spring areas (Figure 2).



The clear-felled area was reforested from 1985 to cca 2000 using mostly Norway spruce (accompanied by European beech, silver fir and sycamore maple locally), and then the young plantation area shifted to the older stage as the new forest grew older (Figure 4) and the canopy was restored (Figure 5). The area of mature stands was reduced from 20 to 10% of the catchment between 1985 and 2011. The most important forest tending measures included: sanitary cleaning of the area above the middle northwest–southeast road (see Figure 5; cca 50% of the area) in autumn 2003 and sanitary cleaning and thinning of the parts above (2015) and below (2017) the middle road. Approximately 60% of the young spruces were attacked by the Ascocalyx abietina fungus from 2000 to 2003, which reduced their live crown as the foliage of 2 to 3 whorls from below was reduced. Up to 30% of the young trees were also damaged by snow (stem wounds and crown breakages) in 2005.




2.3. Data Processing


Data on GWT levels as well as manual precipitation and throughfall data from individual terms of measurements were cross-controlled to fix eventual measurement mistakes and typing errors. Average temperatures, precipitation and outflows were computed for hydrological years (May to April), hydrological summers (May to October) and hydrological winter (November to April).



The analyses were performed in R [34]. A linear regression was used to analyse trends of temperature and precipitation as well as to separate periods of double mass curves. The position of the years 2003 and 2015 in the double mass curve was isolated from neighbouring trends, and therefore they were excluded from the regressions. Statistical tests of the slopes of regression lines were performed by ANOVA using library lsmeans (version 2.30-0), the differences were considered to be significant when p <= 0.05. Trends of minimum and maximum ground water levels of individual probes were displayed by loess smoothing with spread intervals, span = 50 was used (library stats, version 4.2.1).





3. Results


3.1. Weather—Climate during the Observed Period


The average annual (hydrological year) precipitation of the open area reached 1285 mm, and years with minimal precipitation were 2003 (910 mm), 2015 (920 mm) and 2018 (950 mm)—Figure 6. The average precipitation in hydrological summer (May to October) was 650 mm, while in winter it was 635 mm. The average precipitation on the catchment calculated by a polygonal method including additional water due to horizontal precipitation increased the average summer value to 671 mm, the winter value to 842 mm, and the annual value to 1513 mm. A linear regression analysis showed a long-term significant decrease of winter precipitation (p = 0.04), while the trends of summer and annual precipitation were not significant (Figure 6).



The annual air temperature ranged from 2.8 to 6.6 °C with an average of 4.8 °C. A significant increase of both summer (p = 0.01) and annual temperatures (p = 0.006) was observed during the years of observation, and the increase of winter temperatures was nearly significant (p = 0.07) (Figure 7).




3.2. Outflow, Stand Development and Weather


Analyses of the double mass curve of precipitation and outflow sums showed differentiation during the monitored period to 6 different stages (Figure 8). The calibration years from 1992 to 1995 were followed by a period of higher outflows (1996 to 2001) with significantly different regression coeficients of slope from every other period (called the stabilisation period; Table 1) as well as an increase in summer outflow coeficients (Figure 9). Surplus water left the catchment with two times higher flow rates from the previous and following periods (the most frequent average daily discharge increased from 2 to 4 l.s−1 to 4 to 10 l.s−1, which occurred in 160 to 240 days). Continuous progress of the double mass curve in the period from 2002 to 2004 was probably interrupted by a delayed effect of the dry year 2003, which was accompanied by sanitary tending above the central road in autumn of 2003 (the measure was repeated in 2015, again in a dry year). However, the slopes of the regression lines in the 2002 to 2004 and 2006 to 2009 periods were not different. From 2010 to 2014, the outflow coeficient increased again, whereas the last period showed a significant reduction of outflow (Figure 8, Table 1). This was most likely a reaction to the years 2015 and 2018, which saw low precipitation; the most frequent average daily discharge decreased to 0.5 to 2 l.s−1 (with a duration of 280 days in 2015). Sanitary tending below the road in 2017 did not disrupt the run of the double mass curve (Figure 8).



The trend of the average, minimum and maximum GWT level during the monitored years after the hydromelioration network was optimised, documents the aeration of the topsoil horizons. Minimal GWT after the stabilisation period from 2002 ranged between −71 and −55 cm (in the calibration period from −56 to −32 cm), whereas THE maximum GWT was within the interval of −16 and −47 cm (compared to −5 to −12 cm before; Figure 10). A comparison of the first calibration period with the last one shows a lowering of the minimum GWT throughout the entire transect; however, the difference was small in its bottom part (Figure 11). Additionally, maximum GWT was generally reduced, but in certain positions (7, 13, 14 and 15), the water table levels tended to have their maximums again near the ground surface, similar to during the calibration period.



Additionally, the minimum and maximum GWT table levels in the individual years of the observed period demonstrate greater saturation of the soil profile by water in the first two (calibration and stabilisation) periods (Figure 12). The periods between 2002 and 2009 provided more intensively levelled GWT minima and maxima of the probes, which resulted in higher stabilisation of the soil water regime. On the other hand, the variation of the minimum and maximum GWT in the last two periods from 2010 increased, with the greatest influence seen in the extremely dry years 2015 and 2018. Contrary to most of the other probes, the maximal and minimal GWT of the probes located next to melioration ditches (10, 11, 12, 17, 18 and 19; Figure 12) were more stable and connected to the water levels in the ditches after the stabilisation period.





4. Discussion


On waterlogged sites, woody species roots need an aerated soil layer thick enough to grow. This is the reason why such sites particularly limit timber production. Reducing the high water table level using a technical amelioration can improve growing conditions [4,10]. When this measure is performed properly following the removal of stands, it has been proved that an intervention mitigating excessive soil water helps restore the hydrological conditions of the site [35]. Considering spruce-dominated stands, the issue of hydromelioration is particularly important at peaty and waterlogged sites [36]. If such stands are left without such treatment after clear-cutting, the GWT rises as the evapotranspiration (thereinafter ET) of the forest is lost [37] and rooting becomes shallow, both in peaty and in gleyic soils [38]. Despite preferential pathways that redirect water runoff from the UDL catchment prior to deliberate drainage [21], the ditches aerate more topsoil within the monitored transect, thus increasing the real retention of water, which was seen in this study, especially in its upper part (Figure 12). Additionally, this effect was reflected in lower culminations and amounts of small to medium discharge events over the stabilisation period [39,40].



Shallow rooting related to the GWT level generally leads to tree stability failure [41]. Such problems have not been found within the UDL catchment in question to date. This might, however, be related not only to the thicker vadose zone, but also to the young age (height) of the stands growing within the former clear-cut due to air pollution. Despite that, the UDL stands do show top breakages caused by snow load (the most frequent injury occurred in 2005).



At Finnish peaty sites dominated by Scots pine, a positive growth response of stands to drainage maintenance was found where shallower GWT levels initially ranged from 25–30 cm below the surface. The deeper levels ranging between 35 and 40 cm had no unambiguous effect on growth [42]. As for the UDL catchment, one can see a falling trend of mean ground-water table depths, which was likely attributable to the growth of the stands and their increased ET effect [43]. ET increases substantially in the youngest stands till the age of 10 years [44,45]. As for Norway spruce, the ET sum increases till the age of 40 years (see [44]) which allows us to expect an increasing effect of this hydrological balance component over the next 15 years. Besides that, there are also fluctuating precipitation totals resulting from rising air temperatures (Figure 7) and falling winter precipitation (Figure 6), which has an impact on the hydrological balance. Winter precipitation is particularly important for groundwater recharge [46]. Based on the shallow GWT behaviour in the studied UDL transect, it can be anticipated that ground water recharge deficits affect a deeper aquifer in the soil bedrock [23].



The increasing transpiration due to stand growth can be indirectly reflected in the falling trend of outflow coefficient values, which can be seen since the end of the 5-year stabilisation period (Figure 9). Although this happened, the previous results show transpiration saturated from precipitation and long-term ground water storage serves as the water supply for transpiration only rarely during the longest drought periods lasting three or more weeks [47].



Thinning conducted in 2003 and 2015 in the more distant part of the catchment above the central road had no direct effect on discharge—increased outflow coefficient (Figure 9) or on the GWT depth. On the other hand, the corrective measure taken in the proximity of the monitored transect in 2017 can be connected with the increase of the mean and maximum GWT in that year (Figure 10 and Figure 12). Mostly, however, it can be assumed that the thinning effects were outperformed by very low precipitation in 2003, 2015 and 2018 (Figure 6), which led to a water-supply deficit of water that would have otherwise been discharged. The exceptions are increased outflow coefficients in 2005, 2006, which were likely related to the 30% of trees with broken tops.



Technical measures reducing eroded ruts were employed in 1996 (Figure 2). These mitigated the annual fluctuation of the GWT levels measured by the probes located close to open ditches compared to probes located apart (Figure 12). The permeability of the mineral soil layers was not likely to have been substantially affected; it is actually dependent on the physical properties of the weathered mantle of particular bedrocks. Within the UDL catchment, these are more permeable two-mica gneiss and less permeable mica schist [22,23,48]. It can be assumed that even minimal GWT levels provided enough water to the rooted zones via capillary forces in micropores. The particular soil texture impacts both capillary fringe thickness (see e.g., [49]) and also total capillary rise. As for the UDL soils, the estimated value of capillary rise ranged between 80 and 90 cm [50]. The mean minimal GWT levels along the transect roughly reflect the depths of the ditches ranging between 60 and 70 cm (Figure 10).



Minimal GWT levels measured by individual probes ranged between −82 and −97.5 cm (95% confidence interval; the very deepest GWT −133 cm was found in probe 7 in 2003, and neighbouring probes also showed significantly low GWTs; Figure 12). The duration of these events was usually short. The health of the stands proved that the trees did not suffer from water shortages, not even during the 2015 [25] and 2018 droughts. This shows the maximal capillary rise, which was estimated to be up to 1.2 m under the UDL conditions [46]. In addition, the fluctuating GWT levels during the growing periods (the difference between the minimal and maximal GWT depth in each year), which depending on the position and year, ranged between 3 cm (calibration period) and 114 cm (2003), did not stress the stands substantially even though spruce is one of the species most prone to flooding [7]. Under the UDL conditions, an effect similar to flooding could manifest itself as water saturation of the rooted zone. A relatively short duration of events with high GWT levels was observed, which is also true for when periodical culminations of GWT levels rose up to the soil surface (positions 7, 13, 14 and 15; Figure 11 and Figure 12).



Despite certain shifts of shallow GWT levels that were related to precipitation, outflow, and forest stand growth within the UDL catchment [23], the mean minimal GWT levels fluctuated only slightly near a depth of −70 cm below the surface after 2014 (Figure 10), which is also the lowest limit of the depth of the ditches. In 2019, following the 2018 dry year, the GWT levels began to return to the levels common between 1999 and 2013. Deeper GWTs were found in the upper transect probes (no. 16 and higher). The lowest part (to probe no. 5) showed less divergent GWT depths when comparing the calibration period and the closing period (Figure 11). The Czech standard [47,51] estimated a drainage effect reaching 9 m perpendicularly from both sides of the ditches. However, this effect is likely to be reduced in the lower part of the UDL due to the specific hydraulic properties of the soil.



This study presented long-term monitoring, which is unique and offers a view on the effects of engineering ameliorations in the forest. However, its partial limitations originated in the conditions of the UDL catchment, because no natural catchments have identical replications. The conditions are represented especially by local soil, precipitation and temperature ranges. The results from the UDL can be, nevertheless, implemented in the management of the other waterlogged clearings with realized or intended engineering ameliorations.




5. Conclusions


An analysis of the 30-year hydropedological monitoring of the UDL catchment showed the following outcomes: Though the pre-treatment stream channel net with many ruts made by timber-skidding machinery already affected the catchment drainage conditions at the beginning, the establishment of a less dense, regulated hydromelioration network lowered GWT levels, thus making the aerated topsoil thicker. When the 5-year stabilisation period of increased outflow and gradually decreasing GWT levels was over, the long-term fluctuation of GWT levels substantially stabilised. The effect of forest stand growth on GWT and outflow was modest and the impact of forest tending was minimal. Significant temporary lowering of the GWT was observed in dry years, especially in 2003 and 2015. The near-ditch GWT changes related to inter-annual precipitation oscillations were the least. Winter precipitation sums showed a moderately decreasing trend, whereas mean air temperatures slightly increased. Minimal GWTs (maximum depth) of the shallow aquifer decreased until the low-precipitation year of 2018, then GWTs showed a gradual increase.



Under the conditions of this small mountain catchment, small-scale technical drainage using open ditches did not negatively impact the development of GWT, nor did it threaten the water supply for forest transpiration even in the poor precipitation years of the previous periods of ongoing climate.
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Figure 1. Location and geomorphology/terrain of the experimental catchment UDL with soil water probe transect; the numbers represent individual probes. Source of the top-right picture: Google Maps. 
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Figure 2. Details of the stream network caused by machinery before (left) and after its target regulation in 1996 (right). 
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Figure 3. Soil profile horizons of the measuring probes (1 to 22; from lower to higher altitudes, see Figure 1) in the year of installation (1992). H—humified organic layer, A, B, C—mineral horizons. Arrows depict placement of the drainage ditches in 1995. 
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Figure 4. Forest cover restoration on the experimental catchment. Young plantation—age < 9 years; young growth—age between 9 and 20 years; pole-stage stand—age between 21 and 32 (in 2018); the mature spruce stand was 64 years old in 1985; the mature beech stand was 74 years old in 1985. 
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Figure 5. Forest cover of the experimental catchment in 2000 (left) and 2021 (right). 






Figure 5. Forest cover of the experimental catchment in 2000 (left) and 2021 (right).



[image: Water 15 00432 g005]







[image: Water 15 00432 g006 550] 





Figure 6. Precipitation trend on the experimental catchment UDL with linear regressions. Regression slope p: winter p = 0.04, summer p = 0.5, hydrol. year p = 0.3. 
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Figure 7. Average temperatures on the experimental catchment UDL with linear trends. Regression slope: winter p = 0.07, summer p = 0.01, hydrological year p = 0.006. 
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Figure 8. Double mass curve of the precipitation (Precip_sum) and outflow (Outflow_sum) on the catchment during the growing season (blue circles) with linear regressions of significant periods. Regression line of each period is represented by specific colour and year range. Years 1992–1995 represent calibration period before the hydromelioration network was modified and optimised. For regression coefficients, see Table 1. 
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Figure 9. Summer outflow coefficients of the watershed on the experimental catchment UDL with periods divided by the double mass curve (Figure 8, Table 1). The outflow sum in 1999 was increased by a late snowmelt in May. 
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Figure 10. Mean (Avg), minimum and maximum GWT levels in respective years—the averages of the measurement points are depicted in the line. Dashed vertical lines show break years of the double mass curve. 
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Figure 11. Slope of the experimental transect area and the average minimum (above) and maximum (below) GWTs during the vegetation periods of 1992–1995 (a mostly deforested, calibration period before the drainage system was constructed) and 2016–2021 (the last period, forest cover restored). The numbers represent the position of the measuring probes. 
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Figure 12. The minimum (red) and maximum (blue) ground water levels of individual probes from lower to higher altitudes (probe 1 to 22) in individual years (x-axis) and smoothing by loess with spread intervals (span = 50). Green-framed charts exemplifying probes 10 and 17 are placed directly below the ditches; yellow framed probes 11, 12 and 18, 19 are next to the melioration ditches from above. Black horizontal line represents ground surface. The dashed vertical lines show the break years of the double mass curve (see Figure 8). 
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Table 1. Double mass curve regression coefficients of significant periods of precipitation and outflow. Notes: p = significance of the regression coefficients of slope; Statistical group = unlike letters depict statistically different groups of regression slopes.
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	1992–1995
	1996–2001
	2002–2004
	2006–2009
	2010–2014
	2016–2021





	p
	<0.001
	<0.001
	0.03
	<0.001
	<0.001
	<0.001



	(Intercept)
	−69
	−1202.6
	2136.7
	3073.6
	2414.2
	3736.5



	SE
	47.1
	61.6
	158.4
	85.8
	178.4
	165.8



	Precipitation sum
	0.39
	0.84
	0.36
	0.30
	0.36
	0.27



	SE
	0.03
	0.01
	0.02
	0.01
	0.01
	0.01



	Statistical group
	bc
	a
	bc
	bc
	b
	c
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