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ABSTRACT

Karst springs are important water resources for the Alpine region and are particularly sensitive to hydrocli-
matic change due to their comparably short response times. Yet how their hydroclimatic responses differ
among discharge regimes and karst systems with different storage properties remains poorly understood. We
analyzed 85 karst springs across the wider Alpine region over 2003–2022 to assess how recent trends in5

discharge, precipitation, and temperature vary across (i) contrasting discharge regimes and (ii) karst-system
response types. To this end, we performed clustering based on discharge seasonality and derived three
response types using an established karst-system classification framework. Trends in annual, seasonal, and
monthly hydrometeorological variables, as well as in the magnitude and timing of low and high flows, were
assessed using the modified Mann–Kendall test and Sen’s slope estimator. Results showed that seasonal10

flow redistribution was more pronounced than annual discharge change, with widespread increases in winter
discharge. Responses differed strongly among the four identified discharge regimes. Winter-pluvial springs in
the peri-Alpine region tended toward decreasing spring and summer discharge and increasing winter discharge,
resulting in increasing seasonality, with these changes largely associated with precipitation trends. Low and
high flows showed corresponding changes, with decreasing low-flow and increasing high-flow magnitudes. In15

contrast, snow-influenced springs in the core Alpine region showed decreasing seasonality, characterized by
mostly increasing winter discharge and decreasing summer discharge, consistent with reduced snow storage
and earlier snowmelt. Low-flow magnitudes generally increased, and low-flow occurrence shifted earlier.
Thus, these contrasting seasonal shifts suggest that winter water-availability constraints may be reduced in
the core Alpine region, whereas reduced summer discharge may increasingly constrain water availability in20



the peri-Alpine region. Discharge trend patterns were more clearly structured by discharge regime than by
karst-system properties. However, trend magnitudes and variability among springs generally decreased from
faster- to slower-responding systems. Overall, karst springs in the wider Alpine region respond clearly but
heterogeneously to hydroclimatic change, highlighting their value as regional climate indicators and the need
for sustained long-term monitoring.25

1 Introduction

The European Alps span pronounced climatic gradients and a broad elevation range, encompassing hydrological regimes that
differ in the relative importance of rainfall, snowmelt, and glacier melt (Bard et al., 2015). Climate warming alters the main
controls of these regimes, including precipitation seasonality and intensity, rain–snow partitioning, seasonal snow storage,
glacier mass balance, and atmospheric evaporative demand (Gobiet et al., 2014; Kotlarski et al., 2023; Beniston et al., 2018).30

Because these controls vary strongly with elevation, discharge from Alpine catchments integrates potentially contrasting
hydrological responses across their elevation ranges.

Impacts of changing climatic conditions on Alpine streamflow have been extensively studied over the past decades. Observed
streamflow changes are generally more coherent at seasonal than at annual scales (Stahl et al., 2010; Kormann et al., 2015; Bard
et al., 2015). Rising temperatures shorten the snow accumulation period, reduce seasonal snow storage, and advance snowmelt35

(Beniston et al., 2018; Matiu et al., 2021). A larger fraction of cold-season precipitation falling as rain, together with earlier
meltwater contributions, generally increases winter and early-spring runoff, alleviates winter low flows in snow-dominated
catchments, and advances snowmelt-driven high flows, while earlier depletion of seasonal snow storage reduces meltwater
contributions later in the year and advances the seasonal recession (Stahl et al., 2010; Bard et al., 2015; Blöschl et al., 2018;
Kormann et al., 2015). Increased evaporative demand can further intensify summer low flows, particularly in lower-elevation40

catchments (Duethmann and Blöschl, 2018; Muelchi et al., 2021a). Climate projections indicate that this seasonal redistribution
will intensify during the 21st century (Hanus et al., 2021; Brunner et al., 2019; Muelchi et al., 2021a,b), with implications for
drinking water supply, hydropower, agriculture, tourism, and aquatic and terrestrial ecosystems, both within the Alps and in
downstream lowlands (Viviroli et al., 2011; Beniston et al., 2018; Dumont et al., 2025).

Compared with streamflow, climatic effects on Alpine groundwater have been investigated less systematically, although45

groundwater contributes substantially to streamflow in many high mountain regions, particularly during low-flow periods
(Somers and McKenzie, 2020). Springs constitute natural discharge points at the interface between groundwater and surface
water and are commonly less directly affected by anthropogenic influences than surface-water systems. Their hydrographs
integrate the effects of climate-driven recharge with aquifer-specific storage and drainage processes, thereby providing valuable
observation points for assessing groundwater responses to hydroclimatic variability (Kresic and Bonacci, 2010). With exposed50

carbonate rocks covering approximately 40% of the Alps, karst aquifers represent a major water resource and supply drinking
water to both local communities and major cities such as Vienna and Innsbruck (Goldscheider et al., 2025). Karst areas in
the Alps, particularly at high elevations, are often characterized by thin or discontinuous soil cover and highly permeable
infiltration pathways that facilitate rapid infiltration (Chen et al., 2018). Together with high precipitation and relatively
low evapotranspiration, these characteristics can contribute to substantial groundwater recharge (Goldscheider et al., 2025).55

Groundwater flow occurs through hydraulically heterogeneous and interconnected matrix, fracture, and conduit pathways
(Ford and Williams, 2007b), and the resulting discharge dynamics are commonly conceptualized as comprising quickflow and
baseflow components (e.g., Mangin, 1975). Many karst systems in the Alps are characterized by steep hydraulic gradients
and well-developed conduit networks that facilitate rapid drainage, potentially increasing their sensitivity to changing climatic
conditions (Fiorillo et al., 2021; Chen et al., 2018). However, differences in the degree of karstification and the complex60

geological and tectonic setting of the Alps contribute to substantial variability in aquifer storage and drainage behaviour,
resulting in contrasting spring discharge dynamics (Goldscheider et al., 2025; Hartmann et al., 2014). Because of their
pronounced spatial heterogeneity and complex flow dynamics, karst studies have commonly focused on individual systems,
while systematic regional comparisons of karst-system responses remain limited. Consistent datasets of karst spring hydrographs
can help bridge this gap, as indicators of recharge dynamics and aquifer properties can be derived directly from the hydrographs65

(Kresic and Bonacci, 2010; Joger et al., 2026a).
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Giese et al. (2025) first assessed long-term hydrometeorological trends across a larger number of European karst springs.
They evaluated 54 springs over a 20-year period and a subset of 22 springs over 40 years, mostly located in France and Great
Britain. Discharge trends were spatially heterogeneous and mostly non-significant. Winter discharge trends were predominantly
positive, whereas the most coherent signal was a decrease in autumn precipitation accompanied by decreasing autumn discharge.70

Overall, no clear relationship between discharge trends and the storage-related characteristics of the assessed karst systems was
identified. For the Austrian Alps, Vremec et al. (2025) analyzed hydrometeorological trends for 27 springs over the period
1997–2022, including 19 karst springs. Trends were evaluated for four spring groups previously identified through clustering
of discharge seasonality and autocorrelation (Seelig et al., 2024). Annual discharge trends were generally weak, whereas
increasing winter discharge and increasing low flows were observed across most springs. Fast-responding karst springs in the75

Northern Calcareous Alps showed the clearest seasonal redistribution, with earlier timing of low flows and high flows and
decreasing spring and summer flows, resulting in reduced seasonality. These changes were mainly linked to warming-induced
shifts in rain–snow partitioning and snowmelt timing.

However, a systematic assessment of hydrometeorological trends across karst springs in the wider Alpine region based on
consistently preprocessed data is still lacking. In particular, it remains unclear how seasonal discharge changes differ among80

contrasting discharge regimes and to what extent karst system storage and drainage characteristics are reflected in these trends.
Such a regional assessment is important to better understand spring discharge responses across the pronounced elevational and
hydroclimatic gradients of the Alps.

To address these gaps, this study analyses hydrometeorological trends for 85 karst spring catchments within the ALPAKAS
dataset across the wider Alpine region, defined here as the area covered by the EU Strategy for the Alpine Region (EUSALP),85

over the 20-year reference period 2003–2022. The analysis considers trends in annual and seasonal mean discharge, as well
as in annual indicators of low-flow and high-flow magnitude and timing, and evaluates differences among discharge regimes
and karst-system properties. Particular emphasis is placed on examining regime-specific hydroclimatic controls on seasonal
flow redistribution by relating monthly precipitation and temperature trends to corresponding trends in discharge and Pardé
coefficients. Specifically, we address the following research questions: (i) What trends occur in annual mean discharge, seasonal90

discharge, and the magnitude and timing of low flows and high flows across karst springs in the Alpine region? (ii) How do
discharge trends vary among discharge regimes and how are they related to changes in precipitation and temperature? (iii) How
do discharge trends differ among karst springs with contrasting storage and drainage characteristics?

2 Data and methods

2.1 Hydrometeorological time series95

All hydrometeorological time series analyzed in this study were obtained at daily resolution from the publicly available
ALPAKAS dataset (Joger et al., 2026b). ALPAKAS contains 243 harmonized karst spring hydrographs of varying record periods
across the EUSALP area, together with meteorological variables aggregated at catchment scale. Karst spring hydrographs in
ALPAKAS were subject to thorough quality control through a combination of manual inspection and automated methods. This
included the flagging of outliers and artefacts, as well as the identification of periods affected by artificial influences using100

changepoint analysis, as described in detail in Joger et al. (2026a). These quality-flagged data points and time series segments
were removed prior to analysis.

To ensure comparability among sites, a 20-year reference period was defined, covering the hydrological years (1 October – 30
September) 2003-2022. Missing values were not interpolated or imputed to avoid introducing artificial values that may affect
variability, extremes, and serial dependence. Instead, springs were retained only if at least 80 % of daily data was available105

within the reference period. The selected reference period represents a compromise between the need for sufficiently long time
series for robust trend detection and the aim of retaining a large number of springs across the study area, particularly because
data availability for Alpine karst springs drops markedly as the reference period increases. The hydrological year 2022 was
selected as the final year as data availability in ALPAKAS declines for several countries in 2023. In total, 85 sites from six
countries met these requirements and are listed in Table B1. These springs are widely distributed across the study region with110

annual mean discharges ranging between 0.4 and 22,700 L s−1 and mean catchment elevations between 340 and 2580 m above
mean sea level (a.m.s.l.). No systematic patterns of missing data were identified in the retained time series, such as complete

3



missing years affecting springs from a particular country. Although no station was considered to be substantially influenced by
surface flow or water extraction, the analyzed data subset also includes stations located within a few hundred meters of the
spring as well as springs that may have been subject to water extraction. These potential influences are indicated in ALPAKAS,115

together with extensive metadata and static attributes for all sites (Joger et al., 2026a).

ALPAKAS provides precipitation and temperature time series from a range of meteorological data products covering global,
continental and national domains. The gridded data products were aggregated over both existing expert-based catchment
delineations and circular catchment approximations based on an approach developed by Thinius et al. (2026). Thinius
et al. (2026) showed that these catchment approximations provided a representation of meteorological forcing similar to that120

obtained from expert-based catchments and considerably better than that obtained using values extracted at the spring location,
particularly for snow-influenced springs. In this study, precipitation and mean temperature variables from the daily observation-
based gridded E-OBS dataset (Cornes et al., 2018) were used to ensure homogeneous representation of meteorological attributes
across national boundaries. E-OBS is generated by interpolating quality-controlled station observations from the European
Climate Assessment & Dataset (ECA&D) to a spatial resolution of 0.1◦ and is available in ALPAKAS as catchment-aggregated125

time series for the period 1950–2024. Expert-based catchment aggregates were used where available (65 karst springs), while
circular catchment approximations were used for the remaining springs (20).

2.2 Hydrograph-based clustering and classification of karst springs

Springs meeting all requirements were grouped based on two complementary hydrograph-based approaches: (1) clustering of
Pardé coefficients characterizing discharge seasonality, and (2) the KarstID classification framework characterizing karst-system130

hydrological functioning.

Pardé coefficients are widely used to characterize the seasonal distribution of discharge and have also been applied to karst
springs (Schürch et al., 2016; Seelig et al., 2024). They are calculated by normalizing monthly mean discharge by the annual
mean discharge computed over the same period (Pardé, 1933):

Pi =
Qi

Qa

(1)

where Pi [-] is the Pardé coefficient for month i, Qi [L s−1] is the long-term mean discharge for month i, and Qa [L s−1] is the135

long-term mean annual discharge. Following Seelig et al. (2024), k-means clustering was applied to the Pardé coefficients by
minimizing the within-cluster sum of squared Euclidean distances, and the number of clusters was selected using the elbow
method, which identifies the point beyond which additional clusters yield only marginal reductions in within-cluster variance.

KarstID is an openly available R Shiny application allowing the classification of karst-system hydrological functioning based
on indicators derived from recession-curve analysis (Cinkus et al., 2023). Within the KarstID workflow, users manually select140

recession events from the hydrograph and define the inflection point of Mangin’s recession model (Mangin, 1975) for each
selected event. The indicators used for system classification are then automatically derived. The classification scheme was
developed based on a multivariate analysis of recession-curve and statistical indicators for 10 karst systems with well-known
hydrological functioning and tested on 78 karst systems worldwide (Cinkus et al., 2021). The final classification distinguishes
six classes based on three indicators derived from Mangin’s recession model, which separates spring recession curves into an145

influenced (quickflow-dominated) and a non-influenced regime (baseflow-dominated): The parameter kmax characterizes the
capacity of the dynamic storage, expressing the capacity of a system to temporarily store and dynamically release water during
events. It represents the maximum value of the dynamic storage indicator k and is mainly linked to the non-influenced part
of the recession curve. The parameter αmean is closely related to kmax and describes the draining dynamic of the capacity
function, representing the average rate at which stored water is released from the system during the non-influenced regime.150

IR characterizes the variability of the hydrological response and is associated with the influenced regime. Derived from the
indicator i, which describes the degree to which a system filters and attenuates the precipitation signal, IR reflects the range of
i values across the selected recession events.

All 85 time series were classified based on their full record length in ALPAKAS by selecting 2–10 recession events depending
on their availability, closely following the procedure described by Cinkus et al. (2023). As IR is defined as the difference155
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between the maximum and minimum values of i, it strongly depends on the number of selected recession events (Cinkus
et al., 2021) and was found to be highly sensitive to individual events in this study. In addition, Cinkus et al. (2021) clearly
identified IR as the least explanatory parameter in their multivariate analysis. Therefore, this indicator was not considered for
classification in the present study, resulting in three aggregated KarstID classes. Hereafter, the term KarstID classes refers to
these aggregated classes: (1) C12: poor capacity of dynamic storage and fast draining dynamic of the capacitive function; (2)160

C34: poor capacity of dynamic storage and moderate draining dynamic of the capacitive function; and (3) C56: noticeable
capacity of dynamic storage and slow draining dynamic of the capacitive function.

In a final step, following Seelig et al. (2024), the association between Pardé clusters and KarstID classes was assessed using a
contingency table and Pearson´s χ2 test of independence, with significance evaluated using Monte Carlo-simulated p-values
based on 10,000 replicates. Relative cell residuals were then calculated to identify over- and underrepresented combinations.165

Positive residuals indicate combinations occurring more frequently than expected under the assumption of independence, and
these combinations were therefore identified as dominant spring groups further evaluated during trend analysis.

Our analysis of Pardé clusters and KarstID classes allows discharge regimes and karst-system response types to be evaluated
both separately and in combination. A key advantage of the KarstID classification is that representative recession curves are
selected individually using expert knowledge. This is particularly relevant for springs affected by delayed discharge from snow170

storage, for which autocorrelation-based clusters, as used by Seelig et al. (2024), may not reliably represent system properties
because gradual meltwater release can lead to high annual periodicity in the autocorrelation function regardless of system
storage behaviour.

2.3 Trend analysis

Monotonic trends in spring discharge and meteorological time series were assessed using the Mann-Kendall test (Mann,175

1945; Kendall, 1975), with Sen’s slope estimator (Sen, 1968) used to quantify trend magnitudes. Both are non-parametric
methods commonly applied to hydrometeorological time series as they do not require normally distributed data. Because serial
correlation can affect the significance of detected trends, we applied the modified Mann-Kendall test proposed by Hamed
and Ramachandra Rao (1998), as implemented in the R package modifiedmk (Patakamuri and O’Brien, 2021). Trends were
evaluated at significance levels of 0.05 and 0.10. The 0.10 threshold was included because a less strict significance level180

can improve the detection of trends in hydrometeorological records (Wang et al., 2020) and has been applied in comparable
studies (Giese et al., 2025; Vremec et al., 2025). For discharge and precipitation variables, Sen’s slopes were normalized by
the respective long-term mean values and expressed as percentage change per year (% yr−1). Trends were assessed for (1)
annual mean discharge to identify long-term trends in overall discharge, and (2) seasonal mean discharges (winter: DJF; spring:
MAM; summer: JJA; autumn: SON) as well as annual low-flow and high-flow indicators to identify patterns of seasonal flow185

redistribution. Low flows and high flows were defined separately for each hydrological year as the 10th percentile (Q0.1) and the
90th percentile (Q0.9) of daily discharge values, respectively. The analysis of seasonal flow redistribution was further supported
by trend analyses of monthly mean discharge and Pardé coefficients. To assess potential hydroclimatic controls on observed
discharge trends, monthly mean precipitation and temperature trends were assessed. Annual, seasonal, and monthly means
were considered only for trend analysis when at least 80 % of daily values were available within the respective aggregation190

period. Finally, trends in timing of low flow and high flow were computed to further assess seasonal flow redistribution. Timing
was analyzed using circular statistics, following Blöschl et al. (2017) and adapting the code provided by Klotz et al. (2026). In
contrast to their focus on annual maximum flow timing, we derived low-flow and high-flow timing from all days within each
hydrological year on which discharge was below Q0.1 or above Q0.9, respectively. These days were converted to angular values,
averaged using their mean sine and cosine components, and transformed back to day of the hydrological year. Following Klotz195

et al. (2026), timing trends were quantified using an adjusted Sen’s slope, defined as the median of all pairwise slopes between
annual timing values. Differences exceeding half the mean hydrological-year length were adjusted by one year length to
account for the circular year boundary. Positive and negative slopes indicate shifts toward later and earlier timing, respectively,
expressed in days per year. All trends were analyzed by Pardé cluster, KarstID class, and dominant spring group.

Due to the limited availability of discharge time series with sufficient data completeness, a relatively short reference period of200

20 years was selected (2003–2022). Because trend estimates from relatively short time series can be particularly sensitive to
anomalous conditions occurring at the beginning or end of the analysis period (Hannaford et al., 2013), we tested the sensitivity
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of the results to the boundary years. Therefore, the trend analysis was repeated after excluding the first and last hydrological
year of the reference period, respectively, and the resulting trend estimates were compared with those obtained for the full
reference period (Appendix D).205

3 Results

3.1 Characteristics of identified karst spring groups

The clustering based on the Pardé coefficients identifies four distinct clusters, presented in Fig. 1 (a). The clusters are further
described using static ALPAKAS attributes, including structural tectonic unit, climate zone, mean catchment elevation, and
mean discharge.210

• PC1 (n = 29) represents a winter-pluvial discharge regime with strong seasonality. Hydrographs in this cluster are
characterized by high winter discharge, with an average monthly maximum in December (Pmax = 1.6), followed
by a pronounced decline toward a minimum in August (Pmin = 0.4). Springs assigned to this cluster are mainly
located in the Jura Mountains, Dinarides, and Provence Platform and are generally situated at lower elevations in a
warm-temperate climate. The median mean catchment elevation is 710 m, and the median mean discharge is 2310215

L s−1.

• PC2 (n = 31) represents hydrologically buffered systems with weak seasonality. Most hydrographs show a weak
pluvio-nival discharge regime, with elevated discharge in spring, indicating a moderate snowmelt contribution. The
cluster maximum occurs in April (Pmax = 1.2), while the minimum occurs in December (Pmin = 0.9). Springs
assigned to this cluster are broadly distributed across the study region and are mostly located in areas characterized by220

a boreal climate. They cover a range of mean catchment elevations, although very low and very high-elevation sites
are absent. The median mean catchment elevation is 990 m, and the median mean discharge is 140 L s−1.

• PC3 (n = 13) represents a nivo-pluvial discharge regime characterized by low winter discharge and a pronounced
peak in May (Pmax = 2.2), indicating dominant seasonal snowmelt control. After a rapid decline, the Pardé curve
remains close to average in late summer and early autumn before discharge decreases again in autumn and winter.225

The minimum occurs in December (Pmin = 0.5). Springs assigned to this cluster are mainly located in the eastern
part of the Northern Calcareous Alps within the Eastern Alps, in areas characterized by a boreal climate, and are
associated with mid- to high-elevation catchments. The median mean catchment elevation is 1470 m, and the median
mean discharge is 480 L s−1.

• PC4 (n = 12) represents a nival discharge regime, with very low winter discharge, a delayed onset of snowmelt230

followed by a pronounced peak in June (Pmax = 2.0), and a long, gradual recession during the second half of the year.
The minimum occurs in February (Pmin = 0.4). Springs assigned to this cluster are strongly snow-dominated, located
in the Eastern Alps and Helveticum, in areas characterized by a boreal climate. They are associated with high mean
catchment elevations, with a median of 1900 m, and a median mean discharge of 270 L s−1.

The KarstID classification yields a relatively even distribution across classes, with 35 springs assigned to C12, 27 to C34,235

and 23 to C56. Fig. 1 (b) reveals some spatial patterns, particularly a tendency toward faster-responding springs in the Jura
Mountains, Dinarides, and parts of the eastern Northern Calcareous Alps. Overall, however, KarstID classes are distributed
across the study region, and show no clear elevation-dependent pattern. Median mean discharges are 1070 L s−1 for C12, 260
L s−1 for C34, and 140 L s−1 for C56, indicating that faster-responding springs tend to have higher discharges.

The comparison of Pardé clusters (Fig. 1 (c)) shows a close relationship between cluster membership and mean catchment240

elevation. PC2 exhibits the broadest elevation range and partly overlaps with both PC1 and PC3, consistent with its description
as a group of hydrologically buffered systems rather than a distinct discharge regime. Almost all springs assigned to C56 fall
within PC2, indicating an association between high-storage, slowly draining systems and weakly seasonal discharge regimes.
Median mean discharge is highest in PC1, which includes several large springs and major resurgences, and lowest in PC2.
Within the individual Pardé clusters, C12 springs generally show the highest median mean discharges.245
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Figure 1: (a) Monthly Pardé-coefficient curves with cluster centers represented by colored lines and the respective cluster
members by grey lines. (b) Spatial distributions of Pardé clusters and KarstID classes across the study region. (c) Boxplots
of mean catchment elevation and mean discharge by Pardé cluster and KarstID class. Administrative borders: © 2018–2025
GADM. Alpine Convention perimeter: Eurac Research and Permanent Secretariat of the Alpine Convention (2025).

The Pardé clusters and KarstID classes result in twelve possible cluster combinations. The χ2 test indicates a highly significant
association between the two groupings (p ≤ 0.0007). Based on the contingency table shown in Fig. A1, five combinations
exhibit positive standard residuals and are therefore considered overrepresented relative to an independent distribution of the
two groupings. Together, these five dominant spring groups account for more than two thirds of all springs and were retained for
supplementary analysis. While the dominant spring groups integrate information on both discharge seasonality and karst-system250

characteristics, the relatively small number of springs within some groups limits the robustness of group-wise comparisons. The
dominant spring groups, their spatial distribution across the study region, and the corresponding results of the trend analyses
are therefore briefly described in Appendix A. The Pardé cluster, KarstID class, and dominant spring group assigned to each
analyzed spring are listed in Table B1, together with the normalized Sen’s slopes for annual and seasonal mean discharge, as
well as for low and high flows.255

3.2 Trends in annual mean discharge and low-flow and high-flow indicators

Fig. 2 (a) shows a reduction in annual mean discharge at most sites, with negative trends occurring mainly in the European
Foreland, the Jura Mountains, and the eastern part of the Northern Calcareous Alps. Across the study region, 17 significant
negative and eight significant positive trends are detected (p < 0.10). Positive trends are predominantly observed in the
southern part of the study region and in high-elevation catchments of the Central Alps, represented by PC4. Overall, however,260

only a weak association with elevation is observed. PC2 and PC3 show clearly negative median trends, representing mainly
mid-elevation catchments. With respect to KarstID classes, no clear differences are observed.

Low-flow trends (Fig. 2 (b)) show a clear spatial pattern across the study region. Negative trends mostly occur in the peri-Alpine
region, defined here as the part of the EUSALP area outside the Alpine Convention perimeter, whereas positive trends are
predominantly found in the core Alpine region, defined as the area within the Alpine Convention perimeter. In total, 16 springs265

show significant negative trends and 14 springs show significant positive trends. A clear positive association with catchment
elevation is observed (ρ = 0.55, p < 0.001), which is also reflected in the median trends of the Pardé clusters. While PC1
shows mainly negative low-flow trends, mixed trends are found for PC2, and clearly positive trends are observed for PC3 and
PC4. High-flow trends (Fig. 2 (c)) broadly follow the spatial distribution of annual mean discharge trends. Negative trends occur
predominantly in the European Foreland, the Jura Mountains, and the eastern part of the Northern Calcareous Alps, whereas270

positive trends occur mainly in the southern part of the study region. Overall, eleven significant positive and six significant
negative trends are observed. PC1 shows a slightly positive median trend, while PC2 and PC3 show negative median trends.
For both low-flow and high-flow trends, no distinct differences are observed among KarstID classes, and variability within
classes is relatively high. However, C56 tends to show less extreme trends.
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Figure 2: Summary of trend analysis results for (a) mean discharge, (b) low flows, and (c) high flows, computed over
hydrological years. Each panel shows the spatial distribution of trend magnitudes across individual springs, with trend
significance indicated at the p < 0.05 and p < 0.10 levels. The accompanying histogram shows the distribution of significant
trends, with trends significant only at the 0.1 level shown as hatched bars. A scatter plot shows the association between trend
magnitude and mean catchment elevation, including Spearman’s ρ and the corresponding p-value. Boxplots show trends
grouped by Pardé cluster and aggregated KarstID class. Administrative borders: © 2018–2025 GADM. Alpine Convention
perimeter: Eurac Research and Permanent Secretariat of the Alpine Convention (2025).

3.3 Trends in seasonal discharge275

Fig. 3 (a) shows predominantly positive winter discharge trends in the core Alpine region and the Jura Mountains. Across the
study region, 31 springs show significant increases and only one spring shows a significant decrease. Winter discharge trends
show a clear association with elevation, with higher mean catchment elevations associated with more positive trends (ρ = 0.41,
p < 0.001). This pattern is also reflected in the Pardé clusters, with PC3 and PC4 showing the highest median trends.

Discharge trends in spring (Fig. 3 (b)) are mostly negative in the peri-Alpine region, whereas the core Alpine region shows280

predominantly positive trends, except for the eastern part of the Northern Calcareous Alps. Across the entire study region, five
significant increasing and nine significant decreasing trends are detected. As in winter, discharge trends in spring show a clear
positive association with elevation (ρ = 0.41, p < 0.001), which is also reflected in the Pardé clusters. A positive median trend
is observed only for PC4.

Summer discharge trends (Fig. 3 (c)) vary across the study region but are predominantly negative, with two significant positive285

and ten significant negative trends. No clear association with elevation is observed. The strongest median trend occurs in PC3
and is negative, mainly reflecting decreasing summer discharge trends in the eastern part of the Northern Calcareous Alps.

Discharge trends in autumn (Fig. 3 (d)) are mostly negative in the European Foreland and the Jura Mountains, but predominantly
positive in the Dinarides and near the Provence Platform. Across the study region, three significant positive and seven significant
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Figure 3: Summary of trend analysis results for seasonal discharge in (a) winter, (b) spring, (c) summer, and (d) autumn.
Each panel shows the spatial distribution of trend magnitudes across individual springs, with trend significance indicated at
the p < 0.05 and p < 0.10 levels. The accompanying histogram shows the distribution of significant trends, with trends
significant only at the 0.1 level shown as hatched bars. A scatter plot shows the association between trend magnitude and mean
catchment elevation, including Spearman’s ρ and the corresponding p-value. Boxplots show trends grouped by Pardé cluster
and aggregated KarstID class. Administrative borders: © 2018–2025 GADM. Alpine Convention perimeter: Eurac Research
and Permanent Secretariat of the Alpine Convention (2025).

Figure 4: Boxplots with individual trends in monthly discharge per aggregated KarstID class and trend significance indicated at
the p < 0.05 and p < 0.10 levels.

negative trends occur. Trend directions and magnitudes vary strongly within PC1, reflecting the opposing trends among different290

structural tectonic units in the peri-Alpine region. Only PC4 shows a positive median trend.

Grouping by KarstID classes reveals a clear tendency for faster-responding springs to show larger winter trend magnitudes,
reflected in both median and extreme trends. Differences are less distinct for the other seasons. At the monthly scale, however,
differences among KarstID classes become much more pronounced (Fig. 4), with C12 generally showing the largest and C56
the smallest trend magnitudes and variability.295
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Figure 5: (a) Boxplots with individual trends in monthly Pardé coefficients per Pardé cluster and trend significance indicated
at the p < 0.05 and p < 0.10 levels, (b) mean monthly Pardé coefficients combined with the mean trend of monthly Pardé
coefficients for each Pardé cluster, and (c) normalized mean monthly precipitation, temperature, and discharge trends averaged
across all springs within each Pardé cluster.

3.4 Trends in discharge seasonality, hydrometeorological variables, and flow timing

Trends in discharge seasonality and hydrometeorological variables were evaluated primarily by discharge regime, as represented
by the Pardé clusters, which reflect differences in hydroclimatic controls on seasonal discharge patterns. Fig. 5 (a & b) shows
distinct patterns in the trends of monthly Pardé coefficients among the Pardé clusters. Across all Pardé clusters, the highest
median trends occur in February, coinciding with the strongest positive temperature trends in this month (Fig. 5 (c)). Overall,300

mean monthly temperature trends show a similar seasonal pattern across Pardé clusters, with increasing temperatures in
most months and negative trends in April and May for most clusters. However, annual mean temperature trends decrease
progressively from PC1 through PC2 and PC3 to PC4.

For PC1, Pardé trends vary strongly among months. Monthly trends indicate increasing relative discharge contributions in
December, February, May, and June. Pronounced negative trends are observed in March, April, and October, with a large305

number of springs with significant negative trends in April. PC1 shows the strongest overall change in seasonality, with an
increase in seasonal contrast. Moreover, PC1 shows a strong association between precipitation and discharge trends throughout
the annual cycle.

For PC2, trends indicate increasing relative discharge contributions in winter and early spring, particularly in February, while
most months from April to September show decreasing tendencies. PC2 exhibits the smallest change in seasonality, consistent310

with the comparatively low overall seasonality of springs assigned to this cluster. However, discharge trends still broadly follow
the annual cycle of precipitation trends for most of the year, albeit in a clearly buffered form. Exceptions occur in February,
when discharge trends show a pronounced positive peak, and in March, when precipitation trends are considerably more
negative than discharge trends. From April to June, negative discharge trends coincide with non-negative precipitation trends.

For PC3, mean monthly trends indicate increasing relative discharge contributions in October and during the winter months,315

while trends from May to August are predominantly negative. PC3 shows a clear change in seasonality, with an overall decrease
in seasonal contrast. For PC3, discharge trends broadly follow the precipitation trends from April to January. In February,
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Figure 6: Timing of (a) low flows and (b) high flows, derived from all days within each hydrological year on which discharge
was below Q0.1 or above Q0.9, respectively. Each panel shows the spatial distribution of average flow timing across the
study region, following Blöschl et al. (2017) and using an adapted version of the code provided by Klotz et al. (2026). Each
arrow represents one karst spring, with color and direction indicating average timing and arrow size indicating the temporal
concentration of timing across years. Values close to 0 indicate highly variable timing among years, whereas values close to 1
indicate that low-flow or high-flow timing is concentrated around a similar period each year. Each panel additionally includes
the spatial distribution of trends in average flow timing across individual springs and a scatter plot showing the association
between trend magnitude and mean catchment elevation, including Spearman’s ρ and the corresponding p-value. Boxplots
show timing trends grouped by Pardé cluster and aggregated KarstID class. Administrative borders: © 2018–2025 GADM.
Alpine Convention perimeter: Eurac Research and Permanent Secretariat of the Alpine Convention (2025).

however, discharge trends show a pronounced positive peak despite negative precipitation trends. In March, precipitation trends
are clearly more negative than discharge trends.

For PC4, relative discharge contributions increase from December to April, whereas most months from May to September320

show decreasing trends. Trends in the peak flow month of June are variable. Overall, this redistribution indicates a reduction in
seasonality. Discharge and precipitation trends show relatively low correspondence, particularly from November to April. In
November, discharge shows a positive trend despite clearly negative precipitation trends. From February to April, discharge
shows clear positive trends despite non-positive precipitation trends.

Average low-flow and high-flow timing shows pronounced spatial patterns across the study region, with clear contrasts between325

the core Alpine and peri-Alpine regions and generally high timing concentration across hydrological years (Fig. 6). Overall,
timing trends are less distinct than the average timing patterns, with no clear differences among aggregated KarstID classes.
Across both low- and high-flow timing, PC2 shows highly variable timing trends, consistent with greater timing flexibility
under weak seasonality.

Low flows mainly occur in winter in the core Alpine region (Fig. 6 (a)). An exception is the eastern part of the Northern330

Calcareous Alps, where low flows predominantly occur in autumn. In the peri-Alpine region, low flows mostly occur in late
summer to early autumn, whereas springs in the European Foreland tend to reach low-flow conditions in mid-autumn. Low-flow
timing trends indicate a moderate negative association with elevation (ρ = −0.34, p = 0.001) and a general shift toward earlier
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occurrence for PC2, PC3, and PC4. For PC1, most low-flow timing trends are negative, except in the Jura Mountains, where
low flows tend to shift later.335

High flows occur in late spring to early summer for most springs in the core Alpine region (Fig. 6 (b)). In the peri-Alpine
region, high flows occur in winter, with early-winter timing in the Dinarides and late-winter timing in the European Foreland.
High-flow timing shifts are less pronounced than those of low flows, with negative trends occurring mainly in PC3 and the
Dinarides and positive trends mainly among the remaining PC1 springs.

4 Discussion340

4.1 Spatial and regime-specific patterns in discharge trends

Trends in annual discharge metrics are spatially heterogeneous across the wider Alpine region, with distinct regional patterns in
annual mean discharge, low flows, and high flows. These spatial patterns are more pronounced than those reported by Giese
et al. (2025) and Vremec et al. (2025), likely reflecting the larger number of springs and broader elevation gradients covered
by our study. Among significant annual mean discharge trends, negative trends dominate, in line with previous analyses of345

observed discharge trends at karst springs in Central Europe and the Mediterranean (Jelen et al., 2020; Fiorillo et al., 2021;
Fan et al., 2023; Vremec et al., 2025; Toran et al., 2026), as well as with projected decreases in discharge for individual karst
systems (Chen et al., 2018; Casati et al., 2024). Significant negative trends are concentrated in the European Foreland, the Jura
Mountains, and the eastern part of the Northern Calcareous Alps, whereas positive trends occur mainly in the southern part
of the study region and in high-elevation catchments of the core Alpine region. High-flow trends broadly follow the spatial350

pattern of annual mean discharge trends, although fewer trends are significant. In contrast, low-flow trends show a pronounced
association with elevation, shifting from predominantly negative trends in the peri-Alpine region to increasingly positive trends
in the core Alpine region. This pattern suggests that low flows are particularly sensitive to elevation-dependent changes in the
seasonal availability of delayed recharge, as discussed in more detail in Sect. 4.2.

Seasonally, widespread increases in winter discharge in the core Alpine region and the Jura Mountains, together with mainly355

negative spring and summer discharge trends outside high-elevation catchments, indicate a redistribution of discharge toward
winter. The increasingly positive winter and spring discharge trends with increasing mean catchment elevation are consistent
with pronounced elevation-dependent changes in snow accumulation and melt dynamics under climate warming (Beniston
et al., 2018; Matiu et al., 2021). Trends in monthly Pardé coefficients show that the magnitude and seasonal expression of this
redistribution differ among discharge regimes. This translates into increasing seasonality for PC1 and decreasing seasonality360

for PC2, PC3, and PC4. For PC1, increasing seasonal contrast tends to strengthen the already pronounced winter-pluvial
regime. Among the snow-influenced regimes, the strongest reduction in seasonality occurs in PC3, where the pronounced
spring-dominated nivo-pluvial regime weakens due to higher relative contributions in winter and decreasing contributions from
May to August, when Pardé coefficients indicate the main seasonal discharge contribution. PC4 shows a similar but more
prolonged redistribution pattern, with increasing relative contributions from winter to mid-spring and decreasing contributions365

throughout much of the summer, although trends in June Pardé coefficients vary among sites, as further discussed in Sect. 4.2.
PC2 broadly follows the pattern for PC3 but exhibits the smallest overall change, consistent with its comparatively weak
seasonal regime.

Changes in flow timing provide complementary evidence for contrasting redistribution patterns between the core Alpine
region and the peri-Alpine region. The overall tendency toward earlier low-flow occurrence for PC2, PC3, and PC4 is likely370

linked to strongly increasing February discharge, which reduces the occurrence of low-flow days in late winter and thereby
shifts mean low-flow timing earlier. Low-flow timing may therefore provide an indirect indicator of earlier snowmelt in
these snow-influenced regimes. Trends in high-flow timing are less pronounced and show no consistent shift toward earlier
occurrence, although earlier snowmelt might be expected to advance both the snowmelt peak and the depletion of seasonal
snow storage, as discussed by Vremec et al. (2025).375

Taken together, the analyses indicate that the hydrological response to recent climatic change is strongly structured by discharge
regime, which is closely associated with elevation. The observed association with elevation and widespread increase in winter
discharge are consistent with previous streamflow studies from Alpine catchments, which likewise found seasonal trends to be
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more pronounced than annual trends (Stahl et al., 2010; Bard et al., 2015; Blöschl et al., 2018; Kormann et al., 2015). The
observed redistribution is also qualitatively consistent with projected changes in Alpine streamflow, which generally indicate380

increasing winter runoff, decreasing summer runoff, and elevation-dependent shifts in spring runoff and flow timing (Hanus
et al., 2021; Muelchi et al., 2021a,a; Brunner et al., 2019). In agreement with the present study, Vremec et al. (2025) identified
seasonal redistribution mainly characterized by generally increasing winter discharge and low flows across Austrian springs,
using the annual 7-day minimum flow as low-flow indicator. They also identified declining spring and summer discharge for a
spring group in the eastern part of the Northern Calcareous Alps, whose sites are predominantly karstic and largely correspond385

to PC3 in the present study. For this spring group, they reported decreasing seasonality associated with increasing low flows
and an earlier timing of both low flows and high flows, with high flows represented by the annual maximum flow. Our results
show that this pattern of decreasing seasonality and earlier low-flow timing extends beyond the Austrian Alps for karst springs
and reveal contrasting responses between the core Alpine region and the peri-Alpine region. In the core Alpine region, reduced
seasonal discharge contrasts may lead to more sustained winter flows and potentially alleviate water-availability constraints,390

including for hydropower generation (Wagner et al., 2017), whereas reduced summer discharge may increase water-availability
constraints in the peri-Alpine region.

4.2 Hydroclimatic controls across discharge regimes

The combined analysis of monthly Pardé trends and precipitation–discharge trend patterns (Fig. 5) indicates that seasonal flow
redistribution differs markedly among the identified discharge regimes. Seasonal flow redistribution can generally result from395

two main hydroclimatic controls: (i) changes in rainfall seasonality and amount, together with changes in evapotranspiration,
can directly alter the timing and magnitude of effective recharge, and (ii) warming-induced changes in snow and ice storage can
modify delayed recharge by shifting rain–snow partitioning and advancing meltwater release. The analysis does not aim to
quantitatively partition recharge into direct and delayed components, which would require additional data or process-based
modelling approaches. Rather, the comparison of precipitation, temperature, and discharge trends is used to identify associations400

that are consistent with dominant controls on seasonal flow redistribution across discharge regimes.

The winter-pluvial regime represented by PC1 shows the closest correspondence between mean precipitation and discharge
trends, despite encompassing springs from widely separated locations in different structural tectonic units. This correspondence
suggests that seasonal flow redistribution in PC1 is primarily controlled by changes in precipitation seasonality and that these
systems respond relatively directly to seasonal precipitation changes. Similar patterns were observed by Giese et al. (2025) for405

the Jura Mountains, where increasing winter discharge trends and decreasing autumn discharge trends were associated with
corresponding shifts in seasonal precipitation. Likewise, Jelen et al. (2020) attributed long-term decreases in annual mean
discharge and low flows at Slovenian karst springs primarily to declining precipitation. The comparatively direct response
of PC1 is consistent with the dominant KarstID classes in this regime, for which only three out of 29 springs are classified
as high-storage, slowly draining systems. Moreover, no strong contribution of earlier meltwater release is evident, consistent410

with the comparatively low influence of seasonal snow storage expected for most low-elevation catchments in the peri-Alpine
region. The close correspondence between precipitation and discharge trends is remarkable, suggesting both that E-OBS
precipitation data capture the broad seasonal precipitation changes reasonably well for stations in the peri-Alpine region and
that discharge for springs assigned to PC1 responds to precipitation changes within a comparable relative range. While this
correspondence suggests a dominant role of precipitation changes, evapotranspiration was not evaluated separately and may415

also have contributed to the observed discharge trends, particularly given its expected importance in lower-elevation catchments
(Dumont et al., 2025; Muelchi et al., 2021b) and the comparatively strong temperature trends in PC1.

PC2 shows a clearly buffered discharge response, which is consistent with the KarstID classification, as only six of the 31
springs are characterized as low-storage, fast-draining systems. Discharge trends broadly follow precipitation trends, but clear
deviations in late winter and spring indicate an influence of delayed recharge processes. The pronounced positive discharge420

trend in February is consistent with an increasing contribution from earlier snowmelt (Bard et al., 2015; Kormann et al., 2015;
Matiu et al., 2021), as also suggested by the strongly positive temperature trend for February. This signal appears to persist into
March, when strongly negative precipitation trends are not accompanied by similarly negative discharge trends. The mismatch
between discharge and precipitation trends from April to June may indicate a reduced contribution of delayed snowmelt
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recharge following earlier meltwater release during winter or early spring, as also suggested by the earlier timing of low-flow425

trends.

PC3 shows a similar snow-related redistribution but a stronger seasonal response. Although precipitation and discharge
trends correspond relatively closely over most of the year, seasonal flow redistribution cannot be explained by precipitation
trends alone. As for PC2, the pronounced increase in February discharge and the much weaker discharge decline relative to
precipitation in March are consistent with an earlier contribution of snowmelt recharge. This interpretation is consistent with430

Vremec et al. (2025), who associated increasing winter discharge in the Northern Calcareous Alps with warming-induced
changes in snow accumulation and melt dynamics.

A similar pattern is observed for PC4, although the clearly positive discharge trends from February to April suggest a more
prolonged early-season snowmelt contribution. The absence of a corresponding discharge decline in November further suggests
that same-month precipitation exerts comparatively limited control on discharge during this period, likely because precipitation435

is temporarily stored as snow. The comparatively more buffered response relative to PC3 is consistent with the higher catchment
elevations for PC4, where snow and ice storage can influence discharge over large parts of the year (Beniston et al., 2018). The
variable June Pardé trends may reflect enhanced snow accumulation associated with increased precipitation at high elevations or
glacier melt contributions from long-term ice storage in some catchments, as reported for high-elevation catchments in previous
studies on Alpine streamflow (Bard et al., 2015; Kormann et al., 2015). PC4 contains three springs that are clearly influenced440

by glaciers (AT-0002: Waldbachursprung; CH-0003: Siebenbrünnen; CH-0021: Glarey). However, only Waldbachursprung
shows a distinct positive trend, with a Sen’s slope of 0.030 in June, suggesting that glacier influence alone does not explain the
heterogeneous response. Vremec et al. (2025) similarly reported only weak spring, summer, and autumn discharge trends for a
high-alpine spring group that is predominantly associated with PC4 in the present study, which they interpreted as indicating a
comparatively low sensitivity to warming-related seasonal shifts. Our analysis at the monthly scale suggests that the differences445

in precipitation forcing contribute substantially to the contrasting responses of PC3 and PC4, with PC3 showing clearly more
pronounced negative precipitation trends during these seasons than PC4.

Overall, the analysis indicates contrasting hydroclimatic controls across the discharge regimes. Seasonal flow redistribution
in PC1 appears to be primarily associated with changes in precipitation seasonality, whereas changing snow storage patterns
appear to contribute increasingly to discharge redistribution for PC2, PC3, and PC4, with their relative importance and seasonal450

expression closely related to mean catchment elevation. This association with elevation is consistent with previous Alpine
studies showing that warming-induced changes in snow accumulation and melt dynamics become increasingly important at
higher elevations, whereas changes in precipitation and evapotranspiration gain relative importance toward lower elevations
(Dumont et al., 2025; Muelchi et al., 2021b; Matiu et al., 2021).

4.3 Discharge trends in relation to karst-system response types455

Overall, the observed discharge trend patterns are more clearly structured by Pardé clusters than by KarstID classes. This is
hydrologically plausible, as the Pardé clusters represent different discharge regimes that are closely associated with elevation and
corresponding hydroclimatic controls on recharge (Vremec et al., 2025; Bard et al., 2015; Kormann et al., 2015). Accordingly,
the dominant spring groups primarily reflect differences in discharge regime, while the KarstID classes provide additional
insight into how karst-system properties modulate the transmission of hydroclimatic signals to spring discharge. This finding is460

further supported by the general similarity between observed karst spring trends and reported streamflow trends, suggesting that
karst recharge is primarily influenced by the same hydroclimatic changes that govern surface runoff. The weaker separation
among KarstID classes is consistent with the hydroclimatic-control analysis (Sect. 4.2), which shows that even the comparatively
buffered karst systems represented by PC2 exhibit considerable correspondence between monthly precipitation and discharge
trends throughout much of the year. Consequently, even karst springs with substantial storage and buffering can be sensitive to465

changes in hydroclimatic forcing on relatively short timescales, supporting the broader use of karst springs as robust regional
climate indicators (Fiorillo et al., 2021; Giese et al., 2025).

Karst-system properties nevertheless appear to modulate spring responsiveness. Differences among KarstID classes are most
pronounced in winter, when seasonal flow redistribution is strongest, with faster-responding springs tending to exhibit both
larger trend magnitudes and greater variability. This gradient in sensitivity to hydroclimatic change, decreasing from the470
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faster-responding C12 systems through C34 to the slower-responding C56 systems, becomes even clearer at the monthly scale,
indicating that seasonal aggregation can mask differences in spring responsiveness. This pattern is consistent with the stronger
transmission of climatic forcing expected in highly karstified systems with fast groundwater dynamics (Chen et al., 2018;
Hartmann et al., 2017).

These findings partly contrast with Giese et al. (2025), who identified no clear relationship between spring discharge trends475

and karst-system properties represented by baseflow and memory indices. Similarly, Toran et al. (2026) found no systematic
relationship between discharge variability and long-term discharge trends across 31 springs in Europe and the United States
over a common reference period, a finding they interpreted as suggesting that groundwater storage may buffer hydroclimatic
changes even in rapidly responding karst systems. These apparent differences may partly reflect the masking effect of temporal
aggregation discussed previously, as both studies assessed relationships between long-term discharge trends and karst-system480

characteristics, whereas our study reveals much clearer differences among karst-system response types at the monthly scale.
Nevertheless, our findings and those of both studies suggest that karst systems with comparatively large storage capacities
can still exhibit clear responses to changing hydroclimatic forcing. Furthermore, Vremec et al. (2025) observed contrasting
discharge trends among spring groups with different hydrogeological and climatic characteristics but could not directly attribute
these differences to specific system properties, while Casati et al. (2024) likewise found climatic forcing to exert a stronger485

influence on spring discharge than hydrogeological setting.

4.4 Uncertainties and limitations

The hydrometeorological time series obtained from the ALPAKAS dataset are subject to several uncertainties and limitations,
which are discussed in detail by Joger et al. (2026a). These include uncertainties related to sensor calibration and rating curves,
changes in measurement infrastructure and site conditions, heterogeneous temporal resolution, and varying data quality and490

prior preprocessing practices among data providers. ALPAKAS partly addresses these uncertainties by applying uniform
preprocessing and quality control, complemented by quality flags and metadata. However, uncertainties inherent in the original
observations may remain despite this harmonization. None of the analyzed stations showed substantial influence from surface
water contributions or water extraction, although influences may still occur at some springs, as indicated in the metadata.

Additional uncertainties are associated with the catchment-aggregated E-OBS data adopted from ALPAKAS. E-OBS is based495

on interpolation of station observations and is therefore affected by spatially and temporally varying station coverage and
interpolation uncertainty, with greater uncertainties in data-sparse regions (Cornes et al., 2018). Its relatively coarse nominal
grid resolution of 0.1° × 0.1° may further limit the representation of small-scale and elevation-dependent variability in
meteorological forcing. In the Alps, these limitations are particularly relevant for high-elevation catchments due to sparse
station coverage, complex topography, and increased uncertainty in underlying gauge measurements (Isotta et al., 2014).500

Together, these factors can lead to spatial smoothing and an underrepresentation of local variability and high precipitation
amounts (Bandhauer et al., 2022).

Catchment delineation is particularly challenging for karst springs, as groundwater divides do not necessarily coincide with
topographic watershed boundaries (Ford and Williams, 2007a). Uncertainties and limitations associated with the catchment
approximations are discussed in detail by Thinius et al. (2026). Although catchment approximations can differ considerably505

from expert-based catchments in terms of size and geometry, Thinius et al. (2026) found that they provide reasonable estimates
of catchment-scale precipitation and temperature, performing clearly better than values extracted at spring locations, particularly
for snow-influenced catchments. Additionally, differences in the derived meteorological variables are expected to be relatively
small given the coarse spatial resolution of the meteorological forcing data.

Uncertainties also arise from the spring classification and time series analysis. Although aggregating KarstID classes likely510

reduces the influence of uncertainty in individual class assignments, the underlying classification remains sensitive to the
manual selection of recession events, as well as the number and representativeness of the available events (Cinkus et al., 2021).
The relatively short 20-year reference period may limit the detection of hydrometeorological trends but represents a compromise
between sufficient record length for robust trend detection and broad spatial coverage across the study area. The sensitivity
analysis in Appendix D showed that excluding either boundary year affected the trend estimates, but overall trend patterns515

remained largely robust, suggesting that main the conclusions are not driven by individual boundary years.
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Finally, groundwater recharge was not assessed in this study because robust catchment-scale estimates were unavailable.
Instead, precipitation and temperature trends were used to evaluate associations between hydroclimatic forcing and spring
discharge. This represents an important limitation for assessing how karst-system properties modulate the transmission of
recharge signals to spring discharge. A more direct assessment would require regionally consistent catchment-scale recharge520

estimates, which could be obtained through process-based hydrological modelling. Although the observed associations between
discharge, precipitation, and temperature trends revealed consistent and physically plausible patterns, they do not establish
causal relationships.

5 Conclusions

This study analyzed hydrometeorological trends for 85 karst spring catchments across the wider Alpine region over the period525

2003–2022 to assess recent trend patterns in spring hydrographs with a focus on relating them to hydroclimatic controls and
karst-system properties. The results show that recent changes in spring discharge are characterized more strongly by seasonal
flow redistribution than by long-term annual trends, although negative annual mean discharge trends are more frequent than
positive trends. Winter discharge shows the most consistent signal, with predominantly positive trends across all discharge
regimes, although their magnitude varies. Low-flow trends, as well as winter and spring discharge trends, show a clear530

association with elevation, becoming increasingly positive with higher mean catchment elevation and reflecting changes in
snow dynamics, with changes in precipitation likely contributing as well.

The strongest contrast occurs between the winter-pluvial regime in the peri-Alpine region (PC1) and the snow-influenced
regimes in the core Alpine region (PC2, PC3, and PC4). Springs in the peri-Alpine region tend toward increasing seasonality,
with mostly decreasing spring and summer discharge and increasing winter discharge. Seasonal changes are accompanied by535

decreasing low-flow and increasing high-flow magnitudes. These patterns are primarily associated with changes in precipitation
seasonality and may increase the risk of seasonal water shortages. In contrast, snow-influenced springs in the core Alpine region
show decreasing seasonality, characterized by mostly decreasing summer discharge and increasing winter discharge. Low-flow
magnitudes generally increase and low-flow occurrence shifts earlier, whereas no consistent high-flow trends are evident
across the discharge regimes. This redistribution toward winter and early spring is consistent with warming-induced changes540

in seasonal snow storage and earlier meltwater contributions. These changes reduce the seasonal contrast characteristic of
snow-dominated Alpine catchments and may alleviate water-availability constraints on water supply and hydropower generation
during winter. Although these contrasting responses were primarily associated with regime-specific changes in precipitation
seasonality and seasonal snow storage, the influence of evapotranspiration could not be clearly isolated.

Changes in hydroclimatic forcing are strongly elevation-dependent, and discharge trend patterns are more clearly structured545

by discharge regime than by karst-system response type. Even comparatively buffered karst systems may transmit recharge
signals over short timescales. Karst-system properties nevertheless modulate spring responsiveness, with trend magnitudes
and variability among springs generally decreasing from faster-responding to slower-responding systems, reflecting lower
sensitivity to hydroclimatic change with increasing system buffering.

These findings demonstrate that Alpine karst springs respond clearly but heterogeneously to ongoing hydroclimatic change and550

highlight the importance of month-specific trend analyses for identifying the factors shaping spring discharge trends. The Alps
combine rapid hydroclimatic change with the widespread occurrence of karst, making their groundwater systems particularly
sensitive to changing recharge conditions. At the same time, the ability of many karst springs to quickly transmit recharge
signals makes them valuable regional indicators of hydroclimatic change, while their hydrographs also reflect aquifer-specific
storage and drainage processes. Disentangling these influences is therefore essential for understanding ongoing changes in555

Alpine hydrology and their implications for water resources, human activities, flooding protection, and ecosystems within
the Alps and in downstream lowlands. However, long-term spring discharge records remain scarce and are particularly
short at higher elevations. Sustained long-term monitoring is therefore needed to better detect changes and attribute them to
hydroclimatic and hydrogeological controls in the future.

16



Code and data availability. The ALPAKAS dataset used in this study is publicly available at https://doi.org/10.5281/560

zenodo.19329693 (Joger et al., 2026b). All code used for the analyses was implemented in R and is publicly available
in a dedicated repository at https://github.com/FelixJoger/ALPAKAS_hydroclimatic_analysis (last access: 19
October 2026). R package dependencies and versions are managed and documented using the renv package (Ushey and
Wickham, 2026).

A Dominant spring groups565

Five dominant spring groups were identified based on the contingency table shown in Fig. A1.

• PC1-C12 (n = 16) combines a winter-pluvial discharge regime with low-storage, fast-draining karst systems and
occurs mainly in the Jura Mountains.

• PC1-C34 (n = 10) combines a winter-pluvial discharge regime with low-storage, moderately draining karst systems
and occurs predominantly in the Dinarides.570

• PC2-C56 (n = 17) links weakly seasonal discharge behaviour with high-storage, slowly draining karst systems and
is broadly distributed across the study region. The high positive standard residual for this combination reflects the
distinct character of PC2, for which weak seasonality already indicates substantial hydrological buffering.

• PC3-C12 (n = 9) combines a nivo-pluvial discharge regime with low-storage, fast-draining karst systems and occurs
mainly in the Eastern Alps.575

• PC4-C34 (n = 6) combines a nival discharge regime with low-storage, moderately draining karst systems and is
associated with high-elevation catchments in the Helveticum and the western part of the Eastern Alps.

• Other combinations (n = 27) indicate less common relationships between discharge regime and karst-system properties
and may partly reflect more complex hydrogeological settings. These springs occur mainly in the core Alpine region.

The dominant spring groups integrate information from the two individual groupings, providing a more differentiated rep-580

resentation of the interplay between discharge regime and karst-system properties. Given the limited sample size in some
dominant spring groups, the corresponding trend patterns are treated as supplementary to the analyses based on Pardé clusters
and KarstID classes, which allow trends to be related separately to discharge-regime and karst-system response type. Overall,
trends in magnitude (Fig. A2) and timing (Fig. A3) within the dominant spring groups primarily reflect differences among
Pardé clusters, while variation associated with KarstID classes is less distinct.585
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Figure A1: (a) Contingency table showing standardized cell residuals between Pardé clusters and KarstID classes, and (b)
spatial distribution of dominant spring groups across the study region. The contingency table reports the absolute number of
springs in each group combination, with standardized residuals shown in parentheses. Positive residuals are displayed in red
and negative residuals in blue. Administrative borders: © 2018–2025 GADM. Alpine Convention perimeter: Eurac Research
and Permanent Secretariat of the Alpine Convention (2025).

Figure A2: Boxplots showing discharge trends grouped by dominant spring group for (a) annual mean discharge, low flows,
and high flows, and (b) seasonal mean discharge.

Figure A3: Boxplots showing low-flow and high-flow timing trends grouped by dominant spring group.
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B Site-specific classification and trend results

Table B1: Assigned Pardé cluster, aggregated KarstID class, and dominant spring group for all karst springs. Normalized
Sen’s slopes are reported for annual mean discharge (Qmean), low flows (Q0.1), high flows (Q0.9), and winter (QDJF), spring
(QMAM), summer (QJJA), and autumn (QSON) discharge, expressed in %yr−1. Trend significance is indicated at the p < 0.05
(∗∗) and p < 0.10 (∗) levels.

ALPAKAS ID Spring name Pardé

cluster

KarstID

class

Dominant

group

Qmean Q0.1 Q0.9 QDJF QMAM QJJA QSON

AT-0001 Teufelskirche PC3 C12 PC3-C12 -2.00∗∗ -3.49∗∗ -2.00∗∗ 2.74 -2.00 -1.30 -1.42
AT-0002 Waldbachursprung PC4 C12 other 0.99 5.16∗∗ 1.74∗ 6.12∗∗ 1.29 1.12 1.69
AT-0004 Steyernquelle PC3 C12 PC3-C12 3.52 0.00 2.45 6.66∗ 4.20 1.91 2.27
AT-0005 Pießling Ursprung PC3 C12 PC3-C12 -0.63 0.38 -1.39∗∗ 1.96 -0.71 -1.15 0.24
AT-0006 Rettenbachquelle PC3 C12 PC3-C12 -0.20 0.12 0.13 3.30∗∗ -0.18 -1.38 -1.12
AT-0007 Quelle Brunnental PC2 C12 other -1.20∗∗ -5.92∗∗ -1.43∗∗ 1.13 -2.70 -1.53 -0.94
AT-0008 Miesenbachursprung PC3 C12 PC3-C12 0.38 4.29∗ 0.56 2.79 0.06 -0.21 1.64
AT-0009 Gollinger Wasserfall PC4 C12 other -0.58 1.01 -0.54 3.46∗∗ -0.42 -1.06 -1.04
AT-0010 Marbachquelle PC4 C34 PC4-C34 0.19 4.59∗∗ -1.55 3.83∗∗ -0.50 -0.58 0.77
AT-0011 Dachserfall PC3 C12 PC3-C12 -0.89∗ 0.51 -0.86 0.44 -0.59 -1.31 -0.85
AT-0013 Schwarzlackenquelle PC4 C34 PC4-C34 0.56 3.53∗∗ -0.06 2.21∗∗ 0.92∗∗ -0.20 1.12
AT-0014 Schreiende Brunnen PC3 C34 other -0.04 0.54 -0.14 0.51 0.47 -0.30 0.09
AT-0015 Stubbachquelle PC2 C56 PC2-C56 -1.02 0.23 -0.61 -0.41 -0.67 -0.82 -0.62
AT-0016 Schwarzbach-Moosquelle PC4 C56 other 0.14 0.87 0.59 0.32 0.94 0.98 0.85
AT-0018 Lehnbachquellen PC2 C34 other 1.98∗∗ 2.51∗∗ 1.34∗ 4.13∗∗ 1.87 1.46 0.81
AT-0020 Blaue Quelle PC2 C56 PC2-C56 -1.21∗∗ -1.65∗∗ -0.84∗ -1.01∗ -1.09∗∗ -1.42∗ -1.01∗

AT-0021 Pulverermühlquelle PC2 C34 other 1.25 1.70∗∗ 1.16 2.62∗∗ 1.26 0.90 0.35
AT-0022 Auebachquelle PC2 C12 other -1.03∗∗ -0.05 -1.27 1.54∗ -2.39 -1.45∗∗ -0.56
AT-0023 Moosbrunnquelle PC2 C56 PC2-C56 0.72 0.93 1.28 0.52 1.48∗ 1.48∗∗ 1.46
AT-0024 Ursprungquelle (Lehnberg) PC4 C34 PC4-C34 0.04 1.95∗∗ -0.68 2.13∗∗ 0.90 0.13 0.65
AT-0027 Große Mühlquelle PC2 C12 other -0.23 0.91 -0.79 2.86∗ -2.32 -3.82 -1.43∗∗

AT-0029 Reithbachquelle PC2 C12 other -0.96 -0.83 -1.49 1.22 -2.79 0.45 -0.26
AT-0030 Steinbachquelle PC2 C12 other -2.39∗ 0.09 -1.30 1.63∗∗ -2.56 -1.74 -1.95
AT-0032 Union Quelle PC2 C56 PC2-C56 -0.74∗ -0.53 -0.63∗∗ -0.47 -0.41 -0.66∗∗ -1.05∗∗

AT-0034 Lappenbachquelle PC2 C56 PC2-C56 1.15∗ 1.50∗∗ 1.49 1.62∗ 0.94 1.08 2.27∗∗

AT-0035 Gerstenbödenquelle PC4 C34 PC4-C34 -0.20 -1.80 -2.39 -0.18 -0.03 -1.49 -2.79
AT-0036 Goldbachquelle PC2 C56 PC2-C56 0.07 -0.12 0.01 0.21 -0.15 0.06 0.18
AT-0037 Fidelisquelle PC4 C56 other -0.25 0.35 -0.11 0.54∗ 0.75 -0.52 0.34
AT-0038 Aubachquelle PC3 C12 PC3-C12 -0.46 0.00 -1.16 9.70∗∗ -0.86 -2.64 -1.37
AT-0039 Marulbachquelle PC4 C34 PC4-C34 1.01 -1.36 5.29 -0.51 1.27 1.86 -0.39
AT-0041 Hammerbachquelle PC2 C56 PC2-C56 -1.42 -3.48∗∗ -0.55 -0.70 -2.11∗∗ -1.74 -0.23
AT-0042 Sagtümpel PC3 C12 PC3-C12 -0.68 1.40 -1.03 3.11∗ -0.48 -2.45 -0.58
AT-0043 Wassermannsloch PC3 C12 PC3-C12 -1.27 -0.06 -2.23∗∗ 1.27 -1.32∗ -1.46 -0.46
AT-0044 Ödensee-Kaltwassertrichter PC2 C34 other 0.56∗∗ 0.73∗∗ 0.52∗∗ 1.25∗∗ 0.87∗∗ 0.09 0.63
AT-0045 Brunnaderquelle PC2 C56 PC2-C56 1.05∗ 0.93 1.56∗∗ 1.15∗ 1.12 0.41 1.48∗∗

AT-0046 Schwabeltalquelle PC3 C34 other -0.50 0.57 -0.59 1.19 -0.57 -1.95∗ 1.24
AT-0047 Erbsattelquelle PC2 C34 other -0.58 0.00 -0.18 0.52 0.69 0.62 -1.35
AT-0050 Wasseralmquelle PC3 C56 other -0.62∗∗ 1.53∗∗ -0.91 1.13∗∗ -0.38 -2.25∗∗ 0.94
AT-0051 Siebenquellen PC3 C34 other -1.53∗∗ 1.00 -1.78 0.51 -0.90 -2.91 -0.68
AT-0052 Pfannbauernquelle PC2 C56 PC2-C56 -0.61∗ -0.06 -0.62∗ -0.34 -0.81∗ -0.97∗ -0.72
AT-0053 Alfutzquelle PC2 C56 PC2-C56 0.57∗ 1.52∗∗ 0.16 1.25∗∗ 1.04 0.43 0.46
AT-0057 Maibachl PC1 C34 PC1-C34 5.56 NA 2.86 9.49∗∗ -0.00 -3.07 8.86
AT-0058 Oswaldiquelle PC2 C56 PC2-C56 0.17 1.02 -0.46 0.99 1.12 0.21 0.67
CH-0003 Siebenbrünnen PC4 C12 other 0.28 0.72 -0.21 0.72 0.02 0.04 0.51
CH-0004 Source de l’Areuse PC1 C12 PC1-C12 -0.09 -0.95 -0.73 3.09∗∗ -1.00 -1.12 -2.08
CH-0005 Schlichenden Brünnen PC4 C12 other 0.18 4.32 0.22 4.64∗ -0.19 -0.06 1.32
CH-0006 Source Bossy PC2 C56 PC2-C56 -0.11 -0.11 -0.01 0.17 -0.58 0.08 -0.31
CH-0010 Source de la Doux PC2 C56 PC2-C56 -2.39∗∗ -3.18∗∗ -1.80∗ -2.15 -3.69∗∗ -1.97∗∗ -2.66∗∗

CH-0011 Quelle Alt St. Johann PC2 C34 other 0.73∗∗ 1.09∗∗ 0.51∗∗ 1.39∗∗ 0.63∗∗ 0.64 0.76
CH-0012 Felsenquelle PC2 C56 PC2-C56 -0.73 -1.51∗ -0.35 0.47 -1.23 -1.37 -2.37
CH-0016 Hammerrainquelle PC2 C56 PC2-C56 -0.10 0.04 -0.20 0.28 0.02 0.85 0.05
CH-0017 Milandre cave stream PC1 C12 PC1-C12 -1.04 -2.50∗ 0.49 0.74 -0.78 -0.16 -3.69∗∗

CH-0021 Glarey PC4 C34 PC4-C34 0.79∗∗ 2.46∗ 0.33 3.52∗∗ 1.01∗ 0.58∗ 0.86
DE-0001 Bronnbachquelle PC2 C56 PC2-C56 -2.81∗ -3.00 -2.51 -1.47 -2.54∗ -1.67 -3.16
DE-0007 Brenzquelle PC1 C56 other -2.43∗ -1.57∗ -1.72 -0.57 -2.48∗∗ -2.25 -1.83
DE-0009 Aachursprung PC2 C34 other -1.98∗ -1.86 -2.54 -1.61 -2.06 -1.35 -0.68

Continued on next page
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DE-0010 Buchbrunnenquelle PC2 C56 PC2-C56 -0.23 -0.63∗∗ -0.36 -0.33 -0.38 -0.16 -0.53∗

DE-0015 Blautopf PC1 C34 PC1-C34 -0.97 -0.10 -0.73 -0.00 -1.39 1.09 -0.06
DE-0016 Gallusquelle PC2 C34 other -1.68 -2.92∗∗ -0.85 -0.34 -2.52 0.14 -0.83
FR-0003 Source du Doubs PC1 C12 PC1-C12 0.88 -0.58 0.53 3.28∗∗ 0.00 0.15 -0.09
FR-0007 Source d’Arcier PC1 C12 PC1-C12 -0.85 0.98 -1.30 0.27 -1.01 0.47 -4.69
FR-0009 Source de la Loue PC1 C12 PC1-C12 -3.52∗∗ -6.98∗∗ -2.83∗∗ -0.34 -4.13∗∗ -3.86∗ -5.16∗∗

FR-0011 Source du Lison PC1 C12 PC1-C12 -0.49 -3.32∗∗ -0.04 1.76∗∗ -1.06 -0.95 -3.09
FR-0013 Source du Verneau PC1 C12 PC1-C12 -0.78 -3.52 -0.73 1.78∗∗ -2.03 -0.53 -3.21
FR-0014 Sources de la Cuisance PC1 C12 PC1-C12 -0.19 -2.58∗ -0.05 0.98∗ -1.56 -0.75 -2.62
FR-0015 Source du Solnan PC1 C12 PC1-C12 -0.94 -0.96 -0.85 0.82 -0.71 -0.45 -1.65
FR-0019 Source du Groin PC1 C12 PC1-C12 0.61 -2.66 0.40 3.33∗∗ -0.73 1.44 0.03
FR-0021 Source Bleue (Dortan) PC1 C34 PC1-C34 1.11∗ 1.37∗∗ 1.17 2.80∗∗ 1.19 1.24 -0.08
FR-0024 Source de la Sorgue PC1 C56 other -0.32 -0.60 0.07 -0.69 0.06 -0.24 0.39
FR-0027 Source d’Argens PC1 C34 PC1-C34 0.32 -2.68∗∗ 0.69 -2.92 0.28 -1.72 0.92
FR-0028 Source du Caramy PC1 C12 PC1-C12 0.56 3.50 1.84 -1.42 2.11 3.00 6.37∗∗

FR-0030 Source des Tuves PC1 C56 other 1.63 2.08 1.31 1.28 2.30 1.20 1.80
FR-0032 Source de la Foux PC1 C12 PC1-C12 1.28 0.00 0.80 -0.14 0.24 2.00 -0.20
LI-0003 Schneeflucht PC2 C34 other -0.83∗∗ 0.53 -0.98∗∗ -0.53 -0.40 -1.29∗∗ -0.91
SI-0007 Bohinjska Bistrica PC2 C12 other 0.10 0.20 -0.31 1.87 0.83 -3.81∗ -0.81
SI-0016 Ljubljanica PC1 C12 PC1-C12 -0.04 -1.09 1.29 0.46 -1.97 -1.97 1.75
SI-0022 Ljubija PC1 C34 PC1-C34 0.24 1.67 1.64 1.67 -0.82 -0.75 1.97
SI-0024 Bistra PC1 C34 PC1-C34 -0.87 -1.95 0.13 -0.17 -1.17 -1.56 -0.28
SI-0025 Veliki Obrh PC1 C12 PC1-C12 0.30 -0.89 0.55 0.51 -2.15 -2.55 1.60
SI-0037 Unica PC1 C34 PC1-C34 0.91 -0.34 1.74 0.53 -1.18 -0.10 2.91
SI-0038 Malenšcica PC1 C34 PC1-C34 -1.40∗∗ -2.99∗∗ -1.05∗∗ -1.27 -2.45∗∗ -1.43 -0.61
SI-0044 Precna PC1 C34 PC1-C34 -1.14 -1.89∗ -0.43 -0.35 -2.10 -2.25 0.06
SI-0052 Hubelj PC1 C12 PC1-C12 0.89 1.12 1.15 1.30 -0.31 0.38 2.04
SI-0054 Ilirska Bistrica PC1 C34 PC1-C34 1.54 0.37 2.17∗ 1.73 -1.94 1.16 3.90
SI-0055 Rižana PC1 C12 PC1-C12 0.29 -0.32 0.06 0.42 -1.52 -2.65 2.83

C Site-specific associations between discharge and precipitation trends

Fig. C1 shows that, at both annual and seasonal scales, only a small proportion of springs exhibit significant trends in both
precipitation and discharge, while significant precipitation trends are most frequent at the annual scale. Overall, discharge and
precipitation trends show weak to moderate positive associations (ρ = 0.29–0.49), except for winter. The strongest association590

occurs in autumn. Similarly, Giese et al. (2025) identified the greatest scatter in winter and the strongest association between
discharge and precipitation trends in autumn across a continental dataset of European karst springs, mostly located in France.
They interpreted these findings as indicating that spring discharge responded most strongly to precipitation changes during
autumn.

Significant discharge trends are generally uncommon in spring, summer, and autumn, whereas winter is characterized by595

numerous significant discharge increases. Despite predominantly positive winter trends in both discharge and precipitation,
no association between their trend magnitudes is evident (ρ = 0.03). This supports the interpretation in Sect. 4.2 that
increasing winter discharge trends cannot be explained by precipitation trends alone and likely also reflect enhanced meltwater
contributions in the core Alpine region. Because the relative importance and seasonal effects of these processes vary with mean
catchment elevation, their contribution to discharge changes also varies across the study region. Whereas Sect. 4.2 investigates600

hydroclimatic controls through monthly trend patterns across Pardé clusters, the present analysis complements it by directly
relating discharge and precipitation trends at individual springs.

D Sensitivity of trend estimates to boundary years

Fig. D1 shows that 2022 was among the driest hydrological years, with more than 75 % of springs falling in the 0–25th
percentile range for both annual mean and summer discharge. For the hydrological year 2003, a pronounced dry summer605

is observed, with more than 80 % of springs falling in the 0–25th percentile range. However, 2003 does not stand out as a
prominent dry year based on annual mean discharge.
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Figure C1: Scatter plots of site-specific discharge and precipitation trends based on (a) annual mean discharge and (b) seasonal
mean discharge. Sites are color-coded according to the statistical significance of the discharge and precipitation trends,
distinguishing cases in which neither, either one, or both trends are significant at the p < 0.10 level. Mean precipitation and
discharge are indicated by horizontal and vertical black lines, respectively. The association between discharge and precipitation
trend magnitudes is quantified using Spearman’s ρ and the corresponding p-value.

Figure D1: Proportion of springs falling into the percentile bins 0–10 %, 10–25 %, 25–75 %, 75–90 %, and 90–100 %, based
on (a) annual mean discharge and (b) seasonal mean discharge. Lower and higher percentiles indicate relatively dry and wet
conditions, respectively.

The sensitivity analysis of trend magnitudes (Fig. D2) indicates that the main trend patterns are largely robust to the exclusion
of either boundary year, despite some deviations. The strongest differences among periods occur in summer, reflecting the very
low summer discharges in both the boundary years 2003 and 2022 (Fig. D1). A similar but less pronounced pattern is observed610

in spring for PC1 and PC2. For annual mean discharge, the strongest deviations occur for the period 2003–2021, reflecting the
exclusion of the very dry year 2022. The comparison between flow timing trends for the reference period and the shortened
periods (Fig. D3) shows clear deviations for PC1 and PC2 in both low-flow and high-flow timing.

As both 2003 and 2022 were relatively dry years, excluding 2022 generally tends to produce more positive trends, whereas
excluding 2003 tends to result in more negative trends. For most indicators, shifts in median trends are accompanied by similar615

shifts in the interquartile ranges, indicating that the distribution of trends changes consistently. For most indicators, trends
for the reference period 2003–2022 lie between those obtained for 2003–2021 and 2004–2022, suggesting that the selected
reference period provides a balanced basis for the trend analysis. Overall, although some trend estimates are sensitive to the
exclusion of either the start or end year of the reference period, the dominant patterns within the Pardé clusters remain largely
unchanged.620

21



Figure D2: Comparison of trend magnitude results per Pardé cluster for the reference period (purple) and periods excluding
the first and last year, respectively (green and orange). (a) Annual mean discharge, low flows, and high flows computed over
hydrological years. (b) Seasonal mean discharge.

Figure D3: Comparison of trend timing results for low flows and high flows per Pardé cluster for the reference period (purple)
and periods excluding the first and last year, respectively (green and orange).
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