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Abstract

Monitoring of stable isotopes in throughfall (580, 6*H) and meteorological parameters
is a valuable tool for researching forest hydrology, particularly during extreme events
like droughts and floods. This study presents the first systematic analysis of air temper-
ature and precipitation changes over the past 65 years in two Slovenian lowland forests:
Murska suma and Krakovski gozd, in combination with isotopic composition research of
throughfall. The observed rising air temperatures and altered precipitation patterns are
reflected in the isotopic composition of throughfall. Over the last 65 years, air temperature
has increased by approximately 2.5 °C. Although total annual precipitation amounts have
remained relatively stable, in the last 35 years there is a notable decrease in precipitation
in growing season and an increase during the dormant season, influenced by air masses
of Mediterranean origin. Extreme drought in 2022 and flood in 2023 are confirmed by the
Standardized Precipitation Index and isotopic variations in throughfall due to fractionation
processes. Annual variability appears as seasonal changes, with sine-curve amplitudes of
3.71%o in Krakovski gozd and 3.61%. in Murska Suma. Together with the Local Meteoric
Water Lines, these patterns support estimates of groundwater mean residence time and the
origin of water used by trees.

Keywords: stable isotopes; oxygen; hydrogen; climate change; hydrology forest;
throughfall; Standardized Precipitation Index
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mortality rates observed in many forest ecosystems [1,2]. This issue is often attributed to the
lowering of the groundwater table and the resulting reduced accessibility of groundwater
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to trees, driven by anthropogenic pressures and climate change, changes in the amount and
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biomass and soil organic matter [6,7]. This carbon sequestration contributes to climate
change mitigation by removing CO, from the atmosphere [8].

Within the forest, tree canopies regulate hydrological and energy fluxes [9]. Trees
extract soil water within the reach of their roots and return a large portion of it to the
atmosphere through transpiration [10,11], contributing to evaporative cooling and microcli-
mate regulation [12-14]. Consequently, deforestation can disrupt this process, leading to
increased air temperatures and altered water fluxes [15].

In the past decades, high mortality rates have been observed in groundwater-
dependent ecosystems (GDEs) of several lowland oak forests in Slovenia [16,17], including
the pilot areas of Murska $uma and Krakovski gozd, as well as in other parts of Europe
between 1984 and 2016 [18]. These impacts were particularly pronounced in dry and warm
regions, such as parts of the Iberian Peninsula and southeastern Europe, where oak species
are dominant [19].

Drought is one of the main stressors affecting these ecosystems and can be classified
as meteorological, agricultural, or hydrological [20]. Meteorological drought is linked to
precipitation deficits and high temperatures, which reduce infiltration, runoff, and ground-
water recharge [21]. The Standardized Precipitation Index (SPI) is widely used to quantify
deviations from long-term precipitation averages and to detect drought conditions [22,23].
In Slovenia, drought has been declared a natural disaster seven times since 2000, with
particularly severe events in 2003, 2012, 2013, 2017, and 2022 [22]. In contrast, extreme hy-
drological conditions occurred in August 2023, when northern and central parts of Slovenia
experienced extreme rainfall and unusually wet summer conditions, including high soil
moisture and precipitation with return periods estimated between 250 and 500 years [24].

Forest canopies intercept a significant proportion of precipitation, and the interception
process depends on vegetation characteristics such as canopy structure, leaf area index, and
tree morphology [25,26]. Some intercepted rainfall evaporates back into the atmosphere,
while the rest reaches the forest floor as throughfall or stemflow [27]. Throughfall thus
represents the portion of precipitation that reaches the soil after canopy interaction and
contributes to soil moisture, subsurface flow, and groundwater recharge, depending on soil
properties, antecedent conditions, and rainfall characteristics [25,28,29].

Stable isotopes of oxygen (6'0) and hydrogen (62H) are powerful tools for investi-
gating hydrological processes within forest ecosystems [30,31]. As precipitation passes
through the canopy, interception evaporation and mixing processes alter the isotopic
composition, often resulting in throughfall enriched in heavy isotopes compared to open
precipitation [32]. Despite growing evidence of climate-related stress in groundwater-
dependent forests, isotopic studies of precipitation—canopy interactions and throughfall
dynamics remain relatively limited [33]. Tritium can provide additional information on
water residence times in groundwater systems; however, it is not routinely used in plant
water studies because a large amount of water is needed and the analysis costs are high.
Therefore, to maintain methodological consistency across all investigated water matrices,
tritium has been excluded.

In Slovenia, monitoring of the isotopic composition of precipitation has been con-
ducted at meteorological and research stations since 1981 [34,35]. All these stations are
in “open space”, whereas forest ecosystems, where precipitation dynamics differ, have
not yet been studied. Reliable isotopic data for these processes in the case of Slovenian
lowland forests, defined also as groundwater-dependent ecosystems, have only become
available since systematic monthly sampling of a composite of throughfall in Murska $uma
and Krakovski gozd began. Although the current record covers only several years, these
data represent the first consistent isotope dataset for these groundwater-dependent forest
systems. Combined with analyses of precipitation, groundwater, and xylem water, such
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isotopic information provides valuable insights into groundwater mean transit times and
the partitioning of water sources used by trees [36-38].

The newly established isotope dataset of throughfall from Murska suma and Krakovski
gozd therefore offers a unique opportunity to assess canopy-driven isotopic modifications
of precipitation and to enhance understanding of water sources and hydrological processes
governing groundwater-dependent forest ecosystems.

The study aims to (i) assess the long-term trends in temperature and precipitation
amount in the Krakovski gozd and Murska Suma forests over the past 65 years and (ii) ex-
amine whether such changes or extreme weather events are detectable through variations
in the isotopic composition of oxygen and hydrogen (680 and §*H) in throughfall; and
(iii) characterize the isotopic composition and seasonal variability of local precipitation to
define the baseline isotopic input to the hydrological system.

2. Materials and Methods
2.1. Pilot Areas

Two different pilot sites of groundwater-dependent terrestrial ecosystems, namely the
Murska Suma lowland oak forest in the northeast and the Krakovski gozd forest in the

southeast of Slovenia (Figure 1, Table 1), were selected for our investigations because a
high mortality rate, based on at least 25 years of research [16,17] into the physiological state

of the trees, was estimated.

CLIMATOLOGICAL STATION
@ PRECIPITATION COLLECTOR (SLONIP)

@ THROUGHFALL COLLECTOR
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Figure 1. Pilot areas with throughfall collectors at Murska Suma and Krakovski gozd, precipitation

collectors at Murska Sobota-Raki¢an and Ljubljana-Reaktor stations and Lendava and Malkovec
climatological stations included in the research with DEM12.5 [39].
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Table 1. Stations equipped with precipitation and throughfall collectors, included in research.

Station Name Latitude (° N) Longitude (° E) Altitude (m.a.s.l.) Observation Period
Murska §uma ! 46.4968 16.5129 155.46 July 2021-March 2025
Murska Sobota-Raki¢an 46.6520 16.1912 186.00 January 2020-December 2024
Krakovski gozd ! 45.8822 15.4159 152.89 July 2022-March 2025
Ljubljana-Reaktor 2 46.0946 14.5970 282.00 January 2020-December 2024

Note: ! GeoZS—Throughfall collectors; Geological Survey of Slovenia; 2 [JS—SLONIP stations where monitoring
is performed by JoZef Stefan Institute [34].

Both pilot areas are lowland alluvial forests, primarily composed of oaks (Quercus
robur L.), and are protected as nature reserves and Natura 2000 sites. Krakovski gozd is
located in the Krsko Basin near the Krka River, while Murska $uma is in the Pannonian
Basin in the floodplain region along the Mura River. In these two pilot areas, throughfall
collectors were installed inside the forests by the Geological Survey of Slovenia (GeoZS) in
2021 and 2022 to observe the isotopic composition of oxygen and hydrogen in throughfall.
For further evaluation of the hydrological cycle in the forest, these short-term observations
need to be compared with longer-term data from nearby “open space” stations, such as
Murska Sobota-Raki¢an and Ljubljana-Reaktor [34,35,40].

All four stations (Table 1) are located in a temperate continental climate zone, with
differences in annual precipitation range (Murska $uma and Murska Sobota: 800-900 mm,
Krakovski gozd 1200-1300 mm, and Ljubljana-Reaktor 1300-1400 mm), but the same annual
air temperature range of 10-12 °C (1981-2010) [41].

The Ljubljana-Reaktor station is located approximately 65 km northwest of Krakovski
gozd, and the Murska Sobota-Raki¢an station is about 30 km northwest of Murska $uma.

To evaluate differences in air temperature and precipitation patterns for the two forest
pilot areas, data from the national meteorological monitoring network for the period of
1960-2025 from the two closest climatological stations, Lendava and Malkovec [42], were
used (Figure 1, Table 2). Lendava is the closest climatological station to Murska Suma, and
Malkovec is the closest to Krakovski gozd.

Table 2. The closest climatological stations to Murska Suma and Krakovski gozd.

Climatological Station Latitude (° N) Longitude (° E) Altitude (m a.s.l.)
Lendava 46.5569 16.4724 190
Malkovec 45.9289 15.5732 150

2.2. Sampling of Precipitation and Throughfall
2.2.1. Precipitation and Throughfall Collectors

The collectors installed in Krakovski gozd and Murska $uma, which collect throughfall,
have been custom-built, with a larger opening than the standard Palmex design to prevent
clogging by leaves. The containers of the collectors were installed at ground level to limit
solar exposure and reduce evaporation. The containers were placed inside an additional
plastic barrel for protection. The barrel was covered with a plastic lid and an extra tarpaulin
to prevent splash-in contamination from the ground. Monthly throughfall composites were
sampled from July 2021 to March 2025 in Murska Suma and from July 2022 to March 2025
in Krakovski gozd.

The precipitation collector installed at Ljubljana-Reaktor has been modified (see Vreta
and Malensek 2016 [35]), whereas at the Murska Sobota station, a classical rain gauge
collector is used. In this research, we included data on the isotopic composition of precip-
itation collected at Murska Sobota-Raki¢an and Ljubljana-Reaktor from January 2020 to
December 2024 [34,35,40,43].
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2.2.2. Sampling Procedures

Sampling in Murska $uma and Krakovski gozd was carried out by GeoZS at the
beginning of each month as a monthly composite. The sampling frequency is low when
extreme events develop rapidly, so short-term variations may not be fully captured in the
observations. More frequent sampling was not feasible due to challenging terrain with
dense vegetation and limited accessibility. Automated sampling is also not suitable for this
area because of the presence of animals and the associated risk of equipment damage.

Samples from Murska $uma Krakovski gozd, are stored in 50 mL HDPE bottles,
transported to the GeoZS laboratory, refrigerated (5-8 °C), filtered (0.45 um CA), and
prepared in 2 mL vials for analysis at GeoZS on a laser isotope analyzer. Monthly composite
samples from Murska Sobota—Raki¢an and Ljubljana—Reaktor are obtained by emptying
event-based collectors into 5-10 L containers and stored at room temperature. Precipitation
samples at Ljubljana—Reaktor are collected as soon as possible after each precipitation event
by IJS staff, and at Murska Sobota-Rakican, they are collected daily by ARSO staff using a
classical rain gauge collector [34]. In the IJS laboratory, these composites are filtered through
12-25 pm ashless filters to remove particles and stored in glass bottles with a capacity of
>30 mL at room temperature until analysis on an isotope ratio mass spectrometer [34,35].

2.3. Analysis of Isotopic Composition of Oxygen and Hydrogen

At GeoZS, samples from Murska Suma and Krakovski gozd were analyzed using
a Picarro L2130-i laser isotope analyser [43,44], while the samples from Murska Sobota—
Rakic¢an and Ljubljana—Reaktor were analyzed at IJS with a Finnigan MAT DELTA plus
dual inlet isotope ratio mass spectrometer [44,45].

The results of analysis obtained by a Picarro L2130-i cavity ring-down spectrometer
with a precision of (16) 0.03/0.1% for S180/6%H [46], were normalized to the international
VSMOW-SLAP scale using the reference materials USGS-45 and USGS-47. The internal
laboratory reference material W-998 was analyzed together with the samples to monitor
measurement repeatability and potential memory effects. Each sample was injected six
times, and the first four injections were discarded to minimize memory effects; reported
values represent the mean of the final two injections. Data processing, including scale
normalization and instrumental drift correction, was performed using LIMS (Laboratory
Information Management System for Light Stable Isotopes) for LASERS. Typical drift over
24 h without recalibration is 0.08%o and 0.3%. for 680 and 6%H, respectively [46].

The results of analysis for Ljubljana-Reaktor and Murska Sobota-Raki¢an were ob-
tained by a Finnigan MAT DELTA Plus dual-inlet isotope ratio mass spectrometer (DI-IRMS;
Finnigan MAT GmbH, Bremen, Germany) equipped with an automated Hy—H,O equilibra-
tion system [47-49]. Sample equilibration was performed using an HDOeg48 equilibration
unit (custom-built by M. Jaklitsch at IAEA, Vienna, Austria). All samples were measured in
duplicate together with laboratory reference materials (LRMs). The LRMs were periodically
calibrated against the primary VSMOW?2 and SLAP?2 standards to ensure traceability to the
VSMOW-SLAP scale. The results were normalized to the VSMOW-SLAP scale using the
LIMS program [45,50].

An interlaboratory comparison was performed using a duplicate throughfall sample
from Krakovski gozd (12 July 2024), analyzed in the laboratories of GeoZS and IJS (GeoZS:
8180 = —5.52 4 0.01%0, 0°H = —33.9 4 0.0%0; IJS: 6180 = —5.44 + 0.02%o0, 6*H = 35.0 = 0.0%o).
The measured isotope values differed by 0.08%. for 680 and 1.1%. for 6°H (1.74%o for
d-excess), indicating good analytical agreement within the expected analytical uncertainty.
Both laboratories also participate in the WICO 2024 intercomparison (IAEA Water Stable
Isotope Intercomparison) and show very good analytical performance. Analysis of a six-
duplicate sample in both laboratories, on average, resulted in differences of 0.08%. for
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5180 and 0.4%o for 6°H, confirming good interlaboratory agreement within the expected
analytical uncertainty.

The collected isotope data are expressed in standard 6 notation, representing the
relative difference in the isotopic composition of the sample (Rs) with respect to the selected
standard (Rs;) and expressed in parts per million (%o):

- ()
0" X(%)=(—-5——1) x 1000 (1)
Rt
where YX is oxygen (*O) or hydrogen (*H), and R is the ratio of isotopes 20 /1O or
2H/'H [51].

The deuterium excess (d-excess) was calculated following Dansgaard (1964) as d-
excess [%o] = 62H — 8 x 6180 [52]. d-excess is widely used to constrain the moisture sources
of precipitation, as it primarily depends on relative humidity and sea-surface temperature
at the evaporation source, which control molecular diffusion [53,54]. However, d-excess
can evolve during vapor transport due to local processes such as sub-cloud evaporation
and continental moisture recycling [53]. It shows pronounced seasonality [54-56], with
higher values in winter, when relative humidity over the oceans is low, and lower values
in summer, when the atmosphere is more humid. Lower humidity enhances kinetic
fractionation during evaporation, resulting in higher d-excess in the vapor [53].

2.4. Available Meteorological Data and Its Analysis

Meteorological data from climatological stations, such as air temperature and precipi-
tation, are available on the web portal of the Slovenian Environmental Agency (ARSO) [41].
For the Murska $uma area, data from the Lendava climatological station were used for
the analysis. For the Krakovski gozd area, due to data deficiencies, data from the clima-
tological stations Malkovec with Gornji Lenart (1960-1993) and Kostanjevica (1960-1990)
were combined and homogenized to remove artificial influences such as station relocations
or changes in measurement equipment. Homogenization is carried out by comparing the
station’s data with nearby stations and mathematically correcting these artificial shifts [57].

The meteorological data comprises daily average, maximum, and minimum temper-
atures, as well as daily precipitation amounts, for the period 1960 to 2025. For statistical
analysis, we divided the data into three periods: 1960-1990, 1991-2020, and 2021-2025. Cli-
mate normals are traditionally determined by averaging data over 30 consecutive years [58].
The period 2021-2025 is used because it marks the availability of the first isotopic data for
throughfall in these pilot areas.

Using the Statistica program (TIBCO Statistica TM 14.0.0) and MS Excel (pivot tables),
we categorized the air temperature and precipitation data for each period by month. With
the “Descriptive statistics” function, we calculated the average temperature for each month
within a given period and compared these values between periods. We used the Student’s
t-test [59] to determine the statistical significance between the data from the two periods.

2.4.1. Analysis of Air Temperature and Precipitation Amount

The “warming stripes” are an iconic climate data visualization, adopted globally as
a symbol of the warming world, and are created by visualizing long-term temperature
data, typically annual average temperatures, as a series of colored vertical stripes arranged
chronologically [60]. Each stripe represents one year and is colored according to the
temperature anomaly (the difference from an average baseline temperature). The color
gradient from blue to red corresponds to temperature deviations relative to a baseline
period, with blue indicating years cooler than average and red indicating years warmer
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than average. The progression to increasingly intense red hues in recent decades reflects
accelerated warming consistent with global climate change.

In our case, warming stripes are constructed using air temperature data for Krakovski
gozd (nearest meteorological stations: Cerklje ob Krki and Malkovec [42]) and Murska
$uma for the period 1960-2020.

To determine whether there were changes in air temperature and precipitation, we
calculated the difference in average air temperature and precipitation between the periods
1991-2020 and 1960-1990. The results are presented as differences within the monthly range.

2.4.2. Extreme Events Analysis

To quantify drought and potential flooding, we calculated the Standardized Precip-
itation Index (SPI). The SPI values for any given location and accumulation period are
classified into seven precipitation classes, ranging from dry to wet, where increasingly
severe precipitation deficits (i.e., meteorological droughts) are indicated by SPI values lower
than —1.0, while increasingly severe precipitation surpluses are indicated by SPI values
above 1.0 [23]. As SPI can be calculated over different precipitation accumulation periods,
the resulting values allow for the estimation of various potential impacts of a meteorological
drought. When SPI is computed for shorter accumulation periods (e.g., 1 to 3 months), it
can be used to support the assessment of reduced soil moisture, snowpack, and flow in
smaller creeks, for medium accumulation periods (e.g., 3 to 12 months), it can indicate
reduced stream flow and reservoir storage and when for longer accumulation periods (e.g.,
12 to 48 months), it can indicate reduced reservoir and groundwater recharge [61].

2.5. Isotope Data

The study includes data from the period between July 2021 (Murska Suma) and
March 2025. All isotope data are available in Table S1 (partially in Koren Pepel-
nik et al. 2025 [43]). Data processing, calculations, and plotting were performed in R
Studio version 2025.9.1.401 [62].

2.5.1. Estimation of the Local Meteoric Water Line (LMWL)

The relationship between §2H and 680 values in natural meteoric waters from many
regions worldwide has been established, so the isotopic composition relative to ocean
water shows a linear correlation across the entire range for waters that have not undergone
significant evaporation [47]. When the isotopic composition of precipitation samples from
around the world is plotted on §'80 and §°H plots, the data form a linear band described
by the Global Meteoric Water Line (GMWL) (Equation (2)) [63,64]:

(GMWL) 6*°H =8 - 580 + 10 )

GMWL primarily reflects the equilibrium fractionation factors between 6°H and 680
in precipitation [52,65]. These factors are influenced by evaporation processes and vary
at a local scale, leading to the Local Meteoric Water Lines (LMWL) that usually deviate
from the GMWL [66,67]. The distribution of water isotopic composition on a local scale is
mainly controlled by air temperature, altitude, distance from the coast, and the amount
of precipitation [52,68-70]. Local meteoric water lines (LMWLs) describe the long-term
relationship between 6°H and 6'80 in specific regional and local meteorological settings.
They serve as a reference for interpreting isotope ratios in terrestrial and biologically derived
waters and are useful for hydrological process assessments, aiding in the understanding of
water cycle interactions [71]. LMWLs also provide a basis for evaluating isotope-enabled
climate models [40].
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The determination of the Local Meteoric Water Line (LMWL) uses various regres-
sion models. Traditionally, LMWLs are defined using ordinary least squares regression
(OLS) or reduced major axis (RMA) regression [67,72]. As RMA is less sensitive to out-
liers and, more importantly, the relationship between the two assessed variables can be
described by physical laws [73], the use of MA or RMA is more appropriate for defining
the LMWL [74]. In this research, LMWLs are calculated using different regression meth-
ods, including major axis regression (MA), reduced major axis regression (RMA), and
precipitation-weighted RMA (PWRMA) as proposed by Hughes and Crawford (2012) [75]
and Crawford et al. (2014) [74], and described by Vreca et al. (2024) [45] for multiple Slove-
nian precipitation stations. PWRMA is most suitable for applications of the LMWL related
to groundwater recharge, dam storage, and major flow events; high-magnitude precipi-
tation events are particularly relevant [75]. Therefore, it is appropriate to use an LMWL
weighted towards these events, as they often occur during extreme weather conditions,
including intense rainfall or extended periods with little or no precipitation.

2.5.2. Seasonal Trends in Isotopic Composition

The typical isotopic seasonal variability shows precipitation is more depleted in heavy
isotopes during colder months and more enriched during warmer months. The role of
temperature and precipitation amount in controlling isotope seasonality patterns is em-
phasized [76,77]. Seasonality, defined as the seasonal range or the amplitude (A) of the
sine wave of 6°H and 6'80 in precipitation, is useful for interpreting aquifer recharge
and groundwater uptake by trees because it reflects temporal variations in the isotopic
composition of water inputs to the system [78]. The annual seasonal range can be deter-
mined by calculating the difference between the minimum and maximum values of 5130 or
6%H observed across months or seasons, or by measuring the amplitude of the sine-curve
oscillation [52,77,79], using nonlinear least squares [80]. Isotopic compositions of 5180
and 6°H allow a rough estimate of groundwater mean residence time (MRT). Damping
of the sine-curve amplitude oscillation is a method commonly used to calculate MRTs of
groundwater [81-83]:

MRT = g(l—(:)%lz/c 3)

where C is the amplitude damping given as C = B/A, where A is the amplitude of 510
precipitation values, and B is the amplitude of §'80 values in the groundwater. Using this
equation and the amplitude of precipitation (throughfall), we can estimate the MRT of
groundwater in the forest area.

3. Results and Discussion
3.1. Air Temperature and Precipitation Amount

Since 1960, the average annual air temperature has gradually increased in the
Lendava—Murska Suma (Figure 2A) and Malkovec—Krakovski gozd (Figure 2B) areas.

The trend of increasing air temperature in both areas is not statistically significant
(p > 0.05) for the period 1960-2020. There is a visible increase in the average annual air
temperature, by 0.039-0.042 °C/year (1960-2025) (Figures 2 and 3), which is in average
rise of about 2.3-2.5 °C over the last 60 years. This trend is consistent with long-term
observations for Slovenia, where mean air temperature increased by approximately 0.36 °C
per decade during the period 19612011 [84].

Comparison of the periods by counting the number of very hot days (above 25 °C) showed
that possible heat stress at both pilot areas became more frequent in the period 1991-2020
(+1.71%; +1.50% of days), and that in this period, there are fewer days when the temperature
reached —10 °C (—0.38%; —0.31% of days), which could represent possible cold stress (Figure 4).
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Figure 2. Average air temperature and warming stripes (1960-2020) in Lendava—Murska $uma (A,C)
and Malkovec—Krakovski gozd (B,D).
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Figure 3. Difference in average monthly air temperature(AT) between the periods 1991-2020 and
1960-1990 in Lendava—Murska $uma (A) and Malkovec—Krakovski gozd (B).
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Figure 4. The number of days with average daily temperatures in a particular temperature class
during the observation period, and the difference in the proportions of days (dark red line) in
Lendava—Murska $uma (A) and Malkovec—Krakovski gozd (B) between the two periods.
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Compared to the period 1960-1990, there is a noticeable decrease in precipitation
during the growing season (March-September) in the period 1991-2020, when water needs
for trees are high, and an increase in precipitation in the autumn months in both pilot areas
(Figure 5). The trend of decreasing total annual precipitation in Lendava—Murska Suma
and Malkovec—Krakovski gozd (—0.001 and —0.003 mm/year) in the period 1960-2020
(Figure 6) is statistically significant (p < 0.05).
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Figure 5. The difference in monthly precipitation amounts between the periods 1991-2020 and
1960-1990 in Lendava-Murska Suma (A) and Malkovec—Krakovski gozd (B).
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Figure 6. Daily sum of precipitation in the period 1960-2020 in Lendava—Murska $uma (A) and
Malkovec—Krakovski gozd (B).

In Krakovski gozd during the period 1991-2020, the number of days with no pre-
cipitation (0 mm/day) increased (+1.50% of days), as did the number of days with daily
precipitation of 50 mm (+0.11% of days) (Figure 7). In Murska Suma, the number of days
with precipitation between 0.1 and 10 mm/day increased by +0.51% of days during the
period 1991-2020, while the number of days with daily precipitation of 50 mm increased by
0.01% of days, and those with 70 mm increased by 0.04% of days.
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Figure 7. Number of days in both periods in Lendava—Murska $uma (A) and Malkovec—Krakovski
gozd (B) by individual precipitation classes, and the change between the two periods in terms of the
change in the proportion of days (dark red line).
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The extreme events in 2022 (drought) (SP112, 24 < —1) and 2023 (flood) (SP13,12 > 1)
are evident, especially when observing the 3-month and 12-month SPI (Figure 8). In
the year 2022, meteorological and hydrological drought was confirmed [85], with some
periods experiencing no precipitation for a month or more. In contrast, at the beginning of
August 2023, the northern and eastern parts of Slovenia experienced extreme floods [24].

3-Month SPI Murska Suma 3-Month SPI Krakovski gozd

4 7 10 1 4 7
23 4
Date Date
12-Month SPI Krakovski gozd

Figure 8. SPI for accumulation periods of 3, 12, and 24 months.

3.2. Stable Isotope Composition of Throughfall

These extreme events can be identified by comparing air temperature and precipita-
tion amounts (Figure 9), as well as the isotopic composition of oxygen and hydrogen in
precipitation (6180, 6*H, deuterium excess) (Figure 10) in both forest areas.
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Figure 9. Average seasonal air temperature and monthly precipitation amount in years 2021-2025 in
Lendava—Murska Suma (A) and Malkovec—Krakovski gozd (B).

The seasonal amplitude depends on changes in air temperature and in the origin of
the air masses and secondary processes that influence the original isotopic composition
of precipitation.

The monthly variability of 62H and §'80 (Figure 10A,B) shows a clear seasonal pattern,
with more depleted values during the winter (dormant season) and enriched values during
the summer (growing season). This pattern is characteristic of continental precipitation
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regimes and is consistent with observations from nearby monitoring stations such as
Ljubljana [86-88] and Zagreb [89].
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Figure 10. The isotopic composition of oxygen and hydrogen in throughfall (6’80 (A), $*H (B),
deuterium excess (C)) in Murska $uma and Krakovski gozd.

The lowest monthly 6°H values in throughfall were recorded during the dormant
season, reaching —114.7%. in February 2024 at Murska $uma and —100.6%. in February
2025 at Krakovski gozd. The highest 62H values occurred during the growing season, with
—22.0%o in July 2022 at Murska Suma and —24.2%. in July 2022 at Krakovski gozd. A
similar seasonal signal is observed in precipitation. The most depleted 6*H values were
measured in the dormant season (—113.8%o in February 2024 at Murska Sobota-Raki¢an
and —99.2%. in November 2020 at Ljubljana—Reaktor), while the most enriched values
occurred in the growing season (—17.5%o in July 2022 at Murska Sobota—Raki¢an and
—27.0%o in July 2021 and July 2024 at Ljubljana—Reaktor).

The 6'80 record follows the same seasonal pattern as 6>H. In throughfall, the lowest
5180 values were recorded during the dormant season (—15.22%. in December 2021 at
Murska Suma and —14.18%. in January 2023 at Krakovski gozd). The highest values
occurred during the growing season, reaching —4.02%. in July 2022 at Murska Suma
and —4.10%o in June 2023 at Krakovski gozd. Precipitation shows comparable seasonal
variability, with the lowest 5180 values recorded during the dormant season (—15.34% in
December 2021 at Murska Sobota—Raki¢an and —13.44%. in November 2020 at Ljubljana—
Reaktor) and the highest during the growing season (—4.21%. in August 2024 at Murska
Sobota—Raki¢an and —2.73%o in July 2022 at Ljubljana—Reaktor).

The d-excess in throughfall shows greater variability than the isotope ratios themselves.
The lowest values were observed during the growing season (1.24%. in May 2023 at
Krakovski gozd and 1.47 %o in June 2023 at Murska Suma). The highest d-excess values
occurred in different seasons at the two sites, reaching 15.9 %o in August 2023 at Murska
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$uma and 16.6 %o in February 2023 at Krakovski gozd. In precipitation, the lowest d-excess
values were recorded during the dormant season at Murska Sobota—Rakic¢an (2.4%o in
October 2022 and February 2024) and during the growing season at Ljubljana—Reaktor
(2.7%o in June 2021 and August 2022). The highest d-excess values in precipitation were
recorded in the dormant season (16.3%o in December 2024 at Murska Sobota—Raki¢an
and 18.0%o in February 2023 at Ljubljana—Reaktor). The S180, 5%H, and d-excess values
of nearby Ljubljana precipitation are increasing (+0.02%., +0.18 %o, and +0.05%. per year,
respectively), consistent with regional warming estimated to 0.069 °C/year [40]. The values
of d-excess throughout 2022 at Murska suma exhibit low variability during the drought
period (Figure 10C). In 2023, during the flood period, the d-excess values in August are
the highest recorded in the entire observation period, while before the flood, the values
are extremely low (May and June 2023) (Figure 10C). Similar fluctuations are observed at
Krakovski gozd. Higher d-excess values (15%o to 25%o) are often associated with moisture
originating from oceanic sources with limited evaporation or direct marine influence [90]
or contribution from terrestrial moisture recycling [91-93].

More positive values of 50 and 6°H during the growing season are expected, due
to higher air temperatures compared to the dormant, autumn-winter seasons when air
temperatures are lower. In 2022, a drought period was identified, and the 680 and §°H
values in the growing season were the most positive for the entire observation period
(Murska $uma 2022: 6180 = —4.02%o0, 6°H = —22.0%.). The ranges (variability) of d-excess
in both the growing and dormant seasons were also the smallest. The stronger influence
of sub-cloud processes on the weaker rains, which mainly occurs in drier and warmer
months when evaporation of falling droplets is more likely, is evident in the more positive
5180 values [53,94]. In 2023, during the flood period, the range between 5'80 and §°H
values in the growing season is the largest. The d-excess in both forests during the 2023
growing season reaches the lowest values of the entire observation period (1.2 and 1.7 %o).
The low d-excess values during the wet season indicate the moisture transported from
long distances [95]. The low d-excess values can be attributed either to the evaporation
of raindrops from the surface of the rain gauge at lower relative humidity [45,96], or to
secondary processes such as partial evaporation of raindrops below the cloud base [45,97].
The increased precipitation contribution in autumn, the dormant season over the last 30
years in Murska Suma and Krakovski gozd (Figures 5 and 6), is potentially due to a sig-
nificant contribution of Mediterranean-sourced air masses or contribution from terrestrial
moisture recycling to autumn precipitation, as indicated by elevated d-excess values during
autumn [40]. More detailed investigations are needed in the future for the identification of
specific processes. This suggests an accelerating, exponential isotopic response to warming
that has already influenced the water cycle, providing isotopic evidence that interactions
among precipitation, surface water, and groundwater in the investigated region have
changed over the past decade [40,83].

Figure 11 shows the isotopic composition of throughfall in both forests during the
growing (March-September) and dormant (October-February) seasons for the period
2021-2025; in 2025, data are only for the dormant season.

The constructed sine curve and estimated amplitude of seasonality (Figure 12), along
with the LMWL of Murska $uma and Krakovski gozd (Table 3), are useful tools for the
subsequent steps. Here, the isotopic composition of other matrices (e.g., surface water,
xylem, soil water, groundwater) can be represented in a 6'80/2H plot to quantify the root
water uptake from different soil layers or groundwater by comparing isotope ratios in soil
profiles, groundwater, and xylem water. This is often achieved using graphical approaches
(with LMWL) or mixing models and is also used for partitioning water sources in trees.
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Figure 11. The isotopic composition of oxygen and hydrogen in throughfall (6’80 (A), $*H (B),
deuterium excess (C)) during the dormant and growing seasons in the pilot areas of Murska Suma
and Krakovski gozd.

Table 3. Slope and intercept of the LMWLs for the Murska Suma and Krakovski gozd forests, and the
SLONIP nearby stations Murska Sobota-Raki¢an and Ljubljana-Reaktor.

Station/Method MA PWMA PWRMA MA PWMA PWRMA
Slope Intercept
Murska $uma (July 2021-March 2025) 8.00 7.94 7.89 10.2 9.6 9.1
2022—drought 7.97 791 7.90 10.3 10.0 9.9
2023—flood 7.67 7.67 7.61 7.0 7.0 6.4
Murska Sobota-Raki¢an (January
2020-December 2024) 7.79 7.77 7.74 7.6 8.1 7.8
2022—drought 7.76 7.88 7.86 7.7 9.5 9.4
2023—flood 7.76 7.80 7.78 6.9 7.8 7.6
Krakovski gozd (July 2022-March 2025) 7.42 7.33 7.26 57 53 4.7
2022—drought * 7.45 7.62 7.62 6.4 8.7 8.6
2023—flood 7.09 7.18 7.15 29 3.5 32
Ljubljana-Reaktor (January
2020-December 2024) 7.49 7.54 7.49 6.7 7.6 72
2022—drought 7.15 7.26 7.20 35 5.6 5.1
2023—flood 7.86 7.86 7.82 10.6 10.4 10.1

Note: * monitoring started in July 2022.

The 6'80 one year amplitudes (Figure 12) in Murska $uma (July 2021-March 2025;
5180 = —9.02 + 0.04 sin + 3.61 cos; A = 3.61 %0) and Krakovski gozd (July 2022-March 2025;
6180 = —8.54 + 0.05 sin + 3.71 cos; A = 3.71%o) show the variability in isotopic composition in
throughfall between winter (depleted in heavier isotopes) and summer (enriched in heavier
isotopes), and quantify the strength of seasonal cycles as deviations from the average annual
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value [79]. The variability in precipitation is also seen in Ljubljana-Reaktor (January 2020-
December 2024; 6180 = —8.03 + 0.16 sin + 2.67 cos; A = 2.67%0) and Murska Sobota-Raki¢an
(January 2020-December 2024; 680 = —9.04 + 0.14 sin + 3.81 cos; A = 3.81%o).
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Figure 12. Seasonal sine curve fit of isotopic composition of 6180 of throughfall in Murska §uma (A)
and Krakovski gozd (C) and precipitation in Murska Sobota-Rakic¢an (B) and Ljubljana-Reaktor (D).

The LMWLs for Murska $uma and Krakovski gozd are obtained using three different
regression methods (MA, PWMA, and PWRMA) and are presented for comparison with
nearest open space monitoring stations together with LMWLs for Murska Sobota-Rakican
and Ljubljana-Reaktor in Table 3. In the case of describing extreme events as drought and
floods, influenced by the amount of precipitation, the most suitable LMWL in our case is
the one obtained by PWRMA regression, which accounts for analytical uncertainty in both
5180 and 6°H and the hydrological importance of precipitation amount.
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Spatial variations in LMWL slopes, therefore, provide information on seasonal cli-
matology and are commonly used to infer the seasonality of groundwater recharge and
soil water uptake by plants [10,38,54,59,63]. The LMWLpwrMma slope over a period of
four years at Murska Ssuma and Murska Sobota-Raki¢an is very similar (7.89; 7.74) to
the slope of the GMWL [54]; in comparison with the GMWL, the slope at Krakovski
gozd and Ljubljana-Reaktor differs by 0.51-0.74%o (7.26; 7.49). Minor deviations from the
GMWL slope suggest limited evaporation during moisture transport from the ocean to
the precipitation site [59,79]. Slopes differing from 8 may also reflect precipitation formed
under non-equilibrium conditions in at least one season, which can be assessed using the
deuterium-excess parameter. The LMWLpwrMma in Murska $suma, Murska Sobota-Rakican,
and Krakovski gozd for the year 2022 (drought) deviates from the long-term LMWLpwgrma
and GMWL by having a higher intercept and slope, showing possible increased sub-cloud
evaporation or lower relative humidity [71,98], which preferentially enriches 680 relative
to 6°H (reducing slope). In Ljubljana-Reaktor, for the year 2022, the slope and intercept
are lower in comparison with the long-period slope and intercept. Previous investigation
indicated that the LMWL for Ljubljana for 2007-2010 was close to the GMWL [86]; however,
comparing the LMWL for Ljubljana to this study for the period 2020-2024 (slope: 7.49; inter-
cept: 7.2) and previous research for the period 2020-2021 (slope: 8.09; intercept: 10.6) [83],
a significant difference in time can be observed for the intercept and slope. In addition,
differences in the line intercepts are present due to regional environmental factors, and can
be attributed to warmer summer and winter months compared to the long-term mean [83].
The difference in isotopic composition between open-site precipitation and throughfall is
most pronounced in summer and results from canopy interception and related modification
processes in forest environments, including evaporation, isotopic exchange, and selective
retention, which together enrich throughfall in heavy isotopes [44].

At Krakovski gozd, the most depleted values plotting above the GMWL are associated
with precipitation from mixed-phase clouds [71]. In contrast, enriched values above the
GMWL during months with low precipitation amounts indicate the influence of continental
moisture recycling [71]. Enriched values below the GMWL reflect sub-cloud evaporation, a
process enhanced under low relative humidity and high air temperature. Sub-cloud evapo-
ration preferentially affects small raindrops, leading to isotopic enrichment of precipitation
during descent, and may prevent very small droplets from reaching the ground [71,99].

3.3. Policy Implications

The findings of this research underscore the importance of integrating groundwater-
dependent terrestrial ecosystems (GDTEs), such as phreatophytic forests, into strategic
groundwater management. As these ecosystems are highly sensitive to groundwater level
fluctuations, especially with increasing climate variability and more frequent droughts,
groundwater abstraction and land-use planning should consider ecosystem water require-
ments alongside human demands [100]. Stable isotope analyses of precipitation and plant
water are important tools for identifying the sources of water used by vegetation and for
distinguishing between groundwater and soil water uptake. These approaches enhance the
understanding of ecosystem dependence on groundwater and support the identification
of critical groundwater thresholds. In accordance with the European Water Framework
Directive [101,102], incorporating these insights into groundwater governance and climate
adaptation strategies is essential for maintaining the ecological functioning and resilience
of groundwater-dependent ecosystems [100].
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4. Conclusions

This work presents the first systematic analysis of changes in air temperature and
precipitation amount over the past 65 years in two Slovenian lowland forests, Murska
$uma and Krakovski gozd, aligned with research on the isotopic composition of throughfall
as a valuable tool for studying forest hydrology dynamics, particularly during extreme
events. Climate changes at these two sites are evident in the rise in air temperature of
approximately 2.5 °C in 60 years. The decrease in total precipitation amount over the last
65 years is negligible (less than 0.1 mm), but there are clear changes in precipitation patterns
over the past 35 years, with a decrease in the amount of precipitation during the growing
season and an increase during the dormant season.

This change is also evident in the isotopic composition of precipitation and throughfall,
with deuterium excess in the autumn-winter season, indicating a significant contribution
from air masses originating in the Mediterranean Sea. Seasonal 5'80 and §?H patterns
reflect climate-driven variability in moisture sources. Changes in precipitation patterns,
related to altered infiltration dynamics, may impair water availability for trees, especially
during drought.

The drought in 2022 and the flood in 2023 are confirmed by the calculated SPI values
and are also reflected in the isotopic composition of throughfall. During the growing season
of 2023, at the time of flood, the d-excess in both forests reaches the lowest values of the
entire observation period (1.2 and 1.7%o), indicating the moisture transported from long
distances. As in 2022, the drought period was estimated; the values of 5180 and 5%H during
the growing season are the most positive compared to the entire observation period, and
the variability of d-excess in the growing and dormant seasons of 2022 is the smallest.
Seasonal variability is further demonstrated by the sinusoidal fit of throughfall isotopic
data. The sine curves constructed for throughfall at Krakovski gozd and Murska Suma show
amplitudes of 3.71%o. and 3.61%o, respectively, for the period from July 2021 and July 2022
to March 2025, and are comparable with the amplitude for Murska Sobota-Raki¢an open
space isotope in precipitation monitoring stations, but the amplitude for Ljubljana differs
markedly compared to the remaining three amplitudes.

Understanding isotopic variability in precipitation is essential for assessing future
water availability under climate change. The known amplitudes of throughfall, together
with groundwater isotope amplitudes, contribute to estimating mean residence time (MRT),
a key parameter for groundwater management and for integrating groundwater-dependent
ecosystems, such as these two forest sites, into strategic groundwater planning. It remains
unclear whether increased tree mortality is primarily related to dependence on shallow soil
water, which is strongly influenced by precipitation, or on groundwater deeper than 1.5 m
below ground surface. Identifying the dominant water source used by trees during extreme
events would allow better assessment of the main stress drivers and the amount of water
required for tree survival during such periods. Therefore, concurrent sampling of xylem
water and other potential water sources is necessary to determine water source partitioning.
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