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ABSTRACT

Contemporary environmental concerns highlight the vulnerability of karst environments to changing hydro-
meteorological patterns and vegetation disturbance, necessitating a unified, interdisciplinary strategy for
comprehensive understanding. This paper critically examines the current state of research. To overcome the
identified gaps, it presents an integrated multi-scale ecohydrogeological monitoring approach tailored to karst
critical zones (KCZ) and its spatio-temporal variability. Forested karst aquifer in Slovenia is used as a case study
to demonstrate and assess the strengths and limitations of the proposed monitoring framework. To decipher flow
dynamics and propose customized data collection strategies the approach combines surface and underground
sites and employs advanced methods adapted to the challenges of karst environments. The results highlight the
benefits and advancements of monitoring and sampling approaches to ensure representativeness in heteroge-
neous environments. The focus is on the use of enhanced precipitation monitoring systems to expand sampling
areas nearly fivefold and improve precipitation and throughfall measurements. Additionally, customized
lysimeter techniques for karst soils and microscale adaptations for cave exploration have been developed,
addressing the challenges of instrument placement in environments with significant variability. Further oppor-
tunities lie in improving instrument protection, integrating sensor networks, combining remote sensing and
scaling from plot to aquifer level. However, challenges remain in achieving spatio-temporal representativeness
and ensuring the operational reliability of snow monitoring, soil solution sampling and drip flow measurements.
Threats include environmental pressures and hydrometeorological conditions, equipment tampering and funding
stability. Nevertheless, this comprehensive approach improves monitoring of ecohydrogeological processes in the
KCZ, promotes interdisciplinary collaboration and environmental resource management.

1. Introduction

disturbances (Ford & Williams 2007).
Karst aquifers, covering around 15 % of the global land surface and

Contemporary society faces escalating concerns over the impact of
changing hydrometeorological patterns, extreme weather events and
natural disasters, as they can affect vegetation cover, water cycle and
other ecohydrogeological processes (Condon et al. 2021, Portner et al.
2022). Among the vulnerable environments, aquifers with karst porosity
stand out due to their highly dynamic hydrological processes, making
them extremely susceptible to the effects of diverse environmental
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up to a fifth in Europe, are crucial water resources, supplying a signifi-
cant portion of the world's drinking water needs (Hartmann et al. 2014;
Stevanovi¢ 2019; Goldscheider et al. 2020). At the same time, karst
areas offer priceless ecosystem services that include unique,
groundwater-dependent habitats with high biodiversity and thus genetic
material (Siegel et al. 2023). As the demand for karst water increases, it
is essential to understand and monitor the potential impacts of changing
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environmental conditions on karst hydrology and ecology. Neglecting
these changes could lead to long-term consequences such as water
scarcity or floods, poor water quality, habitat degradation, and other
adverse effects on karst hydrology (Long et al. 2018; Kovacic et al. 2020;
Klaas et al. 2020; Morrissey et al. 2021). On the other hand, the inte-
gration of data on a regional and global scale and the simplified
assessment of a large amount of quality data greatly contributes to
advancing the field of karst hydrology (e.g. Goldscheider et al. 2020;
Olarinoye et al. 2020).

Recent studies suggest that the effects of changes in vegetation cover
have important implications for hydrological processes, but these are
poorly understood. The existing studies mainly focus on non-karst en-
vironments and are limited to the plot level (Carriere et al. 2020;
Tramblay et al. 2020; Vilhar et al. 2022). In studies conducted in karst
areas, there is a notable gap in comprehensive research, particularly
regarding the processes of infiltration, recharge and groundwater flow
through the aquifer. Issues related to the quality and quantity of water
resources are also poorly researched, and there is a significant lack of
holistic regional studies that assess the broader impacts on karst hy-
drology (Vilhar et al. 2022). Such studies require monitoring to ensure
the collection of consistent and reliable data throughout the research
process.

Current monitoring sites worldwide, established for various research
purposes related to karst ecohydrology, lack a coherent approach that
addresses the complex nature of karst areas, which encompasses mul-
tiple environmental domains. These sites also suffer from interdisci-
plinary gaps with poor involvement of experts from different disciplines
(Cantonati et al. 2020). Technical challenges such as difficult access,
inadequate sampling equipment and the complexity of direct hydro-
logical measurements in the soil and underground further hinder the
assessment and quantification of groundwater recharge in karst areas at
a regional or catchment scale. The diverse topography in a small area,
characterized by impassable areas of dolines and karrenfield, adds to the
complexity (Breg Valjavec et al. 2022).

The heterogeneity of the karst relief further determines extremely
high variability of soil conditions and diverse forest development stages,
which makes the identification of representative monitoring sites a
challenge (Kobal et al. 2015). Although underground speleological
research provides in situ studies and some insights into underground
structure and water flow (Heimel & Tobin 2022), most water caves are
rarely accessible. Furthermore, there are few study sites with a large
number of boreholes that would allow representative interpolation of
hydrogeological information on a larger scale. Although conventional
methods such as pumping tests provide valuable data, they only reflect
the conditions surrounding a well and generally do not characterise the
aquifer as a whole (Stevanovic et al. 2024). Sampling from the soil or
from underground watercourses is also problematic as samples can be
difficult to collect and quite turbid requiring additional laboratory
handling.

In recent years, promising non-invasive field methods, including
remote sensing, computer and artificial intelligence techniques such as
numerical modelling and machine learning, have shown the potential to
provide new insights into recharge and flow processes in karst (Watlet
et al. 2018; Wunsch et al. 2022; Cinkus et al. 2022). However, the lack of
reliable field data and the considerable surface and underground het-
erogeneity of the aquifer restricts the application of advanced research
methods (Sarrazin et al. 2018). In addition, existing hydrological models
tend to overgeneralize the groundwater flow system, as they are often
highly simplified and not always sufficiently calibrated to field mea-
surements. Furthermore, there is a lack of cooperation among different
disciplines to integrate hydrological and biological processes over varied
spatial and temporal scales in karst aquifers, although strong and direct
interaction exists between the circulation and storage of groundwater,
surface water and the spatial distribution of organisms in karst habitats
(Bonacci et al. 2009; Vilhar et al. 2022).

In response to these challenges, this study advances the monitoring
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of complex ecohydrological processes in karst critical zones by
addressing key research gaps through an innovative, multidisciplinary
approach (Moore et al. 2015; Seidl et al. 2017; Mollenhauer et al. 2018).
Specifically, it aims to strengthen the foundation for further research by
i.) critically reviewing the state of the field and identifying key research
gaps, ii.) proposing a unified monitoring strategy that integrates the
various factors influencing karst ecohydrology and focuses on spatial
and temporal variability, and iii.) assessing the strengths and limitations
of an established monitoring network in a forested karst aquifer.

By integrating these objectives, this study presents a multi-scale
approach to elucidate flow and transport mechanisms and optimize
data collection throughout karst critical zones. It provides new insights
into karst ecohydrogeology at the intersection of atmosphere — geo-
sphere — hydrosphere — biosphere and offers a globally unique
perspective on this highly relevant topic. Such an integrated framework
is essential for the development of effective management strategies, as
karst systems are highly sensitive to surface activities that affect water
resources, biodiversity and soil stability.

2. Karst critical zone

This section first defines the concept of the Karst Critical Zone (KCZ),
followed by a critical review of the current state of ecohydrological
monitoring in karst environments, highlighting key research gaps.
Building on these findings, we propose a unified monitoring strategy
that integrates various factors influencing karst ecohydrology, with a
focus on spatial and temporal variability. This framework is designed to
guide the development of more effective, integrative monitoring efforts
across karst systems.

2.1. Definition and Conceptualization

Critical Zone (CZ) research, which investigates the controlling fac-
tors and comprehensive mechanisms regulating natural processes and
resource availability in the Earth’s near-surface system, has become a
central focus of environmental science in recent decades (Ashley 2001;
Lee et al. 2023). The CZ is defined as the land surface and its vegetation,
overlying the soil, unsaturated zone, and saturated groundwater zone. It
encompasses the intersection of the atmosphere, geosphere including
lithosphere and pedosphere, hydrosphere, and biosphere (Chorover
et al. 2007; White et al. 2015), although the physical boundaries remain
controversial among scientists. In addition, research in these areas
contributes to progress in the socio-economosphere (Mollenhauer et al.
2018). Carbonate terrains are integral to the CZ hereafter referred to as
the karst critical zone (KCZ; Fig. 1).

2.2. Review of current monitoring practices and research gaps

A comprehensive review of the state of knowledge on carbonate
critical zones by Covington et al. (2023) highlights the research gaps and
emphasises the need for integrative studies across the entire spectrum of
carbonate and silicate landscapes for a holistic understanding of the
Earth's critical zone.

Similarly, Vilhar et al. (2022), who conducted a comprehensive re-
view of nearly 50 studies in karst areas, highlighted the scientific
importance of ecohydrological research in these environments. How-
ever, they emphasized that most existing studies are limited to the plot
scale and primarily focus on forest management and land-use change.
While the effects of forest management on evapotranspiration and
recharge dynamics are well studied, fewer studies address soil processes
or groundwater recharge and flow at depth. Large-scale disturbances
affecting evapotranspiration, for example, are better studied than infil-
tration and recharge in karst systems, because the main hydrological
processes are still poorly understood.

Among the studies compiled by Vilhar et al. (2022), this review fo-
cuses on those based on comprehensive field measurements and
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Fig. 1. Schematic representation of the karst critical zone (KCZ), linking atmospheric inputs (precipitation), biosphere and soil processes, epikarst (upper part of the
vadose zone) and vadose-zone flow, and the saturated aquifer. The sketch serves as a conceptual basis for integrating monitoring data across spheres (modified after

Ravbar & Sebela 2015).

specifically aimed at investigating recharge processes. In most of them,
the monitoring network included measurements of precipitation and
meteorological parameters as well as soil water content; the influence of
different vegetation properties was only tested by setting up the moni-
toring network in different vegetation types (Canton et al. 2010; Heil-
man et al. 2012; Ferlan et al. 2016; Li et al. 2023). More detailed studies
on the influence of vegetation and the processes of interception and
evapotranspiration additionally included measurements of throughfall
(Katzensteiner 2003; Vilhar & Simoncic 2012) and sap flow (Ungar et al.
2013). However, the subsurface flow was not observed. There are also
many hydrological studies using long-term hydrological and meteoro-
logical data to calculate water balance components, including evapo-
transpiration, runoff, and changes in water storage, to analyze temporal
and spatial variations in the main water cycle fluxes or to investigate the
relationship between meteorological conditions and karst spring
discharge dynamics, but not taking into account hydrological cycle
within vegetation and soil layers (Mahler et al. 2021; Hartmann et al.
2014). In this respect the study of Mueller et al. (2013) stands out, who
investigated precipitation and stream base flow to characterize subsur-
face flow paths and storage dynamics in four catchments with varying
vegetation cover to assess how topography and land cover influence
base flow generation and water flow regulation. Similarly, Cao et al.
(2025) investigate the effects of agricultural land use on hydrological
and geochemical processes in a subtropical karst basin in southwest
China. The study is based on high-frequency hydrological monitoring
and hydrochemical sampling across different landscape units, including
a headwater spring, an agricultural depression, and the catchment
outlet. The results reveal contrasting hydrological response patterns and
spatiotemporal hydrochemical dynamics, allowing the authors to
distinguish between natural controls and human-induced (agricultural)
influences on the karst system.

In addition, several studies set up the monitoring network to cali-
brate and test numerical hydrological models. Sarrazin et al. (2018)
conducted measurements of precipitation, evapotranspiration

parameters and soil moisture at 30-minute intervals at 4 plot locations in
different countries with different climate and vegetation characteristics
to test the V2Karst model. Vilhar & Simoncic (2012) additionally
measured throughfall and used the data obtained to calibrate the
BROOK90 hydrological model. A comprehensive monitoring network
was set up by Zhang et al. (2011) in a catchment area of a small karst
spring. Vegetation and soil properties were determined by field studies
and laboratory analyses, and the structure of the epikarst zone was
measured using ground penetrating radar. To monitor recharge dy-
namics, three meteorological stations were established in areas with
different vegetation types to measure precipitation and meteorological
parameters. A series of soil moisture probes and rain gauges collecting
throughfall were installed at each site. The water level was recorded at
the outlet of the catchment area. All data obtained were used to calibrate
and verify a distributed hydrology-soil-vegetation model. Although the
models presented above allow simulation of recharge, the established
monitoring networks did not provide the opportunity to test them
against the measured flows in the karst aquifers.

Several studies aimed to identify subsurface flow regimes. Dasgupta
et al. (2006) dug a trench in the soil and the upper part of a karst rock
and measured the dynamics of water content at different depths after
simulated rainfall events. Precipitation, throughfall, stemflow and sur-
face runoff were measured on the tree-covered surface. Fu et al. (2015)
constructed a trench perpendicular to the slope and measured subsur-
face flow in different parts of the soil-epikarst system after simulated
rainfall events. In both experiments, the lower part of the vadose zone
and the groundwater flow were not monitored.

Water flow regulation in the unsaturated zone of karst systems has
been studied by integrating geophysical techniques with hydrological
monitoring of soil moisture or cave drip hydrographs. This method re-
veals how water is stored and transmitted from rainfall to deeper karst
conduits (Carriere et al. 2016; Poulain et al. 2018). On the other hand,
observations of vadose flow in caves include monitoring of drip water
and its dynamics generated by precipitation events (Kogovsek 2010;
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Faimon et al. 2016; Baker et al. 2020; Baker et al. 2024; Baker et al.
2021; Nava-Fernandez et al. 2020; Liu et al. 2021) but lack monitoring
of the effects of processes in vegetation and soil, which have an
important influence on recharge. In a study by Jiang et al. (2025)
observation was made how different parts of a karst aquifer system from
surface soils to deep groundwater react as drought progresses. This study
aims to fill an important gap by systematically observing every major
hydrogeological compartment of the aquifer.

The current monitoring programs, e. g. the International Co-
operative Programme on Assessment and Monitoring of Air Pollution
Effects (ICP Forests, Schwarzel et al. 2022; ICP Waters, 2010) or Inte-
grated European Long-Term Ecosystem, critical zone and socio-
ecological Research (eLTER, Ohnemus et al. 2024; Pipan & Aljancic
2024), etc., strive for an optimal observational design to enable confi-
dent scaling of local data to regional, continental or global scales.
However, existing monitoring protocols are not sufficient to fully cap-
ture the complexity of environmental and socio-ecological systems in
karst aquifers. Given the uniqueness of each karst aquifer, a standard-
ized monitoring approach is challenging, yet clear guidelines remain
essential.

The above examples show that the currently used monitoring sys-
tems lack a comprehensive coverage of the karst critical zone. Their
shortcomings in terms of spatial and temporal representativeness limit
their reliability in karst areas.

2.3. Monitoring strategy and rationale

This study focuses on the key components that influence water
quantity and quality in karst areas by examining their interactions at the
intersection of the atmosphere, lithosphere, pedosphere, hydrosphere,
and biosphere. Specifically, we focused on precipitation regime, vege-
tation cover, soil, relief and rock properties, and underground water
flow, along with their coupled effects. Our scope spans the vertical
profile of a karst system—from the top of the forest canopy to the base of
the groundwater saturated zone.

Karst, forming on carbonate and evaporate rocks due to their high
solubility, results in pronounced permeability, unique landforms, soil
and vegetation heterogeneity and a distinctive karst hydrology (Ford &
Williams 2007). Karst hydrology features triple- porosity systems (the
rock matrix, the fissures and the channels) and allows rapid ground-
water infiltration. The fast and turbulent groundwater flow through
heterogeneous pathways towards springs, coupled with storage in less
permeable areas, leads to complexity of underground flow with poten-
tial transport over long distances (Bakalowicz 2005). Changing short- or
long-term environmental conditions have a significant impact on the
contaminant transport through karst aquifers and thus influence water
quality (Hartmann et al. 2014; Covington et al. 2023; Cuk Purovié et al.
2022).

Therefore, karst environments present unique challenges for ecohy-
drological monitoring due to their highly variable and site-specific
processes, which differ significantly from those in non-karstic settings.
Addressing this complexity requires a tailored, multi-scale, and inter-
disciplinary monitoring strategy. In the following section, we outline the
rationale and key components of such a strategy, structured around the
main challenges specific to karst systems.

i.) Why Ecohydrogeological Monitoring Matters.

The pursuit of ecohydrogeological monitoring in karst terrains is
driven by a multifaceted set of objectives. Firstly, it is important to
capture and interpret the signals of natural variability at different spatial
and temporal scales. Such efforts are crucial not only for describing and
predicting recharge conditions and water and mass fluxes, but also for
deciphering the intricate feedback loops between different environ-
mental spheres, such as vegetation influencing evapotranspiration and
infiltration, or reduced recharge leading to lower dilution capacity,
increased vulnerability to pollution, and potential loss of biodiversity
(Stevanovic et al. 2024). This understanding forms the basis for
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predicting the consequences of human interactions with these sensitive
ecosystems and for testing different scenarios under changing environ-
mental conditions.

ii.) Where to Monitor
Ecohydrogeology.

Ecohydrogeological monitoring in karst terrains should comprise the
vertical profile from the vegetation canopy to the saturated zone and
springs. Determining the optimal locations presents a complex chal-
lenge, primarily due to the inherent KCZ vertical stratification and
heterogeneity. The selection of monitoring sites is highly influenced by a
range of factors, including the diversity of geology, topography, vege-
tation types — particularly canopy and root systems — and soil char-
acteristics. These factors not only determine water infiltration into karst
systems but also act as natural filters that moderate water flow and
quality and therefore need to be monitored.

In particular, forest inventory programs worldwide are typically
conducted at the plot level, using controlled experimental settings with
permanent forest plots ranging from 0.5 to 1 ha that are remeasured over
time (Bechtold & Patterson 2005; Ferretti & Fischer 2013). Ground
vegetation and soil inventories, on the other hand, are usually conducted
at the so-called micro-site level, and cover areas of 1 to 10 m? to account
for spatial variations and reduce uncertainty. To ensure consistency, it is
recommended to follow the International Co-operative Programme on
Assessment and Monitoring of Air Pollution Effects on Forests (ICP
Forests) methodology for ground vegetation monitoring (Canullo et al.
2020; Dobbertin et al. 2020) and soil sampling (Cools & De Vos 2020),
taking into account the harmonized sampling, assessment, monitoring
and analyses on the European level and beyond.

Geological and geomorphological mapping is carried out at various
scales, from regional (1:50,000) to local (1:5,000), depending on the
level of detail required. There is no standardized global protocol for
geological and geomorphological mapping. However, several interna-
tional organizations and national geological surveys provide widely
accepted standards and frameworks (e.g. Remane et al. 1996; Gus-
tavsson et al. 2006; INSPIRE Infrastructure for Spatial Information in
Europe, 2024).

Detailed structural mapping in scales 1:5,000 or 1:10,000 is useful
because all structural elements, which include tectonic elements as well
as bedding planes, lithological changes, lithological partings, less
permeable or impermeable interbeds, direct both vertical percolation
and horizontal water flow within the karst and influence the frequency,
size, spatial distribution, and shape of interconnected karst voids (Car,
2018, Szczygiet et al. 2022: Sebela & Novak 2023). In karst areas,
mapping is carried out both on the surface and underground, where
speleological mapping is essential for documenting caves, conduits, and
hydrological connections (Hauselmann 2002). This integrated approach
enables a comprehensive understanding of karst systems, which is
particularly important when studying the underground environment.
Here the complexity of water flow is further enhanced by the variability
of topography, geology, epikarst (weathered upper rock layer; Willimas,
2008; Polk et al. 2021), unsaturated (including cave systems) and
saturated zones. These features strongly influence the spatial distribu-
tion of hydrological responses, making it essential to tailor monitoring
efforts to different spatial scales. The interaction of water, energy and
mass flow within these systems is particularly variable, as they can
interact with surface flow paths, reinforcing the need for data collection
strategies that account for this heterogeneity at both local and catch-
ment scales. Hydrological monitoring should be carried out in strategi-
cally selected locations, i.e. critical recharge/discharge zones, to ensure
comprehensive assessment and management of water resources (0J EC
2000). It should follow internationally recognized guidelines, such as
the WMO Guide to Hydrological Practices (WMO, 2008), ISO 5667-1
Water Quality Sampling Standards (ISO 56671, 2023) or USGS Manual
(USGS, 2006), to ensure the accuracy, consistency and comparability of
hydrological data. Despite the obstacles, karst springs often prove to be
critical windows into the integrated behaviour of the hydrogeologic

Addressing Spatial Variability in
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system and often provide the only source of information (Quinlan 1989).
Wherever possible, attention should also be paid to monitoring sinking
rivers, cave drips, and cave streams (Kogovsek 2010). These features can
offer invaluable insights into aquifer behaviour, including recharge
dynamics and more detailed, spatially resolved information.

iii.) What to Monitor? Essential Processes and Parameters.

Precipitation is the main source of recharge and monitoring should
provide information on its amount, intensity as well as its spatial and
temporal distribution (WMO, 2023; Goldscheider & Drew 2007).
Vegetation cover determines precipitation interception and has an
important influence on evapotranspiration. To quantify these processes,
vegetation structure (horizontal and vertical) as well as composition
(species level and abundance, habitats, communities), vegetation
aboveground and belowground biomass, vegetation phenology and leaf
area index should be monitored (Koch et al. 2009). Field measurements
of precipitation, throughfall and stemflow help us to determine precip-
itation interception. Atmospheric parameters (e.g. wind speed and di-
rection, relative air humidity and air temperature, wet and dry
atmospheric deposition, solar radiation) also have an important influ-
ence on recharge and other ecohydrological processes (Raspe et al.
2020; Portner et al. 2022).

Snowfall as a special form of precipitation is temporarily stored
water as snow cover on the surface and infiltrates into the soil with a
certain time delay under favourable conditions with the melting process
(Raspe et al. 2020; Ismail et al. 2023). In addition to the distribution and
thickness of the snow cover and the density of the snow, this process is
also influenced by the atmospheric and vegetation parameters
mentioned above.

Due to its properties and interactions with water, the soil plays a
decisive role in infiltration into the ground. In some karst areas soils are
either thin or non-existent, which means that water storage and nutrient
cycling are limited to the area between the epikarst (Geekiyanage et al.,
2019) and the vegetation (Vilhar et al. 2005). Furthermore, in such
highly porous hydrogeological terrain, areas with intact soil and vege-
tation cover are important for filtering, buffering, abiotic and biotic
transformation of nutrients and pollutants and storage of plant-available
water (Katzensteiner 2003; Clarke et al. 2022; 1COS, 2022). The soil
inventory includes determination and the distribution of soil types and
horizon thicknesses. At a minimum, soil porosity, rock fragment content
and soil texture, the three most important soil properties that signifi-
cantly influence soil moisture, should be additionally characterised (Fu
et al. 2016). Furthermore, soil moisture and temperature should be
monitored as well as the chemical properties of soils and the soil solution
should be analysed (ICP Integrated monitoring, 2022).

In karst regions experimental approaches to determine fluxes are
hardly possible, mainly because water pathways are hard to detect or
remain unknown, and soil water infiltration can only be assessed using
water balance approaches with different models (e.g. Watbal,
BROOKO90; Vilhar et al. 2010; Hammel & Kennel 2001; Federer et al.
2003).

For the characterization of flow paths in the unsaturated zone of the
aquifer, information on detailed geomorphological and structural-
lithological mapping at the surface and in caves is useful. Monitoring
of water percolating into caves is facilitated by the observation of drips
and the ponds formed by these drips. Typically, the discharge or water
level, temperature and electrical conductivity of the water are
measured. These parameters are also measured in cave streams and on
the surface in sinking streams and springs, which are an input and
output component of the karst hydrological system (Goldscheider &
Drew 2007). Once installed, most data loggers in addition provide
measurements of turbidity or particle size distribution, fluorescence and
various other environmental parameters (Taylor & Greene 2008; Frank
et al. 2018). These can play the role of processes indicators or surrogate
parameters of contamination (Ravbar et al. 2023; Fernandez-Ortega
et al. 2024). On the other hand, traditional on-site sampling and labo-
ratory work are still required for additional physical, chemical and
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microbiological analyses of specific parameters.

iv.) When to Monitor? A Temporal Variability Perspective.

Geomorphological, structural-lithological mapping and assessment
of soil properties are usually one-off field campaigns. However, meteo-
rological and hydrological variables or processes are monitored
continuously or event based. With continuous monitoring, data is
collected at regular intervals so that a constant flow of information is
created over time. This method is particularly valuable with the advent
of new technologies that allow measurements with high time resolution.
Event-based monitoring, on the other hand, is used for targeted in-
vestigations or when significant changes are expected. It is used when
focusing on multiple parameters or when monitoring certain variables
that cannot be observed continuously.

The “space-for-time substitution” approach, which assumes that
spatial and temporal variations are equivalent and derives a temporal
trend from the study of sites of different ages (Pickett 1989), is often
used in ecological studies for practical reasons. However, it may be
unsuitable for studying environmental change in karst aquifers, as long-
term studies are required to capture transient effects (Wogan & Wang
2018). When planning monitoring efforts to understand infiltration and
recharge processes, it is crucial to take into account the temporal vari-
ations in throughfall and evapotranspiration resulting from seasonal
vegetation changes. To capture whole range of ground vegetation
changes on an annual basis, species abundance, composition and di-
versity need to be monitored in at least two sampling campaigns —i.e. in
spring and in summer. Similarly, understanding vegetation phenology is
crucial as it has a significant impact on net primary productivity and
annual water and carbon cycles in terrestrial ecosystems (Davi et al.
2006; Piao et al. 2007). The phenological development of trees (Koch
et al. 2009) or the leaf area index (leaf flushing, autumn leaf colouring,
leaf fall, etc.) is recommended to monitor either event-based or
continuously (Niu et al. 2021).

Due to the rapid flow rates and temporal variability encountered in
karst aquifers, occassional water quality monitoring has been shown to
be insufficient. More frequent monitoring, such as continuous and event-
based monitoring with a resolution of few hours or half an hour, is more
advisable compared to the less frequent options of weekly, monthly,
quarterly, semi-annual or annual monitoring (Stevanovi¢ & Stevanovic
2021).

v.) Who Should Carry Out Ecohydrogeological Monitoring?

The interdisciplinary nature of ecohydrological monitoring in karst
emphasises the need for collaboration between different scientific dis-
ciplines (Vilhar et al. 2022). From vegetation science, forest ecology to
karstology, geomorphology, hydrogeology and beyond, an integrated
approach is essential for a holistic understanding of KCZ. Such collab-
orative efforts ensure comprehensive research into the individual and
combined effects of different factors on ecohydrogeological processes in
these complex landscapes.

3. Optimization of monitoring in a karst critical zone

To illustrate the proposed strategy, a case study was conducted in a
forested karst aquifer that is part of the eLTER research network and the
European LifeWatch research infrastructure (Pipan et al. 2018). This site
is at the forefront of testing new monitoring methods and research in-
novations and was therefore selected as a case site to assess the strengths
and limitations of the proposed monitoring system. This site was also
chosen because it most closely aligns with the methodological criteria
we argue are necessary for effective ecohydrological monitoring in karst
environments. It provides a valuable example for illustrating the appli-
cation of the proposed monitoring strategies and addressing the chal-
lenges identified in the review.

After site presentation, we here describe in detail the existing data
collection methods to be able to assess how well these methods capture
the spatial and temporal variability that is crucial for accurate moni-
toring of karst ecosystems.
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3.1. Site description

In the Postojna-Planina Karst area in southwestern Slovenia, we have
established an exemplary of a comprehensive network of 21 monitoring
sites, both on the surface and in the underground (Fig. 2). Located on the
gentle slopes of the Javorniki Mountains at an altitude between 530 and
640 m, the surface monitoring sites extend over a karst landscape
characterised by rounded hills and karst depressions, the so-called
dolines. Stratigraphically, Jurassic and Cretaceous limestones predom-
inate, which are highly karstified (Car & Gospodari¢ 1984). Climati-
cally, the study area is in the transition zone between the Mediterranean
and Continental climate with an average annual air temperature of
9.3 °C and almost 1500 mm of precipitation (Peel et al. 2007). The
limestone is generally covered by Rendzic Leptosol or Chromic Cambi-
sols, that occur in patches (Grcman et al. 2015).

There is no flowing surface water, as the rivers draining non-
carbonate rocks, sink underground and reappear in two springs. The
underground streams flow through the Postojna-Planina cave system,
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which stretches over a length of around 30 km. The Postojna Cave
represents the underground course of the Pivka sinking river. In the
Planina Cave there is a unique underground confluence of the Pivka and
Rak sinking rivers (Fig. 2b). Together they form the Unica Spring. The
Rak sinking river also contributes water to the Malens¢ica Spring. All the
groundwater flow connections were verified by tracer tests (Gabrovsek
et al. 2010 and references therein).

The predominant forest type is the Dinaric silver fir-beech forest
(Omphalodo-Fagetum s. lat. association). These mostly uneven-aged for-
ests are dominated by European beech (Fagus sylvatica L.) and silver fir
(Abies alba Mill.), with an artificially increased proportion of Norway
spruce (Picea abies Karst.) and admixtures of various broadleaves (e.g.
Acer pseudoplatanus L., Fraxinus excelsior, Ulmus glabra Huds.) at the
Planina monitoring sites and at the Postojna monitoring sites with nat-
ural admixtures of more thermophilic tree species such as sessile oak
(Quercus petraea (Matt.) Liebl.) and European hornbeam (Carpinus
betulus L.). These forests were significantly damaged by various distur-
bance factors, starting with a large-scale ice storm in 2014, followed by

PostojnaiCave

#

Legend
v surface monitoring sites
underground monitoring sites

monitoring sites on sinking rivers, underground
streams and springs

~"~~ surface stream
2 underground stream

o8 cae

.. groundwater flow connection ARSO LIDAR, 2015; DRSV, 2023

Sources: Gozdis, 2021; IZRK, 2021;

© Gozdis & IZRK ZRC SAZU, 2024

Fig. 2. Location of the Postojna-Planina Karst in southwestern Slovenia (a), surface and underground monitoring sites (b), with zoomed rectangles to monitoring
sites at Postojna (c) and Planina (d). Surface monitoring sites are labelled FK1 - FK10, in the underground monitoring sites are labelled D1 — D5 in case of cave drips
and streams. Labelling of the sinking rivers, underground streams and springs connected to the cave system is the following: ponor of the Pivka River — PP, ponor of
the Rak River — PR, Pivka — CP and Rak channels of the Planina Cave — CR, Unica Spring — SU and Malens¢ica Spring — SM.



N. Ravbar et al.

bark beetle outbreaks, windthrow and subsequent salvage logging, and
the canopy gaps are now being overgrown (Nagel et al. 2016; Seidl et al.
2017; Kutnar et al. 2021).

3.2. Monitoring network and spatial variability perspective

In order to identify the main geological structures that determine the
direction of flow of infiltrated water between the surface and the caves, a
comprehensive one-time geomorphological and structural-geological
mapping was done. A geomorphological field mapping on basis of sur-
face digital elevation model made from airborne LiDAR data and a
detailed structural geological field mapping at a scale of 1:5,000 ac-
cording to Car (2018) were carried out. The results were used to
determine the lithology and geological structures, the strike and dip of
the strata, the type and geometry of fractured zones (crushed, broken
and fissured zones) including faults. Based on these results, we deter-
mined the monitoring sites on the surface and in the underground.

The study includes 10 surface (FK1 — FK10) and 11 underground (D1
- D5, PP, PR, CP, CR, SU and SM) monitoring sites. The 10 surface
monitoring sites were strategically selected to represent key topographic
karst features (dolines and interdoline areas), different forest develop-
ment stages (canopy gap, regeneration and mature forest stands) and
highly variable soil conditions (typically shallow or occuring in
pockets). The setup includes two mature forest stand sites in dolinas and
two in interdoline areas, two forest regeneration sites in dolinas and two
in interdoline areas, and two large canopy gaps in interdoline areas —
ensuring representativeness in heterogenous karst environment. To
capture underground variability, two representative surface site com-
binations were established above the Planina and Postojna Caves. Each
combination includes one mature forest stand site in a dolina and one in
interdoline areas, one forest regeneration site in a dolina and one in an
interdoline area, and one large canopy gap in an interdoline area.

In the underground, selected cave drips and streams D1-D5 differed
due to geology, topography and in terms of water volumes and water
flow characteristics. In order to compare the characteristics of the
vadose zone with the general functioning of the observed aquifer, the
points of its allogenic recharge (Pivka and Rak sinking streams), un-
derground conduit flow (Pivka and Rak channels of the Planina Cave)
and discharge (Malenscica and Unica springs) were also observed as
monitoring points.

On the surface, we carried out a one-time detailed inventory of the
vegetation types and species composition as well as the soil properties at
plot level. All woody and herbaceous vascular plant species within a
sample area of 10 x 10 m were recorded as part of a comprehensive
vegetation inventory (Canullo et al. 2020). The abundance of the indi-
vidual species was estimated using the standard phytosociological
method according to Braun-Blanquet (1964). In addition, the percentage
of the different vegetation layers was assessed: the tree layer, which
includes trees and shrubs with a height of more than 5 m, the shrub
layer, which includes all woody species with a height between 0.5 m and
5 m, and the herb layer (ground vegetation), which consists of all her-
baceous plants and tree and shrub seedlings and saplings < 0.5 m in
height.

Soil samples were taken from each plot according to the methodol-
ogy described in Kobal et al. (2007). The organic horizons (subhorizons
OL, OF and OH) and the mineral part of the soil were sampled in 10 cm
depth increments down to bedrock. The organic part was sampled with a
wooden frame, while the mineral part was sampled with a metal probe
with an inner diameter of 6.7 cm. In each plot, five samples were sys-
tematically taken from each sub-horizon or depth and then combined
into composite samples to reduce the influence of soil variability. In
addition, the bulk density in the mineral part of the soil was measured at
the same depths using Kopecky cylinders. The field capacity and per-
manent wilting point were determined using the retention curve
method, where undisturbed soil samples were exposed to different
pressures in the Richards extractor. Field capacity moisture was
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measured at a tension of -33 kPa and wilting point moisture at 1,500
kPa, with the values varying depending on the plant species. The dif-
ference in water content between the field capacity and the permanent
wilting point gave the “available water content” for the surface moni-
toring sites. The soil texture was analysed in the Forest Ecology Labo-
ratory at the Slovenian Forestry Institute and texture classes were
determined by the proportion of sand, silt and clay particles in the
mineral part of the soil according to ISO 11277 (ISO 11277, 2020).

3.3. Monitoring design addressing temporal variability perspective

At the surface monitoring sites we developed an innovative moni-
toring and sampling system for the continuous monitoring of precipi-
tation (canopy gap) and throughfall (precipitation falling through the
tree canopy), as well as air temperature, relative humidity, soil tem-
perature and soil moisture content, which was used to assess canopy
interception and atmospheric deposition (Fig. 3). The device consists of
a HOBO RG3-M tipping bucket rain gauge connected to five plastic tubes
with an outer diameter of 50 mm and a 10 mm wide and 1800 mm long
notch. The tubes were connected to a special connector at the top of the
tipping bucket rain gauge in the shape of a five-pointed star. Such a
distribution of tubes allowed us to increase the sampling area of pre-
cipitation and throughfall, cover different conditions above the sampler
installed in the forest and improve the representativeness of the
measured precipitation and throughfall, especially in areas with het-
erogeneous forest vegetation (Zlindra et al. 2011).

Air temperature and relative humidity were monitored using a
Sensirion SHT21 digital sensor housed in a seven-layer (130 mm
diameter) solar shield. At large canopy gap sites, wind speed, wind di-
rection and global solar radiation were monitored with Davis sensors to
assess potential evaporation. Volumetric soil moisture content and soil
temperature were monitored continuously at two depths (30 and 60 cm)
using METER Group ECH20 EC-5 sensors. Due to the rocky terrain, the
installation of the devices had to be adjusted to microscale conditions
and sensors with a small detectable volume were required. DS18B20
digital thermometers from Maxim Integrated Products, Inc. were used to
monitor soil temperature. All sensors were connected to the IoTmini-
mForest data logger manufactured by the Laboratory of Electronic De-
vices, Slovenian Forestry Institute. Equipped with a cellular modem,
each system transmitted data hourly to FTP server. The eEMIS platform,
managed by the Slovenian Forestry Institute, collected the data and
entered it into an SQL database, which has a user-friendly interface that
allows regular check of the device status.

At the same monitoring sites, the leaf area index was measured from
April to November in 2021, 2022 and 2023 using the LAI2200 Plant
Canopy Analyzer to assess the vegetation phenology. These measure-
ments were done weekly or bi-weekly, following a standardized protocol
for tall canopies and forests (LAI-2200 2012). Large canopy gaps nearby
were used as reference points.

In the underground, the continuous monitoring focused on the flow
rate, water level, temperature, and electrical conductivity of cave drips
(Fig. 3), sinking streams, underground streams and springs. Altogether
we monitor five drips and streams within the Postojna-Planina cave
system (D1 - D5). Another six monitoring sites are used to monitor
sinking rivers, underground streams and springs connected to the cave
system, i.e. PP — ponor of the Pivka River, PR — ponor of the Rak River,
CP - Pivka and CR - Rak channels of the Planina Cave, SU — Unica
Spring, SM — Malenscica Spring. To minimize environmental impact, our
non-invasive monitoring systems were tailored to each point individu-
ally, considering microlocal characteristics of water flow and geo-
morphology. The dripping water in the caves was monitored using the
Stalagmate drip counter (Driptych), which was placed in a funnel from
which water was collected in a flow-through cup. Alternatively, Onset
Hobo U20 divers were used to monitor the water level in the bowl below
and the Hobo U24 was used to monitor temperature and electrical
conductivity. Springs and streams were also logged using HOBO U20
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Fig. 3. Based on conceptual framework shown on Fig. 1 schematic representation of data integration is showing how surface measurements (e.g., precipitation and
throughfall) are connected to underground observations (cave drips, and groundwater flow). The sketch is not to scale.

and U24. Stage-discharge relations of sinking rivers, cave streams, and
springs were determined by taking occasional discharge measurements
with SonTek's FlowTracker2 and RiverSurveyor M9, while we used a
vessel and stopwatch at cave drip points. Discharges were determined
based on these relationships and the water level or drip count
measurements.

All continuous measurements are taking place in a time interval of
30 min since October 2020. Technical details of the monitoring devices
are provided in Appendix. We ensure regular calibration of the in-
struments according to the principles of good practice and manufac-
turer’s recommendation for each type of measurement separately.

3.4. Sampling strategies integration

In addition to the continuously measured parameters described in
section 3.3., we closely monitored the transfer of soluble substances
through the karst aquifer during and after autumn 2022 precipitation
event, which took place between 25th September and 11th October. The
aim of the sampling was to determine and monitor the transfer of natural
tracers in the water through the KCZ.

For precipitation sampling (both canopy gap and throughfall), the
connection between the installed monitoring system and the collection
bucket below was used. As the zero-tension lysimeters used in the ICP
Forests monitoring plots (Nieminen et al. 2016) are inadequate for soil
solution sampling in shallow calcareous soils, innovative lysimeters
were developed. In contrast to the porous ceramic lysimeters, which are
installed horizontally, the newly developed gravity lysimeters are made
of a stainless-steel tube with an inner diameter of 24.5 mm. A 500 mm
cut-out allows soil solution samples to be taken from an area of
approximately 85 cm? when inserted at a 45-degree angle. The water
tank has a volume of approximately 500 cm® and is separated from the
sampling section by a perforated sheet with a hole diameter of 1.25 mm,
which is additionally protected with geotextile. The lysimeter was
inserted into the soil using a drilling device with a 38 mm diameter drill
bit. From the lysimeters soil solution was extracted via two plastic tubes
with an internal diameter of 4 mm: one served as an exhaust air pipe for
the air supply during pumping, the other was used for extracting soil
solution via a membrane pump into an intermediate laboratory tank
(Fig. 3).

The water sampling in the caves was based on taking water samples
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manually on site. At the time of the event described, only the cave drips
and streams were sampled underground, as the focus of the research was
on investigating solute transport in the unsaturated zone. In some earlier
events, the sinking rivers, underground streams and springs were also
sampled in a similar way, either manually or with portable samplers
(Cuk Durovié et al. 2022; Ravbar et al. 2023).

Sampling on the surface was done once a day, while sampling in the
caves was done once or twice a day, depending on the amount of pre-
cipitation and dripping intensity or discharge. Water analyses were
conducted in the Laboratory of Forest Ecology at the Slovenian Forestry
Institute, focusing on nutrient concentrations in canopy gap precipita-
tion, throughfall, soil solution and groundwater, including pH (Metrohm
pH low ionic strenght electrode), electrical conductivity (Metrohm
conductivity electrode Pt 1000), alkalinity (Metrohm 702 SM Titrino
module), main anions (NO3, NO3, CI, PO?{, SO%’; Metrohm ion chro-
matography modular system with Metrosep A SUPP 5 - 150/4.0 col-
umn), main cations (NH, Na®, K*, Mn2*, Ca?*, Mg?*; Metrohm ion
chromatography modular system with Metrosep C 4 — 150/4.0 column),
total nitrogen and DOC (Shimadzu TOC-L and TNM-L instrument).
Technical details of the laboratory devices are provided in Appendix.

4. Insights from monitoring
4.1. Spatial variability perspective

As we focus on the principles of KCZ monitoring and given the wealth
of data obtained, we are only presenting selected results to illustrate and
better understand the functioning of the established monitoring network
and to underpin the need for a holistic approach to monitoring with the
case study results. For example, the structural-lithological mapping
above and in the Planina Cave revealed that dolomite and dolomite
breccia intercalations occur between the predominant limestone.
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i L bedding (dip direction and dip)
!, Faults 3
i visible -
- —=— inferred

} 4 syncline fold
‘ } anticline fold

| 11! fissure zone (with strike)
[N fissure zone in cave (with
- 5

\ N~

Journal of Hydrology 669 (2026) 135027

Characteristic fissure zones and strongly karstified fracture zones man-
ifest themselves as karrenfields (Fig. 4). There are also many deep so-
lution dolines in the area. The structural features on the surface as well
in the cave below include significant Dinaric faults that may serve as
main pathways for water flow. The monitoring points on the surface and
in the cave were selected on the basis of these results, which provide
insights into geological structure and possible water flow connections.

The vegetation inventory at the surface monitoring sites shows that
the tree canopy covers 70 % or more, especially at the Planina sites,
while at the Postojna sites two regeneration plots have a tree cover of 15
% (Fig. 5a). At the Planina sites, the shrub layer is more homogeneous
and covers between 20 % and 50 %, while at the Postojna sites it varies
greatly from plot to plot and is between 8 % and 70 %. These two
vegetation layers are particularly important for precipitation intercep-
tion, microclimatic conditions and light availability on the forest floor.
Although there is a positive correlation (Spearman's rho: 0.62) between
tree cover and the measured leaf area index (LAI; 3.1-9.2) in forest plots
in 2022, LAI varies independently of vegetation type and geo-
morphologic form. In large canopy gaps plots, ground vegetation
accounted for most of the total vegetation cover and the LAI was
0 (Fig. 5b). The selected areas show considerable differences, which is of
crucial importance for the study of interception and evapotranspiration,
as these processes are highly influenced by local environmental
conditions.

The depths of organic horizons, including the subhorizons OL, OF
and OH, are similar regardless of geomorphology (Fig. 5c). The depth of
the mineral soils, on the other hand, shows greater variability, which
can mainly be attributed to the geomorphological differences of the
terrain. The mineral soils are deeper in the interdoline areas, while
shallower soils are found on the slopes of the dolines or interdoline
areas.

The soils are classified as silty clay loam soils, and their texture

Fig. 4. The structural-geological map of the Planina area shows the predominant NW-SE trending Dinaric faults and the associated karstified structural features,
emphasising their role in creating vertical connections and drainage paths between the surface and the underground. For location see Fig. 2.
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Fig. 5. A) estimated vegetation cover in three layers: tree (woody species > 5 m), shrub (0.5 m < woody species < 5 m) and ground vegetation (woody species < 0.5
m and all herbaceous plants); b) Maximum leaf area index (LAI max) in 2022; c¢) Depth of the organic horizon and mineral soils; d) Organic carbon content (%); e)
Proportions of sand, silt and clay in soils; f) Available water capacity (vol. %) in soils at surface monitoring sites.

remains evenly distributed. Although some sites, such as FK7 and FK10,
have a higher clay content, the sand content remains relatively uniform
across all surface monitoring sites and does not exceed 11.5 % (Fig. 5e).
This uniformity of soil properties increases the reliability of our moni-
toring and supports a comprehensive assessment of forest ecosystem
dynamics and water retention. Despite some differences, the pattern of
soil depth and texture is similar between the monitoring sites, facili-
tating comparisons across different forest development phases and
precipitation conditions.

The available water content measures the amount of water that the
soil can retain for plants through evapotranspiration and the amount
that drains into the underground. It is achieved after gravity drainage of
water from the macropores and typically occurs within 2-3 days after
rainfall in uniformly structured, pervious soils (De Oliveira et al., 2015).
At the surface monitoring sites this value varied widely, ranging from
122 vol% at FK3, which is located in a deeper doline with a high per-
centage of silt in soil and is covered by dense natural forest regeneration,
to 10.7 vol% at FK8, which is located in a mature forest stand in the
interdoline area. These differences are mainly due to geomorphological
variations in the karst terrain, soil depth, soil texture and organic matter
content described above and are therefore important for the study of
infiltration and soil processes, which are particularly deficient.

10

4.2. Temporal variability perspective

To monitor the underground flow dynamics and transfer of soluble
substances event-based monitoring was done in mid-September 2022,
when after a severe drought, about 80 mm of rain fell initially and about
170 mm at the end of the month (Fig. 6). This was enough to saturate the
soil and the unsaturated zone of the aquifer. Continuous monitoring,
here presented in the examples of FK3 and FK5 monitoring sites, showed
greater precipitation amount in the regeneration canopy gap (FK3)
compared to large canopy gap (FK5). Other studies have also noted that
during certain precipitation events, more concentrated precipitation
falls in small canopy gaps compared to large ones, despite the significant
influence of the forest stand edge. This is due to air turbulence within the
small opening, which causes more rain to fall on the windward side, as
well as the accumulation of raindrops on the leaves, which form larger
droplets and the concentration of precipitation under the canopy
(Krec¢mer 1967; Vilhar 2010).

In the large canopy gap, soil moisture is higher at a depth of 60 cm
than at a depth of 30 cm, while the opposite is true in the regeneration
canopy gap in a doline. The lower soil moisture content at 60 cm depth
in the regeneration canopy gap can be attributed to intensive rooting
and moisture consumption by young tree saplings in deeper soil layers as
well as by neighboring trees whose roots extend into the gap (Baker et al.
2013). This also leads to a greater difference in soil moisture content
between the shallower and deeper soil horizons in the regeneration
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Fig. 6. Selected hydrological and chemical parameters before, during and after the rainfall in autumn 2022 at surface and underground monitoring sites.

canopy gap compared to the large canopy gap. For the herbs and grasses
in the large canopy gap, most of the roots are located in the upper soil
layers, resulting in greater fluctuations in soil moisture after rain events
and a lower soil moisture content at 30 cm depth compared to 60 cm
depth. In addition, soil evaporation in the large canopy gap dries out the
shallower soil horizons further due to the stronger air turbulence, unlike
in smaller canopy gaps (Lenk et al. 2024; Von Arx et al. 2013). This
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effect is not present in the regeneration canopy gap, as the canopies of
young tree saplings provide shade (Vilhar and Simoncic, 2012). After
heavy rainfall, soil moisture in the large canopy gap increases signifi-
cantly in the upper part of the soil (an hour after the most intensive rain)
and with a half-hour delay at depth, while the opposite is the case in the
soil in the regeneration canopy gap in a doline. This can be explained by
the fact that the rainwater flows in a more concentrated form and via
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primary paths in the soil, e.g. along the rocks and roots.

These differences are very pronounced on the surface, but under-
ground flow dynamics depend more on the drainage paths in the un-
saturated zone, and the drips can behave very differently. The D3 drip
reacted very quickly, with a delay of two hours after heavy rainfall. The
behavior of the D5 drip could not be evaluated because it changed its
direction when the flow rate increased and no longer flowed to the
measuring device, which is reflected in the graph by the decrease in the
flow rate values. Cave stream D4 took another two hours to react, but
after 8 h, when the rain stopped, it declined sharply. In contrast, D3
maintained high drip rates for two days. In comparison, the Rak sinking
River and the Unica Spring took six and four hours respectively to react
after heavier rainfall. Due to the size and heterogeneity of the draining
area, the increase and especially the decrease of their discharges is
milder. The Unica reflects the great influence of the Rak. Similar
behavior can be observed with further rainfall.

To illustrate the importance of monitoring natural tracers at different
sites within a karst system, an example of the results of measurements of
calcium and magnesium concentrations (carbonate-rock related pa-
rameters) and nitrate (soil-related parameter or pollution indicator) in
precipitation (rain gauge), soil solution (lysimeter) and cave water is
presented. Depending on data availability and due to significant dif-
ferences, sites FK3 (regeneration canopy, doline) and FK5 (large canopy
gap, interdoline area) were selected on the surface and sites D3 (cave
drip) and D4 (cave stream) in the cave. The lack of results from the soil
solution reflects the difficulty of obtaining samples with zero-tension
lysimeters. We assume that more soil solution samples would be avail-
able during more abundant precipitation events. Furthermore, as the
profile of the karst soil is not uniform and often consists of soil pockets
between rocks and roots, infiltrating soil water can follow preferential
flow paths and bypass the installed lysimeter. Consequently, dry periods
and low-intensity rainfall events remain underrepresented, introducing
seasonal data gaps and potential bias in the interpretation of soil-water
processes.

The concentrations of selected parameters in precipitation under the
canopy or in the large canopy gap vary only minimally, the values are
low (around 1 mg 171). There is already a significant increase in calcium
content in soils formed on limestone and dolomite. Clear differences
between the two sites (19-24 mg 17! in FK3 and 24-40 mg 1! in FK5)
are probably due to differences in lithology. The presence of dolomite in
FK5 is indicated by higher magnesium concentrations (1.4-5.4 in FK3
and 9.3-19 mg 17! in FK5). The further dissolution of the karst rock by
the water flowing through the fissures in the unsaturated zone is re-
flected in an increase in the calcium concentrations (50-80 mg 1"'inD4
and 47-68 mg 17! in D3). The magnesium levels (1.4-2.1 mg 17! in D4
and 18-21 mg 17! in D3) indicate a possible connection between the FK5
and D3 sites. When the hydrological conditions change after a rain
event, the dilution by the new rainwater reduces the calcium and
magnesium concentrations in the soils and rocks, as expected. Nitrate
concentrations are significantly higher in FK3 (15-17 mg 171) than in
FK5 (2.5-3 mg 1™Y. The strong influence of local conditions and the
heterogeneous karst structure is also evident in the differences between
the two monitoring sites in the cave, with concentrations remaining very
low in D3 (0.4-3 mg 171) and significantly higher in D4 (4.7-9.2 mg171%).
These results confirm that a wide network of monitoring sites in
different environmental compartments/spheres of the karst critical zone
is required to understand the characteristics of solute transport through
karst aquifers.

5. Discussion
5.1. Advancing ecohydrogeological monitoring in karst environments
The results presented indicate considerable variability and hetero-

geneity of natural conditions in karst areas. The patterns observed
cannot be explained by the influence of just one or two factors, but
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rather by the interplay and interaction of several of them. Therefore, the
novelty of the monitoring described lies in its multispheric approach,
which is applied and justified within the framework of a proposed karst
critical zone observatory. In contrast to conventional monitoring sys-
tems, which focus on isolated environmental components (White et al.
2015; Mollenhauer et al. 2018; Ohnemus et al. 2024), this approach
integrates the atmosphere, biosphere, hydrosphere and geosphere, thus
enabling a holistic monitoring of ecohydrological processes in karst
environments. This interconnected perspective is essential to capture the
complexity of karst systems, where interactions between climate,
vegetation, soil, water, geology and geomorphology occur at multiple
spatial and temporal scales. Furthermore, the integration of methods
from karst research, hydrogeology, ecology and forestry science is
crucial for the monitoring approach. This interdisciplinary monitoring
framework ensures that all relevant factors influencing ecohydrological
processes are considered, thus enabling a comprehensive understanding
of the karst environment.

Given the unique characteristics of the karst area, all surface mea-
surements have been carefully designed to take into account the
complexity of the landscape, which was given a low priority in previous
studies (e.g. Bottrell & Atkinson, 1992; Zhang et al. 2011; Heilman et al.
2012; Baker et al. 2020; Schwarzel et al. 2022). The monitoring design
takes into account topographic variations, rocky surfaces, heteroge-
neous vegetation and soil cover, that influence the methods of data
collection in different environmental spheres. To ensure representa-
tiveness, geological and geomorphological mapping, vegetation and soil
inventories were carried out. In this way, the monitoring network was
spread across multiple plots to capture the inherent diversity of the karst
environment. It consists of ten surface monitoring sites strategically
selected to capture key topographic karst features, different microcli-
matic conditions, vegetation and soil types. Topography was taken into
account by including doline and interdoline areas, and vegetation by the
different forest types and development stages, including canopy gaps,
natural forest regeneration and mature forest stands. For this reason, a
comprehensive vegetation inventory was conducted in more detail than
usual in terms of horizontal and vertical diversity. In addition, this
spatially extensive monitoring network required special care in the
placement of soil temperature and moisture sensors, as soil conditions
vary widely, ranging from bare limestone outcrops to the accumulation
of organic matter in soil pockets, cracks and crevices to soils with high
stone content. The installation of the devices had to be adjusted to
microscale conditions.

Underground monitoring points are inherently karst-specific. What
applies to the surface has also been considered for the underground
monitoring sites, which are strategically selected according to hydro-
geological characteristics, including swallow holes, caves and springs.
The installation of the monitoring equipment was carefully adapted to
site-specific conditions to ensure reliable data collection. Loggers were
placed in swallow holes to capture infiltration dynamics and rapid
recharge processes. In caves, sensors were positioned to monitor un-
derground flow paths and water level fluctuations, taking into account
the complex morphology and limited accessibility. At springs, discharge
fluctuations and other properties are monitored, that reflect upstream
hydrological processes. The monitoring devices are of different types
and those best suited to the specific needs of each site have been selected
to ensure optimal functionality. The installation of the devices was
tailored to the specific conditions of each site to overcome the challenges
of the karst terrain.

The spatial extent consideration allowed for a more comprehensive
assessment of environmental processes, as conditions can vary greatly
even over short distances due to microtopographic effects and subsur-
face heterogeneity. Only by diversifying the monitoring points and
observing the entire profile can we capture the characteristics of the KCZ
as a whole. Such monitoring is also crucial for quantifying groundwater
recharge and pollutant transport.

In order to detect significant fluctuations in conditions even within
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short distances, some monitoring methods and techniques had to be
adapted. For example, atmospheric parameters are measured with
adapted techniques that take into account the irregular karst topography
and canopy cover to improve the representativeness of precipitation and
throughfall. The highly diverse nature of soils requires a tailored mois-
ture content and temperature sensors with smaller detectable volume, as
well as adapted sampling strategy for soil solution sampling using
gravity lysimeters. While they are effective in areas with stable con-
nections, cellular data loggers in remote forested areas or closed relief
forms (e.g. pocket valleys, collapse dolines) face the problem of weak
signals which require more energy for data transmission and lead to
possible battery drainage. This approach is not practicable in caves as
there are no signals, which makes real-time data transmission impos-
sible. Regular maintenance is required to correct malfunctions caused by
litter, calcite deposits, or damage caused by flooding and wildlife in
forests and caves.

Table 1 summarizes the proposed adaptations and innovations in the
monitoring program for the karst critical zone (KCZ), in comparison to
standard approaches. These adjustments account for the pronounced
variability and heterogeneity of karst environments and support a more
holistic observation of ecohydrological processes. While the full set of
measurements is not always required or possible for every application,
the monitoring design is flexible and can be adapted to the specific goals
of individual studies. By combining site-specific methodological adap-
tations with a broad, multidisciplinary approach, this monitoring system
provides a more robust basis for understanding and managing karst
ecosystems. In addition to environmental spheres addressed in this
study, socio-economic aspects are also monitored as part of eLTER
(Ohnemus et al. 2022). Here, we have not dealt with them separately, as
they are covered in other studies, such as annual forest increment (m?
ha~1) (Slovenia Forest Service), tourist visits to caves (Sebela 2021) and
changes in vegetation and land cover (Ravbar et al. 2024).

5.2. Evaluation of the monitoring network

The proposed monitoring approach has proven to be crucial for
capturing a wide range of variables and integrating cross-disciplinary
methods to enable observation of intricate interactions and the
complexity of ecosystem dynamics, especially in highly heterogeneous
karst terrains. This holistic perspective is essential for accurate data
collection and the perception of change. After designing and imple-
menting the proposed monitoring and analyzing the results, we were
able to assess the strengths, weaknesses, limitations and opportunities of
the established monitoring network in a forested karst aquifer. The
findings are summarized in Table 2, divided into general findings
applicable to various environments and karst-specific findings relevant
to karst ecosystems.

i.) Strengths of the established monitoring approach

- Comprehensive coverage of the KCZ spheres: the selected vari-
ables encompass various observable spheres of the critical zone,
offering a balanced combination of scientific relevance, imple-
mentation ease, and cost-effectiveness.
Spatio-temporal perspective: the monitoring network effectively
captures both spatial and temporal variations and provides
comprehensive monitoring of dynamic ecohydrological processes
in different karst landscapes and at different time scales, ensuring
comprehensive data representation and robust analysis.
- Integration of interdisciplinary expertise: advanced monitoring
program benefits from collaboration and knowledge sharing be-
tween different disciplines and professionals who have a wealth
of experience in applying a wide range of traditional direct and
indirect monitoring techniques, ensuring innovative and
comprehensive approach to data collection and analysis.
Development of customized monitoring solutions: the study case
required site-specific design, testing, and implementation of
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monitoring systems tailored specifically for karst research that
could be transferred to other similar karst areas. This includes the
development of automatic or semi-automatic instruments opti-
mized for karst environments and adjusted to microscale
conditions.

Enhanced precipitation monitoring: through the utilization of a
specially designed advanced precipitation monitoring system, we
have significantly increased the sampling area by 4.8 times from
182.4 cm? (standard HOBO RG3-M tipping bucket rain gauge) to
875.5 cm?. Instead of a single collector, the system uses five tubes
arranged in a five-pointed star with a diameter of 400 cm. This
expanded design improves the representativeness of precipitation
and throughfall measurements, particularly in plots with het-
erogeneous forest vegetation.

Technological innovation: The newly developed stainless-steel
gravity lysimeters enable the precise extraction of soil solution
from the soil. They have a water tank separated by a perforated
sheet and are installed using a drilling device. The soil solution is
extracted and collected via plastic tubes connected to a mem-
brane pump.

ii.) Weaknesses of the established monitoring approach

- Spatial representativeness in forest inventory, soil surveys,
geological and geomorphological assessments: the inherent het-
erogeneity of karst areas poses a challenge to the accurate data
assessment. In forests it is difficult to assess deposition patterns
with existing collectors, requiring a larger number of collectors
per plot. The heterogeneous nature of karst soils, which often
occur in pockets, is also difficult to assess. In addition, the geo-
morphology of the surface and subsurface in karst areas varies
considerably, making the identification and assessment of un-
derground water flow paths difficult. Addressing these challenges
is critical to increase the spatial representativeness of monitoring
efforts and improve the accuracy of assessments.

- Regular maintenance, cleaning and checking of measuring
equipment are necessary to address issues such as equipment
malfunction caused by e.g. litter accumulation in forest (leaves,
needles, fruits, etc.) or calcite deposition in cave environments,
battery depletion or damage from environmental factors like
floods or wild animals.
Suitability for snow precipitation: the gutters of precipitation
monitoring equipment may not be suitable for snow precipitation
due to narrow openings and lack of heating in winter, affecting
the accuracy of measurements during snowy conditions.
Constraints on lysimeter operation: lysimeters may face opera-
tional constraints due to soil-physical properties, such as limited
capture area and difficulty in checking soil homogeneity after
installation.
Placement of loggers in caves: optimal placement of loggers in
water caves is crucial for accurate water level recordings, espe-
cially during event conditions. Ensuring proper placement can be
very challenging due to fluctuating water levels. Acoustic drop
counters may face limitations in accurately measuring drop
counts, particularly when drops fall from great heights and splash
or combine into stronger jets during rainfall or snowmelt events
causing unrealistic deviations in water flow records. Finding the
optimal location for deployment of the loggers in caves is there-
fore crucial.
Challenges with cellular dataloggers: although in areas with
stable and robust cellular signals, use of cellular dataloggers en-
sures efficient data transmission, this approach is not applicable
in closed depressions and cave environments where cellular sig-
nals are often unreliable or absent. In areas with low cellular
signal, cellular dataloggers require more power for data trans-
mission, leading to potential battery drain. Cellular data trans-
mission from caves can be demanding and costly, further
complicating monitoring efforts.
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Table 1
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Suggested adaptations and novelties in observation program of the karst critical zone (KCZ), compared to standard observations.

KCZ sphere Standard observations Standard protocol Peculiarities / Challenges in karst ~ Suggested adaptations and novelties
areas in observation program of the KCZ
Atmosphere Continuous measurements of ICP Forests (Raspe et al. 2020); in Specific karst topographic features Multiple spatially distributed and
meteorological data, such as open field accordance with WMO (2008); (dolines, interdoline areas) diverse surface automated weather
precipitation, air temperature, relative ICOS (2022) — INTERLINKED WITH GEOSPHERE  stations

air humidity and global radiation

(incoming and reflected) Air temperature turnover in karst

Atmospheric deposition (open field ICP Forests (Raspe et al. 2020 depressions Higher number of open field

e g — INTERLINKED WITH GEOSPHERE e

precipitation, throughfall and Clarke et al. 2022) precipitation and throughfall collectors

stemflow) chemical analyses — High variability of vegetation types Wit%l larger. samplir'lg a.rea; .

INTERLINKED WITH HYDROSPHERE An innovative monitoring and sampling

and very heterogenous forest X o
structure and composition — forest system fo.r the COI‘1t1.1'1 uous monitoring
development stages (canopy gap, of open field precipitation and

. throughfall
regeneration, mature forest stands)

Continuous measurements of soil ICP Forests (Raspe et al. 2020); in in small area Multiple surface monitoring sites with

temperature and moisture content accordance with WMO (2008); Specific and extremely heterogenous  volumetric soil moisture content and

— INTERLINKED WITH GEOSPHERE ICOS (2022) soil conditions soil temperature sensors;

(e. g. bare limestone rocks at the soil ~ Sensors with a small detection volume
surface, organic matter accumulated  needed to monitor soil moisture and
in cracks and holes, high stone temperature in rocky karst terrain
" " . content in soils, etc.) - .
Biosphere Vegetation composition: ICP Forests (Canullo et al. 2020; _ INTERLINKED WITH GEOSPHERE Higher number of vegetation inventory

— Inventory of the vegetation types and ~ Dobbertin et al. 2020; Braun- micro-sites

species composition — woody a‘nd Blanquet 1964) High variation in spatial and

herbaceous vascular plant species temporal atmospheric deposition in

Lo p P P

- Tl?e abundance of the individual small area

species . — INTERLINKED WITH

— The percentage of the different HYDROSPHERE

vegetation layers: tree, shrub herb layer

(ground vegetation)

— INTERLINKED WITH GEOSPHERE

Vegetation phenology and Leaf Area 1COS (2022); ICP Forests (Raspe Higher number of tree phenology

Index (LAI): start, maximum, end of et al. 2020); LAI-2200 (2012). monitoring sites

season

Geosphere Soil inventory: Standard soil physical ICOS (2022); ICP Integrated Higher number of soil inventory micro-
and chemical parameters Monitoring (2022); ICP Forests ( sites (small-scale adaptive monitoring)

(e. g. soil type classification, texture, Cools & De Vos 2020); ICP

particle size distribution, pH, CEC and Integrated monitoring (2022)

BS, soil bulk density, soil organic ; ISO 11277 (2020)

matter, soil water holding capacity (pF

curve, field capacity, permanent wilting

point, plant available water)

Soil water chemical characteristics: ICP Forests (Nieminen et al. 2016), Higher number of soil solution

— INTERLINKED WITH ICP Integrated Monitoring (2022) monitoring sites;

HYDROSPHERE Using newly developed gravity

— INTERLINKED WITH BIOSPHERE lysimeters

Geomorphological features International Commission on Specific surface karst features A geomorphological field mapping on

Geological site characterization Stratigraphy (Remane et al. 1996); influencing recharge (infiltration) basis of surface DEM made from

(determination of the lithology and INSPIRE Infrastructure for Spatial Karst caves with access to airborne LiDAR data;

geological structures) Information in Europe (2024); groundwater flow Speleological mapping (Hauselmann

— INTERLINKED WITH Gustavsson et al. 2006 Heterogeneous structure with triple 2002);

HYDROSPHERE porosity A detailed structural geological field
mapping according to Car (2018) on
the surface and in caves — the type and
geometry of fractured zones (crushed,
broken and fissured zones) and their
influence on groundwater flow.

Hydrosphere  Groundwater flow Water Framework Directive (OJ EC ~ Dynamic exchange between surface Measurements and sampling in sinking

— INTERLINKED WITH GEOSPHERE
Groundwater quality
— INTERLINKED WITH ATMOSPHERE

2000); WMO Guide to
Hydrological Practices (2008); ISO
5667 Water Quality Sampling
Standards (2023); USGS National
Field Manual for the Collection of
Water-Quality Data (2006)

flow and groundwater flow;
High variability of flow rates;
High variability of water quality
influenced by hydrological
conditions

streams, water caves (drips, ponds,
streams) and springs;

Continuous monitoring of physical and
chemical parameters;

Non-invasive monitoring systems
tailored to each point individually;
Event-based instead of regular water
sampling;

Physical, chemical and microbiological
analysis of specific parameters
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Table 2
Summary of the evaluation of the monitoring network and division into general
and karst-specific findings.

Evaluation of the monitoring network

i.) Strengths of the established monitoring approach General  Karst-
specific
Comprehensive coverage of the KCZ spheres v
Spatio-temporal perspective v
Integration of interdisciplinary expertise v
Development of customized monitoring solutions v
Enhanced precipitation monitoring v
Technological innovation v
ii.) Weaknesses of the established monitoring approach
Spatial representativeness in forest inventory, soil surveys, v
geological and geomorphological assessments
Regular maintenance, cleaning and checking of measuring v
equipment
Suitability for snow precipitation v
Constraints on lysimeter operation v
Placement of loggers in caves v
Challenges with cellular dataloggers v
iii.) Opportunities for the proposed monitoring approach
Enhanced protection for throughfall monitoring v
Tailored sampling strategies for karst aquifers v
Technological progress v
Refinement of drop counter sampling methods v
Development of spatial and temporal conceptual models of v
the KCZ vertical profile
Scaling from plot-level to catchment or aquifer scale v
Future research opportunities v
iv.) Threats to proposed monitoring approach
Danger from environmental influences v
Vulnerability to equipment tampering v
Insufficient rainfall during event-based sampling v
Accessibility and hydrological variability v
Stability of long-term funding v

iii.) Opportunities for the proposed monitoring approach

- Enhanced protection for throughfall monitoring: the equipment
can be outfitted with protective nets, mitigating the risk of rain
gauge clogging and ensuring uninterrupted data collection.
Tailored sampling strategies for karst aquifers: the sampling
equipment, spatial layout of sampling plots, and sampling fre-
quency can be customized to accommodate the unique charac-
teristics of karst aquifers, optimizing data collection and analysis.
Technological progress offers the opportunity to improve moni-
toring by using automated tools alongside traditional direct and
indirect methods. For example, by integrating in-situ sensor
networks with remote sensing, direct measurements from sensors
can be correlated with data from e.g. phenological cameras,
drones and satellite imagery. This integration can provide
comprehensive insights into environmental dynamics, facilitate
more accurate assessments as well as scenario predictions.
Refinement of drop counter sampling methods: there is an op-
portunity to improve the design of sampling methods for drop
counters, enhancing their accuracy and reliability in measuring
water infiltration rates.
Development of spatial and temporal conceptual models of the
KCZ vertical profile: the integrated monitoring efforts present an
opportunity to develop conceptual models that leverage collected
data to fill information and knowledge gaps, provide uncertainty
estimates, and make predictions. This approach enhances un-
derstanding of complex systems and improves decision-making
processes.
Scaling from plot-level to catchment or aquifer scale: while
scaling up from plot-level studies to catchment or aquifer scales
poses challenges due to spatial uncertainty. The process requires
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a large number of sampling plots to account for spatial differ-
ences, which is resource-intensive, time-consuming, and costly.
There is an opportunity to address this through innovative
methods such as remote sensing and artificial intelligence. These
technologies can enable more efficient data collection and anal-
ysis, facilitating broader-scale assessments and insights.
Future research opportunities focus on expanding the range of
monitored parameters to enhance the understanding of ecohy-
drological processes. Key additions include monitoring of various
parameters (e.g. radon and CO concentrations), additional lab-
oratory (e.g. stable isotopes, eDNA, bacteria, microplastics) or
mapping analyses (e.g. land-use or vegetation cover changes).
These additions will improve the accuracy of models, refine data
interpretation, and address both ecological and environmental
challenges within the karst system.
Threats to proposed monitoring approach
Danger from environmental influences: Electronic measurement
systems used outdoors, especially in forests or caves, are sus-
ceptible to damage from disturbance by wild animals or natural
hazards. Precipitation events and lightning strikes can cause the
devices to malfunction or fail, which can disrupt data acquisition
and monitoring operations.
Vulnerability to equipment tampering: there is a risk of equip-
ment tampering or vandalism, leading to malfunctions.
Insufficient rainfall during event-based sampling campaigns can
make effective implementation difficult, resulting in unsaturated
soil and inactive drips, which complicates sampling efforts.
Accessibility and hydrological variability: Accessibility and hy-
drological fluctuations, especially in caves, pose a significant
threat to data collection. Reaching monitoring sites in caves often
requires extensive logistical planning and physical effort. In
addition, loggers can be located deep underwater, making data
collection and maintenance impossible. If the loggers are placed
too high above the water level, they cannot record conditions
during extremely low water periods.

- Stability of long-term funding: Securing stable, continuous
funding for long-term research infrastructures remains a chal-
lenge. Sustainable financial support is crucial for maintaining
monitoring activities over longer periods of time.

iv.)

6. Conclusions and new perspectives

This study identifies key research gaps in karst ecohydrology moni-
toring, including the lack of large-scale, holistic studies that address the
infiltration, recharge, and groundwater flow. Current research often
focuses on non-karst environments or is restricted to plot-level studies,
with inadequate consideration of water resource quality and quantity.
Furthermore, existing monitoring networks suffer from a fragmented,
non-interdisciplinary approach and technical challenges, limiting their
ability to assess karst systems at a regional or catchment scale. To
address these gaps, this study emphasizes the urgent need for an inte-
grated, multi-scale monitoring approach and proposes a unified moni-
toring strategy that integrates multiple environmental domains and
provides a comprehensive framework for understanding the spatial and
temporal dynamics of karst systems.

This specific data collection strategy will provide valuable insights
into the flow and transport mechanisms in karst critical zones. The
identified strengths of the advanced monitoring network include
comprehensive spatial and temporal coverage of the karst critical zone,
interdisciplinary collaboration, improved precipitation monitoring,
technological innovation concerning lysimeters and development of
customized solutions adjusted to microscale conditions. Reliable data
transmission in areas with stable signals is emphasized.

However, challenges remain, such as spatial representativeness in
heterogeneous karst environments, elimination of monitoring malfunc-
tions (e.g. proper usage and placement of logging devices in caves) and
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reliable equipment operation. Opportunities for improvement include
better protection of monitoring devices, refinement of existing moni-
toring and sampling methods (such as suitability of gutters for snow
monitoring, optimizing lysimeters), integration of in situ sensor net-
works with additional parameters and analyses, remote sensing, and
scaling from the plot level to the catchment or aquifer scale. Threats to
this approach are environmental pressures, equipment tampering, hy-
drometeorological variability and stability of long-term funding.

Nevertheless, the proposed comprehensive monitoring approach has
proven critical to observing environmental processes and offers a unique
contribution to the study of karst critical zones. This monitoring can
serve to expand knowledge of geophysical processes at spatial and
temporal scales, quantify control mechanisms, test hypotheses, and
develop mathematical, numerical, and conceptual models. The inclusion
of multidisciplinary research, the compilation and sharing of data sets
support innovative collaborations between scientific and technological
communities. Through careful selection of monitoring sites and pa-
rameters, researchers can better manage the complexity of karst eco-
hydrology and pave the way for more informed water resource
management and conservation strategies.
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