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Abstract
Impacts of land use activities on the water quality of a large karst spring (Blautopf, Germany) were identified by extensive 
spatiotemporal water quality analysis, and for the first time, a paired-catchment approach was successfully transferred to a 
subsurface karst and cave system. Water quality changes in karst springs are often rapid, strong, and influenced by a number 
of factors. This comprehensive study was performed by means of long-term (30-month) monitoring, intensive sampling dur-
ing a rainfall event, and spatial sampling across the cave system. The spring showed moderate seasonal variations for most 
parameters but a strong response to the rainfall event, where fecal bacteria (E. coli) increased 120-fold, with a most prob-
able number (MPN) of up to 17,168 per 100 mL. The catchment area (165 km2) was subdivided into two sub-catchments of 
similar size and morphology but differing in land use. The subsurface paired-catchment approach demonstrated that major 
ions, trace elements, rare earth elements and fecal bacteria differed significantly between both sub-catchments and could be 
attributed to different land use activities. Nitrate was linked to agriculture, whereas potassium, chloride, gadolinium, and 
fecal bacteria could be identified as indicators for wastewater effluents. Significant influences on water quality included winter 
application of road salt, (potential) sewer overflows and, to a lesser extent, nitrogen fertilization. This study underlines the 
susceptibility of karst springs to contamination and demonstrates the applicability of a subsurface paired-catchment approach 
as a promising tool to identify spatially resolved impacts of land use activities to a karst aquifer.
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Introduction

Karst aquifers provide drinking water for 678 million (9.2%) 
people globally (Stevanović 2019). Karst systems also pro-
vide a range of ecosystem services, such as a natural CO2 
sink as well as surface and subsurface biodiversity (Goldsc-
heider 2019). These heterogeneous aquifers are character-
ized by large fissures and conduits that develop over time, 
mainly in carbonate and evaporite rocks, due to chemical 

dissolution. Large cave systems can form in karst aqui-
fers which collect infiltrated water from the surface and 
surrounding rock matrix in cave streams that discharge to 
springs. Rapid infiltration of rain water and high subsur-
face flow rates are typical for karst systems. This results in 
high variability in discharge and water quality, as there is 
only limited filtration of contaminants (Bakalowicz 2005; 
Gutiérrez et al. 2014; Goldscheider 2019). Many karst aqui-
fers are characterized by long periods of good water quality, 
which are, however, interrupted by short-term contamina-
tion events, often associated with heavy rainfall events that 
lead to increased mobilization, infiltration, and transport of 
contaminants (Vesper et al. 2001; Pronk et al. 2007; Long 
et al. 2012; Frank et al. 2022).

A detailed understanding of water quality changes and 
the respective origin of contaminations are crucial for a sus-
tainable management of karst springs (Andreo et al. 2006). 
To observe annual changes, springs are often sampled over 
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large, e.g., monthly, intervals. For investigations of small 
and rapid changes, which are typical for karst springs, a 
high-resolution monitoring reveals deeper insights (Huebsch 
et al. 2014). A major factor regarding input of contaminants 
into karst aquifers is the land use in the catchment area. 
For assessing the impact of different land use activities on 
the water yield and water quality of streams, the paired-
catchment approach has been developed. Two proximate 
catchments that are similar in regard to slope, soils, area, 
and climate are chosen. If these catchments differ in one 
aspect (e.g., vegetation or land use), the effect can be directly 
related to the water yield or quality (Hibbert 1967; Brown 
et al. 2005; Neary 2016). Paired-catchment approaches have 
been applied to a range of aquifers, surface streams as well 
as reservoirs and remain relevant in current hydrogeology 
research (e.g., Salavati et al. 2016; Hankin et al. 2021; Bai 
et al. 2024). However, up to now there are only few paired-
catchment studies conducted in karst aquifers (Zhao et al. 
2010; Sun et al. 2013; Smith et al. 2020).

Groundwater chemistry and geochemical parameters such 
as major ions, trace elements and rare earth elements (REE) 
can be used to characterize aquifers in regard to hydrological 
and geochemical processes as well as anthropogenic influ-
ences (Zhao et al. 2010; Jiang et al. 2021; Tran et al. 2023).

The following paragraphs introduce key parameters for 
water quality monitoring in karst systems: the specific elec-
trical conductivity (EC) of water delivers a valuable indica-
tion of changing water quality and hydraulic processes in 
karst aquifers, such as dilution or piston effect following 
precipitation events (Ravbar et al. 2011). Chloride (Cl−) 
in groundwater has various natural and anthropogenic 
sources, e.g., in snow-influenced (karst) catchments, it is 
often related to the application of road salt and can there-
fore be used as a tracer for anthropogenic influence with a 
relatively well-known spatial and temporal input function 
(Robinson and Hasenmueller 2017). High levels of nitrate 
(NO3

−) in groundwater, on the other hand, are often linked 
to chemical fertilizers, soil organic nitrogen, manure, or sew-
age (Wang et al. 2020; Zhang et al. 2023a, b). NO3

− can 
cause eutrophication in surface waters and is also relevant 
in terms of drinking water quality (Katz et al. 2009). Dur-
ing rainfall events, the highly mobile NO3

− enters karst 
aquifers quickly and can thereby either be diluted (in case 
of diffuse infiltration) or mobilized (e.g., point infiltration 
or after fertilization) (Hem 1985; Huebsch et al. 2014). 
Gadolinium (Gd) belongs to the rare earth elements (REE) 
(for further information on REE please refer to McLennan 
2001, LaMoreaux 2019, and Aide and Nakajima 2020) and 
is used, e.g., in (high-tech) industry and medical treatments, 
e.g., magnetic resonance imaging (MRI) contrasting agents 
(Ebrahimi and Barbieri 2019; Leal Filho et al. 2023; Iyad 
et al. 2023). Gd is only partially withheld in wastewater 
treatment plants (WWTP) and thus can serve as a tracer for 

wastewater effluents (Knappe et al. 2005; Ebrahimi and Bar-
bieri 2019). Anomalies in the ubiquitously occurring REE 
can reveal additional (e.g. anthropogenic) input pathways 
during the underground passage (Bau and Dulski 1996). 
Escherichia coli (E. coli) serve as fecal indicator bacteria 
in water, whereas some strains of E. coli are pathogenic and 
can cause, e.g., gastro-intestinal diseases, urinal infections, 
and sepsis (Jang et al. 2017; Mohaghegh Motlagh and Yang 
2019). Sediment particles can serve as vectors for contami-
nants (e.g., heavy metals, bacteria, and viruses) (Mahler 
et al. 2000; Huang et al. 2020) and can cause two types 
of turbidity in karst systems: (1) Autochthonous (aquifer 
derived) turbidity is caused by a remobilization of previously 
deposited sediments in the conduit system, (2) allochthonous 
(surface derived) turbidity originates from the land surface 
and is often associated with high levels of total organic car-
bon (TOC), small sediment particle sizes (0.9–10 µm), and 
microbial contamination (Vesper and White 2004; Pronk 
et al. 2007; Cholet et al. 2019).

The objectives of this study are to (1) Identify possible 
seasonal changes in the water quality at the Blautopf Spring 
(karst spring) and in its catchment, including distinct anoma-
lies, (2) better understand small-scale temporal dynamics of 
the water quality (3) transfer, for the first time, the paired-
catchment approach to a subsurface karst conduit system 
to investigate spatially resolved differences in water qual-
ity between different branches of the drainage network (4) 
identify key parameters of contamination and to assign them 
to specific land use types to propose measures to improve 
water quality.

Material and methods

Geographical setting and geology

The research site is located on the southern margin of the 
Swabian-Franconian Jura Mountains, Germany’s largest 
karst landscape and aquifer system. In the area, the Upper 
Jurassic limestone and marl series exhibits a total thickness 
of 400 m, providing a significant water storage capacity. The 
catchment is 165 km2 large and is well outlined by several 
tracer tests (Selg and Schwarz 2009; Lauber et al. 2014) 
(Fig. 1). There are no surface streams on the highly karstified 
landscape, where sinkholes and dolines allow direct infiltra-
tion of precipitation into the karst aquifer.

Climatic conditions

The catchment is located in a temperate climate with a mean 
annual average air temperature of 7.0 °C and a mean annual 
precipitation of 950 mm. Precipitation for the catchment was 
estimated with a Thiessen polygon method as described in 
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Fan et al. (2023). On average, 14% of precipitation consists 
of snow. Approximately one third of the annual precipitation 
recharges the aquifer, whereas two thirds are evapotranspira-
tion (Fan et al. 2023).

Spring hydrology

Blautopf Spring is the only spring that drains this catch-
ment area and is Germany’s second largest karst spring. 
The mean discharge recorded since 1952 is 2300 L/s, with 
a minimal and maximum discharge of 250 and 32,600 L/s, 
respectively (Fan et al. 2023, Selg und Schwarz 2009). Dis-
charge measurements are continuously recorded in 15 min 

intervals by the Baden-Wurttemberg state environmen-
tal agency (LUBW), the precision of the measurement is 
within 9% deviation from the mean values. Discharge reacts 
to precipitation with a lag of around 3 days (Fan et al. 2023). 
The spring was used for drinking water supply, which was 
terminated after a noticeable impact on water quality due to 
wastewater effluents and agricultural runoff in the catchment 
(Lauber et al. 2014).

Speleology and active conduit network

The well-developed karst aquifer has an extensive cave 
system with large conduits. On the basis of speleological 

Fig. 1   a) Location of the catchment shown on a karst map of Europe 
modified from Chen et al. (2017). b) Land use of the Blautopf catch-
ment area for the sub-catchments SCa and SCb, including the catch-
ment divide between SCa and SCb, according to Lauber et al. (2014). 
Blue circles mark WWTPs, whereas arrows indicate the location of 

discharge (inside/outside of catchment area). c) Outlines and loca-
tions of the caves in the catchment, with sampling points (A–C) 
marked in red. Maps were plotted with ArcGIS (Esri), land use in 
the catchment originates from Corine Land Cover, and cave locations 
were derived from ARGE Blautopf and ARGE Blaukarst.
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observations, flow measurements and tracer tests, it was pos-
sible to show that the catchment can be divided into two sub-
catchments, corresponding to two parts of the cave system, 
both attributing about 50% of water to the spring discharge 
(Lauber et al. 2014).

Blue Cave with a total current length of 18.1 km (ARGE 
Blautopf 2024) is located in the Southern sub-catchment 
(Fig. 1). The cave system provides access to cave streams 
at several locations. Previous tracer tests showed (Lauber 
et al. 2014) that the sampling point in the front part of the 
cave (point C in Fig. 1c) contains water from all currently 
accessible caves. The rear cave streams (point A) in the Blue 
Cave, however, only contains water from sub-catchment a 
(SCa). Both locations were sampled for this study.

The second cave (Hessenhau Cave) with a total length of 
8.4 km (ARGE Blaukarst 2014) is located in the northern 
part of the catchment (SCb, Fig. 1) and in direct connec-
tion to one of the WWTPs in the catchment (Lauber et al. 
2014). There is one major cave stream with smaller conflu-
ences (point B), gathering water from the northern part of 
the catchment (SCb) and draining into Blue Cave.

Discharge measurements in the caves are very elaborate 
and were performed with the salt-dilution method (Rantz 
1982). For SCa 1500 g and for SCb 2000 g of table salt were 
injected as Dirac (instantaneous) input and conductivity was 
measured with two conductivity probes (Multi 3430, WTW) 
to ensure reliability.

Land use in catchment

Land use in the catchment consists mainly of agriculture, 
including animal breeding and pasture (59%), forest and 
grassland (34%), as well as residential areas and industry 
(7%) (Fig. 1). There are three WWTPs located in the catch-
ment, whereas two are known to release treated wastewater 
into the catchment and one drains the water outside of the 
catchment.

Maps were produced using ArcGIS 10.8.2 (Esri, Inc.) 
with land use maps obtained from the European Union’s 
Copernicus Land Monitoring Service Information. The 
spring catchment is based on Selg and Schwarz (2009), sub-
catchments (SC) were subdivided according to Lauber et al. 
(2014) with cave locations from ARGE Blautopf (2020) and 
ARGE Blaukarst (2014).

Hydrochemical parameters

Long‑term monitoring at the spring

Water quality monitoring was performed at the spring for a 
duration of 30 months, from January 2021 until June 2023. 
This included both water samples and continuous meas-
urements collected at 15 min intervals for hydrochemical 

parameters (further described below). Water samples were 
collected in regular intervals of 1 month, regardless of the 
hydrological situation, to obtain an overview of the annual 
changes in hydrochemistry.

Event sampling

A large precipitation event was monitored to investigate 
detailed responses of the spring. Event sampling took place 
from 28 August 2021 to 15 September 2021, for a total dura-
tion of 19 days.

For event samples, an auto sampler (Teledyne, ISCO) was 
installed at the spring to allow for short sampling intervals 
(2–8 h). Samples in the auto sampler were cooled and single 
use bags (ProPak, ISCO) were used to collect water samples 
and to avoid cross contamination.

Water sampling in caves

In total, 11 cave trips took place between August 2021 and 
April 2023. Sampling locations (Fig. 1) included the rear 
part of the Blue Cave (point A), containing water exclusively 
derived from sub-catchment SCa, a cave lake in the front 
part of the Blue Cave (point C) containing water from both 
sub-catchments and Hessenhau Cave (point B) containing 
water exclusively derived from sub-catchment SCb. The first 
sampling campaign where both caves were sampled at the 
same time took place on 12 March 2022, the second sam-
pling campaign on 22 and 23 April 2023. A water sample 
from the nearby WWTP was collected during one of the 
sampling campaigns.

Water samples in the cave were taken in chemically inert 
1 L bottles (Nalgene, Thermo Scientific). Sample prepara-
tion took place in the laboratory within 24 h as described 
below.

In situ parameters

In situ parameters were measured in 15-min intervals for 
30 months in total at the spring. Temperature, EC, pH, 
and redox potential were measured with a multiparam-
eter probe (HI9829-03102, Hanna instruments) at a water 
depth of 1.5 m and cross-checked on a monthly basis by 
manual measurements with a portable multi-parameter 
meter (Multi 3430, WTW). In addition to brief on-site 
calibrations, the continuously installed multiparameter 
probe was thoroughly calibrated in the laboratory at least 
once a year. Turbidity was measured with a field-fluorim-
eter (GGUN FL 30, Albillia).

For event sampling, a particle counter (PCSS fluid 
lite, Klotz GmbH) was installed at the spring. The device 
measures all particles in a water volume of 10 mL, for 
better visualization, results are given in particles per 1 mL 
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of water. Particles with diameters between 1 and 25 µm 
were measured. The individual particle sizes classes also 
include particles that have larger diameters up to the next 
larger size class, e.g., the size class of 1 µm sums up all 
particles in the size range of 1–1.9 µm diameter. The sam-
pling interval was set to 5 min, whereas the instrument 
was automatically rinsed with 40 mL of water prior to 
each measurement. For continuous sampling at the spring, 
a 11.8 m long bypass was installed (diameter of 12.7 mm, 
Rehau Industries) and connected to the particle counter, 
which operated under a natural gradient. The material of 
the tube is suitable for drinking water supply (accord-
ing to German DVGW W270/KTW A) and sufficiently 
opaque to avoid algae growth and biofilm formation. Dur-
ing the cave trips, in situ parameters (pH, redox poten-
tial, EC, temperature) were measured at the respective 
sampling locations with a multiparameter portable meter 
(Multi 3430, WTW).

Sample preparation on site

Samples for TOC measurements were stored in 50 mL 
brown-glass bottles. TOC samples were acidified with 250 
mL hydrochloric acid (37%; Roth Chemicals). Cation and 
REE samples were filtered with a cellulose acetate filter 
(0.45 µm pore size, Sartorius AG) on site, stored in 15 mL 
centrifuge tubes and acidified with 50 µL of concentrated 
nitric acid (Roth Chemicals). Anion samples were filtered 
with 0.45 µm cellulose acetate filters without acidifica-
tion. Measurement for bicarbonate (HCO3

−) were done 
on site as triplicates with an alkalinity test (MColortest, 
Merck KGaA).

Laboratory measurements

In the laboratory, anion samples were diluted and measured 
with ion-chromatography (IC 2100, Dionex). Major cati-
ons, trace elements, and REE were measured with induc-
tively coupled plasma mass spectrometry (ICP-MS 7800, 
Agilent technologies). During ICP-MS measurements, 
internal standards (ICP-MS calibration standard 1 and 2 
in 2% HNO3 (VWR) and MULTI-ELEMENT ICP standard 
solution ROTIStar 4 elements in 2% HNO3, concentration 
of 1 mg/L (Carl Roth)) were used. A drift control for each 
measurement series was performed with a 5 μg/L inter-
nal standard (see above). TOC samples were measured in 
triplicates with a vario TOC cube (Elementar). Samples 
for the analysis of coliforms and E. coli were diluted 4- 
to 25-fold (in particular event samples) with bi-distilled 
water, based on results from the previous day. After an 
incubation time of 24 h at 35 °C, results from the rapid 
test (IDEXX Laboratories, Inc.) are reported as the most 

probable number (MPN) per 100 mL. Samples exceeding 
the maximum capacity of 2419 MPN/100 mL are presented 
in red. MPN is a statistical number of bacteria colonies 
(with a 95% confidence interval) that would form if the 
sample was grown on a plate or petri dish. Results from 
plate counts are commonly measured in colony forming 
units (CFU), whereas 1 MPN statistically approximates 
1 CFU (Cho et al. 2010; IDEXX 2025).

Statistical analysis and data evaluation

To investigate seasonal behavior of selected parameters, 
samples were separated on the basis of calendrical sea-
sons. Data for long-term monitoring and event sampling 
were plotted and analyzed with the software Origin Pro 
(OriginLab), using a pairwise Spearman rank correla-
tion after testing for normal distribution with a Kolmog-
orow–Smirnow test. Significance level of correlations 
were 95% (p = 0.05) and only strong positive (>0.6) or 
strong negative (≤0.6) correlations were interpreted.

REE data were normalized to PAAS (Post Archean Aus-
tralian Shales) (McLennan 2001). For the calculation of Gd 
anomalies, an interpolation of expected PAAS normalized 
concentrations (indicated by *) of neighboring elements was 
used (Bau and Dulski 1996):

with PAAS normalized values of the REEs Gd (GdPAAS), 
samarium (SmPAAS), terbium (TbPAAS), and expected PAAS 
normalized Gd values (GdPAAS*).

The residence time of percolated precipitation water in 
the aquifer was estimated by performing a cross-correlation 
(OriginLab 2021) that is used to establish a link between input 
time series and output times series. The cross-correlation func-
tion rxy(k) is described as (Larocque et al. 1998):

with the input series x and output series y, the time lag k, 
the cross-correlogram Cxy(k) , and the standard deviation σ 
and time t.

Some data are shown in the form of a heat map to facili-
tate a general overview. Concentrations of data points for 
each compound were divided by the maximum concentration 
(c/cmax), and colors therefore describe a relative concentra-
tion in comparison to the highest measured concentration of 
the respective compound.
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Results and discussion

Seasonal variations of water quality

Spring discharge varied between 0.1 and 23.1 m3/s, with 
a mean of 1.71  m3/s during the monitoring period of 
30 months (Fig. 2). Water temperature varied between 9.2 
and 10.5 °C, variations between day and night reached up 
to ±0.3 °C due to sun radiation in the upper water column, 
which was not observed in the cave system with an annual 
water temperature of 9.6±0.2 °C.

Median values were for pH 7.17, EC 654 µS/cm, redox 
potential +398 mV, and turbidity 3.56 FNU (Table 1). The 
highest values for precipitation (64.5 mm/day), discharge 
(23.1 m3/s), and turbidity (2132 formazin nephelometric 
units (FNU)) were observed during a heavy rainfall event 
in July 2021. All parameters had returned to baseline con-
ditions after the major rainfall event in July 2021. In situ 
parameters that were measured during a monitored rainfall 
event in August and September 2021 are also presented in 
Table 1 for a better categorization into the behavior of the 
spring.

Major ions, trace elements and REE show variable behav-
ior during long-term monitoring (Fig. 2). Most parameters 

show strong variations over the course of the year, whereas 
HCO3

−, Ca2+, Mg2+, V, Sr, U, and Ba only show minimal 
changes. Selected parameters (EC, NO3

−, Cl−, K+, Gd, and 
E. coli) were chosen on the basis of the relevance to the 
land use in the catchment and are described in more detail 
in the sections below, values for these parameters are given 
in Table 2. Concentrations were always below the thresholds 
for drinking water, e.g., according to the European Water 
Framework Directive (European Union 2020), with the 
exception of E. coli.

Chloride

Cl− featured the highest concentrations in winter but also 
showed high variability in fall and spring, with lower con-
centrations during summer (Fig. 2 and 3).

This is likely influenced by road salt which is applied dur-
ing snowy conditions throughout the catchment, which can 
occur from fall to spring, and is flushed into the karst aquifer 
during snowmelt events (Baraza and Hasenmueller 2021).

In the long-term monitoring data, Cl− showed a strong 
positive correlation with SO4

2−, Na+, K+, Rb, Sr, and Cs 
(Fig. 4), only significant (>0.6, p = 0.05) correlations 
were considered. In particular, the positive correlation 

Fig. 2   Precipitation and 
discharge from long-term 
monitoring at Blautopf Spring, 
including sampling dates (red 
triangles). Below a heat map of 
selected parameters, normalized 
to maximum values, (c/cmax), 
whereas light (yellow) colors 
indicate maximum values and 
dark (magenta) colors indicate 
minimum values. Color bars 
on the bottom indicate the 
respective annual (calendrical) 
seasons. Missing values and 
measurements below the limit 
of detection (LOD) are left 
blank.
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between Cl− and Na+ supports the assumption that high 
winter Cl− is derived from road salt, which also influ-
ences the continuously measured EC, that was usually low 
during high discharge conditions in summer and higher 
during high discharge conditions in the winter months 
(Jan–Mar). Typically, the EC of spring water decreases 
when large quantities of freshly infiltrated water arrive 

at the spring (White 2015), which occurs during rainfall, 
whereas snowmelt water often contains high concentra-
tions of sodium chloride (NaCl) from road salt. Simi-
lar observations of Cl− input from road salt have been 
reported for Blautopf and other karst springs as well (Selg 
and Schwarz 2009; Perera et al. 2010; Baraza and Hasen-
mueller 2021; Overbo et al. 2021).

Table 1   In situ parameters, 
discharge, and precipitation 
measured at the spring during 
the 30-months monitoring 
period (January 2021 to June 
2023), and during the rainfall 
event in August/September 
2021

Parameter Unit Long-term monitoring (30 months) Rainfall event

Median Mean Min Max Mean Min Max

Precipitation mm/day 0.3 2.4 0 64.5 0.1 0 3.6
Discharge m3/s 1.3 1.7 0.1 23.1 1.7 1.1 2.7
Temperature °C 9.49 9.51 9.18 10.50 9.54 9.48 9.77
pH - 7.25 7.17 5.88 8.07 7.16 7.09 7.23
EC µS/cm 654 655 520 1063 674 634 698
Redox potential mV 398 382 161 465 419 381 444
Turbidity FNU 3.56 15.47 1.18 2132 0.16 0.09 0.29

Table 2   Selected parameters for long-term monthly monitoring, rainfall event samples, and cave grab samples

Parameter Unit Statistic Long-term monitoring (30-month) Rainfall event Cave samples

Total Winter Spring Summer Fall Total SCa SCb C lake C spring

NO3
- mg/L mean 26.4 28.1 26.3 25.3 25.7 25.4 23.1 30.0 26.2 25.7

min 22.0 25.1 22.7 22.0 24.4 21.1 16.3 27.5 21.8 21.5
max 31.2 31.2 30.1 28.4 26.4 30.0 28.7 32.6 30.2 31.2
median 26.3 27.9 26.1 25.3 25.8 25.5 23.2 29.9 25.8 26.0

Cl- mg/L mean 28.6 31.9 27.4 26.3 29.5 22.9 18.8 29.4 24.7 23.9
min 19.6 24.1 23.0 19.6 22.2 20.1 17.3 24.6 23.1 21.2
max 53.5 53.5 39.6 29.6 26.0 31.9 23.4 33.3 26.6 27.4
median 26.7 27.7 25.8 27.9 29.0 22.4 17.9 30.2 24.5 23.4

K+ mg/L mean 1.46 1.27 1.50 1.53 1.65 1.34 0.79 1.58 1.42 1.38
min 0.93 0.97 0.97 0.93 1.06 0.92 0.60 1.15 1.01 1.01
max 2.68 1.85 2.68 1.97 2.21 2.40 0.95 2.01 2.24 2.45
median 1.42 1.15 1.46 1.65 1.63 1.31 0.78 1.58 1.28 1.28

Gd ng/L mean 12.0 7.6 13.8 13.9 14.2 10.7 2.4 16.1 9.4 10.9
min 3.7 3.7 3.9 5.0 9.9 5.1 0.7 9.7 3.4 5.6
max 31.9 12.9 31.9 23.6 21.4 28.2 3.4 20.9 24.1 27.7
median 10.5 7.6 10.5 14.9 12.3 8.8 2.7 16.8 7.2 9.5

E. coli MPN/100 mL mean 693 131 1538 1064 277 2340 59 142 104 120
min 4 4 21 4 38 38 2 4 2 4
max 5199 744 3973 5199 1298 17,168 180 395 325 437
median 101 11 1255 258 88 281 41 84 60 80

Total coliforms MPN/100 mL mean 1372 243 2959 2064 707 5463 183 2983 337 1323
min 11 11 163 17 156 226 4 22 8 17
max 7945 1164 6499 7945 2407 30,082 626 8664 1102 9135
median 431 34 2818 1633 309 1642 89 689 231 312

Total number of samples 30 8 8 8 6 149 6 5 6 9
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Nitrate

NO3
− showed the highest concentrations in winter with 

gradually decreasing concentrations during the rest of the 
hydrological year (Fig. 3).

These annual changes can likely be related to ferti-
lizing of crops, where excess NO3

− is flushed into the 
underlining karst aquifer (Strebel et al. 1989; Yue et al. 
2019; Wang et al. 2020) and often stored in the epikarst 
(Husic et al. 2019). Concentrations in this study were 
lowest in summer, when denitrification and increased 
NO3

− uptake by plants often leads to a decrease in 
groundwater NO3

− (Huebsch et  al. 2014; Yue et  al. 
2018). In general, mean annual NO3

− concentrations 
of 26.4  mg/L strongly support an agricultural influ-
ence, compared to springs without agricultural influ-
ence that exhibited concentrations of around 3.7 mg/L 

in other studies (Weber and Kubiniok 2022). Long-term 
NO3

− monitoring showed a significant strong positive 
correlation with Ca2+. A significant strong negative correla-
tion of NO3

− with other parameters was not found (Fig. 4).

Gadolinium

The highest concentrations of Gd (13.1–14.2 ng/L) were 
observed in springtime, summer, and fall, whereas mean val-
ues for winter were lowest with a value of 7.6 ng/L (Table 2 
and Fig. 3). A significant negative correlation was found 
with discharge. In contrast, Gd showed a significant positive 
correlation with K+, Li, Cr, Rb, Ba, Dy, Ho, Er, Tm, Yb, and 
Lu in the long-term monitoring data (Fig. 4). All samples 
showed a positive Gd anomaly with a mean of Gd/Gd* = 4.6 
and a range of Gd/Gd* = 1.9 to Gd/Gd* = 11.2.

Fig. 3   Box and whisker plot diagrams for long-term monitoring sam-
ples at the spring in monthly intervals, distributed after the respective 
annual seasons for Cl−, NO3

−, E. coli bacteria, and Gd. For each sea-

son, box and whisker plots on the left show median, minimum, and 
maximum values as well as quartiles. Dots on the right of each box 
and whisker depict measured values.
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Gd concentrations showed high variability due to 
hydrological and anthropogenic factors. Dilution was 
identified as a dominant factor influencing the behav-
ior of Gd in the long-term monitoring data. This pattern 
indicates a continuous input of Gd, which is diluted with 
increasing discharge, often after rainfall events. A posi-
tive Gd anomaly describes above average concentrations 
of Gd in comparison to other REEs when standardized 
to PAAS. These excess Gd loads are often related to an 
anthropogenic influence (Bau and Dulski 1996). WWTPs 
are a typical recipient of anthropogenic Gd, as hospi-
tal patients receiving MRI scans excrete Gd following 
their return home, which can be responsible for weekly 
Gd variations (Nödler et al. 2011; Brünjes et al. 2016; 
Boester and Rüde 2020). A possible origin from a WWTP 

is further supported by the positive correlation with Li 
and Rb, which are also associated with WWTP effluents 
(Choubert et al. 2011).

Potassium

A gradual increase of potassium (K+) in the course of the 
year was observed from winter to fall (data not shown), 
showing a similar behavior to Gd. In addition, K+ also 
showed a significant negative correlation with discharge 
(Fig. 4). In the long-term monitoring data, K+ showed a 
significant positive correlation with Cl−, SO4

2−, Mg, Li, Cr, 
As, Rb, Ba, Gd, Yb, and Lu.

A negative correlation of K+ with discharge can be 
explained by a dilution effect with a relatively constant K+ 

Fig. 4   Results for a Spearman rank correlation test for long-term monitoring data (upper triangle in blue) and event samples (lower triangle in 
orange). Red dots indicate a positive correlation; blue dots indicate a negative correlation; only significant correlations are shown.
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input. This also means that decreasing discharge over the 
course of the year leads to increasing K+ concentrations. 
Apart from a geogenic origin of K+ (Hem et al. 1985), there 
are likely other anthropogenic sources contributing to K+ 
concentrations at the spring. Gd and Rb have been associ-
ated with wastewater effluents (Bau and Dulski 1996; Chou-
bert et al. 2011) and K+ is a major constituent in mineral 
fertilizer, which is often applied in agricultural areas and 
leaches from the soil into karst aquifers (Perrin et al. 2003; 
Wu et al. 2025).

Fecal bacteria

Fecal bacteria (total coliforms and E. coli) were detected in 
all monthly samples throughout the year with concentrations 
ranging from 11–7945 MPN/100 mL (total coliforms) and 
1–5199 MPN/100 mL (E. coli). During long-term monitor-
ing, coliforms and E. coli showed a strong positive correla-
tion. E. coli further showed a significant strong positive cor-
relation with Ni, Cu, and Ce. A significant strong negative 
correlation could not be detected in the long-term monitor-
ing data (Fig. 4). Seasonal variations show highest concen-
trations during springtime and summer (Table 2 and Fig. 3).

The omnipresence of E. coli underlines a continuous but 
highly variable input of fecal bacteria into the aquifer during 
all seasons and flow conditions, with a predominance during 
springtime and summer. Possible sources could be both set-
tlements and agriculture, including the herding of animals 
in the catchment area (Katz et al. 2009; Kelly et al. 2009; 
Knierim et al. 2015). Monthly measurements only provide 
a coarse temporal overview but nevertheless display a high 
variability of fecal bacteria at this karst spring.

It is important to note that the correlation analysis of the 
long-term monitoring data is only partially conclusive, as 
samples were only taken at one day each month, at different 
weekdays and at different hydrological situations, this might 
result in weaker correlations for individual parameters.

Event‑based monitoring

During the rainfall event (28 August 2021 to 15 September 
2021) with a total precipitation of 55.3 mm occurring over 
4 days, the discharge increased from 1.5 m3/s (±0.1 m3/s) 
before the event to a maximum of 2.7 m3/s and then returned 
to pre-event conditions within 8 days (Fig. 5). Concentra-
tions for selected parameters are given in Table 1 and 2.

A strong positive correlation between discharge and 
temperature, coliforms, E. coli, Na, K+, As, Rb, Cs, Gd, 
Dy, Ho, Er, Tm, Yb, Lu, and all particle sizes could be 
detected (Fig. 4). A strong negative correlation of discharge 
was found with pH and NO3

− (Fig. 4). Further significant, 
but weaker (<0.6) correlations can be seen in Fig. 4. Most 

parameters show similar behavior (Figs. 5 and 6), whereas 
selected parameters are discussed in more detail below.

A positive correlation with discharge indicates an over-
all mobilization of compounds during the rainfall event and 
subsequent transport through the aquifer (Vesper et al. 2001). 
A change of temperature and pH is an indicator for changing 
hydrological conditions and the arrival of freshly infiltrated 
precipitation, indicating shorter groundwater residence times 
with less time for equilibration with the surrounding lime-
stone. However, pH in karst aquifers is influenced by a range 
of processes, mainly carbonate dissolution, but also tempera-
ture, CO2 partial pressure and microbial activity, and therefore 
needs to be interpreted with care (Pu et al. 2014; Luo et al. 
2023). A significant negative correlation between discharge 
and NO3

− was detected as well, pointing toward dilution dur-
ing the rainfall event (as described in more detail below).

Approximately 2−3 days after the start of the rainfall 
event, discharge started to rise (T1) with a simultaneous 
increase of particle counts (1 µm and 10 µm are shown in 
Fig. 5). This well-defined peak contained three minor peaks. 
Both turbidity and particle counts decreased again thereafter, 
whereas all other measured parameters did not show any 
change at this stage. This is considered an autochthonous 
response of the system, where water and sediment particles, 
previously stored in the cave system and epikarst, are pushed 
out of the system. A pressure pulse leads to an increase in 
flow velocity and turbulence, resulting in increased particle 
counts at the spring during the rising limb of spring dis-
charge hydrograph. Particles detected during the first peak 
(T1) are interpreted to have been previously present within 
the cave system and are remobilized during this phase (Aqui-
lina et al. 2006; Pronk et al. 2007, 2009).

The increase of water temperature as well as a decrease in 
NO3

−, Ca2+ and HCO3
− (T2) mark the arrival of freshly infil-

trated rainwater and therefore the beginning of the alloch-
thonous phase. Simultaneously, E. coli, K+, Cl−, Gd and 
all particle counts increase. The particles measured at this 
stage are considered to originate from the land surface and 
were flushed into the aquifer through fractures and conduits 
(Williams 1983; Perrin et al 2003; Pronk et al. 2007; 2009). 
Discharge gradually starts to decrease during this phase. EC 
remains constant, which is interpreted to reflect the combi-
nation of mobilized and diluted parameters, which results 
in an overall absent EC response to the rainfall event. While 
some ions decrease (e.g., NO3

−, Ca2+, or HCO3
−), others 

increase (e.g., Gd, K+, or Cl−), and so the total ion con-
centration in the water initially remains largely unchanged, 
although individual ions begin to show changes (T2, Fig. 5). 
The change in hydrological conditions is also reflected by 
changes in water temperature and pH (data not shown).

EC only started to decrease right after all mobilized 
parameters (with the exception of 10 µm particles) reached 
their maximum concentration (T3). The lowest values of 
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EC coincide with the minimum values of diluted parameters 
(e.g., Ca2+, NO3

−), marking the highest dilution by freshly 
infiltrated precipitation (e.g., White 2015). A gradual return 
to baseline conditions for all previously mobilized param-
eters then occurs (T4). Small peaks in water temperature 
are caused by sunny days, which warm the upper part of the 
water column of the spring. Discharge shows a slow reces-
sion (T4), indicating a significant proportion of slow infiltra-
tion in the unsaturated zone (Pinault et al. 2001).

The strength of increase or decrease of individual param-
eters is further given in Fig. 6.

When considering the rainfall as an input function of 
surface-derived parameters, their change in concentration 
can serve as an estimation for the residence time of perco-
lated precipitation water in the aquifer (Pinault et al. 2001; 
Mahler and Garner 2009; Doummar et al. 2014). The time 
lag calculated by cross-correlation between rainfall and 
diluted parameters (e.g., HCO3

−, NO3
−) was 100 h and for 

mobilized parameters (e.g., Gd and Cl−) 74–78 h. The time 
lag for discharge was calculated to be 60 h for the investi-
gated rainfall event.

The rate at which the discharge of a karst spring reacts 
to a rainfall event is primarily related to the intensity of the 
rainfall event, with more intensive rainfall events often trig-
gering faster responses. The overall precipitation volume 
conversely distinguishes the strength of the reaction (Tobin 
et al. 2021). The observed lag time of 60 h for discharge 
is faster than the calculated average lag time of 3 days for 
the response of discharge to daily precipitation at Blautopf 
Spring (Fan et al. 2023). This comparatively fast and strong 
reaction of the discharge underlines that the observed rain-
fall event was both intense and involved a relatively high 
amount of precipitation. However, discharge in karst aquifers 
comprises primarily groundwater baseflow and water from 
the epikarst but only up to 30% of freshly infiltrated pre-
cipitation (Perrin et al. 2003; Pronk et al. 2009; Tobin et al. 
2021), in some cases up to 55% (Mahler and Garner 2009).

The epikarst acts as an intermediate reservoir and can 
provide significant storage for freshly infiltrated rainwater 
if sufficiently deep, which replaces water previously stored 
in the fine-fissured epikarst, leading the excess water to flow 
through larger conduits. At the same time, precipitation also 
enters the karst aquifer directly through swallow holes at 
the land surface. Infiltration of precipitation therefore takes 
place both through the finer-fissured epikarst and conduits 
alike, whereas the residence times in conduits are signifi-
cantly lower (Williams 1983; Perrin et al. 2003; Bakalowicz 
2004). Precipitation hence leads to a dilution of parameters 
with a respective residence time of approximately 100 h. On 
the other hand, precipitation can also lead to a mobilization 
of water quality parameters from the land surface, exhibit-
ing a residence time of approx. 74–78 h. Both dilution and 
mobilization show relatively short residence times, which 

are typical for highly developed karst systems (Fan et al. 
2023). The resulting hydro- and chemographs are usually 
a combination of pre-event water (stored, e.g., in the epi-
karst) and event water and thus cannot always clearly be 
separated (Pinault et al. 2001; Doummar et al. 2014). As the 
memory of the aquifer is about 40 days (Fan et al. 2023), the 
residence times in this rainfall event still mainly comprises 
fast flow components (Mahler and Garner 2009) but prob-
ably still approximates best the mean overall residence time 
of precipitation water for this event, from percolation until 
discharge at the spring.

Calculated residence times for diluted and mobilized 
parameters are similar to mean transit times for conserva-
tive tracers of 81–179 h (at spring discharges of 3760 and 
1044 L/s, respectively), that were injected at a local WWTP 
close to the center of the catchment into a highly karsti-
fied doline and 155–420 h (at spring discharges of 3140 and 
975 L/s, respectively) for a tracer injection at the margin 
of the catchment, which included a substantial travel time 
through the unsaturated zone (Villinger and Ufrecht 1989; 
Lauber et al. 2014).

Spring discharge shows a quicker response if the epikarst 
is saturated with water in comparison to a rainfall event after 
dry conditions (Aquilina et al. 2006; Tobin et al. 2021). This 
could likely be observed for the investigated rainfall event, 
which succeeded another major rainfall event taking place 
in July 2021, with spring discharge reaching up to 23.1 m3/s 
(on 09 July 2021). This previous significant flushing of the 
aquifer might have also influenced contaminant and sedi-
ment transport, by adding (input from the land-surface by 
slow and fast infiltration) and removing (by flushing of pre-
event epikarst water) these components from the aquifer 
(Vesper et al. 2001; Mahler and Massei 2007; Toran and 
Reisch 2013). Although the overall reaction of karst springs 
can be similar for rainfall events, the reaction of individual 
solute and particulate compounds, including viruses and 
bacteria, often differs (Vesper et al. 2001; Pronk et al. 2009; 
Flynn and Sinreich 2010; Tobin et al. 2021). Selected param-
eters are thus discussed in more detail below:

Chloride

Cl− showed an increase in concentration after the rainfall 
event (Fig. 5). A significant strong positive correlation was 
found with Cr and weaker positive correlations were found 
with Na+, K+, Cr, Cu, Rb, Gd, and all particle sizes.

Cl− is highly soluble in water and thus easily transported 
into karst during rainfall events (Pinault et al. 2001). This 
natural tracer is, besides its geogenic origin (Jakeman 
et al. 2016), a major constituent in agricultural activities 
and wastewater, e.g., from household chemicals and urine 
(Pinault et al. 2001, Overbo et al. 2021). Peaks of Cl−, and 
thus a mobilization, in karst aquifers have in particular been 
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linked to sewer overflows (Heinz 2009). A similar behavior 
of Na+, K+ and Cl− hints toward an anthropogenic influence 
(Ender et al. 2017) for this rainfall event and especially Rb 
is often only partially removed by WWTPs (Choubert et al. 
2011). Further sources of Cl− could include the application 
of manure or KCl mineral fertilizers (Visser et al. 2021); 
however, in this case a dilution would have been expected 
during the rainfall event (as described in more detail for 
NO3

−). Overall, there are likely several different sources for 
Cl− in the catchment area that result in a combined signal of 
Cl− concentrations.

Nitrate

NO3
− concentrations decreased after the rainfall event and 

showed a significant strong positive correlation with pH, Ca, 
Pb, and U and a significant strong negative correlation with 
temperature, coliforms, E. coli, As, Rb, Gd, and Er (Fig. 4).

NO3
− mainly originated from agricultural activities at the 

land surface and is highly soluble in rainwater. Therefore, 
it is easily transported into karst aquifers, where it can be 
stored in the unsaturated zone, including soil and epikarst 
but also transported through larger conduits, e.g., in the con-
text of rainfall events (Pinault et al. 2001; Husic et al. 2019). 
Typical sources of NO3

− include N-containing fertilizers, 
the application of manure, (industrial) wastewater and soil 
nitrogen (Smith et al. 2020; Wang et al. 2023; Zhang et al. 
2023b). There is no major NO3

− emitting industry in the 
catchment area.

A simultaneous decrease of NO3
−, Ca2+, HCO3

−, and 
later EC (Fig. 5) supported the dilution of NO3

− with freshly 
infiltrated rainwater (Ryan and Meiman 1996; Pronk et al. 
2009). NO3

− in the catchment is applied primarily dur-
ing springtime and summer, over a large area within the 
catchment, resulting in a diffuse agricultural input (Fig. 1 
and Fig.  3). Conversely, lower NO3

− concentrations in 
the soil are expected in late summer when the monitored 
rainfall event took place. In addition, preceding this event 
another very heavy rainfall event took place, which most 
likely already transported NO3

− from the land surface into 
the aquifer and may as well have flushed potentially stored 
NO3

− from the epikarst (as described above). Hence a 
decrease in NO3

− concentrations after the monitored rain-
fall event can be explained as dilution by freshly infiltrated 
precipitation (Husic et al. 2019). Mahler et al. (2008) made 

a similar observation and attributed the origin of NO3
− to 

continuous leaching of fertilizers and soil nitrogen. Nev-
ertheless, the correlation between NO3

− and discharge is 
complex and depends strongly on the season (e.g., recent 
NO3

− application during springtime) as well as previous 
NO3

− accumulation in the soil and unsaturated zone. Mobi-
lization of NO3

− during a rainfall event would be possible 
as well (Mahler et al 2009; Huebsch et al. 2014; Smith et al. 
2020; Wang et al. 2022). NO3

− peaks after heavy rainfall 
events and overall elevated NO3

− concentrations have also 
been linked to leakage of septic tanks and sewers as well 
as application of treated wastewater on agricultural fields, 
which contains low NO3

−/Cl− ratios but high ammonium 
levels (Katz et al. 2009; Caetano Bicalho et al. 2012; Grim-
meisen et al. 2017). Especially when event water is trans-
ported fast through well-established conduits (e.g., Perrin 
et al. 2003) possible ammonium from WWTP effluents will 
only remain in the aquifer for a short period of time and thus 
not be subject to nitrification (Böhlke 2002; Zhang et al. 
2023b). A dilution of NO3

− after the monitored rainfall event 
therefore does not contradict a sewer overflow. In this study, 
nitrogen was measured only in the form of NO3

−, but not in 
other redox states as in, e.g., ammonium. However, in future 
studies this could help to better distinguish the origin of 
nitrogen together with measurements of isotopic signatures 
(Böhlke 2002; Grimmeisen et al. 2017).

Wastewater may therefore contribute to the overall nitro-
gen load but does not impact NO3

− concentrations during 
the rainfall event, supported by the strong negative correla-
tion with WWTP effluent associated elements like Gd or 
Rb (Choubert et al. 2011; Boester and Rüde 2020). The 
most probable origin for NO3

− in the Blautopf catchment is 
therefore a continuous but moderate input from agriculture 
following storage in the epikarst, where NO3

− is diluted by 
freshly infiltrated rainwater (Mahler et al. 2008; Husic et al. 
2019). Although nitrogen is often applied in the form of 
ammonium on agricultural fields, NO3

− is often the major 
form of nitrogen in agricultural runoff (Böhlke 2002).

Potassium

After the rainfall event, K+ exhibited a peak at the time EC 
started to decrease (T3) (Fig. 5). A significant positive cor-
relation was found between K+ and discharge, Mg, Na, Cr, 
Cu, As, Rb, Cs, Ba, Gd, Dy, Ho, Er, Tm, Yb, and all particle 
sizes. A significant negative correlation was found with pH 
and NO3

− (Fig. 4).
Similar to Cl−, the mobilization of K+ was observed after 

the rainfall event, which hints toward a transport mechanism 
of K+ from the land surface into the aquifer. This is consist-
ent with earlier studies that had identified K+ as an effective 
tracer for storm runoff (Mahler et al. 2008). Besides a natu-
ral origin (Hem 1985), K+ is considered as an indicator of 

Fig. 5   a) Measured values at the spring for precipitation, discharge, 
temperature, EC, HCO3

−, Ca2+, NO3
−, Cl−, K+, Gd, 1  µm and 10 

µm particle counts, and E. coli from event sampling from 27 August 
until 13 September 2021. Values for E. coli bacteria exceeding the 
test capacity are marked in red. Phases T1–T4 are highlighted. b) 
Selected parameters, normalized to the individual maximal measured 
value, are shown in the heat map. Bars on the right show the range of 
log concentrations for each parameter in the given unit

◂
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wastewater in rivers and karst springs, as K+ is a major con-
stituent of urine and often associated with other wastewater 
indicators such as carbamazepine or acesulfame (Nödler 
et al. 2011; Yin et al. 2019; Hamdan et al. 2020; Buss and 
Achten 2022). This hypothesis of WWTP being a source for 
K+ is supported by the mobilization and positive correlation 
with fecal bacteria, Gd, and Rb during the rainfall event.

Another possible source for K+ are K-containing fertiliz-
ers (Skowron et al. 2018; Murrell et al. 2021), which may 
play a minor role during the monitored rainfall event as K+ 
showed an opposed behavior to the NO3

− of agricultural ori-
gin (strong negative correlation). Nevertheless, the behavior 
of K+ could differ during another rainfall event and K+ is 
likely, though to a lesser extent, also originating from fer-
tilizers and manure which are applied to agricultural land 
within the catchment area (Mahler et al 2008).

Gadolinium

Gd showed a fivefold increase in concentrations after the 
rainfall event, with mean concentrations of 10.7 ng/L and 
a range of 5.1–28.2 ng/L (Table 2 and Fig. 5). Thus, Gd 
showed a strong variation after the rainfall event, covering a 
similar concentration range as the annual samples but within 
approximately one week. Gd concentrations showed a strong 
positive anomaly of Gd/Gd* = 3.7 (with a range of Gd/Gd* 
= 2.2 to Gd/Gd* = 8.3), when standardized with PAAS, 
whereas the strongest positive anomalies occurred during 
the Gd peak. For event samples Gd, showed a significant 
positive correlation with discharge, coliforms and E. coli, 
Na+, K+, Cr, Cu, As, Rb, Cs, Dy, Ho, Er, Tm, Yb, Lu, and all 

particle sizes. A significant negative correlation was found 
with pH, HCO3

−, NO3
−, Ca, Mn, and U (Fig. 4).

Results show clear mobilization and transport of Gd 
through the aquifer, similar to K+ and Cl−. One likely cause 
could be sewer overflows, that regularly occur during heavy 
rainfall events. This would explain the fast arrival (time lag 
of 78 h) but relatively short peak of Gd following the rain-
fall event and highlights transport through highly karstified 
conduits.

Moreover, the strong positive Gd anomaly during the 
Gd peak hints at an anthropogenic source (Bau and Dulski 
1996), where Gd is also considered to be an indicator of 
wastewater contamination (Knappe et al. 2005). There are 
several rainwater retention basins established in the catch-
ment, which can potentially overflow if the water storage 
capacity is exceeded (municipality Laichingen 2022). In 
such cases a mixture of wastewater and rainwater is directly 
released into the karst system, leading to a significant pol-
lution of the groundwater resources.

Mobilization of Gd during the rainfall event, indicates 
(at least partial) retention of Gd by the WWTPs during 
regular operation (no sewer overflow). The input of Gd 
into the sewer system is assumed to be more or less con-
stant at all times. Thus, if the WWTPs would directly 
release all received Gd into the karst system without treat-
ment, Gd would have been diluted but not mobilized. In 
contrast to other studies (Macke et al. 2021; Laczovics 
et al. 2023) WWTPs in the catchment operate activated 
carbon filters, which may have led to a noticeable removal 
of Gd containing MRI contrasting agents, which is sug-
gested by laboratory experiments (Rashad et al. 2017; 

Fig. 6   Additional overview 
over parameters measured at 
the spring that were mobilized 
and diluted after the rainfall 
event, including the respective 
increase or decrease in com-
parison to the baseline, either as 
% or as factor (for all increases 
larger than 100%)
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Elizalde-González et al. 2017). Furthermore, Gd could 
also be removed during other treatment steps in the 
WWTP or concentrations before the rainfall event could 
have been generally lower due to weekly variations.

Fecal bacteria – E. coli

E. coli numbers show a strong increase after the 
rainfall event, with maximum concentrations of 
17,168 MPN/100 mL (95% confidence interval from 11,233 
to 24,360 MPN/100mL). These very high numbers of E. coli 
show strong positive correlations with discharge, tempera-
ture, Na+, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Th, and 
all particle sizes, and a weaker positive correlation with K+ 
and Rb.

During the rainfall event, E. coli demonstrated an 
extremely high mobilization with an approximately 120-fold 
increase compared to baseline concentrations (Table 2 and 
Fig. 5). As fecal bacteria originate from the land surface, 
they are flushed into the aquifer by infiltrating precipitation 
or surface water (Mahler et al. 2000; Knierim et al. 2015). 
Measured values are very high in comparison to other karst 
springs with up to 3973 MPN/100 mL (e.g., Pronk et al. 
2007; Frank et al. 2022; Schachner-Gröhs et al. 2023) which 
is similar to wastewater-impacted karst springs with little to 
no wastewater treatment measures which contained E. coli 
numbers up to approximately 10,000–24,000 MPN/100 mL 
(Ender et al. 2017; Richter et al. 2021).

A similar observation has been made for a smaller karst 
spring 50 km south-west from Blautopf, where E. coli num-
bers increased up to 103–104 colony forming units (CFU) in 
100 mL, which was an increase up to four orders of magni-
tude compared to baseline conditions, as a result of sewer 
overflow (Heinz et al. 2009). Furthermore, the hypothesis of 
a sewer overflow is additionally supported by the positive 
correlation with Gd, K+, and Rb which are wastewater indi-
cators (Choubert et al. 2011; Knappe et al. 2005) and septic 
tanks as well as treated wastewater are typical sources for 
fecal bacteria (Katz et al. 2009; Knierim et al. 2015)

E. coli numbers return to baseline conditions after approx-
imately five days, implicating a very strong but short-lived 
contamination event for this karst spring, where transport 
occurs through well-established conduits. Nevertheless, such 
high and fast occurring contamination events often contain 

high rates of pathogens (e.g., viruses and bacteria) and can 
pose a significant problem to the overall water quality and 
management of a karst spring (Flynn and Sinreich 2010; 
Butscher et al. 2011). In particular untreated wastewater, as 
a potential source, typically contains a wide range of other 
contaminants (Mahler et al. 2000; Kovačič and Ravbar 2005; 
Brown et al. 2011). The high temporal variability further 
underlines the importance of intensive monitoring of water 
quality in karst aquifers (Mahler et al. 2000).

Manure can also provide a possible source for fecal 
coliforms (Kelly et al. 2009) which cannot be completely 
excluded, although a positive correlation with Na+, Cl−, and 
K+ would also be expected in this case. In the context of 
heavy rainfall events, E. coli are often transported through 
karst aquifers, whereas a distinction of origin is often diffi-
cult in catchments with mixed land use. Furthermore, E. coli 
bacteria can be stored in the epikarst during dryer conditions 
and be flushed out by a following rainfall event (Knierim 
et al. 2015; Buckerfield et al. 2019).

Particle counts

Particle counts were measured throughout the rainfall event 
and show approximately a 3.5-fold increase in the course 
of the rainfall event (e.g., for 1 µm particles) (Table 3 and 
Fig. 5). A significant strong positive correlation was found 
between all particle sizes (1–25 µm) and discharge, K+, Cr, 
As, Rb, Cs, and Gd. Smaller particle sizes (<10 µm) in par-
ticular, showed a strong positive correlation with Dy, Ho, 
Er, Tm, and Yb. Fecal bacteria showed a positive but weaker 
correlation with all particle sizes, especially for smaller 
diameters (Fig. 4).

Particle counts are in general rather sensitive with 
respect to changing hydrological conditions, e.g., increas-
ing flow velocities and turbulence inside the conduits, 
that mobilize particles both from within the cave system 
(autochthonous) and from the surface (allochthonous) 
(Pronk et al. 2009). In the present study, the presence of 
fecal bacteria coincided with high particle counts, but not 
necessarily vice versa, e.g., particles counts were high for 
autochthonous turbidity as well (Fig. 5), but were not asso-
ciated with E. coli. The correlation between particle counts 
and fecal bacteria is somewhat blurred, as the hydrologi-
cal reaction of the spring is complex. It is noteworthy 

Table 3   Mean, minimum, 
maximum, and median particle 
counts per mL during event 
sampling in 2021

Statistic Unit Particle size diameter

1 µm 2 µm 3 µm 4 µm 5 µm 6 µm 7 µm 8 µm 9 µm 10 µm

Mean particles/mL 2382 963 401 198 139 73 43 29 23 23
Min particles/mL 1316 530 216 102 66 34 18 10 8 6
Max particles/mL 4530 2003 911 477 394 235 165 136 121 167
Median particles/mL 2124 814 330 156 107 55 33 22 18 17
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that during T3 (allochthonous) 1 µm particles increased 
alongside fecal bacteria, whereas 10 µm particles gradually 
decreased. Furthermore, the increase in bacterial numbers 
(approximately 100-fold) was far stronger than the increase 
in particles numbers (3.5-fold increase). Turbidity showed 
a similar pattern to particle counts during the rainfall event 
but measured values were very low (maximum concentra-
tions during rainfall event reached 0.29 NTU) in contrast 
to the high fecal contamination, suggesting individual par-
ticle counts by diameter to be a better approximation than 
turbidity. Turbidity and particle counts, particularly in the 
small-diameter range, may be able to serve as indicator 
parameters for bacterial contamination (Pronk et al. 2007; 
Ender et al. 2017), which could be supported for the inves-
tigated rainfall event, where small particles (<10 µm) seem 
to serve as a proxy for the occurrence of fecal contamina-
tion, but do not provide information on the intensity of 
contamination. However, the correlation between turbidity 
or particle counts as an indicator for fecal contamination 
is less pronounced for smaller precipitation events (Buck-
erfield et al. 2019). Moreover, the particles themselves 
can serve as transport vectors for pathogens and organic 
contaminants and are therefore relevant for water quality 
assessment (Vesper et al. 2001).

Hydrochemical responses after the rainfall event could 
be linked primarily to anthropogenic sources. Especially the 
input of nutrients and contaminants through point infiltration 
during heavy rainfall is of particular relevance for strong 
changes of the water quality of karst aquifers.

Occurrence of heavy rainfall events are projected to 
increase in future climate scenarios (Tabari 2020). As 
described above, intensive precipitation events often result 
in a strong reaction of the hydrograph and therefore exhibit 
a rapid and strong contamination transport with pronounced 

surface-derived input (Tobin et al. 2021; Ravbar et al. 2023). 
Especially strong temporal changes and short transit times, 
enhancing the viability of viruses and bacteria, are of par-
ticular relevance to comprehensively asses the vulnerabil-
ity of karst springs (Flynn and Sinreich 2010; Leins et al. 
2025). The individual hydrographic response and vulner-
ability of karst springs to changing precipitation patterns is 
nevertheless complex and depends on the season, as well as 
site-specific and preceding conditions (Ravbar et al. 2023; 
Leins et al. 2025). A thick epikarst, which plays an impor-
tant role in storage of water and contaminants (Vesper et al. 
2001; Aquilina et al. 2006; Mahler and Massei 2007), can 
buffer increasing changes in precipitation, but to a lesser 
extent than other aquifers (Liesch and Wunsch 2019; Filip-
pini et al. 2024).

Spatial resolution and paired‑catchment approach

To apply the paired-catchment approach to a subsurface 
karst and cave system, the catchment area was divided 
into two sub-catchments, each containing an independent 
branch of the cave system. Water samples were taken at 
different time intervals, depending on the accessibility of 
caves, in SCa (sampling point A), SCb (sampling point B) 
and in a cave lake that already contains water from both 
sub-catchments (sampling point C) (Fig. 1). As sampling 
point C (cave lake) and the spring are connected by a single 
conduit without in- or outflow, samples from the spring are 
included for better visibility under section C as well (gray 
dots, Fig. 7). Concentrations of selected parameters are 
given in Table 2 and Fig. 7.

Mean values for the cave lake (point C) and the spring 
were comparable (Table 2 and Fig. 7) and can be described 
as a mixture of both sub-catchments.

Fig. 7   Selected parameters for cave samples at different sampling 
dates in SCa (sampling point A) and SCb (sampling point B). Sam-
pling point C contains water from SCa and SCb, whereas gray trian-
gles indicate samples from the cave lake and gray dots indicate sam-

ples from the spring. The cave lake and the spring are connected by a 
single conduit without branches. Please note the logarithmic scale for 
E. coli bacteria
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SCa and SCb contribute a similar amount to the discharge 
of the Blautopf Spring (Lauber et al. 2014). Discharge meas-
urements performed on two consecutive days yielded a dis-
charge of 323 L/s for SCa and 271 L/s for SCb (September 
2023) during a discharge of 564–604 L/s at the spring, con-
firming the balanced contribution of discharge.

EC in samples from SCa was in all cases lower (mean 
600 µS/cm) than in SCb (mean 686 µS/cm) (Fig. 7), indi-
cating a higher general input of ions from SCb to Blautopf 
Spring. As samples were taken during different days, EC 
could furthermore be influenced by short-term hydrologic 
and seasonal variations and contributions from dissolved 
geogenic compounds such as Ca2+ or Mg2+ (Goldscheider 
and Drew 2007); however, the variation in geogenic contri-
butions is likely low as both sub-catchments share the same 
geology, morphology, and climate.

Cl− concentrations in SCb were higher than in SCa, tak-
ing into account the behavior during the rainfall event, the 
WWTPs located in SCb are a likely point-source for Cl−. 
Owing to similar geologic conditions between sampling 
sites, geogenic Cl− is likely to play a minor role in the sig-
nificant concentration differences. However, as there were 
no cave samples taken during snow melt, the impact of road 
salt could lead to more equal concentrations of Cl− in both 
sub-catchments during winter time. Interestingly, despite the 
expected input of Cl− from agriculture (Kelly et al. 2009), 
which is present in both sub-catchments, the concentrations 
of Cl− in SCb were higher. These concentration differences 
underline WWTP effluents as an additional source.

NO3
− concentrations in SCb showed on average higher 

concentrations than SCa (Table 2 and Fig. 7). The ratio 
of agriculture in SCa is approximately 50% in contrast to 
68% in SCb, indicating a likely higher NO3

− application in 
SCb. The distinguishable difference in NO3

− concentration 
in both sub-catchments approximately reflects the differ-
ing ratio of agriculture. Agriculture is a major input factor 
for NO3

− into karst aquifers (Smith et al. 2020). Therefore, 
the paired-catchment approach can in this case be applied 
very well for NO3

−, even though agriculture is found in both 
sub-catchments. Nevertheless, this is only valid assuming a 
similar application on all agricultural areas.

Similar to Cl−, K+ concentrations were also always 
higher in SCb (Table 2 and Fig. 7). A likely and continuous 
source of K+ can be WWTP effluents, which do not change 
annually (Nödler et al. 2011). Nevertheless, SCb also has 
a higher proportion of agriculture (68% in contrast to 50% 
in SCa) and thus an influence from K+ containing fertiliz-
ers and manure (Skowron et al. 2018; Murrell et al. 2021) 
may play a secondary, less pronounced role (as described 
for Cl−). However, these ratios might change for samples 
taken shortly after the fertilization of agricultural fields 
(Wang et al. 2022).

Gd concentrations showed a strong difference between 
SCa (mean 2.4 ng/L) and sevenfold higher concentrations in 
SCb (mean 16.1 ng/L) (Table 2 and Fig. 7). Samples from 
SCb moreover showed a strong positive Gd anomaly (mean 
Gd/Gd*=5.1).

Water samples from SCa only show a negligible anthropo-
genic influence based on Gd anomalies, with Gd concentra-
tions being similar to uncontaminated groundwater samples 
where typical concentration values of 1–3 ng/L are reported 
globally (Ebrahimi and Barbieri 2019). In contrast, high Gd 
concentrations, including a strong positive anomaly in SCb, 
clearly show a strong anthropogenic influence. Gd has been 
identified as a “powerful indicator” (Boester and Rüde 2020) 
for groundwater/surface water interaction as Gd is considered 
to be a tracer for WWTP effluents, as Gd is poorly removed 
by many WWTPs (Möller et al. 2000; Brünjes et al. 2016; 
De Paula Marteleto and Enzweiler 2021). Results from this 
study support the use of Gd as an indicator for the presence of 
WWTP effluents in karst systems; however, it also mentions 
a potential retaining of Gd by WWTPs with activate carbon 
filters during normal operation.

Fecal bacteria were found in all samples (annual samples, 
event samples, cave samples) but in varying concentrations 
and with only a slight difference between SCa and SCb. The 
ubiquitously occurring fecal bacteria in both sub-catchments 
are likely related both to WWTP effluents and to the applica-
tion of manure (Kelly et al. 2009), as livestock are present 
in the catchment area throughout the year. The relevance of 
both sources may change depending on hydrological condi-
tions, whether a sewer overflow is occurring, and on the 
timing of manure application.

Observations from both sub-catchments were com-
pared with a sample collected from a nearby WWTP 
effluent, which discharges solely into SCb. The WWTP 
effluent showed strongly elevated concentrations in EC 
(844 µS/cm), Cl− (127.4 mg/L), K+ (20.35 mg/L), E. coli 
(4978 MPN/100 mL), and Gd (236 ng/L), including an 
extremely strong positive Gd anomaly of Gd/Gd* = 295.2 
emphasizing the anthropogenic input. Gd concentrations are 
in the range of globally investigated effluents of WWTPs 
(30 to 845 ng/L) (Ebrahimi and Barbieri 2019; Laczovics 
et al. 2023). WWTP effluents are thus considered to be a 
driving factor of elevated concentrations of the listed ions in 
SCb. Furthermore, the WWTP effluent contained compara-
tively low NO3

− concentrations at the sampling date with 
12.55 mg/L, supporting the primarily agricultural input of 
NO3

− in the spring catchment.
For the catchment area of Blautopf Spring, the primary 

source of contamination is anthropogenic and originates from 
the land surface. SCb has a significantly higher contribution 
to contaminant transport due to the higher percentage of agri-
culture and two WWTPs in the catchment, compared to SCa.
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By transferring the paired-catchment approach to the 
subsurface of one catchment, it was possible to assess the 
impact of local land use impacts in higher spatial resolu-
tion. Cave streams in each sub-catchment represent chemi-
cal parameters for only one part of the catchment and a 
clear differentiation could be made despite coarse sampling 
intervals at different dates. In contrast to previous paired-
catchment studies (Zhao et al. 2010; Salavati et al. 2016; 
Smith et al. 2020; Bai et al. 2024) which compared two 
individual catchments, the approach presented here is even 
more independent of geology, morphology, and climate 
as only one catchment is investigated. This is especially 
interesting to gain a differentiated insight into localized 
and potentially seasonal land use impacts and parameter 
variations within larger karst aquifers, for which it is 
often difficult to find a matching catchment for a classical 
paired-catchment approach (van Loon et al. 2019). This 
new approach would further help to understand processes 
inside the aquifer that cannot always be fully understood 
by only investigating parameters at the spring outlet (Hart-
mann et al. 2011). The origin of individual components can 
be investigated, both from point- and diffuse infiltration, as 
shown by parameters related to wastewater effluents and 
agriculture. However, there are also some restrictions for 
the application of this approach, e.g., if the catchment is 
too small, does not allow for spatially distributed sampling 
of different cave streams, catchment size, and location in 
unknown or if land use is very similar over the whole 
catchment area and parameters can thus not be differenti-
ated. Tracer tests could additionally be used to identify 
unknown flow connections in cave streams and their rela-
tive contributions to spring discharge (Goldscheider et al. 
2008), which information is required to differentiate local-
ized land use impacts.

This subsurface paired-catchment approach, which was 
exemplary tested at the Blautopf catchment, could also be 
tested in other karst aquifers as a new method to assess spa-
tially resolved land use impacts and support a better under-
standing of localized sources and input factors, as contami-
nants from the surface can have a detrimental impact on 
the water quality of karst springs (e.g., Vesper et al. 2001). 
Moreover, changes in land use and land cover which can 
impact the water quality and quantity of karst aquifers 
(Nguyet and Goldscheider 2006; Sarker and Fryar 2022; 
Zhang et al. 2023a; Leins et al. 2025) could be assessed 
with this approach. Localized monitoring during rainfall 
events might help to reveal detailed transport processes 
within the karst aquifer. The subsurface paired-catchment 
approach could be a beneficial data base for groundwater 
models in karst systems that often suffer from a lack of local-
ized information inside the aquifer system (Hartmann et al. 
2011, 2013).

Conclusions

Short- and long-term changes in water quality were inves-
tigated at a large karst spring in Southern Germany (Blau-
topf) which was monitored during a 30-month period and 
also intensively sampled during a rainfall event. The spring 
catchment was further divided into two sub-catchments 
which have an identical geology, morphology, and climate 
but with different land use and cave systems. These prereq-
uisites allowed transferring the paired-catchment approach 
to the subsurface, for the first time, and to draw conclusions 
on the impacts of land use by spatially resolved investiga-
tion of the water quality. This modified application of the 
paired-catchment approach could open up new possibilities, 
in particular for larger karst aquifers with accessible cave 
systems, to assess the local impacts of land use.

Most parameters do not show a pronounced and system-
atic seasonal variation for the long-term monitoring. Major 
findings were that NO3

− variations reflected the fertilizing 
of crops during springtime, whereas Cl− concentrations were 
highest during winter and springtime, due to the application 
of road salt.

Water quality parameters showed strong changes in 
response to a heavy rainfall event, but quickly returned to 
baseline conditions thereafter within a couple of days. This 
is typical for well-developed karst systems as a result of 
rapid transport in large conduits. The main observations 
include:

•	 E. coli increased drastically (up to 17,000 MPN/100 mL) 
during the rainfall event, with Cl−, K+, and Gd also show-
ing strong mobilization, which could likely be linked to a 
sewer overflow caused by heavy precipitation.

•	 NO3
− showed a clear dilution effect and was mainly 

linked to chemical fertilizers and to a lesser extent to the 
application of manure, as a positive correlation between 
NO3

− and E. coli could not be detected.
•	 The increase in particle counts was simultaneous with E. 

coli numbers, emphasizing the applicability of particle 
counts (especially with small diameters ≈ 1 µm) as an 
indicator for fecal contamination.

•	 Particle counts showed two distinct peaks during the rain-
fall event, allowing a clear distinction between autoch-
thonous and allochthonous sources of turbidity.

Furthermore, a paired-catchment approach was demon-
strated to be successfully applied, for the first time, to a sub-
surface karst and cave system. Both sub-catchments showed 
clearly distinguishable differences in the water quality that 
could be related to the respective land use in the catchment 
as the geological background, morphology, and climatic 
conditions were directly comparable:
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•	 Cl− could be linked to anthropogenic sources like WWTP 
effluents and potentially agriculture.

•	 NO3
− showed higher concentrations for the sub-catch-

ment with higher proportion of agriculture.
•	 K+ and Gd (with strong positive Gd anomalies) were 

found to serve as viable tracers for (treated) wastewater. 
Nevertheless, continuous but moderately elevated Gd 
concentrations at the spring support a partial removal of 
Gd by WWTPs.

For Blautopf Spring the parameters described above 
revealed human activities to be the primary factor impact-
ing water quality in the karst aquifer. In particular, unregu-
lated discharge of untreated wastewater into karst aquifers 
poses a significant risk to groundwater quality. As heavy 
rainfall events are predicted to increase in the context of 
climate change (Tabari 2020), the contamination from 
sewer overflows and overall fast contaminant transport 
may become more frequent in the future. The combination 
of spatial and temporal water sampling proved to be a pow-
erful methodology to identify impacts of land use activi-
ties on the water quality in karst springs. The necessity 
for close-knit monitoring of karst springs is highlighted, 
as individual parameters might behave differently under 
varying hydrological conditions (Ravbar et al. 2023). In 
particular the transfer of a paired-catchment approach to 
the subsurface (cave system) proved to be a useful tool to 
assess spatially differentiated impacts of land use in karst 
aquifers, even at coarse sampling intervals. An applica-
tion of the subsurface paired-catchment approach on other 
karst aquifers could be very interesting to gain insight into 
hydrochemical processes inside the aquifer, which could 
serve as a valuable data source for hydrological models 
that often lack this information (Hartmann et al. 2011).
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