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Abstract. Groundwater is an important source of freshwa-
ter; drinking water; and service water for irrigation, industrial
and geothermal uses. It is also the largest terrestrial freshwa-
ter biome in the world. In many areas, this habitat is naturally
or anthropogenically threatened. This study uses long-term
groundwater data from southwestern Germany to identify
shifts in groundwater fauna due to natural or anthropogenic
impacts. Comprehensive analysis of metazoan groundwater
fauna and abiotic parameters from 16 monitoring wells over
2 decades revealed no overall temporal trends in faunal abun-
dance or biodiversity (in terms of number of species) and
no significant large-scale trends in abiotic parameters. While
9 wells out of 16 show stable ecological and hydrochemi-
cal conditions at a local level, the remaining wells exhibit
shifting or fluctuating faunal parameters. At some locations,
these temporal changes are linked to natural causes, such as
decreasing dissolved oxygen contents or fluctuating temper-
atures. A multivariate PHATE (Potential of Heat-diffusion
for Affinity-based Trajectory Embedding) analysis suggests
that, beside the hydrogeological setting, varying contents of
sediment and detritus impact faunal abundance. By examin-
ing aerial images of the surroundings of individual wells, we
found that anthropogenic impacts, such as construction sites
and surface sealing, can cause significant shifts in groundwa-
ter fauna and changes in the ecological status in positive as
well as negative direction. However, variable faunal compo-
sitions and abundances were also observed for sites with very
stable abiotic conditions in anthropogenically less affected
areas such as the Black Forest. These findings indicate that
hydro(geo)logical changes and surface conditions, such as
land use, should be assessed in line with hydrochemical pa-
rameters to better understand changes in groundwater fauna.

Accordingly, reference sites for natural conditions in ecolog-
ical assessment and biomonitoring schemes for groundwater
protection should be selected carefully.

1 Introduction

Groundwater is an important source of freshwater; drink-
ing water; and service water for irrigation, geothermal and
industrial uses (Job, 2022; Siebert et al., 2010; Stauffer et
al., 2013). Furthermore, groundwater ecosystems build the
largest terrestrial freshwater biome in the world (Griebler et
al., 2014a). This habitat is considered species-rich (>100000
species) and comprises many endemic taxa (Culver and
Holsinger, 1992).

However, human activities and natural changes threaten
this habitat in many areas (Becher et al., 2022), putting pres-
sure on its ecosystem and groundwater communities and
altering general biogeochemical processes (Griebler et al.,
2016). Changes in water quality and water volume are driven
by natural processes (Goater, 2009); however, groundwater
abstraction for irrigation, drinking water and mining activi-
ties changes the groundwater volume and, therefore, ground-
water levels (Danielopol et al., 2003; Hancock et al., 2005).
Changes in groundwater quality can also be caused by pol-
lutants originating from agriculture (Korbel et al., 2022; Di
Lorenzo et al., 2020; Di Lorenzo and Galassi, 2013), urban-
isation (Hallam et al., 2008), surface waters (Danielopol et
al., 2003; Kristensen et al., 2018), heavy industry (Hose et
al., 2014) and thermal pollution (Menberg et al., 2013; Taylor
and Stefan, 2009; Tissen et al., 2019; Zhu et al., 2010). More-
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over, climate change, which increases groundwater temper-
atures (Figura et al., 2011; Menberg et al., 2014; Tissen
et al., 2019), puts pressure on groundwater and its ecosys-
tems. Those environmental pressures can alter groundwater
fauna community structures (Korbel et al., 2022) and, there-
fore, induce changes in groundwater biodiversity and species
dominance (Goater, 2009). Typical implications of this are
changes in the natural variation in population cycles; shifts
in the community composition, as ubiquitous surface-water
species can outcompete and replace groundwater species;
and, finally, species extinction (Danielopol et al., 2003). The
potential decline or even loss of groundwater communities
compromises the functioning of an aquifer and its ecosystem,
resulting in the deterioration of groundwater health (Han-
cock, 2002; Hancock et al., 2005).

To assess groundwater’s health or ecological status,
schemes for monitoring this ecosystem (i.e. biomonitoring)
become increasingly important, as already implemented for
surface water (Haase et al., 2023). Biomonitoring is defined
as the “use of biological systems (organisms and organism
communities) to monitor environmental change over space
and/or time” (DIN EN 16413: VDI, 2018). More specifically,
by repeatedly or permanently monitoring organisms or or-
ganism communities, the quality of a habitat’s environment
is recorded and assessed and the state of an ecosystem and
its dynamics in time and space are evaluated (Mdsslacher
and Notenboom, 1999; Underwood, 1997). For application in
groundwater, two strategies are currently available: “active”
and “passive” biomonitoring (Friberg et al., 2011; Moss-
lacher et al., 2001; Mosslacher and Notenboom, 1999). In
active biomonitoring, standardised organisms with a known
origin from the laboratory are inserted in groundwater, and
their behaviour is then monitored in this habitat (see the bi-
ological early-warning system of the GroundCare project in
Spengler et al., 2017). In contrast, in passive biomonitoring,
bioindicators (wildlife population) are sampled from their
natural habitat and their behaviour is examined in the lab-
oratory (Brielmann et al., 2011) or, as in most studies, the
faunal communities found are analysed to conclude the pre-
vailing conditions (Fuchs et al., 2006; Hahn and Fuchs, 2009;
Korbel and Hose, 2015; Stein et al., 2010; VDI 16413, 2018).

The advantage of biomonitoring compared with monitor-
ing abiotic parameters is that organisms and communities act
as remote sensors integrating environmental conditions and
stress over their lifetime, undergo quantitative and qualitative
alterations, and thus can provide information on medium-
to long-term environmental conditions and changes (Conti,
2008). Hence, for most existing biomonitoring programmes,
the faunal community composition, different species and
taxa, and an abundance of other taxonomic groups are con-
sidered (Conti, 2008; Friberg et al., 2011). Macroinverte-
brates are often used for biomonitoring, as their taxonomy
is well known; moreover, they are sensitive to many stressors
and can be sampled easily and repeatedly over specific time
periods, which results in more accurate indications of diver-
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sity, richness and composition among all groundwater biota
(Conti, 2008; Friberg et al., 2011; Lennon, 2019).

Surface waters have been a key focus of aquatic research
due to their accessibility and visibility. The assessment of
surface waters is typically based on biological, hydromor-
phological and physicochemical criteria and is defined in de-
tail in the European Water Framework Directive (WFD). Ac-
cordingly, there is a large number of studies with long-term
data on aquatic surface ecosystems. In this context, a recent
study collected 1816 time series from riverine systems in
22 European countries from 1968 to 2020 (714 698 obser-
vations) to investigate freshwater biodiversity (Haase et al.,
2023). The authors conclude that standardised, long-term and
large-scale monitoring can be used to effectively characterise
temporal changes in biodiversity and environmental drivers
and identify sites at high risk.

A prime example of long-term monitoring in the field is
the Swedish national surface water monitoring programme,
which began with research on the Milaren lake in 1964
that aimed to better understand the eutrophication occurring
there. This project contributed significantly to understand-
ing the effects of climate change, land use and post-glacial
rebound on water quality. Today, the combined programme
comprises monitoring of water chemistry and biodiversity in
114 streams and 110 lakes and a probability-sampling pro-
gramme including 4800 lakes (Folster et al., 2014). With
the advent of the WFD, reference sites from the Swedish
monitoring programme were used for the intercalibration of
data from northern continental Europe. Data from this mon-
itoring programme “play a key role in past and present na-
tional and international environmental commitments includ-
ing Swedish environmental objectives, critical load assess-
ments, and many aspects of EU legislation, such as the WFD,
Habitats Directive, and Nitrate Vulnerable Zone Directive”
(Folster et al., 2014).

However, until now, a lack of repeated and long-term sam-
pling of groundwater fauna has limited the understanding of
the basic biology and ecology of many species, and there is
a notable absence of analyses of the variation and temporal
evolution of groundwater fauna (Koch et al., 2023). Repeated
sampling over multiple years can be found in very few loca-
tions, mainly in central Europe and Australia (Goater, 2009;
Korbel and Hose, 2017; Marmonier et al., 2000; Mencio et
al., 2014). Goater (2009) analysed groundwater fauna data
from an 8-year monitoring programme (1999-2007) at 21
wells in Australia, observing changes in stygofauna species
presence, population numbers and community assemblages
as well as a shift from an amphipod-dominated to a copepod-
dominated system. A second study in Australia conducted
four sampling campaigns between 2007 and 2010 at 20 wells
to investigate the stream—aquifer relationship (Mencio et al.,
2014). Further ecological research focused on examining
environmental and human influences on the distribution of
biota and groundwater ecosystem health. A study in New
South Wales at 15 sites with six sampling campaigns re-
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vealed only minor variation in ecological conditions between
2007 and 2015 (Korbel and Hose, 2017). Moreover, ecosys-
tem health benchmarks are associated with aquifer typology,
rather than applied only to local areas. In Europe, Marmonier
et al. (2000) also revealed limited temporal variation in the
biodiversity of the interstitial fauna of artificial aquatic sys-
tems for 3 successive years (1995-1997). Long-term data on
groundwater ecology and chemistry are available across the
state of Baden-Wiirttemberg, Germany, from a continuous
monitoring programme of 44 sites sampled annually or bian-
nually between 2002 and 2022 (Fuchs, 2007; Fuchs et al.,
2006; Stein et al., 2015), making Baden-Wiirttemberg one of
the most densely investigated areas worldwide with respect
to groundwater fauna — 2026 samples from 950 sites (Koch
et al., 2023).

The main objective of this study is to identify changes
in groundwater fauna in the German state of Baden-
Wiirttemberg over the last few decades at both regional and
local scales. We hypothesise that these changes could be re-
lated to natural or anthropogenic stress observable through
changes in abiotic parameters (such as temperature increase
due to climate change and high nitrate concentrations stem-
ming from agricultural fertilisation) and land use changes
(such as an increase in surface sealing). To this end, multiple
abiotic and biotic groundwater parameters of wells are jointly
analysed over time. Individual sites are then scrutinised
with respect to small-scale changes. Furthermore, changes
in groundwater ecosystems at different spatial scales and the
implications of the observed changes for biomonitoring are
assessed. Finally, we identify the ecological and physico-
chemical parameters most suitable for robust biomonitoring.

2 Materials and method

The following workflow was developed to address our objec-
tive (Fig. 1). The available groundwater data from the study
site (i.e. the state of Baden-Wiirttemberg) were reviewed, and
observation wells for additional sampling in 2020 were se-
lected (Step 1, site selection; Fig. 1). Afterwards, the biotic
and abiotic data were temporally and statistically analysed
at different spatial scales (Step 2 and 3, local to state-wide
analysis and temporal and statistical analyses; Fig. 1). Fi-
nally, three individual wells were analysed in detail concern-
ing changes in land use and abiotic parameters (Step 4, local-
scale analysis; Fig. 1).

2.1 Site selection

The State Office of Environment, Measurements and Na-
ture Conservation Baden-Wiirttemberg (Landesanstalt fiir
Umwelt, Messungen und Naturschutz Baden-Wiirttemberg,
LUBW) maintains an extensive network of up to 2600
groundwater observation wells (Landesanstalt fiir Umwelt
Messungen und Naturschutz Baden-Wiirttemberg, 2013). In
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addition, the locations of the groundwater level monitoring
network and the database of all monitoring sites in Baden-
Wiirttemberg are also considered, which results in 50 000
initial sites. Of these, 304 wells have undergone faunal anal-
ysis at least twice in the past (Fig. 2; Fuchs, 2007). These
304 sites were selected based on (1) a representative distri-
bution within the different natural areas and aquifer types
in Baden-Wiirttemberg and (2) accessibility and the absence
of installed measurement devices, pumps, etc. within the
wells (Fuchs, 2007). Based on the initial measurement re-
sults in 2001/2002, 44 of the 304 sites were selected for
annual or biannual sampling between 2006 and 2022 (Stein
et al., 2015). Faunal colonisation, a good area- and aquifer-
type coverage, and the availability of physicochemical mea-
surements were considered for this selection. Out of these
44 sites, 16 wells were selected for the current study based
on the spatial coverage of the study area, aquifer type, land
use type, well depth, faunal colonisation during the past
2 decades, availability of time series of physicochemical pa-
rameters and an average content of dissolved oxygen higher
than 1 mgL~! (which is a limiting factor for faunal colonisa-
tion; Griebler et al., 2014b).

2.2 Groundwater sampling

Faunal groundwater sampling in the 16 selected observa-
tion wells took place twice in 2001/2002 (although only
data from June-September were used for analysis in this
study), annually from 2006 to 2014, and then biannually
in August/September until 2020. At the beginning of each
sampling campaign, the depths of the groundwater table
and of the well were measured using an electrical con-
tact gauge. Afterwards, water standing in the well (i.e.
well water) was taken with a bailer (750 mL AquaSampler,
Biirkle GmbH, Lorrach) from the bottom of the well. In
these samples, oxygen concentrations (IntelliCAL LDO0101,
luminescence-based optical probe; accuracy: £0.1 mgL ™),
carbonate hardness, pH (InteliCAL PHCI101; accuracy:
40.002) and electrical conductivity (TDS-measuring instru-
ment Meditech/TenYua) were measured using an HQ40D
portable two-channel multimeter (Hach Lang GmbH, 2022).
Additional samples were taken to determine the amount of
sediment and for further chemical analysis (content of dis-
solved carbon, organic nitrogen, phosphate, ammonium, or-
thophosphate and total phosphate; total bacterial count; and
total cell count).

The faunal sampling was conducted using a modified
Cvetkov net, as described by Hahn and Fuchs (2009). More
specifically, a plankton net consisting of a gauze funnel with
a mesh size of 73 um attached to a collection vessel (50 mL
centrifuge tube) with a weight was used (Step 1; Fig. 1). With
the help of a fishing rod or a winch for larger depths, the
net sampler was lowered down to the bottom of the well.
To sample as many fauna as possible, the net sampler was
quickly raised about 1.5 m and lowered again 10 times. The
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Figure 1. Developed workflow including the following four steps: (1) site selection and database review (image source: Fabien Koch, KIT),
(2) temporal analysis, (3) statistical analysis, and (4) local-scale analysis (image source: © Google Earth Pro, Google LLC, 2022).

collected samples were stored in a cooling box at about 8 °C
until fixation with 96 % ethanol on the same day. Rose Ben-
gal dye (CyoH,Cl4l14NayOs, Thermo Scientific Chemicals)
was added until 2015 and Eosin B (CogHgBroNyNayOg) was
used from 2015 onwards; these products dye organic matter a
pink hue for easier determination of groundwater fauna. Fau-
nal samples were sorted at the taxonomical order level and
determined at species level under 10 to 20 times magnifica-
tion. Based on this determination, further faunal parameters
were calculated, such as the total abundance, number of taxa
or species, classification into stygofaunal classes (stygoxen,
stygophile, or stygobiont), and ecological status according to
Griebler et al. (2014b). Limitations regarding the sampling
method must be considered when interpreting the faunal re-
sults. With the help of a net sampler, only the standing water
in a groundwater monitoring well is sampled. This water is
affected by filter effects, which can lead to an overrepresen-
tation of larger individuals, such as amphipods (Hahn and
Matzke, 2005; Korbel et al., 2017). Larger, more active and
sessile organisms, on the other hand, may not be fully cap-
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tured by sampling using pumps, as they are subject to filter
effects, especially in fine sediments. However, studies have
shown that the proportion of species and the presence/ab-
sence of taxa is similar between the two sampling methods
(Hahn and Gutjahr, 2014; Hahn and Matzke, 2005; Korbel et
al., 2017).

Hydrochemical groundwater sampling from pumped
aquifer water was performed by the LUBW, with measure-
ment results being provided in an annual, publicly accessible
online catalogue (Jahresdatenkatalog Grundwasser, 2022).
Of the 144 available parameters, 42 are used in this study,
in particular, standard cations and anions, heavy metals and
inorganic trace substances, pesticides, and aromatic hydro-
carbons (Table S1). Parameters with a lack of temporal res-
olution are excluded. Aquifer water is analysed in situ in the
field with probes, in accordance with the LUBW ground-
water sampling guidelines and in line with the applicable
DIN (Deutsches Institut fiir Normung) standards for electri-
cal conductivity (DIN EN 27888), water temperature (DIN
38404 4), pH value (DIN EN ISO 10523), oxygen (DIN
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tion of the Federal Institute for Geosciences and Natural Resources (inset on the left-hand side) and selected monitoring wells according to the
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EN 25814, in situ or using a flow-through system), and
acid and base capacity (DIN 38409-7) (Landesanstalt fiir
Umwelt Messungen und Naturschutz Baden-Wiirttemberg,
2013). Laboratory measurements are conducted in an accred-
ited laboratory according to DIN EN ISO/IEC 17025. Annual
air temperature data were taken from the Deutscher Wetter-
dienst (German Meteorological Service; DWD, 2022).

2.3 Statistical analysis

To better understand large-scale spatial relationships and
the structure of the high-dimensional groundwater data, a
PHATE (Potential of Heat-diffusion for Affinity-based Tra-
jectory Embedding) analysis is conducted (Moon et al.,
2019). This method has been shown to provide meaning-
ful results for handling financial data (Grzybowska and Kar-
wariski, 2022), prediction of disease outbreaks (Kuchroo et
al., 2022), learning of brain activation manifolds (Busch et
al., 2022), RNA sequencing (Moon et al., 2019) and inves-
tigation of groundwater ecosystems (Koch et al., 2021). In
contrast to most existing methods, a PHATE analysis allows
one to obtain biologically interesting structures from increas-
ingly large, modern data sets while also accounting for the
high level of noise inherent in biological data sets.
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PHATE is a dimensionality reduction method that gener-
ates a low-dimensional embedding specific for visualisation,
in the form of scatter maps. Thus, an accurate, denoised rep-
resentation of a data set’s global and local structures is pro-
vided without imposing strong assumptions on the design of
the data. The PHATE algorithm computes the pairwise dis-
tances from the data matrix. It transforms the distances to
affinities to encode local information by applying a Gaussian
kernel function to Euclidian distances. Afterwards, the local
affinity matrix undergoes row normalisation to get an N x N
stochastic matrix. Thus, the normalised kernels form a prob-
ability transition matrix. Using diffusion processes, global
relationships are learnt and encoded using the potential dis-
tance. In detail, the von Neumann entropy is used to deter-
mine a diffusion timescale. Markov processes are then used
to define the distance between the points in ¢ steps. In the next
step, a random walk is performed, and fixed initial conditions
are used for the data generation process. The resulting dis-
tance is then used for the final step of the algorithm (for more
details, the reader is referred to Grzybowska and Karwarski,
2022). Metric multidimensional scaling (MDS) embeds the
likely distance information into low dimensions for visuali-
sation (Moon et al., 2019). Thus, objects with similar charac-
teristics are close to each other in the final graph. The axis la-
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bels PHATE1 and PHATE?2 are dimensionless and represent
parameter combinations, i.e. distinct axes in the multidimen-
sional parameter space (comparable to similar analyses, e.g.
MDS). Another advantage of this method is that biological
and abiotic parameters can be considered together, allowing
for the identification of further dependency structures. In this
study, the analysis is conducted using 15 physical, biotical
and (hydro)geological input parameters (Table S2). The se-
lection of parameters is based on previous studies as well
as empirical values of influencing factors from the literature
(Hahn, 2006; Koch et al., 2021; Korbel et al., 2018; Stein et
al., 2012). The PHATE analysis is carried out using a Python
code provided by Krishnaswamy Lab on GitHub (see Moon
et al., 2019). From each well, data from all annual measure-
ment campaigns are analysed separately to assess temporal
variations in faunal communities and abiotic conditions.

3 Results
3.1 Faunistic overview

Considering the entire investigation period (2002-2020),
the faunal colonisation differs across the study area, with
between 52 and 1800 individuals and up to 42 different
species per well (Fig. 3). The highest abundances in Baden-
Wiirttemberg were found in the porous aquifers in the north-
eastern part of the state and in the southern Upper Rhine
Valley, whereas the lowest abundances were found in frac-
tured and karst aquifers as well as in less productive aquifers
(Fig. 2). The spatial distribution of the faunal community
according to taxonomic groups is shown in Fig. 3b. In the
southeast of the state, crustaceans (mainly cyclopoids) dom-
inate. In karst aquifers of the Swabian Alb and the local and
less productive fissured aquifers of the southern Black Forest,
amphipods are more frequent (e.g. Balgheim, Todtnau and
Brenden). Wells in the northern Black Forest and along the
Rhine in more productive aquifers are additionally colonised
by isopods, harpacticoids, nematodes, ostracodes and/or an-
nelids. Synacrids were found only in wells in the northern
part of Baden-Wiirttemberg (except for Kadelburg), in the
north of the Upper Rhine Valley and the Neckar River catch-
ment.

3.2 Temporal analysis

From 2002 to 2020, the number of individuals of all 16
monitoring wells ranged between 10 and 50 on average per
year, with no observable temporal change in the average to-
tal abundance or its variation (Fig. 4a). The same applies to
the number of species (Fig. 4b). Moreover, no significant
changes were revealed over time for the abiotic parameters
(Fig. S1). The year 2007 stands out with a high number of
individuals and species (Fig. 4) as well as a low share of
stygobiont species. This year also shows a higher dissolved
oxygen content and electrical conductivity (Fig. S1). This
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is particularly true for wells in Efringen-Kirchen, Rohrdorf,
Zienken, Schwibisch Hall, and Gaggenau.

While there is no apparent trend at the regional scale, there
are significant variations between individual years for some
individual wells (Fig. 5). Regarding the faunal parameters, no
single well exhibits a significant positive development con-
cerning faunal abundance or biodiversity. Only the well in
Schwibisch Hall shows a slightly increasing trend in abun-
dance over the last 5 years. This well is characterised by the
presence of tardigrades (Tardigrada, light-brown colour in
Fig. 3 and in the online data set; Koch et al., 2024), which are
typical of small surface water bodies and wells with organic
material from the surface (leaves, moss, etc.) (Schminke et
al., 2007). Moreover, this well shows a gradual change in the
faunal community from one single stygobiont species to mul-
tiple stygobiont and stygophile species. On the other hand,
there is a clear decrease in the abundance and faunal diversity
in Todtnau and Zienken (Fig. 5a, b); in the case of Zienken,
this is linked to a decreasing dissolved oxygen content, with
<1 mgL~!in 2014 (Fig. Se). In Zienken, periods with higher
abundances from 2007 to 2009 and from 2013 to 2014 coin-
cided with higher numbers of ubiquitous species from the
surface and a higher bacterial count. Moreover, fluctuations
in the abundance and number of species are present in several
wells, such as in Gaggenau and Efringen-Kirchen (Fig. 5a,
b). Besides four stygobiont indicator species in Gaggenau,
all other species only appear sporadically. Furthermore, the
increase in the oxygen concentration after 2006 in Gagge-
nau is striking, as is the higher number of oligochaetes and
nematodes (Fig. 5c; Koch et al., 2024).

An important parameter for the ecosystem status is the ra-
tio of crustaceans to oligochaetes, which serves as a basis for
the ecological assessment scheme of Griebler et al. (2014b).
According to this scheme, monitoring wells with more than
70 % crustaceans and less than 20 % oligochaetes have a
“natural” status (indicating very good or good ecological
conditions). Considering the entire study period, most moni-
toring wells in this study fall within this category (Fig. 5c).

Abiotic parameters show mostly constant conditions in the
individual wells (Fig. 5d, e, f). One notable exception with
respect to electrical conductivity is Efringen-Kirchen, where
electrical conductivity values decrease over time (Fig. 5f).
In terms of well water temperature (Fig. 5d), several sites
show an increasing trend, such as Weingarten, Riedlingen
and Furtwangen. More pronounced temperature changes are
present in Kadelburg, with temperature variations of >5 °C
between individual measurements, and Furtwangen, with an
increase of 4.6 K between 2002 and 2020.

3.3 Statistical analysis
Correlation analyses are performed using the Spearman rank
correlation coefficient to identify potential relationships be-

tween faunal and abiotic parameters, such as well configura-
tion, geology and groundwater quality. In total, 164 param-
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sampled species. The dots represent all available data points for each year. “n” indicates the number of measuring points. No sampling was

conducted in years with no box plot.

eters are considered, 92 of which are biotic parameters (65
taxonomic parameters and 27 other biotic parameters; see
Table S4). Moreover, 72 abiotic parameters from the physic-
ochemical parameters monitored by the LUBW are used.
Samples are considered significantly correlated if the coef-
ficient is >0.5 or < —0.5.

The correlation coefficients reveal that the dissolved or-
ganic carbon (DOC) content of the sampled aquifer water is
significantly correlated with the amount of biologically us-
able sediment (p = 0.53). Both parameters reflect the food
content delivered through surface water input. Moreover, the
DOC content is correlated with the number of individuals
and species of the class Ostracoda (p = 0.51; p = 0.53) and

https://doi.org/10.5194/hess-28-4927-2024

the number of juvenile copepods (p = 0.51). Furthermore,
there are correlations of the measured depth of the well with
the abundance of Ostracoda and the total number of species
(p =0.51; p=0.51). Moreover, some statistically signifi-
cant correlations exist between faunal parameters and sev-
eral anions and cations. These correlations are not further
addressed here, as only limited data are available for those
parameters (mercury, strontium, etc.).

A PHATE analysis is conducted to visualise the high-
dimensional data set in low dimensions. As can be seen in the
visualisation, three distinct groups can be identified (Fig. 6).
Group I contains monitoring wells in the karst aquifers of
the Muschelkalk and Keuper formations in the northeast of

Hydrol. Earth Syst. Sci., 28, 4927-4946, 2024
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Figure 5. Time series of individual monitoring wells for (a) total abundance (please note the different scales on the y axes); (b) number
of species; (¢) proportion of crustaceans and oligochaetes (* wells with a very good or good ecological status according to the assessment
scheme of Griebler et al., 2014b); (d) temperature of the well water; (e) dissolved oxygen content of the well water; and (f) electrical

conductivity of the well water.

Baden-Wiirttemberg and a fissured aquifer in the southern
Black Forest, which generally have a low abundance. In con-
trast, Group II includes samples in all other wells, with the
remaining wells of the southern Black Forest (Brenden and
Furtwangen) located at the edge of this group. Group III con-
sists of samples that had no groundwater fauna.

Hydrol. Earth Syst. Sci., 28, 4927-4946, 2024

Temporal variations at the individual sites are also notice-
able in the PHATE results by observing the spread of sam-
ples from individual locations. The sampling of very stable
locations (e.g. Todtnau, Dahenfeld, Balgheim and Riedlin-
gen) with small parameter fluctuations over time are spa-
tially more concentrated in the PHATE graph than wells with

https://doi.org/10.5194/hess-28-4927-2024
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unstable conditions (e.g. Schwibisch Hall and Weingarten).
Generally, sites with stable conditions with respect to both
fauna and hydrochemical parameters (as identified in Ta-
ble S3) are concentrated in the lower right-hand region of
Group II, labelled Subgroup Il.a (except for Dahenfeld and
Rohrdorf), and the upper left-hand region of Group II, la-
belled Subgroup II.b (Fig. 6). The categorisation of measure-
ment sites into stable and unstable according to their condi-
tion is based on the variance in faunistic and abiotic (hydro-
geochemical) parameters over the period under investigation
(Table S3). The variance is parameter-specific and depends
on natural and seasonal fluctuations, such as groundwater
temperature varying by 1-2 °C over the course of a year (Gib-
ert et al., 1994; Taylor and Stefan, 2009). Measurement wells
with a total standard deviation over all observed parameters
above 14 are classified as unstable wells.

While the affiliation of the wells to a specific group is con-
stant over time (except for the mentioned samples with no
fauna), the location of different samples within the group
can be associated with concrete changes in specific param-
eters, specifically abundance, sediment content and tempera-
ture. Despite stable overall conditions, the well in Rohrdorf
shows one outlier further down in the graph (orange trian-
gle) representing the measurement in 2007 with significantly
more individuals (126) than in other years. The amount of
sediment is responsible for a clustering of samples from dif-
ferent wells (Hausen, Gaggenau and Weingarten, among oth-
ers) in the upper left-hand corner of Group II; these samples
are from 2009, 2011 and 2012 and lack information about
the amount of sediment. The samples from Gaggenau (dark-
pink dots) show a further outlier in 2002, located more to the
right, which is related to a relatively low sediment content
(<1 mL). The same applies to Schwibisch Hall, which has
an outlier (red dot) on the right-hand side of the graph that
also contains a low sediment content, little detritus and a low
abundance (eight individuals). The samples from Furtwan-
gen (yellow triangles) are also spread over a wide area, with
those at the bottom of Subgroup Il.a from 2002 and 2020
exhibiting significantly lower temperatures (4.3 and 8.7 °C),
which are close to the measured temperatures in Brenden
(light pink).

3.4 Local-scale analysis

As described above, certain changes in faunal parameters in
individual wells can be related to changes in abiotic param-
eters, for example, to a decreasing dissolved oxygen content
(as in Zienken), whereas other changes, such as the fluctuat-
ing ecological status in Neckargartach and Sankt Leon, can-
not directly be related to varying abiotic parameters (Fig. 5).
Hence, we assess these two unstable wells in more detail with
respect to changes to the surface surrounding the wells and
compare them to the well in Todtnau, which shows very sta-
ble conditions.
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Neckargartach

The well in Neckargartach is 35 m deep with filter screens
between 27 and 34 m in a fractured and karst aquifer formed
by a clay-containing limestone (Fig. 2). The overall num-
ber of individuals is very low (maximum of nine individu-
als per sample) and decreased during the observation period
(Fig. 7). Faunal analysis at the species level shows a distinct
change in the faunal community and dominant species be-
tween 2002 and 2020. Between 2002 and 2007, oligochaetes
dominate the faunal community (Fig. 7). Most of these indi-
viduals belong to the species Dorydrillus michaelseni, which
is only occasionally found in groundwater and is an indi-
cator of slight contamination (Moog, 2002). In 2008 and
2009, the dominant species was Chappuisius inopinus (Crus-
tacea: Harpacticoida), while from 2011 onwards, mainly
crustaceans were found, with the rare species Parabathynella
badenwuerttembergensis being dominant. The temperature
of the sampled well water fluctuated between 11.3 and
15.8 °C, although without a specific trend (see also Fig. 5d).
The nitrate content decreased from 51.4 to 25.9 mg L~ dur-
ing the study period (Fig. 7), and the dissolved oxygen con-
tent decreased slightly (from 10.9 to 8.0mgL~"!) (Figs. 5,
S2).

Sankt Leon

The Sankt Leon well is located next to a field path between
a forest and an agricultural area near the village of Sankt
Leon (Fig. S3a). The well has filter screens between 4 m and
the well bottom at 10 m, in the Quaternary glacial sand and
gravels of the Upper Rhine Valley (Fig. 2). The well shows
unstable abiotic and faunal conditions (between 0 and >400
individuals per sampling; Fig. 5) and significant variations in
the faunal composition (Fig. 8).

Common taxa in this well are nematodes and different
cyclopoids (Crustacea). In the first decade, rather ubiqui-
tous species colonised the well in large numbers, with Grae-
teriella unisetigera and Diacyclops languidoides (Crustacea:
Cyclopoida) being the dominant species. The latter is one
of Germany’s most common and widespread groundwater
species (Matzke et al., 2009; Schminke et al., 2007). From
2010 onwards, fewer individuals and different taxa were
found, with Bathynella freiburgensis (Crustacea: Syncar-
ida) being the dominant species in recent years. Well water
temperature showed significant fluctuations between 11 and
14 °C, although without a visible trend. The nitrate content
decreased from 70mgL~! to below 20 mg L™ (Fig. 8).

Todtnau
The well in Todtnau is also located in an agricultural area
near a small stream (Prigbach) and close to the village of

Todtnau-Geschwend (Fig. S3b). The well has a depth of
39 m with well screens between 5 and 36 m in a fractured

Hydrol. Earth Syst. Sci., 28, 4927-4946, 2024
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Figure 6. Graphical result of the PHATE (Potential of Heat-diffusion for Affinity-based Trajectory Embedding) analysis for all 16 monitoring
wells from 2001/2002 to 2020, presented by the affiliation of the monitoring wells to each sample.
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crystalline aquifer in the southern Black Forest. The num-
ber of individuals and species is generally low (Fig. 9). The
well in Todtnau is colonised by stygobiont species only, ex-
cept for Collembola (Insecta) in 2 years, which live in the
soil and on the water’s surface. The most common species
over the past 20 years is Crangonyx subterraneus (Crus-
tacea: Amphipoda), which is widespread, ecologically very
flexible and inhabits all kinds of underground habitats, al-
though it prefers fractures and gravel (Schminke et al., 2007).
The species Proasellus cavaticus (Crustacea: Isopoda) is also
commonly present at this location. Individuals of this species
can be up to 1 cm long and, therefore, prefer larger cavities
(e.g. caves and fractured aquifers), such as the one in Todt-
nau. Another common species is Niphargus auerbachi (Crus-
tacea: Amphipoda), a comparably big, stygobiont ground-
water species. The groundwater species Troglochaetus bera-
necki (Annelida: Polychaeta) found in 2001, 2007 and 2011
is cold stenotherm, has low water chemistry requirements
(Schminke et al., 2007) and also inhabits deep groundwater

https://doi.org/10.5194/hess-28-4927-2024

wells (Matzke et al., 2009). It is also noted that juvenile crus-
taceans, especially niphargids, are predominant in the last
2 years of sampling. Well water temperatures are generally
low due to the higher altitude in the Black Forest. The same
applies to the electrical conductivity related to filter screens
in crystalline rocks and organic matter content due to the
depth of the well.

4 Discussion
4.1 Faunistic overview

Overall, there is no regional pattern in the spatial distribution
of faunal abundance and biodiversity (Fig. 3). However, there
is a visual relationship between abundance and biodiversity,
as monitoring wells with many individuals also show more
species (and vice versa). Potential reasons for this are a high
hydrogeological and hydrochemical heterogeneity in combi-

Hydrol. Earth Syst. Sci., 28, 4927-4946, 2024
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nation with a small number of monitoring wells, the time be-
tween sampling, superimposing effects of local influences,
and site-specific parameters linked to variations in topogra-
phy and geology. The spatial distribution of the faunal com-
munity aligns with findings regarding distribution patterns
of groundwater fauna from previous studies (Fuchs, 2007;
Fuchs et al., 2006; Hahn and Fuchs, 2009; Stein et al., 2012,
2015). According to Fuchs et al. (2006), for example, the
main distribution focus of syncarids is also in the north of
Upper Rhine Valley and in the Neckar River catchment.

4.2 Temporal analysis

There is no observable temporal change in the average to-
tal abundance or its variation or in the number of species,
indicating that the large-scale biodiversity has remained sta-
ble over the past 2 decades (Fig. 4). Moreover, no significant
changes are revealed over time for the abiotic parameters,
suggesting stable hydrochemical conditions over time. Out-
liers in individual years, such as in 2007, hint at a more pro-
nounced surface influence and disturbed conditions, partic-
ularly in Efringen-Kirchen, Rohrdorf, Zienken, Schwébisch
Hall and Gaggenau.

Hydrol. Earth Syst. Sci., 28, 4927-4946, 2024

While there is no apparent trend at the regional scale,
there are significant variations between individual years for
some individual wells, indicating more complex temporal be-
haviours at the local scale (Fig. 5). Gradual changes in the
faunal community from stygobiont species to multiple sty-
gobiont and stygophile species are potentially linked to sur-
face water influence (Schminke et al., 2007). For example, in
Schwibisch Hall, where the well appears to be intact and no
anomalies were found during sampling, it is more likely that
changes in the faunal community and abundance are related
to the dried-out lakes in the wooded area, but potential con-
tamination cannot be ruled out. Decreasing dissolved oxygen
contents, as in Zienken, could be related to microbial oxygen
degradation due to a high organic matter input. Furthermore,
a strong surface influence in Zienken is linked to periods with
higher numbers of ubiquitous species from the surface and a
higher bacterial count, as also observed by Stein et al. (2015).
Fluctuations in the abundance and number of species in sev-
eral wells indicate unstable conditions likely caused by vary-
ing surface influence. Thus, species appearing only sporadi-
cally at one location can indicate an intermittent surface wa-
ter input into this well, as can be seen in Gaggenau with re-
spect to the increase in oxygen concentration after 2006 and
the higher number of oligochaetes and nematodes. These re-
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sults are consistent with previous studies, which showed that
groundwater communities strongly depend on the hydrologic
exchange with surface water (Fuchs et al., 2006; Gutjahr et
al., 2014; Hose et al., 2015).

The ratio of crustaceans to oligochaetes is an impor-
tant parameter for the ecosystem status. Only the follow-
ing six wells have a proportion of oligochaetes >20 % in
1 or multiple years, indicating disturbed conditions: Kadel-
burg, Schwibisch Hall, Rohrdorf, Sankt Leon, Weingarten
and Neckargartach (Fig. 5c).

While the wells in Kadelburg, Schwibisch Hall, Rohrdorf
and Sankt Leon show a fluctuating ecological status over
time, probably related to varying surface water influence, the
well in Neckargartach shows a distinct change in the eco-
logical status in 2008 that does not seem to be related to
other biotic or abiotic parameters. Abiotic parameters show
mostly constant conditions in the individual wells. The in-
crease in electrical conductivity in Efringen-Kirchen is most
likely caused by the reconstruction of the well from an un-
derfloor to a surface observation well (see Fig. 5c).

In terms of well water temperature, several sites show
an increasing trend, which is in the same range as ob-
served changes in groundwater temperature in previous stud-
ies (Figura et al., 2011; Menberg et al., 2014). More pro-
nounced temperature changes are more likely related to vary-
ing surface influence or environmental conditions during
measurements.

In summary, faunistic and abiotic parameters are mostly
constant over time in the individual wells of the study area.
A total of 9 out of 16 wells (Dahenfeld, Balgheim, Hausen,
Riedlingen, Brenden, Kadelburg, Rohrdorf, Furtwangen and
Todtnau) show stable conditions over time with respect to
the variance in the faunistic and abiotic parameters (Ta-
ble S3). In contrast, seven wells (Weingarten, Schwibisch
Hall, Efringen-Kirchen, Zienken, Gaggenau, Neckargartach
and Sankt Leon) show higher standard deviations and, there-
fore, unstable conditions. These are often linked to a varying
influence of surface water, which aligns with previous stud-
ies (Dole-Olivier, 1998; Foulquier et al., 2011; Stein et al.,
2012).

4.3 Statistical analysis

The observed correlation between the DOC and ostracodes
can be explained by the fact that individuals of the class Os-
tracoda rely on a temporary surface influence, as they need
nutrients (mainly detritus) from the surface, and are thus typ-
ical of the interstitial and porous aquifers (Mosslacher and
Hahn, 2003). A positive relationship between depth and the
number of ostracodes is also observed in Reeves et al. (2007).
Moreover, these findings are consistent with a positive rela-
tionship between invertebrate density and dissolved and par-
ticulate organic matter found in previous studies (Datry et
al., 2005; Hahn, 2006; Mosslacher and Notenboom, 1999).
Besides the DOC, no correlations are found between faunal
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parameters and those reflecting food supply for groundwater
ecosystems. Thus, food is not a limiting factor for the oc-
currence of groundwater fauna in the studied wells. In gen-
eral, only a few significant correlations were found. This is
in line with observations by previous studies in which cor-
relation analysis revealed significant relationships between
chemical variables but no or very few and only weak corre-
lations between abiotic and biotic parameters (Dumas et al.,
2001; Griebler et al., 2014b; Hahn, 2006; Koch et al., 2021;
Schmidt and Hahn, 2012; Steube et al., 2009). A commonly
noted reason for this is that ecosystems are complex multi-
variate systems exposed to multiple stressors simultaneously
(Steube et al., 2009).

In the PHATE analysis, the affiliation of the wells to a
specific group is generally constant over time, and the clus-
tering of wells with stable conditions confirms the categori-
sation of the wells using the variance of their faunistic and
hydrochemical parameters. In addition, the PHATE analysis
shows that biodiversity, illustrated by the number of taxa and
individuals, and geological conditions, such as the type of
aquifer, have the largest impact on the clustering of the mon-
itoring wells into three distinct groups. Although, the cor-
relation analysis does not indicate any relationship between
the amount of sediment and other parameters, except the pro-
portion of biologically usable sediment, a trend in sediment
content in the PHATE analysis is visible. This trend is due to
very local effects over time in conjunction with other fluctu-
ating parameters.

Previous studies have also shown that hydrogeological pa-
rameters strongly influence the occurrence and composition
of groundwater fauna (Koch et al., 2021; Stein et al., 2012).
Geology and hydrological connectivity significantly influ-
ence water chemistry and habitat availability and, therefore,
biotic distribution (Hahn, 2006; Fuchs, 2007; Fuchs et al.,
2006; Korbel et al., 2018; Korbel and Hose, 2015; Tione et
al., 2016). For instance, the abundance and species richness
of crustacean fauna in the alluvial aquifers are most related to
hydrological conditions, oxygen concentrations and geologic
structures (Mosslacher, 1998), which is consistent with our
findings. Moreover, this is consistent with the results from
Korbel et al. (2018), who state that “sediment size, and thus
the size of interstitial voids, is a key limiting factor” for sty-
gofauna.

These findings show that the amount of sediment can be
used as an indicator of the pore structure, which determines
hydraulic conductivity and living space (Mdsslacher, 1998),
and can thus be used as a proxy for living conditions. Tem-
perature, on the other hand, can be used as an indicator for
surface influence, as it is an indirect marker of the degree of
hydrological exchange with the surface (Schonborn, 2003;
Hahn, 2006). This was also observed by Koch et al. (2021)
at the city scale, where local geology influenced the occur-
rence of groundwater fauna, the number of individuals and
the food supply. Other studies have also observed a signif-
icant effect of groundwater temperature on fauna, as diver-
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sity decreased with increasing temperature in laboratory and
small-scale field studies (see Brielmann et al., 2009; Spen-
gler, 2017).

4.4 Local-scale analysis
Neckargartach

Overall, the observed faunal changes in Neckargartach rep-
resent a change from stygophile species dominance to sty-
gobiont species dominance as well as a simultaneous change
from oligochaete to crustacean dominance and, thus, to the
aforementioned change in the ecological status (Fig. 5c). The
observed faunal changes also coincide with alterations in the
land use in the surrounding area (Fig. 10). After the first
oligochaete-dominant period, a previously unsealed area was
first converted into a gravel-covered car park in 2008 and
later into an industrial warehouse in 2018. During that time,
different crustacean species began to dominate the faunal
community (Fig. 10). Surprisingly, this surface change is not
reflected in the well water temperatures, even though ground-
water under covered surfaces typically shows higher temper-
atures than under unsealed surfaces (Tissen et al., 2019). In
Neckargartach, this is likely linked to groundwater inflow
from the adjacent agricultural area to the monitoring well
(Lang et al., 2004). The nitrate content decreases, most likely
due to the absence or reduction of fertilisation. Moreover, ob-
served changes in the nitrate and oxygen contents are consis-
tent with the shielding from the surface, as the surface is the
main source of oxygen, and the change from stygophile to
stygobiont species (Bork et al., 2009; Hahn, 2006; Malard et
al., 1996; Mosslacher, 1998; Pospisil, 1999; Sket, 1999).

Thus, there is a clear link in Neckargartach between de-
creasing surface influence, caused by increasing surface seal-
ing, and the dissolved oxygen content and the composition
of groundwater ecosystems, as also observed by Korbel et
al. (2013). In this study, agriculture in areas with differ-
ent land uses affects groundwater ecosystems (composition
of stygofauna and microbial assemblages) due to changes
in groundwater quality (nitrate and phosphorus contents).
Hence, higher abundances of cyclopoids, harpacticoids and
oligochaetes were found under irrigated areas. However, it
has to be mentioned that the improvement in the ecologi-
cal status according to Griebler et al. (2014b) due to surface
sealing is a site-specific observation for Neckargartach. Gen-
erally, surface sealing and the related decrease in dissolved
oxygen will more likely lead to the deterioration of ground-
water ecosystems (Hervant and Malard, 1999; Korbel et al.,
2022; Mosslacher, 1998).

Sankt Leon
Although these faunal changes indicate a weakening surface

influence over time, no changes in land use or surface con-
ditions were observed (Fig. S3). As Bathynella freiburgensis
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tolerates a large range of temperatures and is typical of the
Upper Rhine Valley (Fuchs, 2007; Spengler, 2017), individ-
uals of that species might have a competitive advantage over
other species. High nitrate contents in the first years are most
likely linked to intensive agricultural fertilisation, in particu-
lar for asparagus cultivation, which is typical of this region.
However, these fluctuations do not seem to correlate with the
observed faunal shifts. Furthermore, previous studies have
shown that a nitrate concentration below 50mgL~! has no
direct impact on groundwater fauna (Fakher el Abiari et al.,
1998; Di Lorenzo et al., 2020; Di Lorenzo and Galassi, 2013;
Mosslacher and Notenboom, 1999). Accordingly, more de-
tailed and site-specific investigations (e.g. more accurate,
in situ groundwater temperature and dissolved oxygen mea-
surements over depth) would be needed to clarify the drivers
of the unstable conditions at Sankt Leon.

Todtnau

In contrast to the two wells discussed previously, the well
in Todtnau shows stable conditions (Table S3, Fig. 5). De-
spite its location in an agricultural area, the nitrate content
is below the geogenic background (Fig. 9). However, despite
stable physicochemical conditions and no change in land use
or surface conditions, certain changes in the faunal commu-
nity can be observed, as different species occur in different
years, although without any visible trends. These are also the
samples that show a non-natural status of the ecosystem ac-
cording to Griebler et al. (2014b) due to the absence of crus-
taceans (Fig. 5c). The predominance of juvenile crustaceans,
especially niphargids, may indicate a recovery of the pop-
ulation after a lack of colonisation in 2014. Years without
colonisation may point to a lack of nutrients and, therefore,
challenging living conditions. In general, the faunal composi-
tion in Todtnau reflects the hydrogeological conditions of the
well, with many species typical of large cavities and higher
altitudes.

5 Conclusions

This study analyses the faunal composition and abiotic pa-
rameters of 16 groundwater measurement wells in the Ger-
man state of Baden-Wiirttemberg over the past 2 decades.
Statistical analyses are used to distinguish wells with stable
and unstable faunal conditions and to assess the impact of
specific hydrological and hydrochemical parameters on this
characterisation. Time series of individual wells are also dis-
cussed in combination with past aerial images to analyse the
impact of changes in surface conditions.

Considering the entire study area, we observed no long-
term changes or trends in abiotic or faunal parameters, in-
dicating generally stable and ecologically good conditions.
However, temporal fluctuations in faunal parameters, such
as total abundance and number of species, and thus unsta-
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Figure 10. Temporal changes in land use (using aerial image interpretation and faunal community structure) for the Neckargartach monitoring
well in the Bollinger Hofe industrial park between 2000 and 2020 (image source: © Google Earth Pro, Google LLC., 2022).

ble conditions are observed for 7 out of 16 wells. In some
cases, these changes are directly related to gradual changes in
abiotic parameters, such as decreasing abundances due to re-
duced dissolved oxygen contents. However, more often, there
are no clear patterns in individual abiotic parameters; instead,
superimposing the effects of multiple parameters linked to
increasing or weakening surface influence leads to changes
in groundwater fauna. Results from a multivariate PHATE
analysis confirm these findings and highlight the hydroge-
ological setting, the content of sediment and detritus in the
well and the temperature as influential factors.

Examining faunal changes at the species level for se-
lected wells reveals that unstable conditions can be linked
to changes in surface sealing by anthropogenic construction
measures, which even changed the ecological status at one
specific site. However, variable faunal composition and fluc-
tuating abundances were also observed for sites with no vi-
sual changes in land use and surface influence as well as (al-
though this was less obvious) for a deep, well-shielded site
with very stable abiotic groundwater conditions. Thus, more
long-term studies of groundwater ecology with higher spatial
and temporal resolution are necessary to further improve our
understanding of faunal shifts over time.

https://doi.org/10.5194/hess-28-4927-2024

These findings have direct implications for large-scale
biomonitoring of groundwater, which is becoming increas-
ingly important. Transferability of local observations to a
larger scale is very limited due to small-scale heterogeneities
in hydrogeological conditions and the superimposition of
site-specific effects. Noticeable environmental changes for
wells in Baden-Wiirttemberg were often linked to changes
in the dissolved oxygen content, well water temperature and
sediment content. Accordingly, these parameters should be
accurately and representatively measured in the water col-
umn of the well (if possible using depth-resolved measure-
ment) and assessed in combination with hydrogeological and
surface conditions to obtain more reliable, representative and
robust biomonitoring results. Limitations regarding the sam-
pling method must be also considered when interpreting fau-
nal results. This will help to design management tools for
agencies and local authorities.

As has been shown, various parameters, such as surface
conditions (built-up areas, underground infrastructure, seal-
ing, etc.), hydrogeological conditions (type of aquifer, size of
pore cavities, groundwater flow, etc.), and physicochemical
conditions (temperature, content of dissolved oxygen, nutri-
ent supply, etc.) influence the health of the ecosystem. Thus,
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future assessment schemes should consider a more compre-
hensive range of indicators. Moreover, future groundwater
fauna sampling campaigns should employ shorter sampling
intervals (e.g. on a monthly basis) to also address the effects
of seasonality. Furthermore, the observed faunal fluctuations
in wells in natural, unaffected areas with stable abiotic con-
ditions stress that reference locations for ecological ground-
water assessments and biomonitoring have to be carefully
selected, ideally using multiyear data. Therefore, reference
sites should comprise different settings, including forests,
green areas, cities, industrial areas and surface waters, to ac-
count for small-scale heterogeneities in hydrogeological con-
ditions and land use. This is crucial for the transferability of
findings to larger scales and longer time frames as well as to
identify sites at high risk.
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