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Abstract. Groundwater ecosystems fulfil functions that humankind relies upon, e.g. for sustainable drinking water production.
Quantification of these services is lacking so far. Thus, it is not possible to predict scenarios (e.g. future climates). Based on
data from a comprehensive groundwater ecosystem study comprising four zones of varying land use and groundwater / surface
water exchange, we parameterized a quantitative dynamic food web model (recharged organic carbon, microorganisms using

the biodegradable fraction of this carbon, and fauna grazing on the microorganisms), in a proof-of-principle approach. With

the model satisfactorily reflecting the field data, we calculated five further scenarios, three of which without fauna (mortality
e.g. due to contamination, sudden peaks of temperature etc.). Two of the “fauna” and two of the “no fauna” scenarios were run
with temperature elevated by 1.5°C and 3°C, respectively. The ecosystem service of carbon degradation was expressed as the
difference in carbon concentration between the beginning of the simulation and the end of the simulation. In most scenarios,
remaining carbon increased over time. The remaining carbon in some scenarios was up to 6.6 times as high in the “no fauna”
scenarios compared to the reference case. Fauna was thus shown to fulfil a service by promoting microbial carbon degradation
that may be substantial. Sustainable drinking water production is more reliable and less costly, the more active the groundwater
fauna in the production area is. This model set up can serve to test other cases of varying physical and chemical variations and

disturbances.

1 Introduction

sroundwater, i

groundwater, adapted to different conditions. They produce biomass which may be the food source for other organisms such

as protozoa and fauna.

. sensu_lato_the water beneath the surface, is alive. Microorganisms are found almost everywhere in
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Subsurface fauna consists of stygobites (i.e. organisms adapted to groundwater, e.g. rather stable temperatures), stygophiles

i.e. organisms coping with groundwater conditions but being home to surface environments such as the hyporheic zone, i.e.

surface water sediments), and stygoxenes (i.e. accidental occurrences of taxa that are foreign to groundwater and likely do not

reproduce in groundwater). The less exchange the groundwater experiences with the surface, the lower will be the proportion

of stygoxenes and stygophiles, and the more dominant is the proportion of stygobites (Schmidt & Hahn 2012). Stygoxenes

and stygophiles, however, will not cope with the food scarcity in groundwater, particularly where there is little exchange with

the surface, and thus, they do not play a role in most groundwater systems. Here, the aim was to focus on stygobites as the

main players in most aquifers.

JThe food web in groundwater (Malard et al., 2023) is often truncated (Gibert and Deharveng, 2002), but may encompass

several trophic levels (Ercoli et al., 2019; Malard et al., 2023), depending on the respective environmental conditions. Some
groundwater food webs are qualitatively well described, in terms of e.g. “who eats whom” (Bradford, 2009; Bradford et al.,
2010; Ercoli et al., 2019; Francois et al., 2016; Leijs et al., 2015). Quantitative evaluations are a lot scarcer (but see e.g.

Foulquier et al., 2011, Mermillod-Blondin et al., 2025).,

Generally, at the bottom of a food web are producers. In groundwater, where light is lacking, however, primary production is
only possible in the form of chemolithoautotrophy. While this is more prevalent than previously thought (Kellermann, 2008),
heterotrophy, i.e. using organic resources that enter the groundwater ecosystem with groundwater recharge, will dominate in

most places (Herrmann et al., 2015). Where heterotrophic degradation of imported organic material yields sufficient energy, a

further level of the food web may be supported, i.e. grazers consuming producers, which in the case of groundwater is fhe
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services in groundwater and their susceptibility to temperature
existed. However, we urgently need to quantify the impacts of
temperature on groundwater ecosystem services since we may have
to future-proof drinking water production if groundwater ecosystems
change their functionality due to increasing temperatures and
changing climates and land uses.

basal microbial community including both autotrophs and heterotrophs sustained by imported organic matter, When and where

even the producer biomass becomes substantial, a further level may be added, i.e. predators preying on grazers_and deposit

feeders (Ercoli et al., 2019; Sacco et al., 2019). In the following, we will encompass deposit feeders in the notion “grazers”.

There are few taxa with just one feeding mode — most groundwater fauna will be grazing for at least part of their life cycle

(Hose et al., 2022). ]t is well-

attenuation, i.e. oxidizing or reducing organic carbon to COp or CHy, respectively, which may leave the groundwater system
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and energy (Lindeman, 1942; Odum, 1957). The loss is due to respiration which occurs due to mobility, reproduction, hunting
etc. (Koztowski, 1992), and in a full budget, would result in outgassing of CO2 (or CH4 in an anoxic system; Herrmann and
Taubert, 2022; Nydahl et al., 2020) from the respective compartment, as a result of respiration (Moinet et al., 2023). Under

which circumstances, both on temporal and spatial (Sacco et al. 2024) scales, which complexity of the food web emerges, is

still largely unknown and has thus been near-impossible to parameterize.
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While structuring food webs with just producers, grazers, and predators is grossly simplifying, this pattern has successfully

been used e.g. in conceptualizing biomanipulation where e.g. predatory, piscivorous fish are added to a water body which
harbours producing algae, grazing zooplankton and zooplankton-consuming planktivorous fish (Carpenter et al., 1985; Vrba
et al., 2024). In such systems, commonly, the planktivorous fish reduce the zooplankton so that the algae are not grazed upon,
may grow to harmful algal blooms and thus, deteriorate the water quality (Dadi et al., 2023). By adding piscivorous fish, the
planktivorous fish are reduced, thus, more zooplankton remains which grazes more efficiently the algal blooms (Triest et al.,
2016). Adding piscivorous fish is thus one measure for improving water quality. Is such management possible in groundwater

as well? Or, vice versa, will the loss of grazing fauna result in lower water quality?

Ecosystems fulfil functions that humans rely on (ecosystem services; Koch et al, 2024b). Groundwater is no exception

(Avramov et al., 2010; Mammola et al., 2026). One of the functions that these food webs perform is processing organic carbon

(Becher et al., 2022). This function of self-cleaning in groundwater, i.e. degrading carbon compounds to ultimately the gases

CO2 or CHg, is probably most relevant to humans. These functions are one prerequisite for sustainable drinking water

production, which is one of the 17 goals (goal 6) of the 2030 Agenda for Sustainable Development (United Nations General

Assembly, 2017). Where groundwater communities decline or vanish, this may lead to deteriorating groundwater health (Koch

et al., 2024a), compromising an aquifer’s ecosystem and its function.

Jn Germany, depending on the region and meteorological situations, ca. 50% of drinking water is produced from groundwater.

In drinking water production, it is advantageous to have raw water with low organic substances (Moona et al., 2021) so that
little respiration (which would reduce the dissolved oxygen) takes place in the pipes on the way to the customers (Kekes et al.,
2023). Where dissolved oxygen is low or lacking, respiration of organic substances may lead to CHs which may be harmful to
organisms and might thus limit degradation further. Anoxic conditions, resulting from respiration of excessive carbon sources,
may lead to reduction of substances, and thus, dissolution of compounds which are bound in macro molecules at oxic
conditions. E.g. aluminium, iron, etc. may become soluble at anoxic conditions (Dadi et al., 2023), and may be toxic to
organisms. Thus, high raw water quality, with low levels of carbon, begins in the aquifers with a community of active
organisms, degrading the recharged carbon and ensuring high oxic state throughout the drinking water production (Schubert
et al. 2002, Fowler and Smets, 2017).

v

In addition to reduced conditions leading to undesired dissolved compounds, recently, brownification has become increasingly
a problem (de Wit et al., 2016). One source of high molar mass organic compounds colouring the water yellow or brown is
forest die back (Kopacek et al., 2023). The combination of dry summers stressing trees, and bark beetles making use of higher
temperatures to produce more offspring than at colder climates (Seidl and Rammer, 2017) have led to expansive forest die

back, e.g. in the Hercynian mountains (Musolff et al., 2024) in Germany and the Bavarian and Sumava mountains at the
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German-Czech boundary (Schmidt et al., 2024). This sudden increase of tree biomass is broken down to organic dissolved

compounds recharging into soil and groundwater many of which are undesired in drinking water production.

v

But higher temperatures have more, and more direct, effects than just favouring bark beetle generation times and dry summers.
Dissolved oxygen solubility in water decreases with increasing temperatures (Retter et al., 2020), and brownification is
believed to be exacerbated by increased temperatures (Blanchet et al., 2022). For these, and further, reasons, the temperature
regime in a groundwater body is important when evaluating the current and potential future state of an aquifer. Globally, air
temperature has increased by 1.5 °C compared to pre-industrial times in 2025 (Bevacqua et al., 2025). The temperature increase
in groundwater is delayed (Benz et al., 2017) and depends strongly on soil and geological properties and hydrological processes
(Rau et al., 2015), but has, e.g. in Austria, reached approximately 0.4 + 0.5 K per 10 years, meaning that an increase of 1.5 °C
might be observable within 40 years. Benz et al. (2024) predicted that between 2000 and 2099, groundwater will warm on
average by 2.1°C, under a medium emission pathway. It is thus important to estimate which effect these temperature increases

will have on the groundwater ecosystem,

v

On top of increased carbon input and higher likelihood for reduced conditions, increasing temperatures also impact
groundwater organisms directly. E.g., increasing temperatures were related to increased microbial biomass in a temperature
plume in Southern Germany, with the microbial community changing qualitatively (Brielmann et al., 2009).

v

DOrganisms adapted to the surface, i.e. stygoxenes and stygophiles, will cope with surface temperature ranges, while stygobites,

i.e. groundwater fauna in the stricter sense, are not adapted to temperatures deviating from groundwater temperatures. Jn a

meta-analysis, Vaccarelli et al. (2023) showed that all physiological response variables tested (stress response, mortality, and
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metabolism) exhibited statistically significant effects from climate change. A temperature of 20.2 °C was found to be lethal

for half of the tested individuals of the groundwater crustacean niphargid Niphargus, inopinatus after 25 days (Brielmann et

hat geldscht: Groundwater fauna are less sensitive to some
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(Masslacher, 2000), but are very sensitive towards temperature.

al., 2011).

A

A groundwater niphargid, and asellid, differed in the temperature range they tolerated, with the niphargid, covering a wider

range (Brielmann et al., 2011). While we do not know whether these two species were among those present in the River Fulda

floodplain, until we have better data, we assumed the parameters from Brielmann et al. (2011) to be representative enough for

a modelling study. Spengler and Hahn (2018) identified a threshold value for middle European groundwater systems of 13 °C

above which fauna community changed drastically in composition, Avramov (2013) and Brielmann et al. (2011) performed
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level, e.g. dissolved oxygen consumption, have also been quantified (Di Lorenzo & Galassi, 2017) and should be included in

future models — here, we concentrate on the lethal temperature effect on fauna only.

In extreme cases, in summary, a temperature increase of a few °C may be lethal to groundwater fauna (Vaccarelli et al., 2023).
Groundwater fauna is thus threatened from extinction (Noethen et al., 2024), like, globally, a quarter of freshwater fauna (Sayer
et al., 2025). In contrast to climate opportunists following along the preferred temperature range (Dormann et al., 2018),
groundwater fauna’s expansion or retreat is limited by the aquifers’ physical boundaries (Iannelli et al., 2020). For the same
reason, any faunal community not coping with increased temperatures will probably not be replaced by a higher-temperature-

adapted community.

v
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A consequence of the microbial community changing qualitatively in a temperature plume such as observed by Brielmann et

al., (2009) may be a change in jnicrobial ecosystem function. This has so far rarely been characterized, one exception being
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Brielmann et al. (2011). The microbial community is the main food source for groundwater fauna. On the regional and

landscape scale, clear correlations between faunal associations and temperature have so far usually been missing, which is

mostly due to the number of influencing and interacting factors (dissolved oxygen, varied toxicants, land use and development

over time for all such factors) in relation to the often low numbers of samples (Koch et al. 2021).

The impact of temperature on organisms has implications on ecosystem services. Avramov et al. (2013) demonstrated the

response of crustacea to increasing temperatures. Increased stress in the sense of disturbance, particularly when it is of the

ramp or press type (Lake 2000), which continuously increasing temperature presents, might lead to decreased fitness, and thus

decreased ecological functions (Holmstrup et al., 2018, Taborsky et al. 2022). Where temperature is so high that fauna and

thus its gcosystem function are compromised or even lacking, any effect of microorganisms being more active at higher

temperatures, and thus degrading more carbon, may be (more than) compensated by the lack of grazing and thus rejuvenating -

microbial growth (Mattison et al., 2005).

To this date, no quantitative evaluation of ecosystem services in groundwater and their susceptibility to temperature existed.

However, we urgently need to quantify the impacts of temperature on groundwater ecosystem services since we may have to

future-proof drinking water production if groundwater ecosystems change their functionality due to increasing temperatures

and changing climates and land uses (Schmidt et al., 2024).

v

Since it is hard to derive the relevant data sets on the required temporal and spatial resolution, while controlling for different
environmental settings globally, one way to approach answers to these questions are models. Here, we present a model, as a

proof-of-principle approach, based on data from one of the most comprehensive data sets on a groundwater ecosystem
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(Husmann and Marxsen, 1988; Marxsen et al., 2021). Marxsen et al. (2021) grouped the wells in the River Fulda floodplain
into four groups: one group combining wells near the river Fulda and in intense exchange with the river (“R”), one group
covering wells that were characterized by a plume of a carbon source from the near-by village (“P”), one group characterized
by agriculture with elevated nitrogen and phosphorus concentrations (“A”), and a group representing wells of a mixing zone
being situated in-between the other three zones and combining characteristics of all zones (“M”; Fig. 1). While many
groundwater taxa are ubiquitous, neighbouring aquifer zones may differ markedly in fauna taxa composition (Di Lorenzo, et
al., 20252). The River Fulda data set thus enables to study reactions to scenarios of increased temperatures and / or setting
fauna to 0 as if after a calamity, in different environmental exchange conditions, under the same climate. The data set allowed
to check whether the developed model represented a range of measured field conditions. Once satisfied with the model, it is
possible to change parameters and / or exclude fauna biomass to run scenarios representing warmer climates, and comparing
ecosystem functions (here: degradation of organic carbon) when fauna is present versus absent. Fauna being absent might also
be a consequence of climate change, since, as described, fauna does not survive well elevated temperatures. Admittedly. the

data from the Johannisaue within the narrow zone of river-near aquifers, might not be representative for many aquifers.

However, we lack data that are representative for those aquifers relevant to our drinking water resources, and thus, we decided

to take the data from one of the most comprehensive studies and made further assumptions relating to more secluded aquifers

with a low range in temperatures and low adaptation of fauna to higher and lower temperatures.

The hypotheses in this proof-of-principle approach were: 1) Without fauna, a groundwater ecosystem shows lower carbon

degradation, thus, higher remaining organic carbon. 2) An increase in temperature by 1.5°C or 3°C leads to an increase in
microbial degradation, and thus, lower remaining organic carbon. 3) Fauna is compromised more by increasing temperatures,
than microorganisms profit from a temperature increase; thus, a scenario of modelling fauna at a temperatures increased by
1.5 °C and more so at 3°C will show decreased degradation of organic carbon, leading to higher organic carbon remaining

than in the reference scenario with fauna at current temperature.

2 Study area and methods

The data that the proof-of-principle approach modelling was based on, were taken from a field study in the Johannisaue, River

Fulda floodplain, described e.g. in Husmann and Marxsen (1988) and Marxsen et al. (2021). This study is to this date one of
the most comprehensive (chemical and physical conditions, prokaryotes and fauna; microbial growth rate measurements) and
longest-running studies (measurements between 1978 and 1984), including dividing prokaryote cells into size fractions
allowing detailed biomass distributions. Marxsen et al. (2021) had performed a k-means cluster analysis on the physical and
chemical properties, assuming four groups. They characterized the four groups based on the chemical and physical properties

of the groundwater sampled in the wells within the groups, and the wells’ position in the floodplain (Fig.,l). One group among

the four combined river-near wells which were in intense exchange with the river (“R”), one group covered wells dipping into
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Figure l: Map of the study area near Fulda, with the four groups of wells derived in Marxsen et al. (2021) colour-coded. Blue:

river-near, abbreviated as “R”, grey: mixing zone (“M”), red: plume (“P”), and green: agricultural area (“A”). W: weather

station Fulda Horas, DWD 1526. Changed after Marxsen et al. (2021). Coordinate system: ETRS 1989, UTM Zone 32N,

Groundwater temperature was only measured at the time of sampling in the wells in the river Fulda floodplain, i.e. at the
maximum monthly. Therefore, we took the daily temperatures from the DWD (German weather service) station Fulda Horas
(1526, 255.00 m a.s.l.; geographical latitude 50.5335; longitude 9.6750; on the east shore of the river at the north of the
investigated area). From the relationship of the minima and maxima of the in situ groundwater temperatures, compared to the

minima and maxima of the Fulda Horas air temperature, we derived daily groundwater temperatures separately for the four
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groups of wells (Supplement S1; Fig. S1). These were the basis for the scenario runs where temperature was one variable (hat geléscht: 2
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explanations). We used the precipitation data from the same meteorological station 1526: Fulda Horas for estimating recharge (hat geldscht: 2

(Supplement S2). We then modelled carbon import into groundwater by multiplying the respective daily recharge volume from Chat geléscht: 3

precipitation with an average carbon concentration. All carbon sources, and all organism compartments, were transformed to

mol COD, i.e. chemical oxygen demand, to allow directly comparing compartments. See Supplement S3,for these calculations. (hat geléscht: 4

For modelling microbial and faunal growth, we chose hybrid Monod / Verhulst models (Schlogelhofer et al., 2021), combining

resource-dependent growth with the limiting factor of a carrying capacity. For microbial growth, the equation reads

% = Hmax,M0_het CMOper (1 - ,T#::i) (ﬁ) eq. 1

where cBoc is the concentration of biodegradable organic carbon (BOC; see below), cumo_ne is the concentration of heterotrophic

MiCroorganisms, fimax.mo_her the maximum growth rate of heterotrophic microorganisms, Kvo i the carrying capacity, and

K soc the half saturation concentration (Schlogelhofer et al., 2021). We derived growth rate and carrying capacity from the

maximum biomass (dry mass) measured in the wells and their temperature dependence (Supplements S4, S5,564). Modelled (hat geldscht: 5

biomasses unlimited by something like a carrying capacity tend to increase exponentially because natural limiting processes . (hat geldscht: 6
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instead of tmax.m0_het, Kfuuna instead of Kuo ner for the carrying capacity, and Ksvo s instead of Kssoc for the half saturation

concentration.

With the paradigm “Everything is everywhere but the environment selects” (Baas Becking, 1934) still holding (de Wit and
Bouvier, 2006), microorganisms can be assumed to change in composition when environmental conditions change. The

functionality largely remains the same, due to functional redundancy (Taubert et al., 2019). For microorganisms, there is no
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mortality in the stricter sense. Instead, maximum growth rate and carrying capacity are parameters usually describing limited
growth quite well. Since most bioreactions are most efficient at temperatures between 25 and 35 degrees (Kong et al., 2020),
temperature increases in groundwater can be expected to lead to increases in microbial functions up to ca. 35 °C, which will
probably never be reached in groundwater unless under geothermal or anthropogenic influences. Therefore, we chose the
simplistic approach of modelling temperature increasing microbial growth rate, based on Schmidt et al. (2018). Due to the lack
of knowledge on parameters for faunal growth rates, we chose a linearly increasing temperature-induced mortality instead,

based on data in Avramov (2013; see below and Supplement S6,).

Models were run separately for the four well groups derived in Marxsen et al. (2021). Some characteristics, such as air
temperature, precipitation, TOC (total organic carbon) in precipitation, fauna growth parameters maximum growth rate tmax,
half saturation concentration K, and carrying capacity for microorganisms and fauna, fauna mortality rate, fauna excretion
rate, were the same for all four groups, because group-wise measurements were lacking. The group-wise means of the first
date from which measurements were available, for detritus, DOM, heterotrophic microorganisms’ biomass (dry mass),
microbial growth rate parameters umax, half saturation concentration K, and fauna dry mass, were taken as the start values for

the model.

The values for particulate organics measured in the River Fulda floodplain (Marxsen et al., 2021) were assumed here to be
representative for detritus, and it was assumed that continuously, a fraction k1 of 0.0001 per day would become biologically

available, and this form was referred to as BOC (biologically oxidizable carbon) here (Supplement S3).

Since the remaining BOC concentrations after the modelled period of 3.5 years might just be a hot or cold spot or moment
(McClain et al., 2003), we fitted trends over the modelled period to approximate overall development of carbon in the

respective compartment. This also allowed to compare fitted trends among scenarios.

With a regional sensitivity analysis (RSA) based on Pianosi et al. (2015, 2016), implemented in the R package “SAFER” v.
1.2.1 (Gollini et al., 2025) parts of which we adapted to the groundwater trophic model, we narrowed down which of the
deduced and estimated variables were most influential and warrant special attention in the future. To demonstrate the influence

these parameters indeed had on the model, and thus to narrow down uncertainty when using particular values for parameters,

we performed two additional runs each for the two most influential parameter, with a minimum and maximum value tested for

sensitivity, respectively (see model parameters in “parameters.xlsx” in the “gtm” (groundwater trophic model) repository on

github: https://github.com/suisch/gtm_River_Fulda_floodplain.).

All simulations, statistical evaluations, and plots were done in R 4.5.0 (R Core Team, 2025). Colours were chosen to be

distinguishable by colour blind people using the package “ggokabeito” (Barrett, 2021).
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3 Results

Precipitation and air temperature showed the expected seasonality, with the years 1978 having been drier, and the year 1981

wetter than the other years (Fig. 2,(a)). Figure 2, (b)-(e) show the measurement points and the simulations results (lines) over Chat geléscht: 1 )
the investigated period. Supplement S7: Fig. S2,includes the trends added to Fig. 2, (b)-(e) as an example. The other figures (hat geléscht: | )
with measured values and trends are not shown because the figures would have been largely redundant with the comparison Chat geléscht: 3 )
R ‘ (hat geléscht: | )
of trends across scenarios (see below). , ~
hat geldscht: The trend parameters of all scenarios are given in
S10: Table S1.
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Figure 2: Visualization of the measured and modelled carbon compartments in the river Fulda floodplain for which Marxsen

et al. (2021) had divided groundwater wells into four groups: river-near = “R”, mixing zone = “M”, plume = “P”, agricultural
area = “A”. (a) Air temperature (black) and precipitation in Fulda Horas meteorological station 1526 (blue) for the four years
covering the study period. (b), (¢), (d), (¢): measured (dots) and modelled (lines) carbon compounds in the four well groups

(refer to text and Fig. 1). This scenario is referred to as the “Reference” scenario. Please note that the highest measured value

in fauna dry mass (1.3*10* mol COD L' in P03, group “R”; on | January 1979) was omitted from the plot to enable
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visualization of the modelled time course. In each subplot, 5 error measures and the number of values between measured data,

averaged per group and date, and the model data are given.

The simulations (lines) in Fig. 2, (b), (c), (d), and (e) reflect the measured values (points) well in general, even if the error

measures indicated low quality. partly due to the low number of measured values. We therefore used this model and changed

only the parameters for the presence of fauna and for temperature in the scenarios of “no fauna” and / or “+ 1.5 °C”, and / or
“+ 3 °C”, respectively (described below). The respective overviews of the same format as Fig. 2, are included in the

Supplementary Information S7; Fig.s S2,to S7.

The modelled detritus did not change much during the modelled time span (Fig. 2,(b)). Event-based recharge in response to

precipitation appeared to contribute little under the model assumptions (Fig. 2, (b)). Modelled BOC first decreased then

increased in the agriculturally-influenced “A” and the plume “P” zones (Fig. 2,(c)). In the mixing “M” zone, after an initial ‘

increase, there was a decrease in BOC until autumn 1978 and then a steady increase. In the mixing “M” and the agriculturally-
influenced “A” zones, BOC reached higher values at the end of the modelled time span than the measured values (Fig. 2,(c)).
The increasing trend was largely consistent with an apparent increasing trend in the in situ values over the study period (Fig.

2(e)).

The microbial dry mass initially decreased in the “R” and “A” zones and stayed at low levels (Fig. 2,(d)). In the “M” and “P”

zones, dry mass initially increased to the carrying capacity, which was set to be the maximum microbial dry mass measured
per group. The dry mass more or less stayed on the carrying capacity or slightly below, for the better part of 1978, and then
decreased. This decrease was only temporary in the “P” zone (Fig. 2,(d)).

Modelled fauna dry mass (after an initial slight increase in zone “A”) slowly and steadily decreased in the river-near “R” and

the agriculturally-influenced “A” zones (Fig. 2, (¢)). In the “M” and “P” zones, fauna dry mass increased until late autumn

1978, and then stayed on a level just below the carrying capacity (the highest measured fauna dry mass per group).

The scenarios for the simulations with increased temperatures and/ or lack in fauna are given in Supplement S7: Figures S3

S4. S5, S6. The error metrics all indicate a worse-than-desired fit. In particular, for the fauna data for the groups river-near

“R” and agriculturally-influenced “A” there were only data available from 1 or 2 dates, respectively, so that the error metrics

could not even be calculated. The trend parameters of all scenarios are given in Supplement S9: Table S1.

The modelled BOC, microbial dry mass and fauna dry mass showed only slightly different patterns in the “+1.5 °C” scenario

(Fig. S4), but very different patterns in the “+3 °C” scenario (Fig. S6). The three “no fauna" scenarios (Fig.s S3, S5, S7) :
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showed seasonal patterns for faunal dry mass. At +1.5 °C, fauna decreased seasonally (Fig. S4), However, this did not seem

to influence net microbial growth and net BOC degradation. At +3 °C, however, fauna seemed to break down to low levels in
summer 1978 (Fig. S6), from which they hardly recovered in the following springs and stayed low afterwards. Due to the
lacking faunal grazing, microbial dry mass reached highest values, even to the parameterized carrying capacity. In turn, the

resulting BOC values after the 3.5 years were the lowest of all scenarios, particularly in the “R” and “P” zones.

An overview over the start and end values of the modelled run, and of the linear fit, along with the fit parameters, is given in

S9, Table S1. The comparison of all trends is given in Fig. 3 for BOC, for microbial dry mass in S&, Fig. S8, and for fauna dry
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mass in S8, Fig. S9, In all zones, the three “no fauna” scenarios (“No fauna”, “No fauna +1.5°C”, “No fauna + 3°C”) were : .
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indistinguishable from each other (yellow, bright orange and dark orange lines fall together). For the “M” and “P” zones, BOC

trends rose to the highest values per zone, thus, highest BOC values remained in the system in the “no fauna” scenarios in

these two groups (Fig. 3). Except for the “+3°C” scenario in the “R” group and all “fauna” scenarios in the “P” group, BOC

trends rose in all scenarios. In all four groups, the BOC trends for the “reference” and “+ 1.5°C” scenarios were
indistinguishable from each other. In the “P” zone, the “+ 3°C” scenario also fell visibly into one line with the two other
“fauna” scenarios. The main difference was thus not among scenarios of varying temperature, but among “fauna” and “no

fauna” scenarios (Fig. 3).
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Figure 3: Trends through the modelled BOC in the river Fulda floodplain for the six scenarios which are given in the legend:

“Reference”: input variables according to Marxsen et al. (2021); “No fauna™: setting all fauna variables to 0; “+1.5°C”: raising
all groundwater temperatures by 1.5°C; “No fauna +1.5°C™: setting all fauna variables to 0 and raising all groundwater
temperatures by 1.5°C; “+3°C: raising all groundwater temperatures by 3°C; “No fauna +3°C”: setting all fauna variables to 0
and raising all groundwater temperatures by 3°C. The four sub plots depict the four aquifer groups: river-near = “R”, mixing

zone = “M”, plume = “P”, agricultural area = “A”; see text and Fig. 1,
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The ecosystem service of carbon degradation was expressed as the concentration of mol COD of biologically oxidizable carbon
BOC remaining in the system compared to the start value of the simulation, with column “Modelled concentration at end minus
modelled concentration at time 0” being the difference between the columns “Modelled concentration at the end” and

“Modelled concentration at time 0 (S9, Table S1). We divided this difference by the value in column “Modelled concentration

at time 0” to yield the value in the column “% change at end compared to modelled concentration at time 0”. BOC decreased
by almost 100% over the modelled period to very low values in the fauna scenarios in the plume “P” zone (Supplement S9,
Table S1), while it increased by over 700% during the same period in the “no fauna” scenario in the mixing “M” zone. This
shows that it depends on the start condition and measured microbial rates per zone what the outcome of the simulation will be
— there is no general behaviour. We then related the “Modelled concentration at the end” of any scenario to the reference case
to yield “factor by which modelled end concentration changed from reference modelled end concentration”. A value below 1
indicates a decrease in the respective concentration compared to the reference case. For BOC, this was observed in the “R”
and “A” zones without fauna, and in the “R” and “P” zones at elevated temperatures, and at +3°C additionally in the “A” zone

(S9, Table S1). In the “+1.5°C” and “+3°C” scenarios, the remaining BOC increased only slightly above the reference level:

with a factor of 1.37 in the “M” zone at +3°C. In the “no fauna” scenarios, the remaining BOC increased by a factor of up to
6.6 in the plume “P” zone, compared to the reference scenario, regardless of the respective temperature increase (S9, Table
S1).

In partial agreement with the second hypothesis, an increase in temperature by 3°C led to lower remaining BOC in most
scenarios. However, an increase of 1.5°C did now show a visible effect, except for the fauna dry mass. Microbial dry mass
fitted trends increased beyond the reference case in the “no fauna” scenarios, except for the “P” zone. Fauna dry mass showed
lower fitted slopes for the “+3 °C” scenarios in the “R” and “M” zones. The trends of faunal dry mass at “+3°C” was different
in every zone and (almost) fell together with the “no fauna” scenarios in the “P” zone. Clearly, a groundwater temperature
increase by 3°C had impacts on fauna which in the “R” and “A” zones led to increased microbial dry masses, which, in turn
decreased remaining BOC trends in the “R” and “A” zones. The increase of temperature, however, cannot be assumed to act

on all aquifers in the same way.

In order to deduce how sensitive the model was to changes in specific parameters, we conducted a regional sensitivity analysis

separately for the four zones. k1 was the most important or second most important only in three zones: “A”, “R”, and “M”,

while microbial yield was the most or second most sensitive parameter in all four zones, (S10; Fig.s S10,—S13).
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minimum (0.000001; Fig. 5) and maximum k1 (0.001; Fig. 5), to evaluate uncertainty. The fitted linear model trends for these

extreme scenarios and the reference scenario for comparison are listed in Supporting Information S10, Table S3.

High k1 and Jow microbial yield Jed tq,the highest-per-group BOC values at the end of the model run (Fig. 4, Fig. 5, Supporting - Chat geléscht: Low
Information S10, Table S3). With low microbial yield, BOC first decreased to low values (near-zero in zones “M” and “P"), ™.~ Chat geléscht: and high grazing pressure from fauna
but were higher than the reference at the end of the model run (Fig. 5). High yield, in contrast, decreased BOC in the “M” and . ’Chat geldscht:
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efficiency in transforming the taken-up BOC into microbial biomass, resulted in up to 100 times less BOC left over, depending

on the group (Table S3). High k1 and low microbial yield increased left-over BOC by a factor of up to 33, depending on the

group (Table S3).

The uncertainty was high, particularly for the “M” mixing zone, when using extremely low and extremely high k1 values (Fig.

4). Extremely low k1 led to low concentrations of BOC to start with and consequently less BOC being left over after the

simulation period, while extremely high k1 led to a surplus of BOC. , g Chat formatiert: Englisch (USA)
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Figure 4: Model run of the reference scenario, as in Fig. 2 (black line), with the uncertainty range (grey polygon) between the< ... (hat formatiert: Englisch (USA)

scenario with the minimum value for k1 tested in the sensitivity analysis (0.000001; light blue line limiting the grey uncertainty =~ ™. Chat formatiert: Englisch (USA)

polygon) and the maximum value for k1 (1; dark red line). River-near = “R”, mixing zone = “M”, plume = “P”, agricultural (Formatiert: Standard
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area = “A” (for the explanation of the zones, refer to text and Figure 1).

In contrast, extremely low and extremely high microbial yield only resulted in a — narrow — uncertainty range around the

scenario 1 for the groups “R” and “A” (Figure 5). For the zone “P”, all three scenarios reached a minimum for BOC between

mid 1978 and 1979 from which both extreme scenarios picked up earlier than the reference scenario. In the mixing “M” zone.

the highest yield led to the slowest depletion of BOC, with a quick recovery of the BOC.
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Figure 5: Model run of the reference scenario, as in Fig. 2 (black line), with the uncertainty range (grey polygon) between the - Chat formatiert: Schriftart: 10 Pt., Englisch (USA)

scenario with the minimum value for microbial yield tested in the sensitivity analysis (0.001) and the maximum value for

microbial yield (0.08). River-near = “R”, mixing zone = “M”, plume = “P”, agricultural area = “A” (refer to text and Figure

4 Discussion

This is to our knowledge the first attempt at developing a process-based proof-of-principle approach model of the groundwater
food web, and it is the first endeavour at comparing scenarios of excluding fauna from the system. There have been laboratory
studies exposing fauna to increasing temperature (e.g. Brielmann et al., 2011; Di Lorenzo and Reboleira, 2022; Spengler,

2017), but to our knowledge this has never been translated to a trophic dynamic model, even if restricting to the major part of
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the food web, as done here. One reason for such attempts not having been done before, lies in the difficulty of parameterizing
such models. Our knowledge of the groundwater ecosystems’ processes and dependencies is still patchy because field studies

are usually conducted in hydrogeologically and hydrochemically heterogenecous aquifers with low numbers of monitoring

wells, with sampling too rare in time so that local influences and site-specific parameters linked to variations in topography

and geology superimpose effects from single variables such as temperature and oxygen (Koch et al., 2024a). Thus, the choice

and development of appropriate parameters is crucial but virtually impossible based on the available field and laboratory data

without far-fetched assumptions. If the reference case is not appropriately parameterized, using it as a base for further scenarios

is not reliable.

4.1 Modelling the reference case with fauna at the temperature of the observation period

Largely, the model set up, including the parameters, proved to be appropriate for representing the measured data. Modelled
detritus in the reference case with fauna at the temperatures of the observation period stayed in the same order as most of the
measured values and was a constant source of carbon in abundance. We assumed here that detritus would largely stay in the
catchment. We further assumed that BOC would be the more influential factor for food webs and drinking water production,

as e.g. in Vogt et al. (2023), and thus, we focussed on BOC and its pathway in the following.

Modelled BOC concentrations, designed to represent the bioavailable carbon fraction, mostly increased, and even beyond the
measured values, over the investigated period of 3.5 years in the mixing “M” and the agricultural “A” zones. The model thus
did not indicate a quasi steady state. This may be an artefact of the combination of model parameters and needs to be studied
further. However, this increase was in the order of 0.00015 mol COD L' over the investigated period of 3.5 years, while the
highest values of detritus measured in the field were around 0.05 mol COD L. Thus, this BOC increase was negligible for
the catchment-scale budget. It just means that, seen over the whole 3.5 year modelling period, less of the biologically available
carbon pool was taken up by microorganisms than was refilled from precipitation, physical breakdown, and import from the
soil. Assuming that the ecosystem in fact should have been in a quasi steady state, the trends would have been expected to be
even closer to 0 in the reference model case, but for a simplistic food web model, we believe that the current approach is
sufficiently close to the measured values. It further ensured that carbon was not limiting at the bottom of the food web over
the whole period. This enabled comparison of the degradation of this resource being in over abundance. The less exchange
with the surface, i.e. the deeper and the more secluded aquifers are, the more dependent on carbon import they will be (Schmidt

et al., 2017; Schmidt and Hahn, 2012). Such scenarios will be part of the next questions to be addressed with the model.

In the scenarios, temporarily, modelled BOC was reduced to near-zero during the growth phase of the microorganisms (see

below) in the mixing “M” and the plume “P” zones. This indicates feedback among the carbon fractions’ concentrations — their
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scales seemed to be appropriate to reflect dynamic ecosystem behaviour. It also means that a longer-term simulation might

have yielded different end concentrations and trends. This may be the subject of further model applications.

Modelled microbial dry mass showed (at least temporary) reductions to near-zero concentrations. In the “P” zone, dry mass

rose to apparently the carrying capacity, dipped at the beginning of 1979 to low values and then rose again to apparently the

carrying capacity. Fauna dry masses were lowest in the “P” zone (see below). In the “M” zone, the microbial dry mass rose

very slightly to apparently the carrying capacity and then dropped at the end of 1978 to near-zero and never recovered. Also

in the “A” and “R” zone, dry masses dropped to near-zero, already early in 1978, and never recovered. The fact that the dry

masses jin the “A” and “R” zones dropped so carly, might reflect moments of feeding by higher-than-average fauna biomass

(see below). The highest measured value for microbial dry mass had been observed in the agricultural “A” zone (compare
Marxsen et al., 2021) and concurrently, carrying capacity was set to be at this high level, but was never nearly reached in the
model with the current parameter set up. One reason for this may be that the modelled fauna dry mass stayed highest in the
“A” zone compared to other zones and thus, fauna exerted grazing pressure, in this case reducing the microorganisms’ capacity
of degrading BOC, such as observed in Kota et al. (1999). This can be seen in the steadily rising modelled BOC. 1t is likely
that the groundwater microbial community under agricultural land use exhibits growth and degradation characteristics much
different from other zones (e.g. Dibbern et al., 2014), because subsurface carbon characteristics differ under the different land
uses (Lehmann et al., 2021). It might be necessary to adapt the parameters and maybe even the model set-up for agricultural
zones in future work. Another source of variation may be the distribution of organic carbon within the aquifer — in a porous
environment, it might be physically separate from the microbial cells (Schmidt et al. 2017). To take such micro scale resource
heterogeneity into account, requires a model which parameterizes at least two spatial dimensions (Schmidt et al. 2018), instead

of the spatial 0D approach taken here.

Modelled fauna dry mass showed a steady increase within the first year in the mixing “M” and plume “P” zones, concurrent
with a decrease in the microbial dry mass in the same zones, particularly towards end of winter in early 1979. With the end
values being lower than the start values in the “R” and “A” zones, the fitted trends across the models were negative. The fauna
fitted trends for the “+3°C” scenarios decreasing to below 0 are an artefact. In the cases where the dry mass stayed at elevated
levels over at least a certain period at the start, the drop down was steeper than in scenarios where fauna decreased at the
beginning. The reason for the fauna dry masses not increasing later when the microbial dry mass was at carrying capacity, i.e.
when food was presumably not limiting, e.g. in the “+3°C” scenario, requires further investigation, but is most likely due to
increased mortality of fauna at generally higher temperatures. Experiments on feeding and growth rates, building up on the
published experiments on reproductive rates in Riitz et al. (2022) from central Germany, are still scarce and hardly available

for middle-European temperate weather groundwater environments.
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We had checked data from three studies for their potential use as parameters in the current model. These experiments had been
conducted at 14 and 17°C (Di Lorenzo et al., 2025), at 15°C (Navel et al., 2011), and at 10°C (Mermillod-Blondin et al., 2025).
Thus, only the study by Mermillod-Blondin et al. (2025) was under conditions somewhat comparable with the River Fulda
floodplain. The study by Navel et al. (2011) was even conducted with a 12 h light 12 h dark cycle because of the studied
interaction with a surface amphipod. Both elevated temperature (see above) and light (Sim¢i¢ and and Brancelj, 2007) may be
stressful for stygobites though, and we did not deem the parameters appropriate for our model. This reduced the available
parameters. Considering these caveats, for the sake of a first simplistic food web model, we considered the model set-up

sufficient for the purpose.

4.2 Modelling the lack of fauna

In partial agreement with the first hypothesis, the “no fauna” scenarios in the “M” and “P” zones resulted in the highest
remaining BOC, both in models, and in the fitted trend lines. In parallel, microbial dry mass was mostly highest in the “no
fauna” scenarios. Less microbial degradation despite higher measurable dry masses points to a lack in rejuvenating grazing
(Mattison et al., 2005). The bulk growth of microorganism was probably higher in the “fauna” scenarios, leading to higher

degradation, but faunal grazing reduced the measurable microbial net dry mass (see also above). In addition to quantitative

effects, grazing might also qualitatively change the microbial community (Longnecker et al., 2009) and might thus influence

functions, and in the consequence, ecosystem services. As an example, groundwater crustacean abundance correlated with

low-nucleic-acid (LNA) bacterial cells (Di Lorenzo et al., 2025a). This may hint to selective feeding (Jochem et al., 2004).

HNA cells are often more metabolically active (Longnecker et al. 2005) and might thus be the preferred food source in grazing,

leaving over microbial biomass less functionally active which then degrades even less carbon than the same dry mass of an

un-grazed community might have done. Elucidating the actual microbial growth and uptake of organics per cell requires tracer
studies (e.g. for marine systems: Zubkov & Tarran, 2008). It is interesting that this pattern emerges clearly from the rather
simple food web modelling with the hybrid formula of combining the Monod model with the Verhulst model (Schlogelhofer
etal., 2021).

The opposite effect of microbial uptake being reduced due to faunal grazing, described by Kota et al. (1999), was observed in
the “R” and “A” zones. We lack understanding of the circumstances under which one pattern dominates. Also, the cited
publications refer to grazing by protozoa, while we lacked quantitative field data for protozoa from the River Fulda floodplain
and assumed that the grazing can be subsumed under a multicellular “fauna” dry mass term, based on the fauna appraisal in
the River Fulda floodplain. To date, there is no field or laboratory study quantifying multicellular fauna, protozoa, and
microorganisms in the same groundwater samples. Qualitative food webs were constructed based on molecular data in the

Hainich aquifer (Herrmann et al., 2020).
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Depending on the zone, remaining BOC concentrations decreased to the point of vanishing (plume “P” zone in the “+ 3°C”
scenario; discussed below), but increased in all other cases. This increase was up to more than 6.6-fold over the 3.5 year
observation period. Without groundwater fauna, drinking water production will have to compensate by intensified treatment

of organics which raises costs and insecurity.

4.3 Modelling an increase of groundwater temperature

It was surprising that an increase by 1.5°C, while resulting in different fauna dry mass (except for the “P” zone), did not
translate in different microbial or BOC fitted trends in the “fauna” scenarios. This may show that the lower grazing pressure
from fauna was apparently compensated by faster microbial growth resulting in the net biodegradation of BOC being no
different from the reference scenario. It might also have been a combination of the effect described by Kota et al. (1999) and
thermally increased biodegradation rates. Fauna being clearly compromised by +3°C translated into higher microbial dry mass.
This higher microbial dry mass, however, did not alter BOC fitted trends in the “P” zone. Here, the diminished “rejuvenating”
grazing might have compromised degradation, along with Mattison et al. (1999). The strongest increasing by 3°C effect on
faunal dry mass was seen in the “R” and “A” zones. In both zones, microbial dry mass fitted trends steeply increased over the
course of the 3.5 modelled years, almost in parallel. However, the BOC fitted trends in these two zones were not parallel: it
decreased in the “R” zone and increased in the “A” zone. In the “R” zone, thus, more remaining microbial dry mass degraded
more, while in the “A” zone, it might have been a lack in rejuvenating grazing (Kota et al., 1999) again, which compromised

degradation.

4.4 Modelling the lack of fauna at an increase of groundwater temperature

In contrast to the third hypothesis, the combination of increased temperatures and lack of fauna led to reduced degradation and
higher remaining BOC compared to the reference scenario, only for the “M” zone at +3°C. In that scenario, the difference to
the BOC increase in the “no fauna at recent temperature” was negligible and thus, the reduced degradation was almost only
due to lack of faunal grazing. In the “P” zone, the only factor shaping the BOC fitted trend was presence versus absence of
fauna — temperature did not influence at all. The lack in temperature effects on fauna might partly be due to the overall low

dry masses of fauna in the “P” zone.

While the faunal and microbial dry mass fitted trends were similar in the “R” and “A” zones, the BOC fitted trends diverged,
particularly for the “+3°C with fauna” scenarios. The reason may lie in different indirect effects which are hard to capture with
the present set-up. More combinations of start conditions and parameters are needed to single out direct and indirect effects

(Fiser et al., 2025).
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BOC trends were lowest for the “+ 3°C” scenarios in the “R” zone, and thus, the lowest BOC remained at the highest
temperature with fauna, although fauna was clearly compromised. One explanation is that the “intermediate” disturbance
caused by the temperature did, in this case, not lead to the highest diversity, as proposed in the original “intermediate
disturbance hypothesis” (Connell, 1978), but to the highest ecosystem services. However, it needs to be tested how sustainable

this pattern would be in the longer run under increased temperatures.

In general, the effect of losing fauna was mostly stronger than that of increased temperatures. The risk of losing fauna altogether
increases with increasing temperatures, and thus, the risk of running into “no fauna” scenarios with partly clearly decreased

degradation, increases.

4.5 Reduced ecosystem services

Here, we focused on degradation of BOC as a main ecosystem service relevant to drinking water production for humankind.
In many scenarios, including the “no fauna” scenarios of the “M” and “P” zones, BOC concentration increased, i.e. the
remaining carbon increased, which is an indicator of a reduced ecosystem service. Thus, the ecosystem service was reduced
mainly under the lack of fauna. Losing groundwater fauna would mean losing a substantial part of the microbially-driven

ecosystem service of carbon degradation.

This ecosystem service of degrading organic carbon comes at costs. E.g. the oxidation of carbon to CO2 requires oxygen. There
are a few laboratory studies quantifying the uptake of oxygen by groundwater fauna, e.g. Di Lorenzo et al. (2024), Hervant
(1997), Hervant et al. (1998, 1999), Malard and Hervant (1999), and Mermillod-Blondin et al. (2008). Future studies should
make dissolved oxygen a reaction partner in the organisms’ uptake models, in order to evaluate where the provision of
ecosystem services may be hampered by the aquifer’s oxidation state. The wells in the Fulda aquifer which we used to
parameterize the current models were largely fairly well oxygenated and dissolved oxygen was shown to be not limiting in
Marxsen et al. (2021), but in other aquifer situations, dissolved oxygen played a major role in shaping communities (Strayer

et al., 1997) and thus needs to be included in future models which should be applicable for other areas as well.

4.6 Sensitivity analysis

The two parameters showing higher sensitivity in one group each than other parameters were the microbial growth parameter
yield and the k1 (proportion with which detritus split into biologically oxidizable carbon). It is thus paramount to derive these
two parameters carefully, to exclude artefacts, since we are showing here that changing microbial yield may change the

outcome of the model considerably, for BOC. After the study period, minimum k1 and maximum yield had reduced the BOC

left over from the feeding network, depending on the group, while high k1 and low microbial yield had largely the inverse
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effect. There is thus high uncertainty for BOC, depending on these two most sensitive parameters. The uncertainty introduced

from k1 was high, particularly for the mixing “M” zone and extremely high k1 values. The excess BOC was apparently not

used by the food web and would be imported into drinking water production facilities, requiring more treatment than where

the food web uses BOC efficiently.

The uncertainty from the tested range of the microbial yield was more complex and the four zones differed strikingly. The

uncertainty was low for the groups “R” and “A”, meaning that different microbial taxa or different states of the taxa with a

varying yield would not have led to high differences in remaining BOC. Changing the microbial community, e.g. by

biostimulation or bioaugmentation would not have influenced the degradation much in these two zones. For the plume zone

“P”, all three scenarios reached a minimum for BOC between early 1978 and mid 1979 from which both extreme scenarios

picked up earlier than the reference scenario. All three scenarios would thus have led to a quite efficient use of BOC within

the first year.

However, the low yield with high substrate use, and thus possibly steep biomass increase within the first months might have

led to increased grazing by fauna which would, in turn, have kept a check on the increase of microbial biomass compared with

the low yield and the reference scenario, leaving more BOC unused. In contrast, the high yield and thus low substrate use led

to the latest minimum in BOC. The then low microbial biomass would have meant that fauna had less to graze than in the

reference scenario, and the microbial biomass increased with a delay compared to the low yield scenario. The reference

scenario kept the BOC at a minimum value for the longest time. Microbial biomass was using virtually all BOC introduced

from detritus for the longest time, probably without losing too much biomass to grazing. This reference scenario would thus

be the preferred scenario when trying to have good quality raw water for drinking water production.

In the mixing “M” zone as well, low yield with high substrate use, led to the fastest decrease in BOC, while high yield and

thus low BOC use, led to the slowest decrease in BOC. After minimum values between 1978 and 1979, BOC concentrations

again increased fastest with the low yield scenario, like in the plume “P” zone, probably for similar reasons. Here, however.

the most effective scenario for keeping BOC low was the high yield scenario. The coinciding high substrate use under the “M”

zone circumstances of the relationship between start concentrations of microbial biomass and BOC might have led to microbial

biomass remaining low, but being just enough to sustain fauna which rejuvenated microbial growth optimally, depleting the
resulting BOC concentrations. In follow up studies, the food web will be followed for a longer period, to check whether there
are longer amplitudes in the growth and decline of BOC and microbial dry mass, than visible in the study period.

It needs to be noted though that particularly facultative oligotrophs are known to exhibit different growth parameters when
facing different substrate concentrations (Ishida et al., 1982). This will be hard to parameterize representatively for an entire

prokaryote community and questions how important exact microbial growth parameters can really be, and which uncertainty
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will remain even if parameterization has improved beyond this proof-of-principle study, It is hard to tell which process,

physical degradation of complex organic molecules to become microbially palatable sources, or microbial efficiency (yield) is

the most important. Because the growth parameters depend on substrate concentrations (Ishida et al., 1982; see above), an

interaction between the two is more than likely. The form of the interaction will determine whether uncertainty will be a sum

of the uncertainties of the two most sensitive parameters, or more or less than that.

4.7 Full budget

Full accounts of the productivity of groundwater systems with or without fauna, and at different temperatures, require
incorporating CO: into the budget. While dissolved bicarbonate had been measured in the River Fulda aquifer study, some of
the CO2 (and CH4 if produced; Herrmann and Taubert, 2022) will gas out. Such carbon loss from the system needs to be
measured with the appropriate methods. Isotopes of the carbon atom may assist in such calculations (Schwab et al., 2019). A
study on all carbon fractions in a groundwater ecosystem is still lacking, — the AQUADIVA project (Kiisel et al., 2016) offers
probably the most complete data set on all compartments. But important grazer groups such as the rotifera (Ejsmont-Karabin
and Karpowicz, 2025) and protozoa (Sinclair et al., 1993) require different sampling methods than the larger fauna and are
thus often not included in quantitative groundwater grazer accounts. For a full budget of the standing stocks and processes in
the groundwater ecosystem, these compartments need to be included in future field studies and in the models based on their

results.

4.8 Necessary steps for further development

The error metrics between measured data and model fits were not satisfactory which was to be expected with the scant data

base (low N of measured data). For the comparisons in the fauna data for the groups river-near “R” and agriculturally-

influenced “A”, for which data were only available from 1 or 2 dates, respectively, the error metrics could not even be

calculated. The overall low number of fauna data are the weakest point in this data set. This weakens of course the conclusions

drawn from the modelling results for fauna. However, the field data show a wide variability which seems adequate when

compared to field data from e.g. a 60 km? field site (Schmidt et al., 2007), a similar size field site in the River Isar valle

Brielmann et al. 2009) or from a region-scale investigation in Western Czechia (Schmidt et al. 2024). Thus, we believe that

the range of fauna abundances would have been not much larger with more frequent sampling data available. The trends over

time cannot be evaluated with the in situ data set, but the modelled trends reflect what has been measured in monthly data e.g.

in Schmidt et al. (2007). We thus assume that the sampled data and the modelled time course are representative for what was

really happening, until more comprehensive data show the opposite.
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hat geldscht: 4.8 Extrapolating to the global scale

The total groundwater volume in the upper two km of the continental
crust was modelled, based on tritium, to be approximately 22.6 Mio.
km® (Gleeson et al., 2016). Of these, Gleeson et al. (2016) estimated
that between 0.1 and 5 Mio. km® are less than 50 years old. Abbott et
al. (2019) drew the conclusion that between 300 and 1200 km®, with
an average of 630 000 km®, are renewable groundwater (“young” and
mostly fresh). This “younger” groundwater is often the resource used
for drinking water production.{

q

‘We found increases in the BOC concentrations from the reference
scenario to increased temperature and no fauna scenarios, with the
increase being over 6.6-fold in the case of the “no fauna” scenarios in
the mixing zone “M” group, which was a difference of 7.3*10"° mol
L' over the observation period of 3.5 years, i.e. 2.1*10”° mol L' year"
!. Assuming that this difference would be representative for global
conditions, multiplying with the average of 630,000 km® for
renewable groundwater (Abbott et al., 2019) and with a molar mass
0f 227 g mol”' for humic acid (see Supplement S4), this translates to
globally, up to 2,982,780,000 tons year™ not degraded by the
groundwater ecosystem, when fauna is lacking. This is an additional
load of COD that drinking water production needs to reduce globally
in the worst case when and if groundwater fauna has become extinct.{

Extrapolating like this assumes that the situation in the Fulda
floodplain is representative for the whole world, which is unlikely to
hold true, for various reasons. One step in making such scenario
accessible for the global situation is to use spatially resolved
temperature scenarios such as by Benz et al. (2017, 2024) to
extrapolate groundwater ecosystem services to the national,
continental, and global scale. Another important step is to make not
only the microbial degradation rate dependent on temperature, but
also the fauna grazing rate, not only the fauna mortality.§

q
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We hope that this lack in fit prompts the necessary investigations and improvements on the model in more comprehensive

studies following on this proof-of-principle study. In particular, it is important to reflect the traits (Hose et al., 2022) of not

830 only the common and rather well-studied stygoxenes and stygophiles, but also of stygobites, and the proportion with which

they occur, in the model parameters, to show robustness of the approach. The data necessary for such assessment are lacking.

In this modelling study we considered different kinds of energies as equal, due to a lack in better knowledge and data. This
approach may lead to errors (Odum and Odum, 2000). Odum and Odum (2000) suggested to express everything in an
835 ecosystem in the solar energy used to make each item. However, in an ecosystem where the sun does not shine, and where
instead not only the import of plant material, but also chemolithoautotrophy without solar energy provide resources at the basis

of the food web (Herrmann et al., 2015; Kellermann et al., 2012), compromises must be found.

Many temperature-related processes are not considered here, namely environmental changes, such as lower solubility of
840  dissolved oxygen, higher dissolution of ions (Retter et al., 2020), all of which may be detrimental to organisms. Thus, the net
optimum for groundwater microbial activity is probably lower than the physiological activity optimum itself. However, we

lack parameters for groundwater ecosystems to include such dependencies into models.

This study was based on a plethora of assumptions most of which might trigger discussions. Also, here, only average
845 compartment carbon concentrations were modelled. It is relevant to focus on the whole range of likely conditions, i.e. including
minima and maxima. However, because of error propagation, this is not a straightforward process and requires diligent

development. The present study aims to serve as a starting point for future developments.

Climate change does not happen everywhere in the same way — it not only translates into increased temperatures, but also into
850 changed recharge patterns which were not considered here. One next step is to use spatially resolved temperature scenarios
and chemical reaction solvers such as PHREEQ-CE to extrapolate groundwater ecosystem services under climate scenarios to

the national, continental, and global scale.

5 Conclusion

855  This first proof-of-principle study on quantifying the change in ecosystem services at scenarios of losing groundwater fauna,
and of increased temperature, showed that the partial loss of ecosystem services (BOC degradation) due to lacking fauna
increased remaining BOC up to 660-fold, based on the 3.5-year observation period. While there were differences among

aquifer zones that were characterized by differing patterns in nutrient and carbon background, some general patterns emerged.

This means that biomanipulation by protecting and promoting groundwater fauna for jmproving water quality, might be a (hat geldscht: ameliorating
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promising concept. The fauna’s role might still be underestimated. This has implications for drinking water production which

will locally have to compensate the lack of fauna’s ecosystem services by increased treatment which raises costs and insecurity.

The variables and parameters used in this modelling exercise will have to be confirmed and adapted by more detailed field

studies to ascertain transferability of the model. Particularly, as mentioned in the introduction, the data from the river-near

Johannisaue area might not be representative for aquifers in other topographies, hydraulic exchange situations, and geological

strata. More adequate data with which to parameterize process-based models are urgently needed.

Appendices

The supplement related to this article is available in the file Supplement, pdf.

Code availability

Code for a former version of the model and for producing the results graphs is available on zenodo at
https://doi.org/10.5281/zenodo.17153927 (Schmidt, 2025). This is equivalent to v.1.0.0 of the github repository
https:/github.com/suisch/gtm_River Fulda_floodplain. For this contribution, this repository has been updated to v.2.0.0.

Data availability

Parts of the data from the River Fulda floodplain study had been published in Marxsen et al. (2021). Data are available on
zenodo at  https://doi.org/10.5281/zenodo.17153927  (Schmidt, 2025) and on the github  repository

https:/github.com/suisch/gtm_River Fulda_floodplain. For this contribution, this repository has been updated to v.2.0.0.

Supplement link

The supplement file is available under the link

25

. (hat geloscht: 1




885

890

895

900

Author contributions

SIS conceptualized the study and prepared the methodology of the model. SIS, JM, and NR curated the data. SIS, JM, and NR

wrote the original draft. SIS, JM, and NR validated the results. SIS wrote, reviewed and edited the final version.

Competing interests

The authors declare that they have no conflict of interest.

Disclaimer

Copernicus Publications remains neutral with regard to jurisdictional claims made in the text, published maps, institutional
affiliations, or any other geographical representation in this paper. While Copernicus Publications makes every effort to include
appropriate place names, the final responsibility lies with the authors. Views expressed in the text are those of the authors and

do not necessarily reflect the views of the publisher.

Acknowledgements

SIS thanks Carola Winkelmann, Thomas Petzoldt, Martin Thullner, Jan Ulrich Kreft, Muhammed Shikhani, Martin Schultze,

and Susanne Worischka for discussions on modelling, and Katharina Lehmann and Robert Reinecke for discussions on

sensitivity analysis.

Financial support

This study was supported by a grant (Hu 41/17) from the Deutsche Forschungsgemeinschaft (DFG, German Research

Foundation; www.dfg.de) to Siegfried Husmann (deceased).

References
Avramov, M.: Sensitivity and Stress of Groundwater Invertebrates to Toxic Pollution and Changes in Temperature, PhD, 2013. hat geléscht: Abbott, B. W., Bishop, K., Zarnetske, J. P.,
. . . . . Minaudo, C., Chapin, F. S., Krause, S., Hannah, D. M., Conner, L.,
Avramov, M., Schmidt, S. I, Griebler, C., Hahn, H. J., and Berkhoff, S.: Dienstleistungen der Grundwasserdkosysteme, KW Ellison, D., Godsey, . E., Plont, S., Margais, J., Kolbe, T., Hucbner,
. . . A., Frei, R. J., Hampton, T., Gu, S., Buhman, M., Sayedi, S. S.,
Korrespondenz Wasserwirtschaft, 3, 74-81, https://doi.org/10.3243/kwe2010.02.001, 2010. Ursache, O., Chapin, M., Henderson, K. D., and Pinay, G.: Human

domination of the global water cycle absent from depictions and
perceptions, Nature Geoscience, 12, 533540,
https://doi.org/10.1038/s41561-019-0374-y, 2019.

26



915

920

925

930

935

940

945

Avramov, M., Rock, T. M., Pfister, G., Schramm, K.-W., Schmidt, S. I., and Griebler, C.: Catecholamine levels in groundwater
and stream amphipods and their response to temperature stress., General and Comparative Endocrinology, 194, 110-117,
https://doi.org/10.1016/j.ygcen.2013.09.004, 2013.

Baas Becking, L. G. M.: Geobiologie of inleiding tot de milieukunde, Van Stockum & Zoon N.V., The Hague, 1934.

Barrett, M.: Package: ggokabeito: “Okabe-Ito” scales for “ggplot2” and “ggraph,” 2021.

Benz, S. A., Bayer, P., and Blum, P.: Global patterns of shallow groundwater temperatures, Environ. Res. Lett., 12, 034005,
2017.

Becher, J., Englisch, C., Griebler, C., and Bayer, P.: Groundwater fauna downtown — Drivers, impacts and implications for

subsurface ecosystems in urban areas, Journal of  Contaminant Hydrology 248, 104021,
https://doi.org/10.1016/j.jconhyd.2022.104021, 2022.

Benz, S. A, Irvine, D. J., Rau, G. C., Bayer, P., Menberg, K., Blum, P., Jamieson, R. C., Griebler, C., and Kurylyk, B. L.:
Global groundwater warming due to climate change, Nat. Geosci., 1-7, https://doi.org/10.1038/s41561-024-01453-x, 2024.

Bevacqua, E., Schleussner, C.-F., and Zscheischler, J.: A year above 1.5 °C signals that Earth is most probably within the 20-
year period that will reach the Paris Agreement limit. Nat. Clim. Chang., 15, 262-265, https://doi.org/10.1038/s41558-025-
02246-9, 2025.

Blanchet, C. C., Arzel, C., Davranche, A., Kahilainen, K. K., Secondi, J., Taipale, S., Lindberg, H., Loehr, J., Manninen-
Johansen, S., Sundell, J., Maanan, M., and Nummi, P.: Ecology and extent of freshwater browning - What we know and what
should be studied next in the context of global change, Science of The Total Environment, 812, 152420,
https://doi.org/10.1016/j.scitotenv.2021.152420, 2022.

Bradford, T.: Modes of speciation in subterranean diving beetles from a single calcrete aquifer in Central Western Australia,
PhD thesis, University of Adelaide, 2009.

Bradford, T., Adams, M., Humphreys, W. F., Austin, A. D., and Cooper, S. J. B.: DNA barcoding of stygofauna uncovers
cryptic amphipod diversity in a calcrete aquifer in Western Australia’s arid zone, Molecular Ecology Resources, 10, 41-50,
https://doi.org/10.1111/j.1755-0998.2009.02706.x, 2010.

Brielmann, H., Griebler, C., Schmidt, S. L., Michel, R., and Lueders, T.: Effects of thermal energy discharge on shallow
groundwater ecosystems, FEMS Microbiology Ecology, 68, 273-286, https://doi.org/10.1111/j.1574-6941.2009.00674.x,
2009.

Brielmann, H., Lueders, T., Schreglmann, K., Ferraro, F., Avramov, M., Hammerl, V., Blum, P., Bayer, P., and Griebler, C.:
Oberflichennahe Geothermie und ihre potenziellen Auswirkungen auf Grundwasserdkosysteme, Grundwasser, 16, 77-91,
https://doi.org/10.1007/s00767-011-0166-9, 2011.

Carpenter, S. R., Kitchell, J. F., and Hodgson, J. R.: Cascading trophic interactions and lake productivity: Fish predation and
herbivory can regulate lake ecosystems, BioScience, 35, 634—639, 1985.

Connell, J.H.: Diversity in tropical rain forests and coral reefs, Science, 199, 1302-1310, 1978.

27



950

955

960

965

970

975

Dadi, T., Schultze, M., Kong, X., Seewald, M., Rinke, K., and Friese, K.: Sudden eutrophication of an aluminum sulphate
treated lake due to abrupt increase of internal phosphorus loading after three decades of mesotrophy, Water Research, 235,
119824, https://doi.org/10.1016/j.watres.2023.119824, 2023.

Di Lorenzo, T. and Galassi, D.: Effect of temperature rising on the stygobitic crustacean species Diacyclops belgicus: Does
global warming affect groundwater populations?, Water, 9, 951, https://doi.org/10.3390/w9120951, 2017.

Di Lorenzo, T. and Reboleira, A. S. P. S.: Thermal acclimation and metabolic scaling of a groundwater asellid in the climate
change scenario, Sci Rep, 12, 17938, https://doi.org/10.1038/s41598-022-20891-4, 2022.

Di Lorenzo, T., Mori, N., and Sim¢i¢, T.: Metabolic rates of groundwater species as a function of body mass and temperature,
Subterranean Biology, 49, 53—74, https://doi.org/10.3897/subtbiol.49.125131, 2024.

Di Lorenzo, T., Amalfitano, S., Galassi, D. M. P., Melita, M., Zoppini, A., Parrone, D., Ghergo, S., Rossi, D., Tabilio Di
Camillo, A., and Preziosi, E.: Geochemical and microbial factors driving crustacean assemblages in adjacent aquifer units
within the same aquifer, Biogeosciences, 22, 1237-1256, https://doi.org/10.5194/bg-22-1237-2025, 2025a.

Di Lorenzo, T., Tabilio Di Camillo, A., Iepure, S., Galassi, D. M. P., Mori, N., and Sim¢i¢, T.: Oxygen consumption and
carbon budget in groundwater-obligate and surface-dwelling Diacyclops species (Crustacea Copepoda Cyclopoida) under
temperature variability, Environments, 12, 32, https://doi.org/10.3390/environments 12010032, 2025b.

Dibbern, D., Schmalwasser, A., Lueders, T., and Totsche, K. U.: Selective transport of plant root-associated bacterial
populations in  agricultural soils upon snowmelt, Soil Biology and Biochemistry, 69, 187-196,
https://doi.org/10.1016/j.s0ilbio.2013.10.040, 2014.

Dormann, C. F., Bobrowski, M., Dehling, D. M., Harris, D. J., Hartig, F., Lischke, H., Moretti, M. D., Pagel, J., Pinkert, S.,
Schleuning, M., Schmidt, S. I., Sheppard, C. S., Steinbauer, M. J., Zeuss, D., and Kraan, C.: Biotic interactions in species
distribution modelling: 10 questions to guide interpretation and avoid false conclusions, Global Ecol Biogeogr., 27, 1004—
1016, https://doi.org/10.1111/geb.12759, 2018.

Ejsmont-Karabin, J., and Karpowicz, M.: Rotifera occurrence and diversity in the groundwater wells of a major European
wetland complex, International Review of Hydrobiology, 110, 22-28, https://doi.org/10.1002/iroh.70014, 2025.

Ercoli, F., Lefebvre, F., Delangle, M., Godé, N., Caillon, M., Raimond, R., and Souty-Grosset, C.: Differing trophic niches of
three French stygobionts and their implications for conservation of endemic stygofauna, Aquatic Conservation: Marine and
Freshwater Ecosystems, 29, 2193-2203, https://doi.org/10.1002/aqc.3227, 2019.

Fiser, C., Zagmajster, M., Jemec Kokalj, A., Mali, N., Sumrada, T., Glavan, M., Hose, G.C., Schwartz, B., Lorenzo, T.D.,
Griebler, C., and Cveji¢, R.: Toward sustainable irrigation practices safeguarding groundwater biodiversity and ecosystem
services. BioScience, biaf016, https://doi.org/10.1093/biosci/biaf016, 2025.

Foulquier, A., Malard, F., Mermillod-Blondin, F., Montuelle, B., Dolédec, S., Volat, B., and Gibert, J.: Surface water linkages

regulate trophic interactions in a groundwater food web, Ecosystems, 14, 1339-1353, https://doi.org/10.1007/s10021-011-
9484-0, 2011.

28



980

985

990

995

1000

005

1010

Fowler, S. J. and Smets, B. F.: Microbial biotechnologies for potable water production, Microb Biotechnol, 10, 1094-1097,

https://doi.org/10.1111/1751-7915.12837, 2017.

Francois, C. M., Mermillod-Blondin, F., Malard, F., Fourel, F., Lécuyer, C., Douady, C. J., and Simon, L.: Trophic ecology of
groundwater species reveals specialization in a low-productivity environment, Functional Ecology, 30, 262-273,
https://doi.org/10.1111/1365-2435.12484, 2016.

Gibert, J. and Deharveng, L.: Subterranean ecosystems: A truncated functional biodiversity, BioScience, 52, 473481,
https://doi.org/doi: 10.1641/0006-3568, 2002.

Gollini, I., Pianosi, F., Sarrazin, F., Wagener, T., and Noacco, V.: SAFER: Sensitivity Analysis For Everybody with R, 2025.

Herrmann, M. and Taubert, M.: Biogeochemical cycling of carbon and nitrogen in groundwater— Key processes and microbial
drivers, in: Encyclopedia of Inland Waters (Second Edition), edited by: Mehner, T. and Tockner, K., Elsevier, Oxford, 412—
427, https://doi.org/10.1016/B978-0-12-819166-8.00087-6, 2022.

Herrmann, M., Geesink, P., Yan, L., Lehmann, R., Totsche, K.U., and Kiisel, K.: Complex food webs coincide with high
genetic potential for chemolithoautotrophy in fractured bedrock groundwater, Water Research, 170, 115306.
https://doi.org/10.1016/j.watres.2019.115306, 2020.

Herrmann, M., Rusznyak, A., Akob, D. M., Schulze, 1., Opitz, S., Totsche, K. U., and Kiisel, K.: Large fractions of CO2-fixing
microorganisms in pristine limestone aquifers appear to be involved in the oxidation of reduced sulfur and nitrogen compounds,
Applied and Environmental Microbiology, 81, 2384-2394, https://doi.org/10.1128/AEM.03269-14, 2015.

Hervant, F.: Réponses et adaptations a I’hypoxie severe chez des Crustacés souterrains et superficiels, Geobios, 21, 75-79,
1997.

Hervant, F., Mathieu, J., and Messana, G.: Oxygen consumption and ventilation in declining oxygen tension and posthypoxic
recovery in epigean and hypogean crustaceans, Journal of Crustacean Biology, 18, 717-727, 1998.

Hervant, F., Mathieu, J., and Culver, D. C.: Comparative responses to severe hypoxia and subsequent recovery in closely
related amphipod populations (Gammarus minus) from cave and surface habitats, Hydrobiologia, 392, 197-204,
https://doi.org/10.1023/A:1003511416509, 1999.

Holmstrup, M., Ehlers, B. K., Slotsbo, S., [lieva-Makulec, K., Sigurdsson, B. D., Leblans, N. I. W., Ellers, J., and Berg, M. P.:

Functional diversity of Collembola is reduced in soils subjected to short-term, but not long-term, geothermal warming,
Functional Ecology, 32, 1304—1316, https://doi.org/10.1111/1365-2435.13058, 2018.
Hose, G. C., Chariton, A., Daam, M. A., Di Lorenzo, T., Galassi, D. M. P., Halse, S. A., Reboleira, A. S. P. S., Robertson, A.

L., Schmidt, S. L., and Korbel, K. L.: Invertebrate traits, diversity and the vulnerability of groundwater ecosystems, Functional
Ecology, 39, 22002214, https://doi.org/10.1111/1365-2435.14125, 2022.

Husmann, S. and Marxsen, J.: Besiedlung und Milieufaktoren im Grundwasser der Weserterrasse und der Fuldaaue, DVWK,
Bedeutung biologischer Vorginge fiir die Beschaffenheit des Grundwassers, Heft 80. Schriftenreihe des Deutschen Verbandes
fiir Wasserwirtschaft und Kulturbau e.V., Parey. Hamburg, 1988.

29

hat geldscht: Gleeson, T., Befus, K. M., Jasechko, S., Luijendijk,
E., and Cardenas, M. B.: The global volume and distribution of
modern groundwater, Nature Geoscience, 9, 161-164,
https://doi.org/10.1038/nge02590, 2016.




020

1025

030

1035

1040

1045

Iannella, M., Fiasca, B., Di Lorenzo, T., Biondi, M., Di Cicco, M., and Galassi, D. M. P.: Spatial distribution of stygobitic

crustacean harpacticoids at the boundaries of groundwater habitat types in Europe, Scientific Reports, 10, 19043

https://doi.org/10.1038/s41598-020-76018-0, 2020.

Ishida, Y., Imai, I., Miyagaki, T., and Kadota, H.: Growth and uptake kinetics of a facultatively oligotrophic bacterium at low
nutrient concentrations. Microb Ecol, 8, 23-32. https://doi.org/10.1007/BF02011458, 1982.

Jochem, F. J., Lavrentyev, P. J., and First, M. R.: Growth and grazing rates of bacteria groups with different apparent DNA
content in the Gulf of Mexico, Marine Biology, 145, 1213-1225, https://doi.org/10.1007/s00227-004-1406-7, 2004.

Kekes, T., Tzia, C., and Kolliopoulos, G.: Drinking and natural mineral water: Treatment and quality—safety assurance, Water.
15, 2325, https://doi.org/10.3390/w15132325, 2023.
Kellermann, C., Selesi, D., Lee, N., Hiigler, M., Esperschiitz, J., Hartmann, A., and Griebler, C.: Microbial CO2 fixation

potential in a tar-oil-contaminated porous aquifer., FEMS Microbiology Ecology, 81, 172-87, https://doi.org/10.1111/j.1574-
6941.2012.01359.x, 2012.

Kellermann, C. S.: Autotrophy in groundwater ecosystems, PhD thesis, Ludwig-Maximilians-Universitit Miinchen, 100 pp.
pp., 2008.

Koch, F., Blum, P., Stein, H., Fuchs, A., Hahn, H. J., and Menberg, K.: Temporal shift in groundwater fauna in southwestern

Germany, Hydrology and Earth System Sciences, 28, 4927-4946, https://doi.org/10.5194/hess-28-4927-2024, 2024a.

Koch, F., Blum, P., Korbel, K., and Menberg, K.: Global overview on groundwater fauna, Ecohydrology, 17, €2607
https://doi.org/10.1002/ec0.2607, 2024b.

Kong, F., Ren, H.-Y., Pavlostathis, S. G., Nan, J., Ren, N.-Q., and Wang, A.: Overview of value-added products
bioelectrosynthesized from waste materials in microbial electrosynthesis systems, Renewable and Sustainable Energy
Reviews, 125, 109816, https://doi.org/10.1016/j.rser.2020.109816, 2020.

Kopacek, J., Grill, S., Hejzlar, J., Porcal, P., and Turek, J.: Tree dieback and subsequent changes in water quality accelerated

the climate-related warming of a central European forest lake, Journal of Water and Climate Change, jwc2023581,
https://doi.org/10.2166/wcc.2023.581, 2023.

Kota, S., Borden, R. C., and Barlaz, M. A.: Influence of protozoan grazing on contaminant biodegradation, FEMS
Microbiology Ecology, 29, 179-189, https://doi.org/10.1016/S0168-6496(99)00010-0, 1999.

Koztowski, J.: Optimal allocation of resources to growth and reproduction: Implications for age and size at maturity, Trends
in Ecology & Evolution, 7, 15-19, https://doi.org/10.1016/0169-5347(92)90192-E, 1992.

Kiisel, K., Totsche, K. U., Trumbore, S. E., Lehmann, R., Steinhéuser, C., and Herrmann, M.: How deep can surface signals
be traced in the critical zone? merging biodiversity with biogeochemistry research in a Central German Muschelkalk landscape,
Frontiers in Earth Science, 4, 1-18, https://doi.org/10.3389/feart.2016.00032, 2016.

Lake, P. S.: Disturbance, patchiness, and diversity in streams, Journal of the North American Benthological Society, 19, 573—
592, https://doi.org/10.2307/1468118, 2000.

30



1050

1055

060

1065

070

075

1080

Lehmann, K., Lehmann, R., and Totsche, K. U.: Event-driven dynamics of the total mobile inventory in undisturbed soil
account for significant fluxes of particulate organic carbon, Science of The Total Environment, 756, 143774,
https://doi.org/10.1016/j.scitotenv.2020.143774, 2021.

Leijs, R., Bradford, T., Mitchell, J. G., Humphreys, W. F., Cooper, S. J. B., Goonan, P., and King, R. A.: The evolution of
epigean and stygobitic species of Koonunga Sayce, 1907 (Syncarida: Anaspidacea) in Southern Australia, with the description
of three new species, Plos One, 10, e0134673, https://doi.org/10.1371/journal.pone.0134673, 2015.

Lindeman, R. L.: The trophic-dynamic aspect of ecology, Ecology, 23, 399417, 1942.

Malard, F. and Hervant, F.: Oxygen supply and the adaptations of animals in groundwater, Freshwater Biology, 41, 1-30,
https://doi.org/10.1046/j.1365-2427.1999.00379.x, 1999.

Longnecker, K., Bhatia, M., and Kujawinski, E. B.: Effect of carbon addition and predation on acetate-assimilating bacterial

cells in groundwater, FEMS Microbiol Ecol, 70, 456470, https://doi.org/10.1111/j.1574-6941.2009.00767.x, 2009.

Longnecker, K., Sherr, B. F., and Sherr, E. B.: Activity and phylogenetic diversity of bacterial cells with high and low nucleic

acid content and electron transport system activity in an upwelling ecosystem, Appl Environ Microbiol, 71, 7737-7749.
https://doi.org/10.1128/AEM.71.12.7737-7749.2005, 2005.

Malard, F., Griebler, C., and Rétaux, S.: Groundwater ecology and evolution: an introduction, in: Groundwater Ecology and

Evolution (Second Edition), edited by: Malard, F., Griebler, C., and Rétaux, S., Academic Press, San Diego, xvii—xxix,
https://doi.org/10.1016/B978-0-12-819119-4.00026-3, 2023.

Marxsen, J., Riitz, N. K., and Schmidt, S. I.: Organic carbon and nutrients drive prokaryote and metazoan communities in a
floodplain aquifer, Basic and Applied Ecology, 51, 43-58, https://doi.org/10.1016/j.baae.2020.12.006, 2021.

Mattison, R. G., Taki, H., and Harayama, S.: The soil flagellate Heteromita globosa accelerates bacterial degradation of
alkylbenzenes through grazing and acetate excretion in batch culture, Microbial Ecology, 49, 142-150,
https://doi.org/10.1007/s00248-003-0226-5, 2005.

Mammola, S., Brankovits, D., Di Lorenzo, T., Amorim, I. R., Bancila, R. 1., Bellvert, A., Bernard, E., Blomberg, A., Borges.
P. A. V., Cappelletti, M., Ferreira, R. L., Gabriel, R., Galassi, D. M. P., Garzoli, L., Gerovasileiou, V., Hose, G. C., Korbel,
K. L., Martino, S., Miller, A. Z., Mori, N., Nanni, V., Nicolosi, G., Sacco, M., Sakihara, T. S., Silva, M. S., Tamalavage, A.

E., Zagmajster, M., Chavez, E., Griebler, C., Cardoso, P., and Martinez, A.: Subterranean environments contribute to three-

quarters of classified ecosystem services, Biological Reviews, n/a, https://doi.org/10.1002/brv.70137, 2026.

McClain, M. E., Boyer, E. W., Dent, C. L., Gergel, S. E., Grimm, N. B., Groffman, P. M., Hart, S. C., Harvey, J. W., Johnston,
C. A., Mayorga, E., McDowell, W. H., and Pinay, G.: Biogeochemical hot spots and hot moments at the interface of terrestrial
and aquatic ecosystems, Ecosystems, 6, 301-312, https://doi.org/10.1007/s10021-003-0161-9, 2003.

Mermillod-Blondin, F., Poggiale, J.-C., Tolla, C., Auger, P., Thuiller, W., and des Chatelliers, M. C.: Using a mathematical

model to simulate the influence of tubificid worms (Oligochaeta) on oxygen concentrations in hyporheic sediments, fal, 172,
135-145, https://doi.org/10.1127/1863-9135/2008/0172-0135, 2008.

31



1085

090

1095

1100

1105

1110

Mermillod-Blondin, F., Douady, C. J., Frangois, C. M., Hervant, F., and Simon, L.: Environmental organic carbon availability
determines metabolic and consumption rates in freshwater isopods, Oikos, 2025, e11149, https://doi.org/10.1002/0ik.11149,
2025.

Moinet, G. Y. K., Hijbeek, R., van Vuuren, D. P., and Giller, K. E.: Carbon for soils, not soils for carbon, Global Change
Biology, 29, 2384-2398, https://doi.org/10.1111/gcb.16570, 2023.

Moona, N., Holmes, A., Wiinsch, U. J., Pettersson, T. J. R., and Murphy, K. R.: Full-scale manipulation of the empty bed

contact time to optimize dissolved organic matter removal by drinking water biofilters, ACS EST Water, 1, 1117-1126,

https://doi.org/10.102 1/acsestwater.0c00105, 2021.

Musolff, A., Tarasova, L., Rinke, K., and Ledesma, J. L. J.: Forest dieback alters nutrient pathways in a temperate headwater

catchment, Hydrological Processes, 38, e15308, https://doi.org/10.1002/hyp.15308, 2024.

Navel, S., Simon, M., Lécuyer, C., Fourel, F., and Mermillod-Blondin, F.: The shredding activity of gammarids facilitates the
processing of organic matter by the subterranean amphipod Niphargus rhenorhodanensis, Freshwater Biology, 56, 481-490,
https://doi.org/10.1111/5.1365-2427.2010.02513.x, 2011.

Nydahl, A. C., Wallin, M. B., Laudon, H., and Weyhenmeyer, G. A.: Groundwater carbon within a boreal catchment:
spatiotemporal variability of a hidden aquatic carbon pool, Journal of Geophysical Research: Biogeosciences, 125,
€2019JG005244, https://doi.org/10.1029/2019JG005244, 2020.

Odum, H. T.. Trophic structure and productivity of Silver Springs, Florida, Ecological Monographs,
https://doi.org/10.2307/1948571, 1957.

Odum, H. T. and Odum, E. P.: The energetic basis for valuation of ecosystem services, Ecosystems, 3, 21-23,
https://doi.org/10.1007/s100210000005, 2000.

Pianosi, F., Sarrazin, F., and Wagener, T.: A Matlab toolbox for Global Sensitivity Analysis, Environmental Modelling &
Software, 70, 8085, https://doi.org/10.1016/j.envsoft.2015.04.009, 2015.

Pianosi, F., Beven, K., Freer, J., Hall, J. W., Rougier, J., Stephenson, D. B., and Wagener, T.: Sensitivity analysis of
environmental models: A systematic review with practical workflow, Environmental Modelling & Software, 79, 214-232,
https://doi.org/10.1016/j.envsoft.2016.02.008, 2016.

R Core Team: R: A Language and Environment for Statistical Computing, 2025.

Rau, G. C., Cuthbert, M. O., Mccallum, A. M., Halloran, L. J. S., and Andersen, M. S.: Assessing the accuracy of 1-D analytical
heat tracing for estimating near-surface sediment thermal diffusivity and water flux under transient conditions, J. Geophys.
Res. Earth Surf., 120, 1-23, https://doi.org/10.1002/2015JF003466.Received, 2015.

Retter, A., Karwautz, C., and Griebler, C.: Groundwater microbial communities in times of climate change, Curr Issues Mol
Biol, 41, 509-538, https://doi.org/10.21775/cimb.041.509, 2020.

Riitz, N. K., Marxsen, J., and Wolters, V.: Long-term cultivation of the groundwater amphipod Niphargus aquilex (Crustacea),
Hydrobiologia, 850, 269281, https://doi.org/10.1007/s10750-022-05058-6, 2022.

32

hat geldscht: Mosslacher, F.: Sensitivity of groundwater and
surface water crustaceans to chemical pollutants and hypoxia:
implications for pollution management, Archiv fiir Hydrobiologie,
149, 51-66, https://doi.org/10.1127/archiv-hydrobiol/149/2000/51,
2000.




1120

125

1130

1135

1140

145

1150

Sacco, M., Blyth, A. J., Humphreys, W. F., Kuhl, A., Mazumder, D., Smith, C., and Grice, K.: Elucidating stygofaunal trophic
web interactions via isotopic ecology, PLOS ONE, 14, ¢0223982, https://doi.org/10.1371/journal.pone.0223982, 2019.

Sacco, M., Mammola, S., Altermatt, F., Alther, R., Bolpagni, R., Brancelj, A., Brankovits, D., FiSer, C., Gerovasileiou, V.,
Griebler, C., Guareschi, S., Hose, G. C., Korbel, K., Lictevout, E., Malard, F., Martinez, A., Niemiller, M. L., Robertson, A.,
Tanalgo, K. C., Bichuette, M. E., Borko, S., Brad, T., Campbell, M. A., Cardoso, P., Celico, F., Cooper, S. J. B., Culver, D.,
Di Lorenzo, T., Galassi, D. M. P., Guzik, M. T., Hartland, A., Humphreys, W. F., Ferreira, R. L., Lunghi, E.. Nizzoli, D.
Perina, G., Raghavan, R., Richards, Z., Reboleira, A. S. P. S., Rohde, M. M., Fernandez, D. S., Schmidt, S. 1., van der Heyde.
M., Weaver, L., White, N. E., Zagmajster, M., Hogg, 1., Ruhi, A., Gagnon, M. M., Allentoft, M. E., and Reinecke., R.:

Groundwater is a hidden global keystone ecosystem, Global Change Biology, 30, €17066, https://doi.org/10.1111/gcb.17066
2024.

Sayer, C. A., Fernando, E., Jimenez, R. R., Macfarlane, N. B. W., Rapacciuolo, G., Bohm, M., Brooks, T. M., Contreras-
MacBeath, T., Cox, N. A., Harrison, 1., Hoffmann, M., Jenkins, R., Smith, K. G., Vié, J.-C., Abbott, J. C., Allen, D. J., Allen,
G. R., Barrios, V., Boudot, J.-P., Carrizo, S. F., Charvet, P., Clausnitzer, V., Congiu, L., Crandall, K. A., Cumberlidge, N.,
Cuttelod, A., Dalton, J., Daniels, A. G., De Grave, S., De Knijf, G., Dijkstra, K.-D. B., Dow, R. A., Freyhof, J., Garcia, N.,
Gessner, J., Getahun, A., Gibson, C., Gollock, M. J., Grant, M. L., Groom, A. E. R., Hammer, M. P., Hammerson, G. A.,
Hilton-Taylor, C., Hodgkinson, L., Holland, R. A., Jabado, R. W., Juffe Bignoli, D., Kalkman, V. J., Karimov, B. K., Kipping,
J., Kottelat, M., Laleye, P. A., Larson, H. K., Lintermans, M., Lozano, F., Ludwig, A., Lyons, T. J., Maiz-Tomé¢, L., Molur,
S.,Ng, H. H., Numa, C., Palmer-Newton, A. F., Pike, C., Pippard, H. E., Polaz, C. N. M., Pollock, C. M., Raghavan, R., Rand,
P. S., Ravelomanana, T., Reis, R. E., Rigby, C. L., Scott, J. A., Skelton, P. H., Sloat, M. R., Snoeks, J., Stiassny, M. L. J., Tan,
H. H., Taniguchi, Y., Thorstad, E. B., Tognelli, M. F., Torres, A. G., Torres, Y., Tweddle, D., Watanabe, K., Westrip, J. R. S.,

Wright, E. G. E., Zhang, E., and Darwall, W. R. T.: One-quarter of freshwater fauna threatened with extinction, Nature, 1-8,
https://doi.org/10.1038/s41586-024-08375-z, 2025.

Schlogelhofer, H. L., Peaudecerf, F. J., Bunbury, F., Whitehouse, M. J., Foster, R. A., Smith, A. G., and Croze, O. A.:
Combining SIMS and mechanistic modelling to reveal nutrient kinetics in an algal-bacterial mutualism, PLOS ONE, 16,
€0251643, https://doi.org/10.1371/journal.pone.0251643, 2021.

Schmidt, S. 1., Hahn, H. J., Hatton, T. J., and Humphreys, W. F.: Do faunal assemblages reflect the exchange intensity in

groundwater zones?, Hydrobiologia, 583, 1-19, https://doi.org/10.1007/s10750-006-0405-8, 2007.

Schmidt, S. I. and Hahn, H. J.: What is groundwater and what does this mean to fauna? — An opinion, Limnologica, 42, 1-6,
https://doi.org/10.1016/j.1imno.2011.08.002, 2012.

Schmidt, S. I., Cuthbert, M. O., and Schwientek, M.: Towards an integrated understanding of how micro scale processes shape
groundwater ecosystem functions, Science of the Total Environment, 592, 215-227,

https://doi.org/10.1016/j.scitotenv.2017.03.047, 2017.

33

s [hat geldscht: Schmidt, S.: suisch/gtm_River Fulda_floodplain:

v.1.2.1 (v.1.2.1). Zenodo.

)




1155

160

1165

1170

1175

1180

1185

Schmidt, S. I., Kreft, J.-U., Mackay, R., Picioreanu, C., and Thullner, M.: Elucidating the impact of micro-scale heterogeneous
bacterial distribution on biodegradation, Advances in Water Resources, 116, 67-76,
https://doi.org/10.1016/j.advwatres.2018.01.013, 2018.

Schmidt, S. I., Fluksova, H., Grill, S., and Kopacek, J.: The significance of tree height as a predictor of tree mortality during
bark beetle outbreaks in a small catchment, Forests, 15, 803, https://doi.org/10.3390/f15050803, 2024.

Schmidt, S. 1., Svatkova, M., Kodes, V., and Shabarova, T.: Correlations between the increase in atmospheric CO2 and

temperature, and the subsequent increase in silica, and groundwater organisms, Science of The Total Environment, 955,
176970, https://doi.org/10.1016/j.scitotenv.2024.176970, 2024.
Schmidt, S.: suisch/gtm_River Fulda_floodplain: v.1.2.1 (v.1.2.1). Zenodo. https://doi.org/10.5281/zenodo.17840914. 2025

Schubert, J.: Hydraulic aspects of riverbank filtration—field studies, Journal of Hydrology, 266, 145-161, 2002,

Schwab, V. F., Nowak, M. E., Elder, C. D., Trumbore, S. E., Xu, X., Gleixner, G., Lehmann, R., Pohnert, G., Muhr, J., Kiisel,
K., and Totsche, K. U.: 14C-free carbon is a major contributor to cellular biomass in geochemically distinct groundwater of
shallow sedimentary bedrock aquifers, Water Resources Research, 55, 2104-2121, https://doi.org/10.1029/2017WR022067,
2019.

Seidl, R. and Rammer, W.: Climate change amplifies the interactions between wind and bark beetle disturbances in forest
landscapes, Landscape Ecol, 32, 1485-1498, https://doi.org/10.1007/s10980-016-0396-4, 2017.

Sim¢i¢, T. and Brancelj, A.: The effect of light on oxygen consumption in two amphipod crustaceans—the hypogean Niphargus
stygius and the epigean Gammarus fossarum, Marine and Freshwater Behaviour and Physiology, 40, 141-150,
https://doi.org/10.1080/10236240701452465, 2007.

Sinclair, J. L., Kampbell, D. H., Cook, M. L., and Wilson, J. T.: Protozoa in subsurface sediments from sites contaminated
with aviation gasoline or jet fuel, Appl. Environ. Microbiol., 59, 467-472, 1993.

Spengler, C.: Die Auswirkungen von anthropogenen Temperaturerhdhungen auf die Crustaceagemeinschaften im
Grundwasser -Versuch einer Prognose zur Klimaerwarmung und lokalen Warmeeintrdagen, University of Koblenz-Landau,
2017.

Spengler, C. and Hahn, H. J.: Thermostress: Okologisch begriindete, thermische Schwellenwerte und Bewertungsansitze fiir
das Grundwasser, KW Korrespondenz Wasserwirtschaft, 11, 521-525, https://doi.org/10.3243/kwe2018.09.001, 2018.
Strayer, D.L., May, S.E., Nielsen, P., Wollheim, W., and Hausam, S.: Oxygen, organic matter, and sediment granulometry as
controls on hyporheic animal communities, Arch. Hydrobiol., 140, 131-144, 1997.

Taborsky, B., Kuijper, B., Fawcett, T. W., English, S., Leimar, O., McNamara, J. M., and Ruuskanen, S.: An evolutionary

perspective _on  stress  responses, damage and  repair, Hormones and  Behavior, 142 105180,

https://doi.org/10.1016/j.yhbeh.2022.105180, 2022.

Taubert, M., Stihly, J., Kolb, S., and Kiisel, K.: Divergent microbial communities in groundwater and overlying soils exhibit
functional redundancy for plant-polysaccharide degradation, PLOS ONE, 14, €0212937,
https://doi.org/10.1371/journal.pone.0212937, 2019.

34

(hat geloscht: ¢




1190

195

1200

1205

Triest, L., Stiers, 1., and Van Onsem, S.: Biomanipulation as a nature-based solution to reduce cyanobacterial blooms, Aquat
Ecol, 50, 461483, https://doi.org/10.1007/s10452-015-9548-x, 2016.

United Nations General Assembly (Ed.): Transforming our world: the 2030 Agenda for Sustainable Development. 17
Sustainable Development Goals, in: A New Era in Global Health, Springer Publishing Company, New York, NY,
https://doi.org/10.1891/9780826190123.ap02, 2017.

Vaccarelli, I., Colado, R., Pallarés, S., Galassi, D. M. P., Sanchez-Fernandez, D., Di Cicco, M., Meierhofer, M. B., Piano, E.

Di Lorenzo, T., and Mammola, S.: A global meta-analysis reveals multilevel and context-dependent effects of climate change

on subterranean ecosystems, One Earth, https://doi.org/10.1016/j.oneear.2023.09.001, 2023.

Vogt, R. D., Porcal, P., Hejzlar, J., Paule-Mercado, M. C., Haaland, S., Gundersen, C. B., Orderud, G. 1., and Eikebrokk, B.:
Distinguishing between sources of natural dissolved organic matter (DOM) based on its characteristics, Water, 15, 3006,
https://doi.org/10.3390/w15163006, 2023.

Vrba, J., Sorf, M., Nedoma, J., Benedova, Z., Kropfelova, L., Sulcova, J., Tesafova, B., Musil, M., Pechar, L., Potuzak, J.,

Regenda, J., Simek, K., and Rehakova, K.: Top-down and bottom-up control of plankton structure and dynamics in
hypertrophic fishponds, Hydrobiologia, 851, 10951111, https://doi.org/10.1007/s10750-023-05312-5, 2024.

de Wit, H. A., Valinia, S., Weyhenmeyer, G. A., Futter, M. N., Kortelainen, P., Austnes, K., Hessen, D. O., Réike, A., Laudon,
H., and Vuorenmaa, J.: Current browning of surface waters will be further promoted by wetter climate, Environ. Sci. Technol.
Lett., 3, 430-435, https://doi.org/10.1021/acs.estlett.6b00396, 2016.

de Wit, R. and Bouvier, T.: ‘Everything is everywhere, but, the environment selects’; what did Baas Becking and Beijerinck
really say?, Environmental Microbiology, 8, 755758, https://doi.org/10.1111/j.1462-2920.2006.01017.x, 2006.

Zubkov, M.V. and Tarran, G.A.: High bacterivory by the smallest phytoplankton in the North Atlantic Ocean, Nature 455,
224-227, 2008.

35



