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Groundwater ecosystems are typically poor in organic carbon and productivity
sustaining a low standing stock of microbial biomass. In consequence, microbial food
webs in oligotrophic groundwater are hypothesized to be bottom-up controlled. To date,
quantitative information on groundwater microbial communities, food web interactions,
and carbon flow is relatively lacking in comparison to that of surface waters. Studying a
shallow, porous alpine aquifer we collected data on the numbers of prokaryotes, virus-
like particles and heterotrophic nanoflagellates (HNFs), the concentration of dissolved
(DOC) and assimilable organic carbon (AOC), bacterial carbon production (BCP), and
physical-chemical conditions for a 1 year hydrological cycle. The potential effects
of protozoan grazing and viral lysis onto the prokaryotic biomass was tested. Flow
of organic carbon through the microbial food web was estimated based on data
from the literature. The abundance of prokaryotes in groundwater was low with
6.1 ± 6.9 × 104 cells mL−1, seasonally influenced by the hydrological dynamics,
with higher densities coinciding with a lower groundwater table. Overall, the variability
in cell numbers was moderate, and so it was for HNFs (179 ± 103 HNFs mL−1)
and virus-like particles (9.6 ± 5.7 × 105 VLPs mL−1). The virus to prokaryotes and
prokaryote to HNF ratios ranged between 2–230 and 33–2,084, respectively. We found
no evidence for a viral control of prokaryotic biomass, and the biomass of HNFs
being bottom-up controlled. First estimations point at carbon use efficiencies of 0.2–
4.2% with prokaryotic production, and carbon consumed and recycled by HNFs and
phages to be of minor importance. This first groundwater microbial food web analysis
strongly hints at a bottom-up control on productivity and standing stock in oligotrophic
groundwater ecosystems. However, direct measurement of protozoan grazing and
phage mediated lysis rates of prokaryotic cells are urgently needed to deepen our
mechanistic understanding. The effect of microbial diversity on the population dynamics
still needs to be addressed.

Keywords: biogeochemistry, carbon turnover, microbial biomass, seasonal variation, microbial loop, top-down
control
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INTRODUCTION

Groundwater differ considerably from other aquatic
environments in their large ecosystems dependence on external
energy inputs, exhibiting low water flow velocities (i.e., high
water and matter residence time) and dampened seasonal
variation (i.e., water temperature). Natural aquifers are typically
low in organic carbon and are often limited by phosphorous
(Hofmann and Griebler, 2018). Thus, they are considered
to be bottom-up controlled, i.e., driven by the amount and
bioavailability of organic carbon and major nutrients (Findlay
et al., 2003; Foulquier et al., 2010; Stegen et al., 2016). Due to the
low concentration of autochthonous substrates, heterotrophic
microorganisms are dependent on the input of organic matter
and nutrients from terrestrial ecosystems (Stegen et al., 2018;
Hofmann et al., 2020). The common perception has been that
groundwater contains mostly refractory dissolved organic carbon
(DOC) (Hofmann et al., 2020), but in comparison to surface
water there is only little available information about the seasonal
variation of DOC quality and its availability (Hofmann and
Griebler, 2018; Stegen et al., 2018). The import and mixing of
electron donors (i.e., organic matter) and electron acceptors
(e.g., oxygen, nitrate, etc.) is tightly coupled to the sediment
matrix and hydrological dynamics (i.e., seasonal recharge and
groundwater flow paths). Subsequently, the flux of organic matter
and nutrients within the microbial food web potentially controls
the microbial abundance, the productivity and community
composition as well as species interactions (Baker et al., 2000;
Longnecker et al., 2009; Foulquier et al., 2010).

Protozoa are an important source of nutrients that are made
available to the pool of dissolved matter via excretions. At the
same time bacteriovorous flagellates channel organic carbon from
prokaryotic communities to higher trophic levels (Novarino et al.,
1997; Weinbauer et al., 2007; Larsen et al., 2013; Figure 1). There
is even evidence for the uptake and inactivation of viral particles
by protozoa (Deng et al., 2014; Brown et al., 2020; McMinn et al.,
2020). Thus, predation reduces the abundance of prokaryotic
cells and viral particles, changes community composition and
refreshes the available organic carbon and nutrient resources.
Foraging theory predicts that the rate at which a predator
population consumes prey depends on the average search time
and the average growth yield obtained from a resource patch
(Fernandez et al., 2019). Therefore, we expect protozoa and
phages to be less capable of all microbial food web members
disturbing prokaryotic communities in natural groundwater, due
to the low overall abundances and low contact rates in this
“diluted” environment (Cram et al., 2016). Protozoa are often
exceeded at a ratio of 1:1000 by prokaryotes (Griebler and
Lueders, 2009) while viral particles are estimated to outnumber
bacteria 10-fold in groundwater (Kyle et al., 2008; Malki et al.,
2020).

The predation of prokaryotes by phages, i.e., viruses that
infect bacteria and archaea, in subsurface environments is still
debated (Kyle et al., 2008; Roudnew et al., 2013). Phages, can
prey selectively on specific prokaryotic populations and replenish
the labile DOM pool via the so-called viral shunt (Noble and
Fuhrman, 1999; Danovaro et al., 2008). Viruses affect biodiversity

at the species and strain level and influence the abundance and
productivity of prokaryotic communities (Noble and Fuhrman,
1999; Chow et al., 2014). Several abiotic factors related to
temporal variation (e.g., temperature, pH, UV-light) influence
the decay of viral particles. Phage propagation is dependent on
the physical contact between prokaryotic cells and the virus-
particle and the subsequent infection of the cell (Wigington
et al., 2016). The contact rate per prokaryotic cell is proportional
to the ratio of viral and prokaryotic abundances (here termed
virus-to-prokaryotic cell ratio—VPR).

The importance of top-down and bottom-up regulation
switches, following changing environmental conditions which
occur on spatial and temporal scales (Ducklow, 1992). The
limited number of studies taking into account prokaryotes,
phages and protozoa (often dominated by heterotrophic
nanoflagellates) at these scales are exposing a considerable
knowledge gap, especially foraquifers (Foulquier et al., 2010;
Wilhartitz et al., 2013; Weitowitz et al., 2019).

Ultimately, these trophic interactions will affect the
distribution, abundance and activity of organisms in
groundwater ecosystems. The energy flow through a microbial
food web links the dissolved organic matter (DOM) to
heterotrophic prokaryote communities, predatory flagellates,
as well as viral communities (Azam et al., 1983; Thingstad and
Lignell, 1997; Rohwer and Thurber, 2009). However, to date
there is no comprehensive concept for groundwater ecosystems,
which essentially lack phototrophic primary production and
the considerable input of detritus, the base for "traditional"
food webs and thus the main supply of autochthonous DOC in
most surface aquatic ecosystems. After passing the soil layers
with seepage water, the remaining DOC is rather stable and
needs to be broken up by physical and enzymatic reactions
for assimilation by microbes resulting in higher energetic costs
and a lower yield.

Alpine stream ecosystems are typically comprised of small
catchments, which control the drainage of multiple water
sources (i.e., glacier, snowmelt, precipitation, and groundwater).
Through the hydrological connectivity, aquifers provide
important ecological functions extending stream networks
into the subsurface. In most mountainous streams, the highly
permeable streambeds allow up- and downwelling of water
which creates opportunities for replenishment of substrates and
oxygen as well as retention and storage of carbon and nutrients
under low flow conditions (Battin et al., 2008). The interplay of
surface- and groundwater can be assessed following temporal
changes in basic microbial features of both water bodies, such as
total microbial abundance, biomass, and activities (van Driezum
et al., 2018). In alpine aquifers, heavy rain events and snow melt
are expected to temporally alter the nutrient availability and
induce biological changes (Baker et al., 2000, p. 200). Seasonal
flooding and connectivity to a surface water body will affect the
exchange with groundwater in its vicinity (Stegen et al., 2016;
van Driezum et al., 2018).

In the present study, we aimed to: (1) Assess whether the
groundwater microbial food web in an alpine aquifer is top-
down or bottom-up controlled. We further (2) investigate the
natural variability of the environmental parameters and the
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FIGURE 1 | The microbial loop in groundwater ecosystems. In the absence of light, the prokaryotic biomass is largely depended on the import of dissolved organic
carbon. Bottom-up control (green arrow) of prokaryotic biomass and top-down regulation (blue arrows) determine the microbial abundance, activity, and production.

microbial food web structure across space and time (i.e., within
a seasonal cycle); and (3) estimate the carbon flux through
the microbial groundwater food web. In this context, the
availability and degradability of the dissolved organic carbon
(DOC) is hypothesized to be an important factor, which regulates
the productivity of the different trophic levels (prokaryotes,
protozoa, and viruses).

MATERIALS AND METHODS

We monitored the abundance of prokaryotic cells, heterotrophic
flagellates and virus-like particles in a shallow, alpine
groundwater system at four sampling sites over one seasonal
cycle. The groundwater and adjacent river water were sampled
every 2 months over the period of 1 year. Based on the
concentrations of DOC, assimilable organic carbon (AOC) and
prokaryotic carbon production (here termed BCP, since bacterial
carbon production has been used more commonly in the
literature), the carbon flux within the food web was estimated.
Potential grazing rates of heterotrophic nanoflagellates (HNF)
and virus induced bacterial lysis rates were used to estimate
carbon cycling and mortality of prokaryotes.

Study Area
The investigated aquifer is located close to the village of
Mittenwald, in the Bavarian alps, Germany (N47.42, E11.25).
Groundwater was sampled from four monitoring wells, MIT037,
MIT038, MIT039, and MIT052, which depict a hydrogeological
gradient with varying influence from the adjacent Isar river
and different land-use (Figure 2). In a preliminary study

(Zhou et al., 2012), the aquifer was characterized as oligotrophic
with only minor anthropogenic impacts (e.g., agricultural land-
use, leaching of road salt in winter). Well MIT052 is located
upstream on a mountain pasture, while the wells MIT038 and
MIT039 are situated in a farmed grassland. MIT037 is closest
to the Isar river (∼10 m) and the main road at the entrance to
Mittenwald. The river water was collected next to well MIT037.

Mittenwald is characterized as a warm-summer humid
continental climate. The mean annual air temperature lies at
7.5◦C. The yearly precipitation starts with the lowest values
(57 mm) Whereas in February and November the lowest
precipitation values of 58 and 55 mm, respectively, are recorded,
the highest precipitation is found in July and August (190
and 194 mm). In total an average annual precipitation of
1421 mm (2000–2021, Climate Data Center Germany) has been
documented. The shallow, quaternary unconsolidated sediments
consists of gravel and coarse to medium sand with a high
hydraulic conductivity. The monitoring wells are fully screened
with well depth ranging from 14.4 to 30.7 m and a mean
water column of 13.2 + 4.3 m. The annual discharge displays a
temporal pattern depicted in pronounced water table fluctuations
and steep temperature changes (Supplementary Figure 1). The
snow melting in spring to early summer contributes to the
hydraulic mixing of meltwater, river water, and groundwater.
Additionally, strong rain events in summer and autumn and the
continuous discharge of karst water from the mountains impacts
the aquifer hydrology.

Sampling
In total six sampling surveys were carried out in 2–3 months
intervals from March 2010 to March 2011. Thereby, the
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FIGURE 2 | Map highlighting the location of the selected groundwater monitoring wells and the Isar River. Arrows indicate the general direction of groundwater flow.
Wells MIT037 (1), MIT038 (2), and MIT039 (3) are distributed in the area of “Hoffeld” close to the village of Mittenwald, while well MIT052 (4) is located in the mountain
pasture “Riedboden.” While the “Hoffeld” is dominated by meadows and hayfields, the “Riedboden” is interspersed with pine trees and shrubs. Satellite images
provided by Google Maps (2022).

seasonal variation (i.e., transpiration and precipitation) and
its effect on groundwater hydrology (e.g., recharge) was
assessed. Hydrological data and physico-chemical parameters
(e.g., electrical conductivity, temperature, water table, pH,
redox potential, and concentration of dissolved oxygen) were
assessed on-site using field sensors (WTW, Weilheim, Germany).
Well water was pumped according to the standard operating
procedure (USGS, 2006) purging a minimum of three times the
well volume with a MP1 submersible pump, which was placed
at the center of the water column, before taking a representative
groundwater sample. River water was collected from the Isar next
to the monitoring well MIT037 and filled directly into sterile
10 liter containers. All samples were kept dark and refrigerated
until further processing in the laboratory. The respective samples
(cell counts and DOC) were fixed immediately in the field.

Dissolved, Nutrients, and Major Ions
The dissolved organic carbon (DOC) and major anions and
cations were analyzed on a TOC analyzer (Shimadzu TOC-
V, Germany) and an ion chromatograph (Dionex DX100,

Germany), respectively (Zhou et al., 2012). The water samples
for DOC measurement were acidified with HCl (∼pH 2) and
filtered through pre-rinsed 0.45 µm pore size cellulose-nitrate
filters (Millipore, Darmstadt, Germany). The non-purgeable
organic carbon fraction was combusted (680◦C) to CO2 and
measured with a non-dispersive infrared detector. Major ions
were separated by ion chromatography (for cations: CS 12A
4 mm column with a CSRS Ultra II 4 mm suppressor and
for anions: AS 4A 4 mm column with an ASRS-Ultra II
4 mm suppressor) and quantified using reference standard
solutions. All samples were kept in clean glass vials at 4◦C until
analysis in triplicates.

Carbon Turnover and Microbial Activity
For determining the microbial carbon production (i.e., BCP)
and assimilable organic carbon (AOC) the water samples
were incubated immediately after sampling and measured
as described in detail by Zhou et al. (2012). In brief,
for estimating the prokaryotic production of heterotrophic
groundwater microorganisms, 3H-leucine incorporation into
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microbial proteins was measured (Brielmann et al., 2009). 3H-
leucine (10 nM, 44 Ci mmol−1) was added to triplicates of
50 ml samples and incubated for 8 h in the dark at 12◦C.
Samples and a control, which was fixed immediately after 3H-
leucine addition with formaldehyde (3.7% final conc.), were
terminated and incubated with ice-cold trichloroacetic acid
(TCA, 10% v/v) for the precipitation of proteins. After collection
of macromolecules on a 0.2 µm cellulose nitrate filter (Millipore),
the dried filters were dissolved in ethyl acetate and a scintillation
cocktail was added. Samples were stored overnight at 4◦C before
measurement on a Tri-carb 1600 TR liquid scintillation counter
(Perkin Elmer) and corrected for quenching. Incorporation rates
were converted to carbon production rates (µg C L−1 h−1) as
described in Baltar et al. (2010).

For estimating the AOC, triplicates of 45 ml samples were
filtered (0.22 µm) and incubated with 5 ml of the same
groundwater for 30 days at ambient temperature (Escobar and
Randall, 2001). Cell numbers were determined by flow cytometry
at the start and the end of the incubation and converted to carbon
equivalents (15 fg C cell−1).

Last, microbial cell viability was determined based on
ATP concentrations with the BacTiterGlo kit according to
the manufacturer (Promega). Cells were lysed and the light
produced by the ATP-dependent oxidation of luciferin by
luciferase was detected at 600 nm in a Luminometer (GloMax,
Promega, Walldorf, Germany). All samples were analyzed in
biological triplicates.

Enumerating Prokaryotes, Heterotrophic
Nanoflagellates, and Virus-Like Particles
For the enumeration of prokaryotic cells, HNFs and viruses,
water samples were collected in sterile plastic tubes (Falcon, BD)
and fixed with formaldehyde (final concentration 2.5%). The
total number of prokaryotes was determined on a flow cytometer
(FACSCalibur, BD Sciences, United States), equipped with an air-
cooled laser, providing 15 mW at 488 nm. Samples were prepared
according to the protocol of Anneser et al. (2010). The fixed
water samples were stained with SYBR green I (Molecular Probes,
Invitrogen, Karlsruhe, Germany) at a ratio of 1: 10 000 for 15 min
in the dark at room temperature. Cells were identified by their
signal in a plot of side scatter (SSC) vs. green fluorescence using
a reference counting beads solution (BD Trucount). The same
approach was applied for viruses. However, virus-like particles
(VLPs) were stained with SYBR Green I (10,000× concentrate in
DMSO; Invitrogen, Molecular Probes) and prepared as described
in detail by Brussaard (2004). In brief, 5 µL working stain
solution (1:200 diluted in sterile Milli-Q water) was added to
500 µL sample. The samples were incubated at 80◦C for 10 min
in the dark, followed by a cooling period at room temperature
in the dark for 5 min before analysis. In case of high VLP
concentrations, samples were diluted with 1x TE-buffer (1:10 or
1:100) to increase the accuracy of the analysis. TE-buffer and
autoclaved 0.2-µm-filtered sample were measured as controls.
The samples were recorded in biological duplicates. Populations
of VLPs were identified on the plots of the side scatter vs. green

fluorescence at 530 nm. The flow cytometry data was analyzed
using the CellQuest Pro software (BD Bioscences, version 4.0).

Enumeration of nanoflagellates was conducted using
fluorescence in situ hybridization (FISH), following the protocol
of Glöckner et al. (1996), which has been modified as follows.
In order to collect enough cells, 300 mL water samples were
fixed with formaldehyde and filtered through polycarbonate
filters (0.2 µm pore size; 25 mm diameter; type GTTP; Millipore,
Burlington, United States), supported by cellulose acetate
filters (0.45 µm pore size; Millipore). Subsequently, filters were
dipped in low-gelling-point agarose [0.1% (wt/vol) Biozym,
United States], dried upside down on a glass slide at 37◦C
and dehydrated in 96% (vol/vol) ethanol. The cell walls were
permeabilized by incubating the filters in lysozyme (10 mg
mL−1 in 0.05 M EDTA, pH 8.0; 0.1 M Tris-HCl, pH 8.0;
Sigma, Vienna, Austria) at 37◦C for 1 h. For the inactivation of
endogenous peroxidases filters were then washed three times
in Milli-Q water and incubated in 0.01 M HCl for 20 min
at room temperature. After washing off residues the filters
were dehydrated in 50, 80, and 96% ethanol for 2 min and
air-dried at room temperature. Each filter was wetted with 16 µl
hybridization buffer [NaCl 0.9 mol L−1, TRIS HCl 0.02 mol
L−1, formamide 45% (vol/vol), sodium dodecyl sulfate (SDS)
0.02% (wt/vol)] in a moisture chamber at 46◦C. The labeled
oligonucleotide probe EUK 1195 (5’-GGGCATCACAGACCTG-
3’) (Giovannoni et al., 1988), was added to the hybridization
buffer to a final concentration of 3 ng µl−1 and incubated for
90 min. After hybridization, the filters were transferred to a pre-
heated washing buffer (TRIS HCl 20 mmol L−1, EDTA 5 mmol
L−1, NaCl 30 mmol L−1, SDS 0.01%) at 48◦C for 20 min. Filters
were washed three times in Milli-Q water and air-dried on the
glass slide at room temperature. The slides were counterstained
(DAPI/Antifade Solution; Millipore, United States) and
embedded in Glycerol/PBS buffer solutions (Citifluor, AF1). The
cell counting was performed on a epifluorescence microscope
(Axioplan 2 Zeiss, lamp: HXP-120 LEj, camera: Axiocam Zeiss)
at 63×magnification.

Statistical Analysis and Data Elaboration
All statistical analyses were performed using the R computing
language, version 3.6.1 (R Development CoreTeam, 2014). For
the statistical comparisons and testing of relationships between
hydrological and microbial we used the vegan package (2.5.−7)
(Oksanen et al., 2013). Plots were refined using the Affinity
Designer software (1.9.3).

The model to assess top-down vs. bottom-up control proposed
by Gasol (1994) plots the log-transformed bacteria and HNFs
abundances on a bivariate space. Two regression lines depict
the opposing trends based on a large dataset from marine and
freshwater ecosystems. The maximum attainable abundance line
(MAA) represents the HNF abundance that could be attained
for given prokaryotic abundance, assuming HNFs feed only on
prokaryotes. The mean realized abundance line (MRA) is based
on the averaged abundances of prokaryotes and flagellates from
the original dataset (Gasol, 1994). Data points close to the MAA
line indicate that HNF are mainly under bottom-up control. In
contrast, location of data points close to the MRA line means
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that top-down processes are predominant in the control of HNF
abundance. Data located far below the MRA line depict very
strong grazing pressure on HNF.

RESULTS AND DISCUSSION

Oligotrophic aquatic environments and in particular
groundwater habitats, are considered to be bottom-up controlled
(Findlay et al., 2003; Foulquier et al., 2010). Microbial production
as well as growth efficiency do not only depend on total DOC
concentrations but its composition and bioavailability (Thingstad
and Lignell, 1997; Del Giorgio and Cole, 1998; Moran et al.,
2022), as well as other nutrients (Hofmann and Griebler, 2018).
The role of top-down forces and their drivers are often more
complex to study, but are critical to be evaluated (Chow et al.,
2014; Våge et al., 2018; Weitowitz et al., 2019).

The DOC pool in groundwater is composed of allochthonous
and autochthonous inputs which are presumably of varying
quality. DOC produced by grazing and lysis are supposedly of
high quality and could be consumed immediately (Noble and
Fuhrman, 1999; Sherr and Sherr, 2002; Danovaro et al., 2008;
Moran et al., 2022). Hence, the activity of predators may replenish
the bioavailable DOC pool. Evidence of grazing success would
be displayed by a temporal increase in predators and a decrease
of prokaryotic abundance. The subsequent release of degradable
DOC could then result in an increase of prokaryotic growth
determined by AOC and BCP values. Such a dynamical microbial
system has been formalized in the generalized Lotka-Voltera
equations. While the model seems to fit data of simple, lab-
cultured communities, it is not easy to scale up to describe larger
communities (Gonze et al., 2018).

Here, we discuss our data on the organismic standing
stocks differentiated into protozoa, virus-like particles and
prokaryotes. Furthermore, we examine the temporal and spatial
variation of the environmental parameters and their impact
on the prokaryotic activity and productivity. In addition to
the comparison between groundwater monitoring wells and
sampling times we include measurements from the river water
in our analysis. Whenever we include the surface water in our
analysis, we specifically state this in the text or graph. Finally, we
use the available data of groundwater food-web interactions to
infer rates and limitations. The data presented here is limited to
four groundwater wells within one alpine aquifer and seasonal
dynamics were recorded for just 1 year.

Temporal and Spatial Variation of
Groundwater Chemistry, Dissolved, and
Nutrient Availability
The investigated groundwater ecosystem exhibited strong
hydrological changes, indicated by groundwater table
fluctuations of several meters within a year. The groundwater
table did not change significantly between seasons [ANOVA:
F(3,20) = 3.593, p = 0.06], but a significant difference was
found between wells [ANOVA: F(3,20) = 33.854, p < 0.05]. The
groundwater levels in well MIT052 were significantly lower
than in other wells (Welch t-test: t = −5.6, df = 5.4, p < 0.05)

ranging from 9.1 to 16.9 m below land surface (Supplementary
Figure 1). In all wells the rising water table was most likely driven
by recharge from snow meltwater in late spring and heavy rain
events in late summer.

Typical of the pristine conditions in the aquifer, most
physico-chemical parameters (e.g., oxygen, pH, nitrate) stayed
relative constant over the seasonal cycle (Table 1). The mean
groundwater temperature was 7 ± 1.4◦C with the highest
variation in well MIT037 ranging from 2.6◦C in winter to 9.3◦C
in summer. The raise in water temperature did not affect oxygen
levels or the pH. The shallow groundwater was well-oxygenated
throughout the year with dissolved oxygen (DO) concentrations
ranging from 8.2 to 11.3 mg L−1. The pH stayed slightly alkaline
with a mean of 7.8± 0.2.

Notably, the electrical conductivity, which is used as proxy
for the nutrient- and ion load, was significantly higher in
the groundwater than in the Isar river water (Welch t-test:
t = −7, df = 24.8, p < 0.05). The groundwater showed a
high temporal variation with the lowest values recorded in
winter (274.9 ± 19.5 µS m−1) and the highest in summer
(320± 45.8 µS m−1).

A peak in chloride concentrations of 47 mg L−1 in spring
in the groundwater from well MIT037 may indicate road salt
leaching as described in Zhou et al. (2012). Sulfate concentrations
varied substantially (12.4 ± 7.3 mg L−1), with the highest
variation in spring associated to the high concentrations
(max = 31 mg L−1) at wells MIT038 and MIT039 and low values
at wells MIT037 and MIT052 (min = 4.4 mg L−1). Seasonally, the
sulfate concentrations were elevated in spring and decreased in
summer, especially in the wells located in the farmed grassland
(MIT038 and MIT039).

The comparison of all wells shows that the location
and distance to the river water matters. While the water
chemistry in water from well MIT037 was influenced by the
river, groundwater from the other wells were much more
disconnected. Wells MIT38 and MIT39 were very similar
in their environmental setting and well MIT52 was the
most distinct with the highest hydrodynamic fluctuations
(Supplementary Figure 1).

We found no significant differences for DOC values between
seasons (Kruskal-Wallis test: χ2 = 4.6, df = 3, p = 0.2) or well
locations (Kruskal-Wallis test: χ2 = 2.8, df = 3, p = 0.42). The
DOC concentrations in the groundwater and Isar river water
showed no significant difference (t-test: t = −0.64, df = 27.6,
p-value = 0.5).

The concentrations of carbon (DOC: 1.2 ± 0.6 mg L−1

SD), soluble reactive phosphorous (SRP) and nitrate (NO3
−:

2.6 ± 0.6 mg L−1) showed little variability over the whole year.
SRP concentrations in the groundwater and Isar water samples
were close to the detection limit (<5 µg L−1). A similar pattern
was observed for nitrate (Table 1), which represented the largest
inorganic nitrogen pool in this aquifer.

The deficiency of dissolved organic carbon (<1 mg L−1)
and nutrients in pristine aquifers is typically attributed
to the microbial activity in the overlying soil layers. In
an alpine setting, the surrounding vegetation contributes
less organic matter (mostly coarse particulate organic
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matter) than in lowland systems and shows higher
temporal variability (Hood et al., 2003; Fenoglio et al.,
2014).

Community Dynamics of Prokaryotes,
Virus-Like Particles, and Heterotrophic
Nanoflagellates
In general, the prokaryotic cell densities in the alpine
groundwater were low [mean () 6.1 × 104

± 6.9 × 104

cells mL−1 SD] throughout the year and changed between
sampling sites and sampling times. Comparison of the cell
densities between wells revealed no significant differences.
The highest variability of total cell counts (TCC) occurred in
groundwater from well MIT039 ranging from 1.29 × 104 to
2.05 × 105 cells mL−1. In groundwater, the highest cell numbers
and greatest variation between wells and within seasons was
found in spring (7.2 × 104

± 8.1 × 104 cells mL−1) and winter
(8.6× 104

± 9.9× 104 cells mL−1), the latter was due to high cell
densities in well water from MIT038 and MIT039. Even though
a visual inspection of graphs suggest a temporal dynamic for the
prokaryotic cells in the groundwater (Figure 3), no significant
difference was found [ANOVA: F(3,20) = 0.979, p = 0.422].
Surprisingly, the cell abundance in the Isar river water was in
the same range (min: 6.1 × 104 cells mL−1; max 8.8 × 104 cells
mL−1) as in groundwater (Student t-test: t = −0.02, df = 23.32,
p-value = 0.98).

In this study, we assumed that heterotrophic nanoflagellates
were the most relevant protozoan predators. The densities of
heterotrophic nanoflagellates ranged from 69 to 412 HNF mL−1

(Figure 3), as expected in oligotrophic groundwater (Griebler
and Lueders, 2009; Wilhartitz et al., 2013). Seasonal differences
of HNF abundance were not significant [ANOVA: F(3,20) = 1.56,
p = 0.23]. Again, no substantial difference between the water
of the alpine Isar river and the adjacent groundwater was
observed. The ratio of prokaryotic cells to protozoa (BPR)
in groundwater ranged from 33 to 2,084 (Table 1) with an
average BPR of 347.

The abundance of viral particles (1 × 106
± 5.7 × 105 VLPs

mL−1) was variable throughout the year. The variability was
caused by temporal and spatial fluctuations in VLP abundances
(Table 1), especially in well MIT052. The VLP to prokaryotes
ratio (VPR) ranged from 2 to 230 (37 ± 45). Still, no significant
temporal pattern was observed for the VPR data [ANOVA:
F(3,20) = 0.35 p = 0.79, log-transformed].

The abundance of prokaryotes (Spearman’s rank correlation:
S = 3253.4, ρ = −0.41, p-value = 0.04) and heterotrophic
nanoflagellates (Spearman’s rank correlation: S = 3288.2,
ρ =−0.42, p = 0.03) were correlated with changes in groundwater
table. The highest densities were recorded at low groundwater
tables, indicating high water tables came along with a dilution
effect. Virus-like particles did not follow this correlation
(Spearman’s rank correlation: S = 3208.2, p-value = 0.06,
ρ = 0.39).

TABLE 1 | Mean values of physicochemical and microbiological parameters of a 1 year sampling campaign.

Parameter Isar MIT037 MIT038 MIT039 MIT052

T (◦C) 6.1 (3.4–13.2) 6.3 (2.6–9.3) 7.4 (6.5–8.8) 7.6 (6.9–8.5) 6.8 (5.9–8)

EC (µS cm−1) 236.8 (221–260) 296.2 (248–375) 319.7 (265–387) 309.3 (273–372) 289.2 (235–322)

pH 8.3 (8.1–8.5) 8 (7.8–8.3) 7.8 (7.6–7.9) 7.8 (7.7–8) 7.9 (7.7–7.9)

Oxygen (mg L−1) 10.2 (8.8–10.8) 9.6 (8.2–10.7) 10 (8.7–11.1) 9.9 (8.5–11.3) 10.4 (9.1–11.3)

DOC (mg L−1) 1.1 (0.9–1.4) 1.1 (0.8–1.3) 1 (0.8–1.1) 1.6 (0.9–3.8) 1.2 (0.8–2.2)

Cl− (mg L−1) 0.6 (0.2–1.1) 12.5 (1.2–47) 2.7 (1.4–4.1) 4.1 (2.4–6.2) 0.9 (0.6–1.8)

K+ (mg L−1) 0.2 (0.1–0.2) 0.2 (0.1–0.4) 0.4 (0.3–0.6) 0.3 (0.2–0.4) 0.3 (0.2–0.4)

NO3
− (mg L−1) 2 (1.9–2.2) 2.1 (1.9–2.3) 2.5 (1.7–3) 2.5 (2.3–2.9) 3.1 (2.3–4.7)

SO4
2− (mg L−1) 7.7 (5.2–11) 7.2 (5–10) 19.8 (13–31) 16.2 (9.2–25) 6.3 (4.4–7.8)

Total cell counts (cells mL−1) 6.06 × 104

(1.6 × 104–8.85 × 104)
3.28 × 104

(1.4 × 104–6 × 104)
6.96 × 104

(1.23 × 104–
2.73 × 105)

7.8 × 104 (1.29 × 104–
2.05 × 105)

6.41 × 104

(1.23 × 104–
2.56 × 105)

VLPs (cells mL−1) 1.83 × 106

(8.26 × 105–
5.96 × 106)

1.34 × 106

(6.52 × 105–
3.27 × 106)

8.26 × 106

(5.36 × 105–1.2 × 106)
8.53 × 105

(6.47 × 105–
1.26 × 106)

8.25 × 105

(6.74 × 104–
1.44 × 106)

Protozoa (cells mL−1) 200 (115–322) 170.6 (92–290) 131 (70–231) 194.8 (85–412) 218.1 (88–369)

ATP (pmol L−1) 2.3 (0.2–5.9) 1.2 (0–3.3) 0.6 (0.4–0.9) 0.6 (0.2–2.3) 0.7 (0.1–1.9)

AOC (ng C mL−1) 8.9 (2.8– 18.4) 8.6 (2.5–24.5) 6.8 (4–13.5) 9.6 (2.8–18.1) 14.7 (2.7–51.8)

BCP (pg C L−1 h−1) 2.99 × 102

(28.86–642.96)
7.56 (0.68–21.44) 8.05 (0.98–26.24) 5.57 (2.47–10.43) 8.26 (1.92–20.72)

VPR 31.8 (21.6†) (11.4–69.6) 63.8 (31.6†)
(15.4–230.3)

29.8 (34.4†) (4.4–46.1) 24.7 (22.2†) (3.9–56.7) 29.9 (30.5†) (1.7–56.2)

BPR 356.1 (273.2†)
(87.9–769.6)

208.6 (187.9†)
(90.5–382.2)

513.5 (190.7†)
(124–2084)

377.5 (326.4†)
(114.2–692.6)

291.2 (248.2†)
(33.3–746.4)

Values in brackets are min-max values. †Represent median values for the Virus-to-Prokaryotes ratio (VPR) and Bacteria-to-Protozoa ratio (BPR).
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FIGURE 3 | Temporal variation of the cell densities in alpine groundwater. Counts of prokaryotes, heterotrophic nanoflagellates, and virus-like particles.

This data indicates that independent of the distance to the
river, there seems to be a more or less constant flux of microbes
through the aquifer. However, with a changing composition of
the planktonic prokaryotic community as was shown by Zhou
et al. (2012) during the seasonal cycle.

Carbon Turnover and Microbial Activity
The oligotrophic groundwater represent an extreme
environment, corresponding to long time periods between
encounters with low resource levels. Microbes require ATP,
derived from energy-yielding (i.e., catabolic) reactions, for
biomass formation and cell maintenance. Decreasing the
metabolism (e.g., dormancy) and miniaturized cell size are
important life strategies in oligotrophic subsurface environments
(Fernandez et al., 2019; Kundu et al., 2020). In response to
favorable environmental conditions microorganisms can then
exit the non-growing state. Phenotypic heterogenous prokaryotic
populations, composed of active and dormant cells can still
react to pulses of nutrients but remain low-energetic costs at
the community level (Kundu et al., 2020). Such a mechanism
would stabilize and buffer community functioning and cell
densities (Lennon and Jones, 2011). In alpine groundwater,
seasonal water table fluctuations and hydrogeochemical mixing
impact carbon inputs and species turnover at short time scales
(Zhou et al., 2012).

The microbial intracellular ATP concentrations in
groundwater samples were found to be considerably low

(0.79 pmol L−1
± 0.84 pmol L−1). Considering an approximate

ATP content of a bacterial cell (1.5–4.8 × 10−19 mol cell−1;
Hammes and Egli, 2005) these values correspond to 9.5 × 103–
10.5 × 106 active cells per liter. Consequently, only 19%
(SD ± 23%) of all prokaryotic cells were considered viable. For
the groundwater samples, the influence of temporal variation
on ATP concentrations was tested. A non-parametric Kruskal–
Wallis test showed that the effect of season on ATP levels was
significant (χ2 = 8.79, df = 3, p < 0.05). At the same time
no significant effect of the location was observed. Although
the ATP concentrations in the Isar river water were slightly
elevated compared to the groundwater sites (Table 1) the
differences were not significant (t-test: t = 1.7078, df = 5.3881,
p = 0.1441).

The assimilable organic carbon (AOC) assay is a standardized
measure of the microbial growth potential (Escobar and Randall,
2001) determined as the increase of cell numbers (i.e., anabolism).
The assimilable organic carbon (AOC) ranged from 2.5 to 51.8 µg
C L−1 (Figure 4), accounting for only 0.2–4.3% of the bulk
DOC. There was no significant difference between the ranked
AOC concentrations and sampling time (i.e., seasons). Overall,
the AOC of groundwater samples showed a slight but constant
increase from spring and summer (5.7 ± 3.8 µg C L−1 and
6.4± 2 µg C L−1) to autumn and winter (12.9± 10.16 µg C L−1

and 14.5 ± 15.6 µg C L−1) as shown in Figure 4. The ability to
build up new prokaryotic biomass is determined by their carbon
use efficiency (CUE) (Del Giorgio and Cole, 1998). Assuming a
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FIGURE 4 | Temporal variation for AOC and BCP. Comparison of the assimilable organic carbon and bacterial carbon production. Triangles represent values
measured from the Isar river water.

FIGURE 5 | The assessment of top-down vs. bottom-up control of HNF
abundance Log-log plot of the abundance of prokaryotes and heterotrophic
nanoflagellates (HNF) in the groundwater (◦) samples from the river (∗) were
added to the graph for comparison. MAA, maximum attainable HNF
abundances max log10HNF = −2.47 + 1.07 log10 TCC; MRA, mean realized
abundances intercept = −1.67, slope = 0.79; determined by Gasol (1994).

CUE of 2%, the AOC would support the growth of 4.9 × 107 to
1.0× 109 cells mL−1.

To follow up on these numbers, the actual carbon production
rates were measured. The production rates of heterotrophic
prokaryotes, here termed bacterial carbon production (BCP),
were expectedly low in the aquifer throughout the year. The
production rates ranging from 0.7 to 26 pg C L−1 h−1 in
groundwater samples correspond to specific growth rates of
1.3 × 10−3 to 0.6 d−1. The lowest BCP rates were observed
during the dry season in winter (mean = 2.8 ± 1.7 pg C
L−1 h−1). The highest BCP rates (12.4 ± 9.5 pg C L−1 h−1)
occurred during summer (May–July 2010). No BCP values
could be recorded in autumn due to technical problems. An
analysis of variance (ANOVA) on log-transformed BCP rates

between seasonal samples of groundwater yielded significant
variation [F(2,24) = 6.06, p < 0.05]. A post-hoc Tukey HSD
test comparing these BCP rates revealed significant differences
between the winter sampling and the other samples. The bacterial
carbon production in the Isar river water was significantly
higher than in groundwater (one-sided Student t-test: t = −6.8,
df = 23, p < 0.05). While the ATP and AOC was in the
same range between all samples, the production rates were 40
times higher in the river than in the groundwater. This result
further illustrates the slower growth and carbon turnover in
groundwater. Comparable results of relatively low biomass but
high prokaryotic production rates in surface waters have been
reported previously (van Driezum et al., 2018). The differences of
biological processes between the sampling sites emphasize small-
scale differences and heterogeneities in subsurface ecosystems
(Brockman and Murray, 1997).

The different patterns that were observed for the metrics of
productivity, microbial activity, and organic carbon availability
(Table 1) deserve a critical assessment. The low DOC
concentrations throughout the year with two outliers in spring
above 2 mg L−1 were not related to an increase in AOC or
BCP, therefore its impact appears negligible. Even though the
DOC concentration was lowest in autumn, the AOC and ATP
were at its highest, which coincided with higher nutrient (N,
P) concentrations. Thus, nutrient-limitation rather than carbon
limitation appears to be the governing factor (Hofmann and
Griebler, 2018). Additionally, the AOC was slightly increasing
from spring to autumn. Whereas the AOC concentrations were
consistently low in spring and summer they were also more
dynamic in autumn and late winter. This may indicate temporal
variation of the quality of carbon sources due to changes in
landcover, leaching of plant detritus and primary production
imported as allochthonous input (Hood et al., 2003) supporting a
more active community.
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It is noteworthy, that the assimilable organic carbon is an
integrated value measured over a timespan of weeks, while the
bacterial carbon production is calculated from the incorporation
of labeled leucine into proteins within a few hours. Prokaryotic
production measurements based on changes in biomass (AOC)
or incorporation (BCP) neglect excretion processes which even
take place under nutrient and carbon limitation (Del Giorgio
and Cole, 1998). An additional parameter, the biodegradable
dissolved organic carbon (BDOC) which measures the DOC
concentration in water before and after a batch incubation in the
dark, was not determined. These parameters may overestimate
the microbial growth efficiency, biomass production, and
represent the combined values of the diverse heterotrophic
microbial community/population whether they are active or
inactive in the biogeochemical processes (Lever et al., 2015).

Disentangling Bottom-Up and Top-Down
Regulation
There are several metrics to evaluate bottom-up and top-down
regulation such as the relationship between microbial production
and abundance (Billen et al., 1990) or the ratio of bacteria to
heterotrophic flagellates (Gasol, 1994) and the virus to bacteria
ratio (Wommack and Colwell, 2000).

In this study, prokaryotic production (i.e., BCP) was not
correlated (Pearson’s r = −0.27, p = 0.24) with the bioavailable
carbon sources (AOC) (Supplementary Figure 2) or the
abundance of prokaryotes. The limited nutrient availability
and low concentrations of readily available carbon may not
reach a threshold to support a readily growing planktonic
prokaryotic community.

In order to assess the effect of HNF grazing a model for
surface waters (Gasol, 1994) was applied by plotting the log-
transformed abundance of HNF against the log-transformed
total cell counts of prokaryotes (Figure 5). We observed a
weak but statistically significant positive relationship (R2 = 0.18,
slope = 0.26, intercept = 0.98, p < 0.05) between the
prokaryotic cell abundance and HNF abundance (Figure 5).
Data close to the maximum attainable abundance (MAA) line,
suggested a strong coupling between the prokaryotic and HNF
abundance. The data points that lie above the MAA line
(30%), suggest a strong predation on prokaryotes in these
samples. Most values (83.3%) were close to the mean realized
abundance (MRA) line, which indicates that in the alpine aquifer
heterotrophic nanoflagellates were mainly bottom-up controlled
by the prokaryotic communities, i.e., the available prey. The
results imply a higher regulation effect of prokaryotes on HNF
rather than the top-down control of grazing by higher trophic
levels, which has been previously described for other oligotrophic
aquatic habitats (Billen et al., 1990).

Viruses may exert strong top-down effects on prokaryotic
communities but little is known about the seasonal patterns of
natural virus populations in groundwater. It is hypothesized that
the physiology of the hosts influence the phages life cycles (i.e.,
lysogenic and lytic). In oligotrophic lakes, high VPR were related
to temporal effects (e.g., ice cover) and subsequent cell damage
rather than prokaryotic growth and production (Maurice et al.,

2010). Interactions between phages and prokaryotes are often
host specific so that the bulk dynamics represents the sum of all
these individual interactions. Våge et al. (2016) propose a model
where the viral densities are related to the prokaryotic diversity
and the abundance of prokaryotes is determined by competition
and predation. Thereby virus abundance is controlled by limiting
resource concentrations and resistance against viral lysis, whereas
the microbes are primarily controlled by grazing.

Variable virus to prokaryote ratios (VPRs) have been reported
for aquatic ecosystems ranging from 0.01 to 267.2 in fresh
water and from 0.08 to 43 in groundwater (Roudnew et al.,
2013; Parikka et al., 2017; Malki et al., 2020). Generally, higher
VPRs (>10) indicate environmental conditions favoring bacterial
lysis, whereas lower VPRs (<1) indicate little to no influence
on the prokaryotic community. High or low VPRs are not
necessarily derived from high or low productive environments,
but mainly rely on the bacterial production rates (Weinbauer
and Höfle, 1998). Recently, Wigington et al. (2016) found
that the relationship between marine virus and prokaryotic
abundances can be better described by a non-linear power-
law function (log10VLP = α0 + α1 log10TCC) of prokaryotic
cells rather than a 10:1 model. The slope α1 of the fitted
line denotes the power-law exponent that best describes the
relationship between the variables, whereas the intercept α0
denotes the logarithmically transformed pre-factor (Wigington
et al., 2016). Although the power-law function fails to explain
the variation in our data (R2 < 0), it may provide useful
information in future groundwater studies. Here, we found that
the viral abundances was independent of that of prokaryotic cells
(Supplementary Figure 3).

In summary, we report that the microbial community
(i.e., heterotrophic bacteria, archaea, and microeukaryotes) in
a pristine alpine groundwater are exposed to an extreme
environment deprived of readily available carbon sources.
Therefore, the bacterial carbon production remained low
throughout this study. Temporal patterns in prokaryotic cell
abundance are likely derived from the hydraulic shortcut between
the surface and the aquifer rather than biological interactions.
Predation by HNFs and phages seems to play only a minor
role at least for the observed prokaryotic densities. In the next
step, we evaluated the carbon flux for this ecosystem, through
extrapolation and comparison with process rates acquired
from the literature.

Proposed Carbon Flux Within an Alpine
Groundwater Microbial Food Web
The turnover of DOC by microbial metabolism is often
highest in headwaters where the mixing of surface- and
groundwater ensures favorable conditions for the attached
microbial communities in the streambed and the hyporheic zone
(Battin et al., 2008; Stegen et al., 2016). The microbial respiration
in streams (discharge < 0.5 m3 s−1) contributes substantially to
the earth carbon fluxes (Battin et al., 2008). In alpine streams
the hydrology can control DOM composition and dynamics
(Fasching et al., 2016). Even though allochthonous DOM of
terrestrial origin comprises the largest proportion in headwater
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streams, augmentation of freshly produced autochthonous DOM
especially from benthic biofilms contributes to the heterotrophic
metabolism. Our measurements show that the stream water
transports a comparable amount of microbial biomass as
the groundwater, but at the same time supports a higher
prokaryotic activity.

The observed DOC peaks in early spring neither increased
the prokaryotic density nor the bacterial carbon production,
which may correlate to the small fraction of assimilable
organic carbon (0.2–4%) in groundwater. The increase of DOC
coincides with recharge events and hydrodynamic mixing.
A positive correlation between microbial activity (i.e., ATP)
and the density of prokaryotes has been reported earlier
for other oligotrophic shallow groundwater systems (Fillinger
et al., 2019). This correlation was not found in our data. The
extremely low ATP concentrations in groundwater indicated
that the planktonic cells are at low activity or even non-
active with only a small fraction of cells actively growing. This
finding adds to the mounting evidence that the prokaryotic
biomass and activity is closely related to the availability and
composition of the carbon resources (Egli, 2010; Wu et al.,
2018).

Our data suggests, that the carbon demand of the prokaryotic
community is low, because of the microbial yield from available
carbon sources, the low growth rates and the prokaryotic
abundance (Thingstad and Lignell, 1997). Therefore, a temporal
increase of DOC does not necessarily go along with a stimulation
of microbial activity and production (Hofmann and Griebler,
2018; Hofmann et al., 2020). Even an increased supply of
energy in form of labile organic matter may not enhance
bacterial carbon production as prokaryotic communities run
into the limitation by essential nutrients (i.e., phosphorous).
The microbial production will be proportional to the rate at
which degradable organic carbon is produced and thus it is
bottom-up controlled. However, the production and excretion
processes are poorly understood in groundwater ecosystems
(Del Giorgio and Cole, 1998).

In this study, heterotrophic microorganisms can potentially
access an average of 1.2 mg L−1 of dissolved organic carbon
of which only a fraction of 9.9 µg L−1 is assimilable organic
carbon (AOC). The mean bacterial carbon production rate of
7.36 pg C L−1 h−1 results in an estimated microbial growth
efficiency (BGE) of 2% calculated from the BGE model of Del
Giorgio and Cole (1998). The values for the bacterial carbon
production rate are three orders lower than values reported for
lowland groundwater (van Driezum et al., 2018). Low microbial
growth efficiencies of 2–20% reported for a wide range of
groundwater sources (Del Giorgio and Cole, 1998; Hofmann
and Griebler, 2018) are generally related to the sources and
availability of carbon, nitrogen, and phosphorous. Thus, we
conclude the major part of the assimilable carbon is exported
or respired but does not contribute to a significant increase of
microbial biomass.

To our knowledge no in situ data regarding microbial carbon
demand, viral infection, and protozoan grazing is available
for groundwater ecosystems. In order to estimate the carbon
fluxes in the alpine groundwater, missing data on process rates

and interactions from comparable aquatic environments were
adapted, to link the analyzed trophic levels.

The carbon bound in microorganisms comprises of 0.92 µg
C L−1 for the prokaryotic communities (15 fg C cell−1; Caron
et al., 1995), 1.9 × 10−2 µg C L−1 for the viral particles
(2 × 10−2 fg C VLP−1; Jover et al., 2014) and 8.6 µg C L−1

for the heterotrophic nanoflagellates (4.8 × 104 fg C HNF−1;
Menden-Deuer and Lessard, 2000), which sums up to a total
of 9.7 µg C L−1. In conclusion, we found that the carbon
stored in the organisms is more or less equivalent to the readily
assimilable organic carbon. The results are in stark contrast
to the study of Wilhartitz et al. (2013) where only 10–13%
of the microbial biomass was contributed by protozoa. The
relationship between HNFs and prokaryotes in aquifers might
not be correctly represented by the Gasol model (Gasol, 1994).
The potential reasons for deviations are: the relatively low
numbers of active and viable prokaryotic cells in groundwater
(Sintes et al., 2004), the impact of other predators, and HNFs
using alternative food sources or grazing at low prey densities
(Cho et al., 2000).

Turnover rates between the trophic groups were calculated
by taking into account grazing by nanoflagellates and viral
lysis. Food uptake is assumed to be proportional to food
concentration. Grazing rates were estimated as the product
of total cell counts of prokaryotes, HNF densities and a
clearance rate of 0.5 nl protozoa−1 h−1 (Kinner et al.,
1998). This translates into a potential uptake rate of 6.8
prokaryotic cells protozoa−1 h−1 or 103 pg C L−1 h−1,
which relates to 3% of the microbial cells per day. The
calculated value for the ingested prokaryotic carbon surpasses
the estimated carbon production and hence supports the
evidence for a bottom-up controlled food web. More
experimental data on clearance rates especially in diluted
environments are necessary.

The productivity and density of the prokaryotic host
populations affects the proliferation and distribution of viruses
in aquatic environments. In a “diluted environment,” viral and
prokaryotic densities fall below a certain threshold, at which
phages cannot sustain the viral production, presumably due to
low contact rates (Cram et al., 2016) whereas microbes would
grow back to a starting concentration. Applying this threshold
of 4× 1011–4.2× 1012 cells×VLP mL−2 (Cram et al., 2016), the
studied groundwater can be considered a diluted environment
characterized by low viral and prokaryotic abundances (in the
range of 2.67 × 109–3.69 × 1011 cells × VLP mL−2). Even
for infected microbial cells mortality should be very low as a
reduced metabolism is unlikely to engage the lytic mechanism.
Thus, the significance of phages in these food webs remains
to be elucidated, but appears to be negligible in terms of
carbon turnover.

CONCLUSION

This study presents field data on the microbial food web
and cross-kingdom interactions in oligotrophic groundwaters
from an alpine aquifer. The ecology of aquifers is in many
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ways different from surface water ecosystems and is therefore
still perceived as a frontier in aquatic research. The limited
availability of data especially regarding the communities in
subterranean ecosystems is due to the extent and isolation
of subsurface ecosystems. Here, we conclude that the major
fraction of dissolved organic carbon in the groundwater is
transported seemingly unfazed by uptake processes. Only a small
portion of assimilabile DOC is transformed by prokaryotes.
With the exception of the microbial activity, the measured
differences between surface water and groundwater were small.
The carbon in the subsurface that moves through the food
web and is bound to biomass is making up a considerable
fraction. Alpine groundwater should be considered a dilute
environment where top-down control plays a minor role.
Overall, the persistent knowledge gaps relate to the true
variation across space and time as well as the different
methodologies that have been used (Moran et al., 2022). The
parameters used in our estimations of carbon pools and turnover
have either been sparsely measured or are originating from
divergent environments.

Consequently, grouping organisms into a series of more
or less discrete trophic levels could prove helpful to model
energy relationships in aquatic systems (Våge et al., 2018). In
our analysis, we were restricted to define organismic groups
using molecular markers (e.g., prokaryotes and HNFs) and
size differences (e.g., virus-like particles), which neglects the
different trophic strategies within these groups. Nonetheless,
this dataset provides an overview of an alpine groundwater
ecosystem focusing on the microbial food web (i.e., planktonic
organisms) and the variation across space and time. The
concerted analysis of microbial food web members, nutrients
and carbon process rates sheds light on the forces governing
ecosystem productivity and abundance.

This is the first dataset of an alpine groundwater system
including microbial food-web estimates which can be used for
future comparisons and evaluate human impact.
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