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Surface ecosystems are rapidly changing on a global scale and it is important to
understand how this influences aquifers in the subsurface, as groundwater quality
is a major concern for future generations. Dissolved organic matter (DOM) contains
molecular and isotopic signals from surface-derived inputs as well as from the biotic
and abiotic subsurface environment and is therefore ideal to study the connectivity
between both environments. We evaluated a 3-year time series of DOM composition
using ultrahigh resolution mass spectrometry and age using 14 C accelerator mass
spectrometry along a hillslope well transect in the fractured bedrock of the Hainich
Critical Zone Exploratory, Germany. We found a wide range of DOM 14 C depletion, from
114 C = −47.9 to 114 C = −782.4, within different zones of the shallow groundwater.
The 14 C content of DOM mirrored the connectivity of the aquifers to the surface.
The composition of DOM was highly interrelated with its 14 C age. The proportions of
surface-derived DOM components decreased with DOM age, whereas microorganismderived DOM components increased. The intensity of surface-sourced DOM signals
differed between the wells and likely reflected the hydrological complexity of fracturedrock environments. During recharge, DOM was more enriched in 114 C, contained
more surface-derived molecular components and was more diverse. As a potential
response to the varying DOM substrate, bacterial 16S rRNA gene analysis revealed
community evolution and increased bacterial diversity during recharge. The influx of
diverse, surface-derived DOM potentially fueled evolution within the autochthonous
bacterial communities, as in contrast to DOM, the bacterial community did not retreat
to the initial diversity and community composition during the recession period. Our
results demonstrate on the one hand that combined analyses of the composition and
age of groundwater DOM strongly contribute to the understanding of interconnections,
community evolution and the functioning of subsurface ecosystems and on the other
hand that changes in surface ecosystems have an imprint on subsurface ecosystems.
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with DOM can drive community succession (Li et al., 2013;
Zhang et al., 2015; Wu et al., 2018). Previous investigations
have indicated that aquifer-surface connection and recharge
events are reflected in bacterial diversity and bacterial community
composition (Kolehmainen et al., 2007; Li et al., 2012; Cooper
et al., 2016; Hubalek et al., 2016).
We hypothesize that the infiltration of surface-derived DOM
with high molecular diversity could fuel bacterial diversity and
bacterial community evolution in the subsurface. To identify the
molecular and isotopic signals of aquifer-surface connection and
seasonal flow variation, we analyze a 3-year time series of DOM
composition and age from a well transect in a fractured bedrock
groundwater system. Further, we discuss potential responses
of the groundwater bacterial community to changes in DOM
diversity during recharge events.

INTRODUCTION
Shallow groundwater ecosystems can rely on surface-fed inputs
of carbon and nutrients, which are largely controlled by the
hidden subsurface flow paths and recharge events (Ben Maamar
et al., 2015; Ward et al., 2017). Along the percolation paths,
molecular and isotopic signals of dissolved organic matter
(DOM) are incorporated from the surface biosphere as well
as from abiotic and biotic interactions in the soil and in
the unsaturated and saturated subsurface compartments (Katz
et al., 1998; Kujawinski et al., 2009; Kaiser and Kalbitz, 2012;
Kallenbach et al., 2016; Van Stan and Stubbins, 2018; Gross
and Harrison, 2019). Disentangling and tracing these integrated
signals has emerged as a key objective in exploring the links
between surface and subsurface systems within the Critical
Zone (CZ), the near-surface environment that hosts nearly all
terrestrial life (Küsel et al., 2016).
Informative subsections of the DOM pool that potentially
contain signaling information can be identified using nontargeted ultrahigh resolution mass spectrometry (HR-MS;
Hertkorn et al., 2008, 2013). HR-MS facilitates the analysis of the
detailed molecular composition of DOM, generating information
on individual molecular formulae and enabling the interpretation
of molecular patterns across natural gradients (Jaffé et al., 2012;
Ohno et al., 2014; Kellerman et al., 2015; Kothawala et al.,
2015; Roth et al., 2015). Natural gradients of DOM age occur
in groundwater following recharge events that lead to mixing
or exchange of waters containing surface-sourced or in situ
produced DOM (Sukhija et al., 2006; McMahon et al., 2011).
Combined analyses of HR-MS and 14 C age can therefore open
new perspectives regarding the evolution of DOM, its sources and
fate (Singer et al., 2012; Spencer et al., 2014).
Even though analyses of DOM composition and age have a
long history in CZ research, holistic studies of DOM evolution
in the CZ and the environmental signals that are integrated are
still missing (e.g., Wassenaar et al., 1991; Purdy et al., 1992;
Aravena and Wassenaar, 1993; Artinger et al., 2000). Time
series of the composition of DOM can be used to identify
sources, interactions and flow paths within the CZ (Jin et al.,
2014; Shen et al., 2015), that all vary, for instance following
groundwater recharge events, causing a high connectivity of
surface and subsurface compartments (Baker et al., 2000; Kaiser
and Guggenberger, 2005). Surface-derived inputs that enter an
aquifer system have been shown to contain signals linking to the
decay of plant biomass (Shen et al., 2015). Increasing proportions
of by-products resulting from the degradation of the phenolic
biopolymer lignin are therefore expected during groundwater
recharge (Benk et al., 2018). Continuous sorption/desorption
(Kaiser and Guggenberger, 2000; Kleber et al., 2015; Leinemann
et al., 2018) and microbial processing (Grøn et al., 1992; Einsiedl
et al., 2007; Simon et al., 2010; Fasching et al., 2014; Smith
et al., 2018) of surface-derived DOM along its path give rise
to new signals from the residues of the in situ microbial
communities. Specifically, the predominance of microorganismderived proteins and lipids are expected during the recession
periods (Kallenbach et al., 2016; Kujawinski et al., 2016; Ding
et al., 2018). Furthermore, the interactions of microorganisms
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MATERIALS AND METHODS
Study Site and Groundwater Sampling
for HR-MS Analysis
The study site is located in the Hainich Critical Zone Exploratory
(CZE) in NW Thuringia (central Germany) and represents a
hillslope sub-catchment of used groundwater resources under
temperate climate (Figures 1A,B). The Hainich CZE monitoring
well transect accesses a shallow groundwater flow system in
sloping thin-bedded limestone-mudstone alternations (Lazar
et al., 2019; Figure 1C). Along the eastern hillslope of the Hainich
low-mountain range, the contribution areas of the wells exhibit
forest, pasture and cropland use, whereas the outcrop areas of the
main aquifer are predominantly covered by forest or unmanaged
woodland (national park) (Kohlhepp et al., 2016). Each of the
five well sites features up to three groundwater wells, giving
access to different sampling depths. Lithostratigraphically, the
accessed bedrock belongs to the Upper Muschelkalk (Germanic
Triassic) and is of marine origin. The Upper Muschelkalk hosts
minor groundwater resources in mudstone-rich strata as well
as a regional main aquifer in thick bioclastic beds. Flow in
the minor groundwater resources (accessed by the wells H32,
H42, H43, H52, H53) was characterized as slow and diffusive,
taking place in fractures of dense limestones with low primary
porosity (Kohlhepp et al., 2017). The fractured to karstified
regional main aquifer (accessed by the wells H31, H41, H51)
allows for faster flow and surface connectivity. These differences
in the presumed flow modes result in a well oxygenated regional
main aquifer and partly oxygen-deficient minor groundwater
resources, leading to distinctly different biogeochemical milieus
regarding metabolic processes as well as microbial habitats (Opitz
et al., 2014). Groundwater samples were collected every 3 months
(July 2014 – May 2017) from the midslope to footslope wells
(sites H3, H4, H5) that continuously provided water. Before
sampling, stagnant water was removed from the wells using a
submersible sampling pump (MP1, Grundfos, Denmark) until
steady conditions of physicochemical parameters were reached.
Ten liters of groundwater were collected in duplicate for each
time point of DOM measurement. Filtration to <0.3 µm was
carried out immediately on site over pre-combusted (500◦ C/5 h)
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on a carbon basis. Together with the samples, procedural
blanks of ultrapure water acidified to pH = 2 were extracted
for each sampling campaign. HR-MS analysis was carried
out at the Max Planck Institute for Biogeochemistry (MPIBGC) in Jena, Germany on an Orbitrap Elite (Thermo Fisher
Scientific; Makarov and Scigelova, 2004) using an UPLC
system (Thermo Fisher Scientific) without chromatographic
column for automated injection. The instrument was run in
negative ionization mode with a continuous flow of 20 µL/min
H2 O/MeOH (50/50) and ESI needle voltage of 2.65 kV. 100 µL of
DOM extract at a concentration of 20 mg/L were injected and 100
scans of m/z 175–1000 and maximum 200 ms ion accumulation
time were acquired. Between each sample the injection system
was flushed for 10 min at 100 µL/min with H2 O/MeOH.
Only peaks detected in both replicates and with a signal/noise
ratio (S/N) >4 were analyzed further. Peak intensities were
normalized to the sum intensity of the respective spectra to
account for known competitive ionization effects (Hertkorn
et al., 2008; Herzsprung et al., 2012). Molecular formulae were
assigned constrained by a maximum stoichiometry of C ≤ 60,
H ≤ 120, O ≤ 60, N ≤ 4, S ≤ 2, P ≤ 1. To identify bulk trends,
only mass peaks with successful sum formula assignment and
present in at least 10% of the total data set were considered
for statistical analyses. Molecular subgroups were assigned
based on the elemental ratios and the aromaticity index (AImod ;
Koch and Dittmar, 2006, 2016) according to the classification
of Riedel et al. (2016). We focused on the four most abundant
molecular subgroups in our dataset: “Highly unsaturated”
compounds with AImod < 0.5 and H/C < 1.5, which also
contain phenols with aliphatic side chains (Santl-Temkiv et al.,
2013). “Polyphenols” with 0.50 < AImod < 0.66, containing
next to plant-derived polyphenolic substances also carboxyl
rich alicyclic molecules (CRAM; Hertkorn et al., 2006) and
condensed aromatics with aliphatic side chains (Santl-Temkiv
et al., 2013; Kellerman et al., 2015). “Unsaturated aliphatics”
were assigned for formulae with H/C ≥ 1.5 (Riedel et al., 2016)
and “peptide-like” compounds for H/C ≥ 1.5 and N ≥ 1.
We determined the relative proportions of these molecular
subgroups by summing the relative intensities of all the HR-MS
peaks within each group. To allow comparison of the withingroup trends, we normalized the relative proportion values by
the group’s respective maxima.

FIGURE 1 | (A,B) Location of the study site in Central Germany.
(C) Schematic cross-section of the Hainich CZE multi-well groundwater
transect showing the bedrock strata configuration and the screen sections in
m below ground level (after Lazar et al., 2019). Data sources: DEM GDI-Th,
DLM250 GeoBasis-DE/BKG 2016; dl652 d/by-2-0, http://govdata.de/dl-de/
by-2-0; satellite image: Copernicus Service information, 2018.

Radiocarbon Analysis
PPL extracts were dried into tin capsules, combusted to
CO2 in an elemental analyzer and subsequently graphitized.
The PPL extraction procedure was checked for potential
14 C contamination in a previous study (Benk et al., 2018).
Radiocarbon analysis was carried out on a 3 MV Tandetron 14 C
accelerator mass spectrometer at the MPI-BGC in Jena, Germany,
together with size-matched modern (Oxalic Acid II) and 14 Cdepleted standard materials (Steinhof, 2013; Steinhof et al., 2017).
Age calibration was performed using OxCal 4.3.2 (Bronk Ramsey,
2017) and the IntCal13 atmospheric curve (Reimer et al., 2013).
Radiocarbon data is reported as 114 C, indicating the relative
difference in activity with respect to the standard, normalized

glass-fiber filters in sequence with pumping (Schwab et al., 2017).
The filtered groundwater was stored at 2◦ C in the dark until
further processing.

Sample Preparation and HR-MS Analysis
Dissolved organic matter was extracted from the filtered
groundwater using solid phase extraction over PPL
(styrene-divinylbenzene polymer) cartridges according to
Dittmar et al. (2008). The extraction efficiency was ∼50%
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for δ13 C and corrected for the decay between 1950 and the
measurement time y (Trumbore et al., 2016).
14 C



114 C =

i

12 C
14 C

0.95 12 C

i
OX1, −19

Statistical Analysis and Visualization
All statistical analyses and visualizations shown in this study were
done in R 3.4.1 (R Core Team, 2019), using the packages “vegan”
2.4-5 (Oksanen et al., 2018) and “ggplot2” 2.2.1 (Wickham, 2016).
Principal component analysis (PCA) was performed on DOM
data with base R function “prcomp.” Using function “envfit” in
the package “vegan,” we fitted vectors showing the proportions of
major molecular subgroups and the 114 C values onto the DOM
ordination. The data was not normalized prior to fitting. Only
parameters that were determined to have a significant fit using
function “envfit” are shown. The vectors indicate the direction
within the ordination space of the strongest increasing gradient of
the respective parameter. Principal coordinates analysis (PCoA)
was performed on bacterial community composition data of
well H41. The PCoA was based on Bray-Curtis dissimilarity
(calculated using function “vegdist” in “vegan”) to account for
the described problem of double absences, which in microbial
ecology should be considered as lack of information (Ramette,
2007). Shannon alpha diversity indices were calculated using the
function “diversity” in “vegan.” Rarefying bacterial community
samples to equal sequencing depth and adjusting DOM samples
to equal carbon concentration prior to HR-MS injection allowed
comparing the resulting diversity indices of bacterial and
molecular data sets.



sample, −25


 − 1×1000
exp y − 1950 /8267

The scale of 114 C is given in parts per thousand, or h, and
typically ranges between +1000h (doubling of 14 C relative to
1950) and −1000h (no 14 C in sample) in natural samples. In
this study, we found only negative values of 114 C and therefore
refer to DOM in relative terms as 114 C-old or 114 C-depleted for
strongly negative values and correspondingly as 114 C-young or
114 C-enriched for only slightly negative values.

Stable Isotope Analysis
Stable hydrogen (δ2 H) and oxygen (δ18 O) isotopes of
groundwater were analyzed at the MPI-BGC in Jena, Germany,
using a setup of a high-temperature reactor (TC/EA) coupled online via a ConFlo III interface to a Delta+ XL isotope ratio mass
spectrometer (all units from Finnigan MAT). Measurements
were calibrated using in-house standards. The δ2 H and δ18 O
values of the in-house standards were regularly verified against
Vienna Standard Mean Ocean water (VSMOW: δ2 H = 0h,
δ18 O = 0h) and Standard Light Antarctic Precipitation (SLAP:
δ2 H = −428.0h, δ18 O = −55.5h). A detailed description of the
instrument method can be found in Gehre et al. (2004).

RESULTS AND DISCUSSION
Spatial Patterns in DOM Age

Bacterial Community Analysis

The 14 C depletion of DOM in the studied aquifers ranged
between 114 C = −47.9 in well H32 and −782.4 in well H53. The
wells could be classified into three groups based on their 114 C
values (Figure 2). H31, H32 and H51 possessed the least depleted
organic carbon with mean 114 C = −129.0, corresponding to
calibrated 14 C ages of ∼1000 years before present (BP). H42,

Groundwater samples for bacterial community analysis were
taken every 3 months between July 2014 and May 2017 on
the same days as sampling for DOM analysis. Genomic DNA
of groundwater (10 L) was enriched on conventional-sized
(0.2 µm) PES (Supor, Pall Corporation, until June 2016) or
polycarbonate filters (Nuclepore, Whatman; Merck-Millipore,
after June 2016). Filters were stored at −80◦ C prior to DNA
extraction. Genomic DNA was extracted using a PowerSoil
DNA Isolation kit (MO BIO laboratories Inc., United States).
The primers Bakt_341F (CCTACGGGNGGCWGCAG) and
Bakt_805R (GACTACHVGGGTATCTAATCC) (Herlemann
et al., 2011) were used to amplify bacterial partial 16S rRNA
genes (V3–V4 region). The amplicons were purified using
NucleoSpin Gel and PCR Clean-Up Kit (Macherey-Nagel,
Düren, Germany). The amplicon sequencing was performed
on Illumina’s MiSeq platform using v3 chemistry (Illumina,
Eindhoven, Netherlands). The detailed amplicon library
preparation procedures were described by Kumar et al. (2018).
The sequence data was analyzed using mothur V.1.39.5 (Schloss
et al., 2009) according to the MiSeq SOP by Kozich et al. (2013).
The good-quality bacterial sequences were assigned into OTUs
based on VSEARCH abundance-based greedy clustering (AGC)
at 97% similarity (Edgar, 2010; He et al., 2015; Rognes et al.,
2016). The samples were rarefied to equal sequencing depth (3000
sequences) prior to analysis. The sequence data were deposited
in the European Nucleotide Archive (ENA) and can be retrieved
via their accession numbers listed in Supplementary Table S1.
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FIGURE 2 | Distribution of 114 C values of SPE-DOM in the Hainich CZE
aquifers. Data from 07/2014 to 07/2017.
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H43, and H52 were characterized by medium 14 C depletion
with mean 114 C = −386.6, representing calibrated 14 C ages of
∼4500 years BP. H53 showed the strongest depletion with mean
114 C = −722.0, equal to ∼12000 years BP. The 14 C depletion of
DOM from the wells in these three groups was relatively stable
over time with the between-well variability being larger than the
within-well variability. DOM from well H41 stood out, because
its variability over the 3 years of observations was remarkably
larger than in any of the other wells. The respective 114 C maxima
and minima for H41 ranged between the little depleted and the
medium depleted well groups.
The distribution of 114 C values between the wells followed
more likely the hydrogeological than the stratigraphic layout
of the aquifer system. The wells H31 and H51 are both part
of the regional main aquifer that is likely well connected
to a large recharge area on the Hainich ridge (Kohlhepp
et al., 2017). Compared to the overlying minor groundwater
resources, inflow of a relatively larger proportion of surfacederived modern carbon contributing to 14 C-enriched DOM in
those wells is therefore probable. H32, the other well with 14 Cenriched DOM, follows an area of mixing between different
groundwaters and infiltration-recharge that is favored by uphill
sinkholes at the upper midslope. The medium 14 C-depleted
wells H42, H43, and H52 share low-permeable rocks in laying
and hanging strata (Lazar et al., 2019) and are therefore most
likely cut off from direct surface-derived inputs, resulting in
the moderate 114 C values of DOM in the water from these
wells. While H53 had similar characteristics to H52 regarding
the 114 C of inorganic carbon (Nowak et al., 2017) and major
ion composition (Kohlhepp et al., 2017), DOM showed strong
14 C depletion of in H53 relative to H52. The strong 14 C
depletion of DOM in H53 supported the indicated ecosystem
compartmentalization by Lehmann and Totsche (2019), who
described those zones as hydrogeologically isolated within the
shallow groundwater flow system. Differences between the two
sites were previously observed in their fungal (Nawaz et al.,
2016) and archaeal communities (Lazar et al., 2017), suggesting
potential links between the 14 C-depletion of DOM and the
in situ biosphere. Based on the 114 C values of microbial
phospholipid fatty acids in selected groundwaters from this
transect, Schwab et al. (2019) showed that bacteria metabolize
different proportions of sedimentary, 14 C-dead carbon. Similarly,
the large between-well variability of DOM 114 C values in
this study suggested that varying proportions of in situ
incorporated and/or microbial transformed organic carbon have
mixed with inputs of 14 C-enriched surface-derived DOM. To
further elucidate the organic matter dynamics suggested by the
distribution of 114 C values, an in-depth analysis of the DOM
composition is required.

FIGURE 3 | Principal component analysis (PCA) graph based on the
molecular composition of SPE-DOM in the Hainich Critical Zone aquifers.
114 C values and relative proportions of major molecular subgroups were
fitted as vectors indicating the direction of the strongest increasing gradients.

clustering was produced along the two axes with the distribution
on PC1 strongly reflecting the 114 C-based groupings and
variabilities (Figure 3). The gradient vector of 114 C was parallel
to PC1, which supported the role of 14 C depletion as a major
determinant of DOM composition (Flerus et al., 2012).
The gradient vectors of major molecular subgroups in DOM
indicated that DOM was spatially characterized by distinctly
differing proportions of these groups. We found that DOM
from the wells H31, H32, and H51 contained higher proportions
of highly unsaturated and polyphenolic compounds. Together,
these molecular subgroups identify labile, surface-derived DOM
components, likely derived from the degradation of plant
material in the recharge areas. Plant-derived DOM has been
previously characterized as more unsaturated and aromatic than
microorganism-derived DOM components (Einsiedl et al., 2007;
Fellman et al., 2008). The high proportions of polyphenols in
H31, H32, and H51 likely identify contributions from the decay
of the plant biopolymer lignin (Benk et al., 2018; Jia et al.,
2019). In contrast to the contributions of plant-derived DOM
to wells H31, H32, and H51, we found high proportions of
unsaturated aliphatic and peptide-like DOM components in
well H53, indicating microorganism-derived DOM (Kallenbach
et al., 2016). Since the peptide-like assigned group of compounds
could contain a multitude of different N-containing molecules,
we aimed at exploring this compound group in more detail.
We compiled structure suggestions from the ChEBI database
for the sum formulas that contained three or more nitrogen
atoms and whose relative intensities rose with increasing 14 C age
(Supplementary Table S2). For half of the 26 nitrogen-rich sum
formulae oligopeptide structures were suggested by the database,
confirming the assignment of the peptide-like group. The results

Spatial Patterns in DOM Composition
A PCA of the molecular composition of DOM summarized
53.3% of the variability by the first two principal components.
Additionally, we fitted parameters such as the proportions of
major molecular subgroups and the 114 C values onto the DOM
ordination as vectors. Their directions indicated the strongest
increasing gradient of the respective parameter. A well-separated

Frontiers in Earth Science | www.frontiersin.org
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topic of extensive discussion in the soil community (Marschner
et al., 2008; Kaiser and Kalbitz, 2012; Lehmann and Kleber,
2015). Recently, Roth et al. (2019) indicated that during the
passage of DOM through soil, small plant-derived molecules
were preferentially consumed and transformed into larger
microorganism-derived molecules. Our results show that the
transition from plant-derived to microorganism-derived DOM
is reflected in groundwater as well. Based on this finding and
the previously discussed link between aquifer-surface connection
and DOM composition and age, we hypothesize that temporally
changing proportions of plant-derived and microorganismderived DOM in groundwater will reflect hydrological system
shifts that affected DOM transport.

Variable Input During Groundwater
Recharge Events

FIGURE 4 | Relative proportions of major molecular subgroups in DOM with
respect to 14 C depletion, normalized to the respective within-group maxima.
Lines result of a locally estimated scatterplot smoothing (LOESS), gray areas
indicate 95% confidence intervals.

Investigating the temporal variability of 114 C in DOM showed
that the wells H32, H41, H42, and H43 were characterized
by a yearly reoccurring pattern that was potentially linked to
their hydraulic head configuration. Their 114 C values were
more enriched during the first quarter of the year and retreated
back to more depleted values in the remaining 9 months
(Figure 5A). This pattern was most pronounced in well H41.
The shift to less depleted 114 C values coincided with the onset
of rising hydraulic heads as well as rising air temperatures and
precipitation at the end of the winter period (Figures 5B,C). The
groundwater levels (Figure 5B) showed pronounced seasonal
fluctuation with maxima in early spring (well H32) or early
summer (other wells) and minima occurring in late autumn
(2015, 2016) or late winter (2017). The latter is the consequence
of high (2014, 2015) or low amounts (2016) of precipitation in
the dormancy period and points to a fast-responding shallow
groundwater flow system. In the shallow well H32, responses
to single recharge events are contained in the hydrograph,
whereas responses are dampened and delayed in the wells with
larger contribution areas (Kohlhepp et al., 2017). The varying
hydraulic heads represented phases of elevated to reduced
groundwater recharge, as well as the variation in subsurface
flow patterns (Lehmann and Totsche, 2019). More 14 C-enriched
DOM and correspondingly higher relative intensities of surfacederived molecular species during phases of rising hydraulic
heads point to a fast subsurface passage. The configuration of
the fractured aquifer system in the Hainich CZE gave rise to
an uneven distribution of observed responses to the shifts in
hydraulic pressure associated with recharge events. It would
be reasonable to expect the strongest responses of the DOM
composition and age to recharge-related system shifts in wells
close to the recharge sources, such as H31 and H32 at the upper
midslope. However, we observed the largest variability in well
H41 with regards to intra-annual fluctuations of the hydraulic
heads as well as 14 C depletion and molecular composition of
DOM. Our observations suggest that the exceptionally strong
recharge signals in H41 were not solely caused by directly
surface-sourced input, but instead potentially reflect a complex
temporal flow dynamic in the Hainich CZE fractured aquifer
system. Underlying aquifers have been suggested as sources for

of the chemical structure assignment via the ChEBI database
supported our indication of high proportions of microorganismderived DOM in H53. Our findings from the spatial patterns in
DOM composition support our initial hypothesis that surfaceconnection of the aquifers would be a strong driver for DOM
composition. We found high proportions of surface-derived
DOM in the wells with high surface connectivity (H31, H31,
H51). Isolation from surface-derived inputs (H53) resulted in
higher proportions of microorganism-derived DOM. The wells
with medium surface-connectivity were not clearly characterized
in the ordination by PCA. Therefore, a mixing of 14 C enriched
plant material with 14 C depleted microbial carbon is likely valid
over the whole Hainich CZ groundwater transect.

Relationship of DOM Composition and
Age
The spatial patterns observed in the wells indicated that DOM
composition and age were highly interrelated. To generalize
these indications to the whole 3 years of observations from all
wells of the transect, we normalized the proportions of each
molecular subgroup to their respective maximum and followed
their evolution with respect to 14 C depletion (Figure 4). We note
that as a result of the normalization, the shown trends refer to
within-group effects. The non-normalized relative proportions
are shown separately in Supplementary Figure S1. The order of
relative proportion between the groups was: highly unsaturated
molecules >> unsaturated aliphatics > polyphenols > peptidelike compounds. We found that with increasing 14 C age, the
relative proportions highly unsaturated molecules decreased by
∼10% and those of polyphenols almost halved. In contrast,
unsaturated aliphatic and peptide-like substances more than
tripled. We observed a shift from the compositional signatures
of plant-derived DOM to microorganism-derived DOM. This
trend of continuous recycling and microbial transformation of
DOM in contrast to the accumulation of recalcitrant molecules
(that are chemically resistant to degradation), has been the
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FIGURE 5 | Combined graph highlighting the connection of the 14 C depletion of SPE-DOM and the hydraulic pressure layout of the Hainich Critical Zone aquifers
over three consecutive years. (A) 114 C in SPE-DOM. Missing values resulted from either non-productive wells during the time of sampling or measurement failure.
(B) Hydraulic head configuration. (C) Cumulative 12-monthly precipitation and daily mean air temperature recorded by the meteorological station in Weberstedt
(MeteoGroup Deutschland GmbH, Germany; 270 m asl).

origin. A meteoric origin was likely, considering that stable water
isotopes at H41 did not show strong changes during the phases
of the observed shifts in organic matter composition and age
(Nov 2015: δ18 O = −9.3, δ2 H = −63.4; Feb 2016: δ18 O = −9.0,
δ2 H = −63.0).

upward to lateral cross-stratal exchange between sites H4 and
H5, as inferred from exceptionally high sulfate concentrations
in waters from well H51 that are likely derived from evaporite
layers contained in the underlying Middle Muschelkalk strata
(Kohlhepp et al., 2017). Recharge-related episodic integration
of H4 into upward flow patterns could have caused the large
variability in H41. This hypothesis was supported by sulfate
concentrations in H41 being highest when DOM was 14 Cenriched (Nov 2015: SO4 2− = 75 mg/L, 114 C = −383; Feb
2016: SO4 2− = 117 mg/L, 114 C = −156). Thus, at the lower
midslope, the input of surface-derived DOM to the main aquifer
is likely coupled to ascending groundwater flow of meteoric

Frontiers in Earth Science | www.frontiersin.org

Responses of the in situ Biosphere
As microorganisms are key mediators for the transformation of
DOM (Carlson et al., 2004; Young et al., 2004; Jiao et al., 2010;
D’Andrilli et al., 2019), we hypothesized that the variable DOM
input following groundwater recharge potentially affected the
bacterial communities in the aquifers. Here, we focused on the
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FIGURE 6 | Shannon alpha diversity values of DOM and the bacterial community in well H41 in response to groundwater recharge.

the DOM dynamics. Our data suggested that in our fracturedrock ecosystem the alpha diversities of DOM and bacteria
were linked. A coupling between the diversities of DOM and
bacteria during groundwater recharge could occur as a result of
differing processes: (1) combined transport of surface-derived
DOM and diverse, allochthonous bacterial communities into
the aquifer (Pronk et al., 2006, 2009; Herrmann et al., 2019).
(2) Stimulation of the autochthonous bacterial community in
response to influx of diverse DOM substrate from the surface
(Zhang et al., 2015; Rajala and Bomberg, 2017; Wu et al., 2018).
The two potential drivers are not mutually exclusive and
could have a combined effect. Previous studies in comparable
carbonate-rock environments, though karst aquifers, reported
stable autochthonous bacterial communities (Farnleitner
et al., 2005), that were overprinted during recharge events by
allochthonous communities together with a peak of inflowing
DOM from the surface (Pronk et al., 2006, 2009). Combined
transport of DOM and allochthonous bacteria are likely common
phenomena, with potential stimulation effects of autochthonous
bacteria fading during the recession phase. In our study, the
molecular diversity of DOM returned to the pre-event state
after the recharge periods had ended, however, the bacterial
community diversity did not. A PCoA graph of the bacterial
community composition in well H41 further revealed that,
similar to the diversity dynamics, also the bacterial community
composition did not return to the original state in the recession
phases (Figure 7). Instead, the ordination suggested responses
to recharge that entailed community evolution. The overprinting
return, which happened for DOM during every observed
recession phase, was lacking for bacterial communities in H41.
This suggested that the autochthonous bacterial community was
stimulated by diverse, surface-derived DOM during recharge.
During groundwater recharge, the input of relatively more
diverse DOM potentially represented a wide range of food
types, allowing a diverse bacterial community to flourish, as has
been reported from culture experiments (Farjalla et al., 2009;

FIGURE 7 | Principal coordinates analysis (PCoA) graph based on Bray-Curtis
dissimilarity, summarizing the bacterial community composition in well H41
over 3 years of recharge and recession cycles.

temporal variation of DOM composition and age in well H41,
which showed the strongest responses to groundwater recharge,
disregarding already reported microbiological differences
between the transect sites (Opitz et al., 2014). In addition
to composition and age, also the Shannon alpha diversity
of DOM in well H41 followed a yearly cycle corresponding
to groundwater recharge (Figure 6). During late recharge
phases at the end of the winter season, DOM was more diverse
compared to the rest of the year. There was no significant
net change of DOM diversity in well H41 over the three
observed years. In contrast, the Shannon alpha diversity of
the bacterial community in well H41 showed an increase of
diversity over time, overlain by yearly cycles corresponding to

Frontiers in Earth Science | www.frontiersin.org
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Landa et al., 2013). Mixtures of allochthonous and autochthonous
carbon, simultaneously provided to freshwater bacterial
communities, can cause community shifts (Attermeyer et al.,
2014). In the fractured and stratified subsurface of the Hainich
CZE, mixing of subsurface waters is likely during intensive
recharge events in the winter season. In contrast to pronounced
karst aquifers, showing more distinct event-scale responses, our
retarded flow system within limestone-mudstone alternations
covers low-frequency responses, leading to the observed
trends in molecular and bacterial diversity and community
composition. The observed phenomena of the main aquifer
well H41 are the most pronounced along the well transect,
however, they highlight the rarely studied dynamics within
shallow groundwater resources. In this study we cannot finally
disentangle the individual effects of transport from shallow or
soil sources and stimulation by mobile DOM. However, our data
indicated that surface-derived DOM is a contributor to bacterial
community evolution.
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