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General Introduction

Since the industrial revolution atmospheric CO, concentration is increasing constantly,
leading to climate change and global warming (IPCC 2013; IPCC 2018). Climate warming
will prevail even centuries after anthropogenic carbon emission has stopped, affecting the
water cycle and is likely to increase the frequency of extreme weather events (IPCC 2013).
The removal of significant amounts of atmospheric CO, from the atmosphere, however,
could counteract global warming in the long term. This raised the interest in the ability of

global ecosystems to capture and store C under elevated temperature and CO; levels.

Ocean ecosystems for example can take up atmospheric CO; even under warmer climate
conditions. However, it is still under discussion if under increasing temperatures
terrestrial ecosystems serve as carbon sink or source (Jackson et al., 2017). The vast
majority of terrestrial organic carbon is stored in soil organic matter (Jackson et al., 2017;
Lehmann and Kleber, 2015), representing one of the largest C-pools globally. It is
predicted that warming stimulates the loss of soil carbon to the atmosphere, leading to a
positive climate feedback which would further accelerate global warming (Alvarez et al.,
2018). On the other hand, vegetation is thought to increase their productivity under
elevated CO;, known as CO; fertilization. This could result in a negative feedback to
atmospheric CO; concentrations, increase vegetative biomass in terrestrial systems and

enhance terrestrial C storage (Terrer et al., 2018; Yu et al., 2013) .

Soil represents one of the largest C pools globally with approximately 2,270 Pg C (Jackson
et al., 2017), three times the size compared to the atmosphere (~750 Pg C). Vegetation
represent the link between the atmosphere and the soil (Drigo et al., 2008) and is an
important organic C source for heterotrophic soil microorganisms. Microorganisms are
the motor of C cycling in the soil, as they highly contribute to soil carbon sequestration,
soil respiration and the build-up of soil organic matter. Therefore, soil microorganisms
strongly determine the fate of plant carbon and its sequestration (Kallenbach et al., 2016;
Miltner and Bombach, 2012), underlining their importance in the formation of one the

largest organic carbon pools globally.



Understanding microbial processes and plant-soil interactions is therefore crucial for

increasing the predictability of how ecosystems will respond to future climate scenarios.
Soil and Plants

Microbial cell abundance is estimated at 107 — 10%2 in one gram of soil (Watt et al., 2006)
though they inhabit not more than 1% of the total soil volume. This spatially limited
abundances suggest that transport mechanisms in soil as well as soil properties like spatial
distribution of C and nutrient availability, porosity and water availability are important for

soil processes mediated by microorganisms.

While in aquatic systems water serves as major matrix for Carbon transport-mechanisms,
in terrestrial systems the majority of Cis cycled through soil, a much more complex matrix.
Solid mineral and organic particles originated from geological and biological processes
form a heterogeneous porous skeleton generating a diversity of different regimes
regarding carbon, oxygen, nutrients and water (Young et al., 2008). Different climate
regimes and varying bedrock formations across the earth resulted in forming a mosaic of
various soil types with specific physical and chemical traits (Phillips, 2017; Walker et al.,
2020), offering niches for autotrophic pioneers and plant as well as for heterotrophic
organisms (Mallon et al., 2018; Silvertown et al., 1999). Soil traits thus are also influenced
by biological processes during ecosystem succession and can change with the aging of
ecosystems (Shanmugam and Kingery, 2018). This makes soil “the most complicated

biomaterial on the planet” (Young and Crawford, 2004).

On a global spatial scale soil reveals a heterogeneous patchiness (Phillips, 2017), though
it keeps its heterogeneous character through spatial scales by maintaining its complexity
even at the micro scale. At a global scale there are differences in the soil water content
(SWC), vegetation cover, nutrient availability and geological composition of soil minerals.
Looking at the landscape scale we face similar differences (Vereecken et al., 2016).
Investigating different soil layers, we find soil layers varying in Carbon, nutrient and water
content as well as the occurrence of oxic or anoxic regimes (Lee et al., 2017; Liet al., 2017).
At microsites, the physical and chemical properties move to the front. Physical properties
like pore size, bulk density and the mineral composition influence how much water can

be captured in a specific amount of undisturbed soil, referred to as water holding capacity



(Vogel, 2019), which is crucial for the hydrological connectedness between organic life
and inorganic or organic Carbon and nutrient pools (Wanzek et al., 2018) within terrestrial

ecosystems.

Water limitation, on a large scale, vary between terrestrial ecosystem types and could
further increase with climate change. While in water limited arid systems plants
developed several strategies to maintain necessary water levels within their tissues (L. H.
Teixeira et al., 2020), humid systems can experience other limitations like phosphorus or
nitrogen limitation (Gross et al., 2020; LeBauer and Treseder, 2008). Vegetation has an
important role linking the atmospheric carbon pool with the biotic and soil carbon pools.
Terrestrial primary producer can thrive under rising atmospheric CO; concentrations, but
for maintaining productivity water accessibility is essential (Xu et al., 2019). Storing water

is one of the most important ecosystem services soil provides.

For terrestrial C and nutrient cycles soil therefore is a major component. Dead plant
materials, such as litter and dead roots, are the main organic Carbon input into soil, and
comprise, after being processed by soil microbes, the main portion of soil organic matter
(Kallenbach et al., 2016; Liang et al., 2017). Plant derived organic C inputs and their
temporal dynamics vary between ecosystem types and depend on climatic factors like
temperature and humidity (Yu et al., 2013). The quality (how much energy heterotrophic
organisms gain by decomposition) of organic C input determines the residence time
within the soil organic matter (De Almeida et al., 2016). Carbon resident time is important
for balancing global carbon cycles in interaction with climate and therefore is altered

under changing climate conditions.

Roots, root structure and root exudation mechanisms:

As mentioned above ecosystem succession is an influential factor during pedogenesis
(Shanmugam and Kingery, 2018). Pioneer plants stabilize soil against erosion with their
root system and build up biomass which successively will enter the soil C pool offering
energy and nutrients for heterotrophs. Plants, on the other hand, had to evolve traits to
tackle changing environmental conditions and limitations in water, energy and nutrients

(Koérner, 2016; Lynch and Brown, 2001; Swann, 2018). This is also reflected in their ability



to transfer carbon into the soil by root exudation (Karlowsky et al., 2018; Preece et al.,
2018). This process releases low molecular C compounds into the rhizosphere. Plant roots
had to evolve mechanisms to protect the plant from nutrient losses into the soil while
enable an efficient way of organic compound release into the soil for nutrient acquisition.
In the endodermis of differentiated root tissue the Casparian strip, a diffusion barrier in
the radial and transverse endodermis wall (Barberon et al., 2016) indirectly controls influx
and efflux of nutrients and metabolites by forcing solutes to pass through the cytoplasm
(symplastic pathway). There transmembrane proteins actively (ATP dependent or electro-
chemical potential) control in- and efflux partially facilitated by efflux carriers (Badri et al.,
2008). The root tip, a meristematic undifferentiated tissue and the first part to encounter
new areas in to soil, misses an Casparian strip (Somssich et al., 2016), facilitating the
passive efflux of metabolites into soil through the cell walls (apoplastic pathway). This fact
indicates that passive root exudation, i.e. apoplastic diffusion, mainly takes place at the
root tip and organic compound concentration gradients between the cytoplasma and the

soil water trigger the passive transport via diffusion (Canarini, 2019).

Plants invest 1-40% of the C fixed during Photosynthesis in root exudates (Canarini, 2019).
Exudation of mucilage, consisting mainly out of polysaccharides (Walker et al., 2003), for
example improves the plants ability to take up water and overcome water stress (A.
Teixeira et al., 2020) and further improves the physical stability of soil (Carminati et al.,
2017). Also secondary bioactive compounds are released for active signaling during
interaction with mycorrhizal fungi or self-root and neighbor-root recognition (Korenblum
et al., 2020). This together with the exudation of utilizable organic compound supports
theories that root exudation stimulates beneficial soil microorganisms and improves
nutrient acquisition to overcome possible nutrient limitations (Kuzyakov, 2002; Schimel
and Weintraub, 2003), stating a strong evolved link between plants, soil properties and

microorganisms.
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The rhizosphere as Hot Spot for Hot Moments:

As indicated previously soil links atmosphere and biosphere and therefore is important
for terrestrial biogeochemical cycles and most relevant biogeochemical processes are
mediated by microbes in soil. As previously mentioned, microbes inhabit not more than
1% of total soil volume localized mainly in restricted microhabitats. These microhabitats
show a higher process rates in comparison with average soil conditions (Kuzyakov and
Blagodatskaya, 2015). One reason for that is that microorganism often form biofilms and
colonies and thereby create zones of high microbial activity. Another reason is the already
stated high complexity and heterogeneity of soil. This high variation of soil properties even
at the microscale is responsible for the establishment of various microhabitats with
differing properties. Often these microhabitats are spatially disconnected, undermining
the exchange of nutrients, water and carbon. This spatial heterogeneity also facilitates the
formation of microhabitats with high or low nutrient, water and C availability. The spatial
expansion of such microhabitats can reach from a few um up to 10 mm (Pausch and
Kuzyakov, 2011). Together this leads to the occurrence of areas at the microscale with

high process rates (hotspots) and with specific temporal dynamics (hot moments).

Soil comprises different microbial hot spots. The rhizosphere, detritusphere, biopores and
aggregate surfaces are the most important microbial hotspots in soil. They differ in the
quality of nutrient and C compounds, in the frequency duration of nutrient and carbon
input and how disturbance influences this spots (Kuzyakov and Blagodatskaya, 2015).
Substrate quality is affecting microbial community structure within such hotspots. For
example, the microbial diversity of the rhizosphere differs among plant species (Turner et
al., 2013). Differing microbial communities can also be observed looking along a root
(Schmidt and Eickhorst, 2014) and are changing with root development (Remenant et al.,
2009). Therefore, the rhizosphere is a hotspot for hot moments, acting from macroscale
to microscale, and with differing temporal dynamics, from diurnal to seasonal rhythms.
The rhizosphere, an important link between biosphere and atmosphere, could play a

crucial role for terrestrial C cycling due to global warming and climate change.
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Introduction to rhizosphere priming effect:

Enhanced input of labile organic compound into the rhizosphere could lead to an
increased loss of formerly stored C from soil into the atmosphere due to an increased
microbial soil organic matter decomposition (Keuper et al., 2020). Microbes thereby
utilize the labile root exudates to gain energy to produce extracellular enzymes, which
consequently lead to an altered soil organic matter (SOM) decomposition. Such inputs
can either lead to an increase or decrease of SOM mineralization (Kuzyakov, 2010), a
phenomenon which is called “rhizosphere priming effect”. A positive “Priming effect” is
characterized by an accelerated decomposition of soil organic matter, decreasing SOM
stability, where as a negative “Priming effect” is associated with a depression in soil
organic matter decomposition increasing SOM stability (Kuzyakov, 2002). This results in
either higher rates (positive) or lower rates (negative) of CO; released from SOM by
microbial activity. The rhizosphere priming effect, however, not only affects C respiration
from SOM but also microbial mineralization of nutrients bound in SOM. The mechanisms
controlling this feedback are not well understood but crucial for predictive modelling

(Keuper et al., 2020).

There are several hypotheses explaining the potential underlying mechanisms of the
Priming effect and their impact on SOM stability which will be described later. First it
should be mentioned that the “priming effect” can be differentiated into an apparent
“Priming effect” and a real “Priming effect” (Blagodatsky et al., 2010). This is a theoretical
differentiating between an initial flush of CO, due to accelerated turnover or pool
substitution of microbial biomass (“apparent priming effect”) which is followed by a later
increased CO; efflux from soil organic matter decomposition (“real priming effect”). The
main factor classifying apparent and real priming effect is therefore the source of CO,,
which experimentally is complicate to observe and make it even harder to assess

underlying mechanisms.

As Priming effects are initiated by an input of organic C compounds, the quantity and
quality of these compounds can affect the dynamics and intensity of this effect (Wutzler
and Reichstein, 2013). Dead leaves, roots and shoots are not easily metabolized due to
their content of complex compounds like lignin, resulting in slow microbial utilization over
a long period of time and can be seen as a continuous input (Fanin et al., 2020). Root
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exudation, on the other hand, introduces easily available C compounds, which can be
metabolized immediately. Quantity and quality of exudate compounds is connected to
plant photosynthesis, which is linked to the diurnal photo period, climate and therefore
also to seasonality (Badri and Vivanco, 2009; Greenham and McClung, 2015; McClung,
2006). This indicates that exudation of metabolites may follow a multiple pulse pattern at
the rhizosphere level and thereby influence microbial community structures within the
rhizosphere (Hubbard et al.,, 2018). Changes in microbial composition in return can

influence the utilization of rhizodeposites and SOM and therefore the RPE.

Considering the fact that microorganisms mediate and plants initiate rhizosphere priming
effects, nutritional needs of microbes and plants should be taken into account when
investigating underlying mechanisms of Priming. Such needs depend on prevailing
environmental conditions, like C and N availability. Several hypotheses about the
rhizosphere priming effect (RPE), are therefore based on the amount and availability of
decomposable C and N in soil and the utilizing microbial community (Kuzyakov, 2002;
Razanamalala et al., 2018). Given that plants and most microbes cannot fix atmospheric
N2, N bound in soil organic matter represents the most important N-source for both.
Microbes are “mining” for N. This leads to the “microbial nitrogen mining” hypothesis
(Moorhead & Sinsabaugh, 2006) which states how quality and quantity of soil organic C
and N impact the RPE and therefore SOM stability (Kuzyakov, 2002). Under N limited
conditions plants and microbes are compete for N. Unlike plants, microorganisms are
often also C and therefore energy limited, which hampers their capacity to produce
extracellular enzymes and thereby leads to a retarded SOM decomposition. The release
of easily available C compounds by plant roots can remove C limitation for microbes and
allow them to use the additional energy stored in root exudates (Microbial activation) to
increase SOM decomposition by producing extra cellular enzymes to “mine” for N.For this,
microbes need to respire C in excess to harvest N in organic molecules higher in C:N ratio
than their biomass, to keep their stoichiometric balance. This increases CO, emission due
to a so-called overflow respiration of microbes. Under high nitrogen but low C content
microbes do not have to mine for N but need organic C for maintainance respiration. Root
exudates are labile low molecular weight compounds in contrast to SOM. This can also

lead to preferential substrate utilization of root exudates over SOM, retarding SOM
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decomposition and consequently leading to a negative priming effect (Blagodatskaya and
Kuzyakov, 2008). In contrast to this hypothesis is the “stoichiometric
decomposition”(Chen et al., 2014), stating the highest microbial activity and SOM
decomposition rate when C/N ratio of added compounds matches the microbial demands,
the microbial stochiometric C/N ratios. Consequently, while the microbial mining
hypotheses predicts the highest SOM decomposition under N limited conditions, the
stochiometric decomposition predicts the highest SOM decomposition when N availability
is given, with contradictive consequences for the SOM stability. One possible solution
linking the two mechanisms could be that different microbial groups trigger the priming
effect under changing C and N availability (Chen et al., 2014). Still the driving factors
behind the mechanisms of rhizosphere priming effect are not fully understood but vital
for predicting SOM stability under changing climate conditions and its feedback to global

warming.

Important to illuminate mechanisms driving rhizosphere priming effects is to establish
appropriate methods to investigate small scale processes under natural conditions. So far,
most methods for investigating microbial processes after the addition of easily available
substrates to soil are disruptive and often lead to homogenizing samples and therefore
fail to investigate small-scale mechanisms under natural conditions. This master thesis
elaborates a new method, reverse microdialysis, and tested its applicability to introduce
C compound and to capture emerging effects stemming from microbial responses to this
C addition. The successful application of this technique has the potential to improve the
understanding of how small-scale soil C processes can affect the ecosystem carbon cycles
under changing climate conditions and may thereby contribute to increase the

predictability of future ecosystem responses.
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Introduction — manuscript

Processes at the interface of vegetation and soils are crucial for terrestrial biogeochemical
carbon (C) and nutrient cycles as they interlink the atmospheric carbon pool and
terrestrial ecosystems (Luo and Weng, 2011). The rhizosphere represents a “hotspot” for
plant-soil interactions (Kuzyakov and Blagodatskaya, 2015), affecting pedogenesis, soil
nutrient availability, and microbial activity. Plant roots stabilize the soil structures and
enhance soil aggregate formation by releasing polysaccharides and peptides (Bardgett et
al., 2014; Bronick and Lal, 2005; Gregory, 2006; Morel et al., 1991; Traoré et al., 2000),
limiting erosion processes and increasing the water holding capacity (Barthés and Roose,
2002). Roots also exude labile C compounds into the rhizosphere, which is beneficial for
microbial growth and activity and thereby affect microbial soil organic matter (SOM)
decomposition rates, a phenomenon referred to as the “rhizosphere priming effect” (RPE)
(Kuzyakov, 2002). By mediating decomposition at the microscale, soil microorganisms act
as “motor” for C cycling at larger scales. Rhizosphere priming consequently show effects
across spatial scales (Cheng, 2009; Schimel and Schaeffer, 2012) with a recent study
indicating it alters soil carbon storage under changing climatic conditions (Keuper et al.,
2020). This emphasizes the importance of a better understanding of mechanisms
regulating C and Nutrient cycling processes at smaller, microbially relevant, ecological

scales.

Root exudates, consisting of 64-86% bioavailable low molecular weight compounds
(Hatsch et al., 2002), include sugars, organic acids and peptides (Smith, 1976). As soil
microorganisms are thought to be C limited, these readily available compounds are
thought to support microbes to overcome energy limitation and enhance growth and the
production of extracellular enzymes (Kuzyakov and Blagodatskaya, 2015; Soong et al.,
2020). The excreted microbial enzymes facilitate the depolymerisation of complex soil
organic compounds into bioavailable monomers, overcoming a bottleneck in nutrition for
plants and microorganisms (Schimel, 2003). In turn, this stimulates microbial enzyme
production and increase soil organic matter decomposition even after the labile substrate
is exhausted. As root exudation takes place at the root tip its effects are restricted to a

small local scale (Canarini, 2019). Such hot spots at the microscale can range in size from
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a few um to 10mm (Pausch and Kuzyakov, 2011). Consequently, the bioavailability of
introduced C and nutrients within such microscale hot spots is crucial for mediating

processes like exoenzyme activity and rhizosphere priming effects.

Accessing the bioavailability of organic or inorganic compounds and observing processes
at such small local scales with common methods is limited. Most sampling methods
disrupt the soil structure and homogenize a matrix which, under natural conditions, is
highly heterogeneous (Ettema and Wardle, 2002), thereby potentially increaseing C and
nutrient availability for microbes and plants (Hobbie and Hobbie, 2013). Furthermore,
sampling and sieving soil can destroy fine roots and microbial cells releasing intracellular
organic compounds, which may cause overestimations of bioavailable organic compound
concentrations. Inselsbacher et al. (2014) found commonly used extraction methods
could lead to overestimating inorganic nitrogen (N) and underestimating organic N by
promoting mineralization of dissolved organic N due to an increased availability to living

microbes.

Experimental approaches to investigate the RPE necessitate an input of easily available
substrate, such as sugars, amino acids or organic acids (Kuzyakov et al., 2000). Typically,
these substrates are mixed into soil or applied to the soil surface as a liquid media. These
procedures change the soil structure and water availability, respectively, possibly
affecting nutrient availability and process patterns. With focus on RPEs, such approaches
further lack the ability to be used on smaller ecological scales, such as the microscale,

without disturbing the natural conditions.

Under natural conditions plant roots grow through soil and modify their exudate quality
and quantity with age and season (Aulakh et al., 2001; Swann, 2018). Furthermore, as
plants depend on day-light as energy source, an endogenously evolved circadian clock
governs molecular processes related to C assimilation, respiration and exudation on a
diurnal cycle (Badri and Vivanco, 2009; Greenham and McClung, 2015; Harmer, 2009;
Harmer et al., 2000; McClung, 2006). Hubbard et al. (2018) further revealed the shaping
character of the “plant circadian clock” for rhizosphere microbial community structure
and functionality, which creates a complex dynamic on various temporal scales regarding
rhizosphere processes (Kuzyakov and Blagodatskaya, 2015). It is important to observe
processes consecutively within the rhizosphere at smaller temporal and local scales to fill
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knowledge gaps about regulatory mechanisms and their temporal dynamics to further
improve predictive models regarding climate change. Conventional methods to add labile
substrate to soil are destructive and derived measurements represent a snapshot of a
current state. This discloses the limited adaptability for common approaches to

consecutively measure processes at small local and temporal scales.

Microdialysis, a technique initially designed for biomedical research (Bourne, 2003; Miré
and Frenzel, 2005), recently gained momentum as a sampling technique in environmental
sciences (Brackin et al., 2017; Demand et al., 2017; Inselsbacher et al., 2011; Oyewole et
al.,, 2014). It offers the unique opportunity to overcome difficulties in measuring and

monitoring soil processes at small local and temporal scales.

Central for this method are thin probes with semipermeable membranes (0.5mm
diameter, 0.4 — 40 mm long) situated at the tip. The relatively small diameter of the probe
allows its insertion into intact soil with little disturbance to adjacent soil structures or
roots. Soil solutes are sampled passively via diffusion, caused by a fluid (“perfusate”)
constantly flowing inside the membrane and the probe creating a concentration gradient
inducing soil solutes in close vicinity to move across the membrane. The perfusate flow
rate is generated by high precision pumps connected to the probes. By having a constant
flow the collected solutes are carried out of the probe and can then by be analyzed, online
or offline (Buckley et al., 2020). In most previously conducted studies a membrane
molecular weight cut-off (MWCO) of 20 kD was used, allowing to sample soil solutes up
to this molecular size. However, also membranes of smaller and larger MWCO are
available, allowing to restrict or widen the range of sampled molecule size classes.

The concentration gradient can also be “reversed” (“retrodialysis”; Demand et al., 2017)
and used to introduce substances across the membrane into the surrounding soil, by
creating higher substrate concentrations inside the probe compared to the soil pore
water. This retrodialysis approach was already used to investigate the effectiveness of
organic acids exuded by roots on improving nutrient availability in soil, proofing the
applicability of microdialysis to mimic passive root exudation (McKay Fletcher et al., 2019;
Mird and Frenzel, 2005). Reversed microdialysis or “retrodialysis” has great potential for

investigating mechanisms around root exudates, microbial-rhizosphere processes and
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priming effects. For example, it would be possible to mimic root exudation by releasing
certain substrates at one spot into an undisturbed soil and subsequently monitor changes
in soil metabolites at the very same hotspot at different time intervals. Furthermore, it
could be combined with quantifying possible priming effects by applying stable isotope
tracing, f.e. by analyzing 3C in respiration after a simulated root exudation event using
13C labelled substrates to distinguish between C respired from the native soil organic
matter (Kalks et al., 2020). However, in order to successfully apply this technique to
investigate potential root-exudate-driven mechanisms it is necessary to understand the
dynamics of the substrate released into the soil by reverse microdialysis. The most
important, still open questions in this regard are:

(i) Transfer rates of soluble compounds across the membrane into water mainly depend
on the diffusion properties of the compounds and the velocity of the perfusate flow, given
that there is no significant increase of the compound concentration outside of the
membrane during the input period. Soil, however, as a heterogeneous matrix may affect
transfer rates in many different ways. First, the volume of the diffusible water body in
contact with the membrane in soil depends on the physical soil structure and is usually
not known. Second, the mobility of labile compounds in soil is influenced by their
interaction with soil particles or soil microbes. Both factors likely affect the
spatiotemporal dynamics of soluble compounds introduced during a substrate pulse with
reverse microdialysis and thereby would affect transfer rates into the soil. To introduce a
certain amount of substrate into soil we need to know how much of the compounds
pumped through the microdialysis probe really diffuses through the membrane into the
soil, and whether the rate of diffusion changes over longer time periods. The open
qguestions here are: What are the transfer rates of substrate into soil (compared to pure
water), and what influences them? Does the outside concentration of released compounds
become saturated with time, i.e. are transfer rates declining over time during a longer

input pulse?

(ii) Compounds released into the soil can go many ways, like being adsorbed on soil
minerals and/or metabolized by soil microbes etc. In order to induce and investigate

microbial dynamics at soil hotspots we need to be sure that the introduced substances
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are available for and soil microbes to be processed. What is the fate of the introduced

substances? Which proportion of them is taken up and processed by soil microbes?

(iii) Approaches that measure priming effects by stable isotope tracing usually require to
distinguish between respiration of 13C labelled input compounds and respiration of native
soil organic matter. Since each microdialysis membrane only influences a small volume
of the soil, the potential respiration of induced *3C labelled compounds may be too small
compared to the overall SOM respiration of the soil core to be detectable. Our aim was to
design an experimental system that allows measuring potential priming effects using a
combination of reverse microdialysis and stable isotope tracing. Can we introduce
sufficient amounts of labile organic compounds compared to the volume of the soil core

to induce a detectable priming effect?

To address these questions, we conducted a set of experiments to investigated input rates
of different organic acids, glucose and fructose, as well as factors influencing input rates
into soil and possible effects on SOM decomposition. Moreover, we compared the input
rates of different substances between two soil types and we conducted experiments to
investigate long term and short-term temporal dynamics of the exuded solutes Finally, we
combined a reverse microdialysis approach with 13C labelled substrates and respiration
measurements to reveal if the added substrate concentration was sufficient to induce a

measurable priming effect.
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Material and Method

Microdialysis and reverse Microdialysis

Microdialysis is commonly used in environmental sciences to collect substances of
low molecular weight in small scale environments (Buckley et al.,, 2020;
Inselsbacher et al., 2014; Mir¢ et al., 2010; Oyewole et al., 2014). It is a passive
sampling technic, based on diffusion of low-molecular-weight compounds
(LMWOC). It consists of a probe, which can be inserted into soil, and perfused with
fluid by a tube connected to a high precision pump. A small (diameter 0.5 mm,
length 4-40 mm length) semipermeable membrane, made out of
polyarylethersulphone, is sitting at the tip of the probe (Fig.1). If the probe is

perfused by a fluid (termed “Perfusate”) lower in substance concentration

Perfusate
Dialysate

. . . O Reverse
Microdialysis Probe LO Microdialysis l Microdialysis

Figure 1 Schematic illustration of microdialysis probe submerged into soil (left side). Dimension for probe tip can
range in length from 4mm up to 40mm, in diameter 0.5mm. Right side: overview of reverse Microdialysis and “classic”
Microdialysis. While “classic” Microdialysis is commonly used for assessing and capturing soil water solutes (red
particles), reverse Microdialysis manages to introduce compounds (green particles) into the surrounding. Both types
are based on diffusion processes. Infused fluid (perfusate) is pumped along the membrane (blue arrows), where
diffusion of soluble, LMWC happens across their respective concentration gradients either into or out of the probe.
After the perfusate passed it is pumped out of the probe (Dialysate; orange arrows) toward offline or online analysis.
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compared to its surrounding (i.e. soil pore water), solutes diffuse across the
membrane from the surrounding along a concentration gradient into the probe.
Solutes with a higher molecular weight than the molecular weight cut-off of the
membrane are hindered to pass through the membrane, this also applies for
microorganisms. The solution that has passed through the probe (termed
dialysate) is collected in a refrigerated fraction collector and stored for offline
analysis or directly analyzed in online systems. Applying microdialysis using pure
water as perfusate (“classic microdialysis”) thereby allows to collect dissolved,
LMWC in situ from soil solution of nearly undisturbed soil, without the need to

destructively extract solutes from the soil.

In contrast to this, microdialysis can also be “turned around” and used to
introduce certain low-molecular weight compounds into small scale
environments. By having higher concentrations of soluble compounds in the
perfusate compared to the surrounding of the probe membrane, they will diffuse
into the surrounding (Fig. 1). At the same time solutes of higher concentration in
the surrounding, which are not present in the perfusate, will diffuse across the
membrane into the probe. Reverse microdialysis therefore allows to sample
solutes and introduce LMWC at the same time at small local scales, making it a
promising tool for simulating root exudation and monitor its consequences in

undisturbed soil environments.

Relative recovery rate (RR) is the fraction (percentage) of a concentration of a
given compound in the immediate surrounding of the membrane that is measured
in the dialysate. If concentrations outside and inside the probe fully equilibrate
during the measurement, dialysate concentrations would reflect concentrations in
the surrounding of the probe, and relative recovery rates would be 100%.
However, depending on the diffusion properties of the compound and the velocity
of the perfusate flow, a full equilibrium is usually not reached. It thus needs to be
determined to allow to upscale from measured concentrations in the dialysate to
actual concentrations in the surrounding of the probe. To determine RR,

microdialysis probes are submerged in a solution of compounds with known
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concentration (standard solution) at a given flow rate. RR can then be calculated

based on the following equation:

Dialysate compound concentration (mg/l)

rel. Recovery(%) = ( ) x 100

standard compound concentration (mg/l)

Where standard compound concentration states the compound concentration of
each compound in the standard solution and dialysate compound concentration
the measured compound concentration after microdialysis. RR are important for

I”

calculating “real” compound concentration within the soil pore water after
sampling. When not being corrected with RR soil pore water measurements by
microdialysis tend to be underestimated as just a fraction is diffusing across the
membrane (Inselsbacher and Nasholm, 2012a; Oyewole et al., 2014). One of the
reasons we accompanied every experiment with a pure water (MilliQ) control

group for calibration.

When applying reverse microdialysis we used the term relative transfer rate (TR)
for the proportion of perfusate compound concentration which diffused across the
membrane into the surrounding soil pore water or pure water controls. This

calculation followed the equation:

Perfusate — Dialysate compound concentration (mg/l)

rel.Transfer rate (%) = ( ) x 100

Perfusate compound concentration (mg/l)

Where perfusate compound concentration is the concentration of target
compounds in the perfusate and dialysate compound concentration the

concentration of this compound measured after reverse microdialysis.
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Instruments

In principal the used microdialysis system consisted of high-resolution infusion
pumps equipped with syringes providing the perfusate solution, multiple
microdialysis probes and fraction collectors. These high-resolution infusion pumps
(CMA 4004 Syringe pump, CMA, Sweden) generate a constant flow by slowly
compress the syringes (Hamilton, 5ml). Syringes were connected by tubes to
microdialysis probes with a polyarylethersulphone membrane, with a surface area
of 15.9mm?and a molecular weight cut-off of 20 kD (CMA 20 Elite Microdialysis
probe, CMA, Sweden). The probes were again connected with tubes to collectors.
Samples were collected by refrigerated micro fraction collectors (CMA 140 and
CMA 470 refrigerated fraction collector, CMA, Sweden) in 300 ul plastic or glass

vials and stored for analysis.

Soil sampling and storage

Soil sampling was conducted with steel
cores, 10 cm in diameter and 6 cm in
height, drilled into the soil (Fig. 2). On
several occasions a hammer was used
to overcome resistance. We always
took the upper 10cm of topsoil and
removed the litter before. Steel cores
were then covered on both sides with

plastic lids and stored at 4°C.

Subsamples for treatment and control Figure 2 Big steel soil corer with 10cm diameter and 2
aluminium corer with 2.8 cm diameter. Aluminium

group were taken from the main cores corer were used for replicate sampling.

with customized soil corer (aluminium tube Fig. 2; steel tube Fig.4) with two

diameters, 2.8 cm (Fig. 3) and 1 cm (Fig. 4). Whereas steel tubes were further used

as mesocosms (Fig. 4). Storing temperature was at 4°C, for acclimation the

harvested soil cores were than set at 20°C for 2-1 days before starting the

experiments.
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Mesocosms

In order to maintain the structure of the
undisturbed soil cores during the
experiments we customized plastic
mesocosm. 50 ml laboratory plastic tubes
(Greiner, Austria) were cut at a height of 4
cm. The screwcap served as sealing at the

bottom (Fig. 3). For introducing the soil

core the screwcap was removed and the

Figure 3 Schematic blueprint of costumized
plastic mesocosm with microdialysis probe, steel
blade for fixation and dimensions.

soil core was pushed out of the aluminum
soil corer into the mesocosm. Further, the
soil core was cut (approximately 3cm in height) and the screwcap was placed at
the bottom. The microdialysis probes were fixed on an aluminum or steel blade
which could then be adapted in slots to the mesocosm. We also used small steel
(#1cm * 3cm) tubes as mesocosms (Fig. 4) in experiment 4. These steel tubes also
served as soil corer. The steel tubes,
containing soil, were fitted in slots in a
styrofoam disc. The dimension of this
Styrofoam disc matched the diameter of the
plastic mesocosm. Therefore, when using
the smaller steel mesocosm we could use
the same system for probe fixation (Fig. 5).
For introducing the probe into soil, a

. channel was pierced into the soil by a steel

- Qe : v 2 rad]
Figure 4 Plastic mesocosm with small steel tube
used as sub-mesocosms inserted into Styrofoam embedding the probe into the soil. After
spacer for fixation. Removable blue screwcap
also visual at the bottom of the mesocosm. installing the membrane gentle pressure on

needle, preventing damage  while

the surface surrounding the membrane support a better connection between the

membrane and the soil.
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Field site

Forest soils for all experiments (only
exception was Experiment 4, see
experiment 4) were sampled at an
experimental side in Klausen-Leopoldsdorf,
lower Austria, Austria (48° 5’ N, 16° 1’ O).
This experimental side is covered mainly by
a mature beech forest (Fagus sylvatica)
broken by some clearings (Fig.5). The
subplots (K1-K5) of this side are situated
along a slope. The soil pH is between 4.5

and 5.1 (CaCl2) and is a dystric cambisol.

Meadow soil (Experiment 2) was sampled
from a meadow at Klausen-Leopoldsdorf,
lower Austria, Austria (48° 5’ N, 16° 1' O)

close to the experimental site.

Figure 5 Sampling site in mature beech forest along a
hillside. Located in Austria, Klausen-Leopoldsdorf.
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Experiment 1 — Relative Recovery of selected C-coumpounds with classical
microdialysis

Relative recovery rates are necessary for calibrating dialysate measurements as
just a fraction of soil solutes diffuses across the membrane into the probe. To
assess the influence of flow rate, concentration and molecular weight on relative
recovery (RR) an experiment with 5 different compounds (glucose, fructose,
oxalate, malate, citrate) at two different compound concentration (5mg/l and 10
mg/) was conducted. As solvent we used ultra-pure water (MilliQ, Merck,
Germany). The experiment was run with 5 different flowrates (1, 3, 5, 7, 10
ul/min), generated by a syringe infusion pump (CMA 4004 Syringe pump, CMA,
Sweden). We used microdialysis probes with a molecular cut-off of 20 kD, a
membrane length of 10mm and a diameter of 0.5mm (CMA 20 Elite Microdialysis
probe, CMA, Sweden). Over a measurement period of 4 hours the probes were
submerged into 100 ml of a solution containing known concentrations (10mg/l and
5mg/l) of 5 standard compounds (Glucose, Fructose, Malate, Oxalate, Citrate). The
solution was stirred throughout the experiment with a magnetic stirrer. Every hour
a sample was collected by a fraction collector (CMA470/140, CMA, Sweden).
Collected samples were then further analysed by ion-chromatography (Dionex ICS

—5000*, Thermofischer) and processed with CHROMELEON 7.2 (Thermofischer).
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Experiment 2 - Transfer rates, temporal dynamics and dispersal volume of C-
compounds using reverse microdialysis in soil

The aim of this experiments was to investigate the TR and temporal dynamics of C
compounds into soil while substance addition via reverse microdialysis. To get a
better understanding we investigated long-term dynamic and short-term
dynamics within two separated experiments. Within these experiments we
illuminated the TR dynamics into soil in comparison to TR into pure water (control)
to observe the influence of the porous matrix of soil on TR. Further we assessed to
effect of switching the perfusate after the substance addition, substance solution
back to pure water, on the added compounds and how fast and how much we

would retrieve again.

Long term dynamics

Monitoring soil metabolites during and right after the substrate addition pulse
requires switching the perfusate from the solution containing the input
compounds to pure water at the end of the substrate addition pulse. This bears
the risk that a proportion of added substrate will diffuse back into the probe, and
thus be removed again from the soil solution. Within this experiment we therefore
also aimed to assess the potential impact of switching the perfusate back to pure
water on remaining compounds in the soil, and to quantify which proportion of
the added compounds would be retrieved by the follow-up measurements, and

thus not be available for soil microbes.

We assessed long term TR dynamics with a time resolution of 2 hours each
sampling point of consecutive dialysate collection over 14 hours, with a substance
pulse lasting for 8 hours starting after 2 hours running on pure water. Within the
long-term experiment, we also tested for a possible retrieve of added compounds
(“relative compound recovery after pulse”) when switching the perfusate from the
compound containing solution back to pure water at the end of the input pulse.

Pure water control volume (MilliQ) was adjusted (7.4ml) to the mean soil water
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content (SWC) of the soil types (35 —38%) and was not stirred in contrast to water
control of short-term dynamics. By not stirring and adjusting the water control
volume we wanted to simulate a fully hydrological connected soil pore water to

increase the comparability of control and soil specific TR.

Additionally, this setup allowed us to calculate a “maximal fictional diffusion
volume” assessing the potential soil pore water volume occupied by compounds
after their induction. This follows the logic that induced compounds diffuse and
equilibrate across the total volume of the water beaker during and after the pulse,
leading to predictable compound concentrations within this volume. Subsequent
sampling of solutes from the beaker via classical microdialysis (switching perfusate
to MilliQ) should therefore find compound concentrations within the expected
concentration ranges, given that processes, which immobilize compounds do not
occur. For soils, however, assessing an expected compound concentration within
soil pore water of inducted compounds around the probe is not possible for two
reasons. First, the volume available for diffusive processes is unknown. Second,
processes, like microbial consumption and interactions with soil minerals and
metals, responsible for immobilizing induced compounds are unknown and soil
specific. But since we know the total amount added while compound induction
and can measure compound concentration around the probe after the pulse
(“classic microdialysis”) we can calculate a maximum fictional diffusion volume.
This allows us to compare spatial substrates dynamics after their input at local
hotspots within one soil type, and between two soil types. In this regard it needs
to be mentioned that measured soil solutes concentration (compound
concentration after input) must to be calibrated by compound and flow rate
specific RR (derived from MilliQ control) to not underestimate soil water
concentrations, which in this calculation would lead to overestimate the diffusion

volume.
Soil:

The initial soil cores (6 cm height — 10 cm diameter) were randomly sampled 2
days before starting the experiment at Klausen-Leopoldsdorf (Austria) from a
mature beech (Fagus Sylvatica) forest and a meadow within an area of 10 by 10
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meters. Replicates, subsampled (~2.8mm diameter, 3cm height) from forest soil
and meadow soil cores, where transferred into plastic mesocosms (Fig. 4) one day
before the start of the experiment to equilibrate after the transport. One
subsample was taken from each initial soil core reaching a sample size of 5 each,
forest soil, meadow soil and control. Control volume (MilliQ) was adjusted (7.4ml)
to the mean soil water content (SWC) of the soil types (35 — 38%) for a better

comparability of transfer rates between soil and pure water.

Experimental Setup:

We used 15 microdialysis probes (CMA, 20 kD cut-off), 4 high-precision infusion
pumps (CMA 4004) and 5 collectors (3 fraction collectors — CMA 470 and 2 CMA
142). In total 15 syringes (Hamilton, 5ml) were adapted to the pumps, providing
either pure water (control) or substrate solution (treatment). The substrate
solution contained Trehalose, Fructose, Glucose, Arginine, Proline, Lysine,
Sulphate, Acetate, Oxalate, Citrate, Phosphate, Lactate, Butyrate, Succinate,
Chloride, Formate and Nitrate, all at a concentration of 100 mg/I, dissolved in
MilliQ. Pumps provided a constant flow rate of 2.5ul/min. Before introducing the
membrane into the soil core, the membrane was rewetted to facilitate the building

of water bridges between the probe and soil.

The experiment was running for 14 hours in total and dialysates were collected
continuously with collection vials being switched every two hours (300ul/vial). We
changed the perfusate during the experiment from pure water (hour 0 — hour 2)
to substrate solution (hour 3 — hour 10) and back to pure water (hour 11 — hour
14). The collected samples were analysed by ion chromatography (Dionex ICS
5000*, Thermofischer, Germany) and processed with CHROMELEON 7.2. For
calculating relative recovery rates, we used the same formula as in Experiment 1.
For calculating relative transfer rates (TR) we used the formula mentioned in
material and methods sections. Statistical analysis was done using R. Used test was

t-test corrected after Bonferroni.
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For calculating the “maximum fictional diffusion volume” we used following

equation:
maximum fictional dif fusion Volume (ml) =
( Absolute Perfustate Compound amount (ug) )
( Compound Concentration after Input (ug/ml)/Compound specific rel.RR) * 100

Where “absolute perfusate compound amount” stands for the accumulated
amount of compound while induction, compound concentration after pulse
represents measured compound concentration within 600ul of Dialysate,
accounting for the last two measurements points (hour 11 — hour 14) and
compound specific RR stands for relative recovery rate derived from water control

for calibration.

Calculations for substances retrievement, by application of classical microdialysis

right after the input pulse followed the equation:

accumulated amount retrieved substance (1g)

Substance retrievement (%) = ( ) * 100

accumulated amount substance during pulse (ug)

Whereas accumulated amount of retrieved substance refers to accumulated
substance amount retrieve via microdialysis between hour 11 and 14.
Accumulated amount substance during pulse describes the accumulated absolute

amount of substance induced into the soil during pulse.
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Short term dynamics

To further illuminate the initial dynamics of the TR into soil we conducted a short-
term experiment with an increased temporal resolution of 15 minutes between

each sampling point of consecutive dialysate collection over 90 minutes.

Soil:

Undisturbed cylindrical soil cores (6 cm height — 10 cm diameter) were taken from
five subplot along a slope in a mature beech forest (Klausen-Leopoldsdorf,
Austria), sampled 3 days before the experiment and kept at 4°C. The soil was
slowly rewetted to a mean SWC of 35% over 2 days before the start of the

experiment.

Experimental Setup:

To reach a conclusive resolution on short term dynamics of transfer rates into soil
we had to pool 8 microdialysis probes (CMA, 20 kD cut-off) to gain the needed
amount of dialysate for analysis (300ul). For pooling the dialysate we customized
a device able to capture all dialysates at the same timepoint. Over 90 minutes
every 15 minutes the accumulated dialysate was collected. As perfusate we used
the same substrates and concentration as in the previously described experiment
(long term dynamics). For this experiment we directly used the initial soil cores
(n=5) without subsampling. Within each soil core 8 Microdialysis probes were
inserted at different spots 2 cm apart from each other. The 5 replicates were
measured in succession. The probes were cleaned and rewetted before
introducing into the soil in between each replicate. For every replicate (n=5) of the
MilliQ control 8 glass beaker each filled with 100ml milli-Q were placed on a stirring
plate and one microdialysis probe each beaker was submerged and fixed with
parafilm. By stirring the MilliQ we made sure of a constant concentration gradient
between the perfusate and MillQ for a better comparability to soil TR, as at the
very initial state of substance input concentration gradients within the soil should
be equally high. Syringe infusion pumps (CMA 4004) were used to provide a

constant flow rate of 2.5ul/min. Dialysates were analysed by ion chromatography
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(HPLC Dionex) and processed with CHROMELEON 7.2 (Thermofischer). For
calculating relative transfer rates we used the previously mentioned formula of

Experiment 1.

Statistical analysis was done using R. Used test was t-test corrected after

Bonferroni.
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Experiment 3 — Fate of easily available C compounds added by reverse
microdialysis to the sail

The aim of this experiment was to examine the fate of added !3C labelled
substances via reverse microdialysis. We therefore conducted a 3C labelling
experiment to investigate the 3C enrichment of different C-pools, like soil
respiration, living microbial biomass and dissolvable organic carbon (DOC).
Respiration measurements were taken periodically over to duration of the
experiment with a intensified sampling while substance additions. After applying
a substance pulse over 10 hours we switched the perfusate to matrix solution
without added substances to get insights in possible changes in soil metabolites.
Thereby we also investigated what proportion of added substances would be
taken out again by switching the perfusate to pure water. After 12 days the soil

cores were harvested for analysis of microbial biomass and DOC 3C-enrichment.

Soil:

The soil was harvested from a mature beech forest in close vicinity to Klausen-
Leopoldsdorf, Austria, 2 days in advance and kept at room temperature (20°C). We
collected from 5 plots along slopy 400m long transect two undisturbed soil cores,
each from the top 6-7 centimeters of the mineral layer (A-horizon). From these soil
cores two subsamples were taken (Fig. 2) with customized soil corer, representing
control and treatment group (treatment n = 5, control = 5), and transfered into
plastic mesocosms (Fig. 4) 12 hours before starting the experiment. Because of the
relatively dry soil condition we gently rewetted the intact soil cores till we reached

a SWC of roughly 35% (28 — 41% SWC).
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Experimental setup:

The plastic mesocosm (4 x 2.8 cm) were
placed into closable and hermetic glass
jars (Fig. 6). These jars allowed gas
sampling and subsequently CO:
measurements via a gas-tight rubber
septum placed in the middle of the lid of
each jar. Through this septum passed the
tubing for the microdialysis probes to be
able to maintain substrate addition and

dialysate collection while respiration

measurements. Each soil core |
Figure 6 Glass jar with inserted mesocosm. Tubing

mesocosm was placed in one glass jar for microdialysis was placed through the grey rubber
setpum in the center of jar lid, allowing the use of the
and two microdialysis probes were system whilelidis closed.
placed into each soil core. These two probes were coupled by a Y-connector and
further attached to a Hamilton syringe (2.5ml) through the septum as well as to
the fraction collector (CMA 470). For this approach we used 3 pumps (CMA 4004)
to which in total 10 glass syringes (Hamilton 2.5ml) were adapted, containing the
perfusate solution. To each syringe two microdialysis probes were connected and
each probe was perfused with a constant flowrate of 2.5ul/min. The outflow
(dialysate) was then collected in 4 fraction collectors (CMA 470 & CMA 142). As
matrix we added 3,9umol/I KCL and 1,9umol/l MnSO4 to the perfusate of both the
pure water control and the mesocosms that received the substrate input. For the
substrate input we used the matrix solution with additionally added 3C labelled
compounds (labelled on all C atmos: 3.87 mg/| Acetic acid-'3C2, 3.814 mg/| Succinic
acid-13C4, 3.872 mg/| D-fructose-13C6, 3.872 mg/| D-glucose-13C6, atom% 3C =98,
Sigma-Aldrich) summing up to a total C concentration 500uM.
The substance input pulse lasted for 10 hours and started after 3 hours running
matrix solution. After the pulse the perfusate was switched back to the matrix
solution. Pumps were stopped after 70 hours. For the next 4 days we started the
system every second day for 4 hours for taking CO, measurements and dialysate

collection. After another 4 days we started the system for the last time for 4 hours
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collecting dialysate and measuring respiration rates. The experiment lasted 12
days in total, then soil cores were harvested for analysis of microbial biomass and

DOC.

Dialysate analysis:

Aliqguots of each dialysate were analyzed via HPLC (Dionex ICS 5000,
Thermofischer, Germany). A Column Thermo CarboPac PA20, 0.4*150mm with
adapted pre-column Thermo CarboPac PA20G (0.4*35mm) was used for sugar
measurements (Solvent: 8mM KOH, with constant flow rate of 8ul/min). For
organic acids we used a Dionex lonPac AS11-HC (2*250mm) column with a Dionex
lonPac AG11-HC (2*50mm) pre-column starting at 1ImM KOH for the first 7 min
followed by a linear increase to 15mM KHO within 9 minutes and a further increase
to 30mM KOH for the next 9min were it was kept at stable concentration for
another 8minutes. The used flow rate was set at 0.38ml/min. Data was processed

with CHROMELEON 7.2 (Thermofischer).

Soil respiration measurements:

Gas samples were taken with a gas-tight syringe and stored in pre-evacuated gas
tight 12 ml glass exetainer. For each sampling 15ml gas were taken from the jar
and immediately replaced by 15ml artificial air with a known CO; concentration of
approximately 200 ppm, which was also used as blank. The measured CO;
concentration of these initial gas samples needed to be corrected for the added
artificial air to yield the actual CO; concentration in the jar at the beginning of the
incubation time (t0). After 60 minutes a second gas sample of 15ml was taken and
the jar opened. The difference between the CO; concentration of the (corrected)
initial (t0) and second (t1) gas sample was used to calculate the rate of CO;
production from the soil and its proportion of 3C (total respiration rate and

respiration of the 13C-labelled substance).
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We used the following formulas to calculate respiration rates and its 13C signature:

PPM corrected t0

_ (PPMsample 0 * (Gas Volumejar — Gas Volumesample)) + (Gas Volumesample * PPMpiank)

Gas Volume;,,
Where PPMsample (parts per million) or PPMppank refers to the measured CO;
concentration (ppm) in the gas sample or blank, Gas Volumejsr the volume of the

used glass jar in ml and Gas Volumesample the sampled gas volume in ml.

PPM13Ccurrected to

t%13C,
at 1056"1;718 t0 * GasVolume,

at%13C,
~ (PPMgpmpie 10 * ( ) * (GasVolumejm — GasVolumeggppe ) + PPMy i * %)

sample

GasVolumey,,

Where PPM13C corrected to (parts per million) refers to the calculated concentration
of 13C-CO2 present in the jar after taking out sample t0 and replacement by the
artificial air. At%13C sample t0 and at%13C blank refers to the relative 13C content

(in atom% 13C) in the measured sample t0 and the added artificial air (blank).

at%13 Csample t1
100

Where PPM13C sample t1 refers to the relative concentration of 3C-CO; in sample

PPM13Csample_t1 = PPMS(lmple t1*

t1 (in ppm).

PPMincrease = PPMsampled t1 PPMcorrected to
PPM13Cincrease = PPMlBCsampled t1 PPM13Ccorrected to

Where PPMsample 11 Stands for the measured CO, concentration (ppm) after one
hour of incubation. PPMincrease and PPM 13Cincrease Stand for the increase in total

CO3 and 13C-CO, respectively, during the incubation time (in ppm)
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(PPMincrease/10%)* Gas Volume g,

Resplratwntreatment/control = MolVolume CO2 *1000

Mol. Volume CO; represents the molecular volume of CO; at normal atmospheric
pressure and room temperature (24.465*103 ml/pumol). Respirationtreatment/control
refers to the total respiration rate in the samples that received labelled substrates

(treatment) or those which did not (control) in nmol CO2/hour/g dry soil.

PPM13C;
At%lSCT'eSpiTation — PPM mcrase " 100
mmcrease

At%13Crespiration represents the relative 13C content in respired CO; after substrate

addition (in atom% 13C).

APE13 CResp iration = At%13 Cresp iration_treatment ~ At%13 Crespiration_control

Where At%13Crespiration_treatment aNd At%13Crespiration_control refer to the atom%*3C of
respiration (as calculated with the previous formula) in the sample which received
13C-labelled substrate (treatment) and the corresponding one which did not

(control).

13
APE™C respiration

APE 13C substrate

Substrate Respiration = * Respiration;reqtment

Where Substrate_respiration represents the CO; production from the added
substrate in nmol CO2/hour/g dry soil. APE 3Csupstrate Stands for the 13C enrichment

of used substrate.

SOM_Respiration eqtment

= Respiration;regrment — Substrate_derived_respiration

SOM_Respiration stands for soil organic matter derived respiration in nmol

CO2/hour/g dry sail.
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SOM Respirationireqtment
*

Priming Ef fect (%) = 100

Respiration ontrot

Priming effect describes the change of the SOM-derived respiration due to
substrate addition (in percent of the control, 100% means no change). Since no
substrate was added to the control, the total respiration from the control was used
as their equivalent of SOM-derived respiration. CO, concentration and *3C
signature were measured by using a GasBench Il system coupled to a Delta V

Advantage IRMS.

DOC and microbial biomass:

We also investigated *3C enrichment in the microbial biomass and in the dissolved
organic carbon (DOC) of the soil. For assessing microbial biomass we used
chloroform fumigation-incubation (Vance et al., 1987). We calculated *3C microbial
biomass carbon (ug 3C per g soil dry mass) as difference between dissolved
organic carbon 3C content (measured as TOC in 0.5 M K2504 extracts, pg *3C per
g soil dry mass) of fumigated (fum) and non-fumigated (non-fum) samples using

an extraction factor of 0.45 (Vance et al., 1987)

13C TOCfum - 13C TOCnon—fum

13 . . . -1
CM bial B DW) =
icrobial Biomass (kg * g ) extraction factor

DOC was analyzed with a TOC analyser (TOC-VCPH Total organic carbon analyser,
Shimadzu). 3C in the respective pools were anaylized on a HPLC (Dionex)

connected to a Finnigan LC-IsoLink Interface (Thermo Scientific).
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Experiment 4 — Priming effect

As our main goal was to establish a method
capable to induce a measurable change in
SOM respiration due to an input of labile
organic compound vie reverse microdialysis
we conducted a 3C labelling experiment
focused on SOM respiration. With the
experience of previous experiments we
decreased the soil volume (~3cm3) and gas
exchange volume of the glass jars to
decrease a possible masking effect of
background soil respiration. This also
decreased the ratio of input affected and not
affected soil pore space and thus increased
the detectability of possible priming effects
occur within the affected area. This setup
was tested against another setup with a
larger soil volume of previous experiments

(~27.3cmd3).
Soil:

The soil for this approached was sampled in

Japons, Austira (48.796990, 15.522655) from

Figure 7 Cosutmized glass jar were volume was
minimized by using epoxy resin, supporting
respiration measurement accuracy. Also soil
cores and volume were minimized to achieve
lower soil volume to substrate input ratio.

a mix forest (Pinus Silvestris and Quercus sp.). 10 soil cores were taken from the

A-horizon (top 5-6 cm). Soil cores were rewetted with pure water (MilliQ) in 3 steps

to reach a mean SWC of 35%. From each of them 5 large soil cores were

subsampled for the setup with larger soil volume. 2 small soil cores were

subsampled from each initial core for the small soil volume setup.

Experimental setup:
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Two different setups were used in this experiment. Mesocosms of the first setup
had a soil volume of ~27.3 cm? (plastic tubes, Fig. 4) whereas the second setup had
~3cm? (steel tubes, Fig. 7) of soil volume. Pumps (CMA 4004) and collector (CMA
470), as well as the used substrates did not differ between the experimental
setups. The flow rate was set at 2.5ul/min. Closable and hermetic glass jars with a
mean volume of 86.75 cm?® (Fig. 7) were used in both setups. In the middle of the
lid a rubber septum enabled the passing of tubes for the probes and respiration
measurements. In the first setup (larg soil volume) we used two microdialysis
probes (CMA, 20 kD cut-off) each mesocosm and jar. Two probes were connected
to one syringe by a Y-connector. Therefore, one mesocosm was infused by two
syringes. For the second setup (small soil volume) we placed two small steel
mesocosm inside the glass jar. Into each steel mesocosm one microdialysis probe
was introduced. The two probes were interlinked by a Y-connector. In this setup
one jar was infuse by one syringe. For both setups the outflow was not interlinked
again, avoiding backpressure (see supplementary). The probes were wetted with

pure water before being introduced into the soil. This was done in both setups.

We used the same combination as in Experiment 3 (Fructose, Glucose, Acetate and
Succinate, each at 98 atom% !3C). The mixed substrate solution had a total
concentration of 500uM of C, 125uM of each substrate, however this time ultra-
pure water used as a matrix, instead of a solution containing trace amounts of KCI
and MgS04. This solution was used in both approaches. A pulse of 6 hours of
substrate was applied after an initial period of 1 hour infused with pure water. This
was done to enable the formation of water bridges between soil and the
membrane as well as to receive information about the precondition of substrate
availability in the soil. After the pulse we turned the pumps off. In total the
experiment lasted for 3 days. On day 1 we took in total 2 gas samples. The first one
hour after starting the substance addition and the second 4 hours after substance
addition. On the following two days we again started the system for another two

hours where we collected dialysate and took one gas sample each day.

Soil respiration measurements were conducted as in Experiment 3.
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Results

Experiment 1

Relative transfer rates

Substance

Malate

Oxalate
751 3 * Citrate
Glucose
Fructose

Relative Recovery [%]

Substance

Malate
Oxalate

5\'\ ~ Citrate
Glucose

AN Fructose

flow rate [ul/min]

2 4
log of flow rate [ul/min]

Figure 8 Panel A shows the negative non-linear correlation between relative recovery (%) with increasing perfusate
flow rate (pl/min). For Panel B the x-axis is log-transformed for better visualization of different relative recovery rates

for the tested substances.

Overall, relative recovery rates were found to have a negative non-linear correlation with

the perfusate flow rates (Fig. 10). The lowest relative recovery rates were found at the

highest flow rates, whereas high rel. recovery rates were seen at the lowest flow rate (Fig.

8). There was no significant difference between the relaltive recovery patterns of the

tested substrates (Fig. 9). Although, when looking at a specific flow rate a trend can be

seen between each of the substrates. Fructose, Glucose and Citrate in comparison to

malate and oxalate tend to have lower flow rates. This trend is consistent at nearly any

tested flow rate (Fig 8), although at lower flow rates this effect was more pronounced. By

comparing relative recovery rates of two different initial concentration of our standard

solutions (5 mg/l and 10mg/I) we found no difference (Fig. S1).
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Comparing “Relative Recovery Rate” and “Relative Transfer Rate”
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Figure 9 Comparison of relative Recovery Rates (RR,relative amount of compounds diffusing from the standard
solution across the membrane into the probe; blue dots) and relative Transfer Rates (TR,relative amount of
compounds diffusing from the perfusate solution across the membrane into MilliQ; orange dots. Fit (light blue line)
was computed only from RR (blue dots). TR were found to be higher in comparison to the fit. Sugars (Fructose,
Glucose) revealed differences, organic acids (Citrate, Oxalate) were more comparable in RR and TR.

As relative transfer rates and relative recovery rates are considered to be similar in water,
we compared relative recovery rates (classic approach, RR) with relative transfer rates
(TR) in pure water (MilliQ) for confirmation. RR (Fig. 9, blue dots) derived from an
experimental setup were probes were submerged in 100ml stirred standard solution
containing 10mg/I of each compound. Orange dots (Fig. 9) were measured during the
short-term experiment (Experiment 2) also in 100 ml stirred pure water (MilliQ) as a
control treatment. To generate the fit (light blue line) in Fig. 9 we used the RR of
Experiment 1 (blue dots) and plotted TR of the short-term experiment (orange dots) for
comparison at a flow rate of 2.5ul/min. TR was found to be higher for most of the
substances (Fig. 9). Glucose and Fructose revealed differences in RR and TR, whereas, the

organic acids Oxalate and Citrate showed more comparable rates for RR and TR.
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Experiment 2

Relative Transfer rates — long - and short-term experiments

100 o : © Envionment TRs were calculated based
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water control (Fig. 10; blue),
Figure 10 Relative transfer rates of each substance in the long (A) and the

short term (B) experiment. Long term transfer rates were calculated from 8  chort-term TR have a smaller
hour substrate addition, short term transfer rates over 1.5 hour substrate
addition. Blue refers to control measurements where substrate was y3riance than Iong—term TRs.
introduced into water (MilliQ), orange to substrate introduction to meadow
soil and green to forest soil. Substance are sorted from left to right to their Sorting compou nds by their
relative transfer rate in the control treatment of the short term experiment

(B). mean TR, short-term TR
revealed a distinct pattern resulting from compound specific diffusive properties like
charge and molecular size (Fig. 10; B). When recreating this order in the long-term
experiment, most compounds fell in line with exception for Citrate, Phosphate, Acetate,
Glucose and Fructose (Fig. 10; A). Within the short-term experiment TRs for each
substrate were significantly different between water control and forest soil (p>0.05, Table
S1). Significant differences were also found when comparing TRs between water control,

forest soil and meadow in the long-term experiment (p>0.05, Table S2).
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Although a trend of slightly higher transfer rates in meadow soils compared to forest soils
can be seen in the long-term experiment (Fig. 10), forest soil and meadow soil transfer
rates showed no significant differences for most of the compounds (Fig. 11) with

exception for Oxalate (p<0.05), Butyrate (p<0.05) and Propionate (p<0.05).
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Figure 11 Comparison of forest (green) and meadow (orange) relative transfer rates (TR) during substrate addition,
derived from long term experiment. Statistic: t-test, * : p<0.05, all P-values see Table S3.
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Transfer rate patterns — long- and short-term experiment
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Figure 12 Temporal dynamics of relative transfer rate for meadow (orange) and forest (green) soil, as well as water
control (MQ, blue) in the long-term experiment. Time point 1 refers to the initial measurement were no substrate was

added. Substrate addition followed from time point2 to 5 (x-axis). Each time point represents a 2hour measurement
period. Grey area visualize 95% confident interval.

Temporal dynamics of relative transfer rates revealed fundamental differences between
soil and water control in the long-term experiment (Fig. 12). It has to be noted that the
volume of the water control was adjusted (7.4 ml) to match the mean soil water content
of the two soil types. Whereas the transfer rates of all tested compounds into soil revealed
a wavy pattern, the transfer rates into water show a non-linear decrease over time (Fig.
12). In both soil types the temporal dynamics of transfer rates show a two-peak pattern
for all substances. The size of the first peak (time point 2) is consistently higher in meadow
compared to forest soil. Between the two peaks relative transfer rate decreased strongly
for time points 3 and 4 for most substances in both soils. This depression in transfer rate
is stronger in forest soils, causing a sharp two-peak pattern. In meadow soil this double
peak pattern is also visible, although the ‘transfer rate depression is not as distinct,

especially for Oxalate, Butyrate and Propionate (Fig. 12). The initial peak was higher than
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the second. This is also true for the water control, where for all substances the initial time

point (time point 2) is the highest over the measurement period.
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Figure 13 Temporal dynamics of relative transfer rate for forest (green) soil and MILLIQ control (blue) in the short term

experiment. Substrate addition was monitored over a total of 90 minutes, sampled every 15 minutes. Substances are
ordered after mean TR. Grey area visualize 95% confident interval.

Short term dynamics revealed that there was no temporal change in transfer rates over a
measurement period of 90 minutes in water (Fig. 13). It has to be noted, that 100 ml of
stirred ultra-pure water (MilliQ) was used to assess short term temporal dynamics in this
experiment, in contrast to a non-stirred control of smaller volume (7.4ml) in the long-term
experiment. While transfer rates show no temporal trend in water, substances tend to

have a peak of higher transfer rated 60 minutes after substrate addition in forest soil (Fig.

13),,
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Cumulative Input and Substance Retrievement — long-term experiment
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Figure 14 Substance retrievement after 8 hour substrate addition. X-axis shows measurements 2 hours and 4 hours
after pulse for all environments (orange — meadow soil; green — forest soil; blue — 7.4 ml unstirred water control). Y-
axis describes the amount of substrate captured in 300ul of Dialysate, which is collected within each 2hour timepoint.

Dialysate measurements after substrate addition disclosed differences for soil and water
environments. In water, the previously added substances could be retrieved 2 hours and
4 hours after the substance-pulse in similar or slightly decreased amounts. In forest and
meadow soils, however a high amount of substances was retrieved after 2 hours, but most
substances were not detectable anymore after 4 hours (Fig. 14). Exceptions in this regard
were Oxalate, Citrate and Phosphate for meadow soil (0.9 — 0.05 pg/300ul). In forest soil
Citrate, Oxalate, Phosphate, Propionate and Sulfate were detectable at low
concentrations levels (0.5 — 0.05 pg/300ul) after 4 hours. In contrast, water control
measurements 4 hours after the pulse ranged between 3.7 — 0.9 ug/300ul Dialysate, with
Citrate and Sulfate showing the lowest concentrations (Citrate: 0.3 — 0.09 ug/300ul;
Sulfate: 0.9 — 0.1 pg/300ul) (Fig. 14). Acetate showed the highest retrieved amounts of

substrates for both, 2 hours and 4 hours after the pulse, with a decrease over time.
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Recovered Substrate after Pulse (%)
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Figure 15 Percentage of recovered substrate (within
4 hours after the pulse) in relation of absolute
amount substrate addition during the pulse. Red
dotted line represents total input during pulse (100
%). Orange — meadow soil, green — forest soil, blue
—MQ control. Statistic: Table S4.

After looking at relative transfer
rates, absolute amount of added
substrate and relative retrievement
after the pulse, we calculated the
percentage of substrate recovered
relation to

after the pulse in

absolute amount of substrate

added during the pulse (Fig. 15). In
soils, both forest and meadow, we
retrieved large amounts of added
compounds, between 12% and over
100%. We found significant
differences (p<0.05, Table S4) for
substrate

percent retrieved

between soil types and water control (Fig. 15). For water in general the percentage of

retrieved substances after the pulse ranged from ~0.5% up to ~5.5%. For specific

substances differences between soil types were detected. Oxalate (p<0.01), Butyrate

(p<0.05) and Propionate (p<0.02) were found to be significantly different in the

percentage of substrate retrieved between forest and meadow soil (Table S4). Acetate

was found in higher proportion after the pulse then in comparison to accumulated

amount of added during the pulse.

48



Fictional volumes — long term experiment
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From the concentration of retrieved compounds after the pulse and absolute amounts of
compound inputs we were able to calculate a “maximum fictional diffusion volume”
(MFDV) in each of the soil types. As water control volume was set to 7.4 ml it was used as
control for our calculation (Fig. 16). For most compounds the calculated volume in the
control matched the actual volume of 7.4 ml. Acetate showed the largest diviation with a
calculated mean MFDV of 1.3 ml. Also Fructose (2.9 ml) and Lactate (3.9 ml) were found
to have a calculated fictional mean volume well below the expected 7.4ml (Fig. 16). MFDV

of the control was always higher compared to calculated soil volums. Calculated fictional
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volume of soil types were typically at around 0.45 ml and ranged from 0.24 ml to 2.3 ml,
which corresponds to 3% to around 30 % of their total soil water volume. The variance
within substances in meadow soil was found to be higher than in forest soil (Fig. 17).
Differences between substances between meaow and forest soil were found for Butyrate,

Oxalate and Propionate (not statistically evaluaded) (Fig. 17).

=
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AV Aaliirma (mI)
Maximum fictional diffusion volume (ml)

Figure 17 Calculated maximum fictional diffusion volume for meadow soil (orange) and forest soil (green). Values
calculated based on absolute amount of added substances and transfer rate corrected retrieved substance
concentrations.
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Experiment 3 - Fate of easily available C compounds introduced to soil via reverse
microdialysis

CARBON BUDGET

MW Respiration

B Cmic

H DOC

MW Retrieved after Input
B Others

Figure 18 Carbon (C) budget based on 13C labeled substrate added via microdialysis to separate specific C pools. C-
pools: microbial respiration - Respiration, living microbial biomass — Cmic, dissolved organic C — DOC, C removed by
microdialysis measurements after pulse — Retrieved after pulse, C not found in any of the other pools — Others. Cmic
was corrected with conversion factor after Wu et al., 1990.

13C labeled substrate input lasted over 8 hours with an average total input of 246.24
nmol*3C per replicate (soil core). Amount of 3C in microbial biomass and DOC was
measured 11 days after '3C labelling, whereas respiration was measured 5 hours
consecutively while 13C labeling followed by measurements after 2, 4 and 8 days. For
calculating the retrieve of added substances, we pooled dialysate sampled over 4 hour
after 13C labeling ended. Analysis of C-pools revealed that 41% of 13C was found to be
respired. 1% was found as dissolved organic Carbon (Fig. 18). Following substrate addition,
we switched perfusate to MilliQ and consequently retrieved 14% of the added 3C which
diffused back into the Dialysate (Fig. 18). Microbial biomass hold 8% of added *3C
(corrected with conversion factor) 11 days after the pulse. We did not measure microbial

necromass.
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Experiment 4 -Priming Effect
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Figure 19 Normalized treatment SOM respiration (%) for visualizing priming
effect. For left panel used amount of soil volume was set to ~3cm?3, in right panel
soil volume was at ~21 cm3. Statistic: paired ANOVA, Table S5.

In order to evaluate
reverse microdialysis as an
applicable technique to
induce a measurable
priming effect, we
conducted a 13C - labelling
experiment, consisting out
of two experimental
setups of different soil
volumes (Fig. 19). Thereby
we assess the influence of
background soil
respiration, derived from
soil not affected by labile
substance input, on the

sensitivity to detect a

possible priming effect. By reducing the soil volume in one setup (small soil core) we

limited the background soil respiration from substrate-unaffected soil areas to increase

the sensibility to detect a possible priming effect. Within the large soil volume (~27.3 cm?3)

setup no significant difference of SOM respiration between treatment and control

regarding a priming effect (p>0.05) could be detected (Table S5). Whereas in the small soil

volume (~3cm3) setup a difference of SOM respiration between control and treatment

was detectable, with p = 0.055 (Table S5).
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Discussion

Closing knowledge gaps in carbon and nutrient cycles at small ecological scales is crucial
to understand large scale ecosystem responses to climate change and improve their
predictability by earth system models. For measuring small scale processes and their
dynamics, for example carbon and nitrogen bio-availability or the RPE, commonly used
sampling techniques exhibit limitations (Inselsbacher et al., 2014; Rousk and Jones, 2010).
These limitations emerge from difficulties to access small local spots without major
disturbance, which usually leads to a spatial reassembling of microbes and nutrients and
consequently changes natural conditions within these spots. Such destructive
measurements also represent just a snapshot of dynamic processes without the possibility
of consecutive measurements of the same spot over time. Microdialysis therefore was
used in previous studies as an innovative passive sampling technique to measure soil
solutes in the least disruptive way (Inselsbacher and Nasholm, 2012b; Miré et al., 2010;
Oyewole et al., 2016). When investigating biologically relevant processes like priming
effects in soil, adding easily available substrates is an often used procedure, by either
mixing substrate with soil or applying liquid media on the soil surface (Kalks et al., 2020;
Meyer et al., 2020; Wutzler and Reichstein, 2013). Those procedures also alter the
distribution of substrate already present in the soil by dissolving surface-bound
compounds with liquid media or mixing processes, diminishing small scale spot-specific
effects detectability. “Retrodialysis” or “Reverse Microdialysis” offers a unique
opportunity to introduce substances into soil at small local scales with, as already stated,
minimum disturbance and the possibility of consecutive measurements (Buckley et al.,
2020). Centered around the goal to establish a method able to induce and measure small
scale processes like the RPE under nearly undisturbed soil conditions we conducted a set
of experiments investigating the applicability of retrodialysis to tackle this goal. Within
these experiments we assessed relative recovery and transfer rates of substrate within
undisturbed soil cores, temporal dynamics of substrate input and possible influencing

factors.

Assessing relative recovery rates (RR) in ultra-pure water (MilliQ) is important to calibrate

sampled dialysate concentration to correctly estimate “real” concentration of soil water
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solutes. Inselsbacher et al. (2011) and Buckley et al. (2020) tested the influence of
increased flow rates on relative recovery and found a negative non-linear correlation,
which corresponds to our findings on relative recovery in relation to perfusate flow rates
(Fig. 8). As diffusion is the main process, its endpoint is when solutes are in equilibrium
between soil solution and perfusate. Therefore, slow flow rates make a maximum solute
exchange, close to the equilibrium, possible and thus recovery rates approach 100%.
Regarding temporal resolution of microdialysis measurements at low flow rates, however,
expand the measurement intervals, as more time is needed to gain a sufficient amount of
dialysate for analysis. When planning an experiment this needs to be considered and a
consensus should be found between temporal resolution and relative recovery and
transfer rates. Furthermore, Inselsbacher et al. (2011) stated the influences of molecular
size on recovery rates. Interestingly, we found this effect to be even stronger at lower
flow rates (Fig. 8, B). We also compared recovery rates and transfer rates with each
another, which are thought the be identical at the same flow rates (Bartlett et al., 2019),
at a certain flow rate (2.4ul/min). We found that transfer rates exceeded recovery rates
but within the expected range (Fig. 9), matching findings of a medical study at lower flow
rates (Bartlett et al., 2019). The difference in our study is explainable due to different
sampling periods, recovery rates were measured over 4 hours whereas transfer rates over
90 minutes. As the initial substrate concentration difference between perfusate and the
solution outside of the probe is larger at the beginning compared to any following
measurement points in a closed system, recovery rate and transfer rate are thought to be
at its highest at the initial time point and decrease over time. This was shown in the long-
term experiment (Fig. 12). Therefore, when calculating mean recovery and transfer rates
over a short period of time, rates will be higher than when calculated over longer periods

of time.

Tackling the first question, we successfully introduced substrate into both soil types (Fig.
10) and the water control (MilliQ). Mean transfer rates from the perfusate to water for
most used substances showed an ordered pattern following mostly molecular size (Fig.
10). A comparison of transfer rates between the short- and long-term experiments
revealed differences in their variance (Fig. 10), we then further investigated the temporal

dynamic of transfer rates of each experiment (Fig. 12 & 13). Our results showed no
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temporal change of transfer rates from the perfusate to water within the first 90 minutes
of a pulse (Fig.12). In a longer-lasting pulse, however, we found a decrease in transfer
rates in 2-hour steps over a period of 8 hours. As short-term water control was stirred
throughout the substance pulse and had a relatively large volume (100ml) exudated
compounds were able to diffuse away from the probe and to distribute evenly. Due to the
volume the outside concentration increased slower in comparison to the short-term
control, which was smaller in volume (7.4ml) and not stirred, concentration gradients
remained high and resulted in constant TR over 90 minutes. Perfusate to water TR in the
long-term experiment decreased because of a faster enrichment of outside solution due

to not being stirred and a smaller volume.

Transfer rates of soluble compounds into soil were on average ~10%. This is within a
similar range as transfer rates of 9% reported by a recent study which used reverse
microdialysis to investigate the Phosphate availability after a Citrate pulse into soil
(Demand et al., 2017). Still, our findings for transfer rates of Citrate in forest soil are
considerably lower with ~5%. The mentioned study tested the release of Citrate from the
probe into soil sampled at a beech forest with a soil water content (SWC) of 45%, similar
to the soil we used (beech forest, 38% SWC). Soil sampling and treatment though were
different. Demand et al. (2017) sieved the soil, compacted the soil to the original bulk
density and rewetted it to field SWC. By doing so they ultimately changed pore space
distribution which may have increased the hydrological connectedness and could in turn
explain the higher citrate transfer rates. A comparison of transfer rates between studies
has to be done with caution, as soil specific properties, the placement of probes and also
the heterogeneous distribution of soil pores and the liquid phase within must be

considered (Buckley et al., 2020).

However, short term transfer rate dynamics into soil over a measurement period of 90
minutes tended to increase over the first 60 minutes followed by a decrease (Fig. 13),
while long term dynamics revealed wavy patterns dominated by two peaks, one at the
beginning and right before the end of compound addition (Fig. 13). The decline in short
term TR after 70 minutes corresponds to TR in long term dynamics, which show a rapid
decline after initial compound addition and 120 minutes (Fig. 12 & 13). In both cases this

decrease may reflect the enrichment of soil pore water surrounding the microdialysis
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probe causing an equilibrium between perfusate and soil water, which results in
decreasing transfer rates. Long term dynamics show again an increase in TR before the
end of substrate addition. Arguable, induced compounds somehow must have been
removed to make a second increase in transfer rates possible. One possible explanation
could be microbial consumption. Glucose and Fructose, for example, can be used for
maintenance respiration, to overcome energy limitation and increase extracellular
enzyme activity (Soong et al., 2020; Zhang et al., 2020). Organic acids, like Butyrate or
Propionate, can be as well taken up by microbes to serve as electron donor within its
metabolism, this is especially reported under anoxic conditions (Sorokin et al., 2010) and
for acidic soils (Jones & Brassington, 1998), which was the case for the soil used in our
experiments (Fig. S1). Organic acids can also be adsorbed to exchange sites at the soil’s
solid phase or complex metal anions (Jones et al., 2003). For example, Oxalate, a trivalent
anion, has high potential to be adsorbed to solid soil particles, indicating that soil specific
properties, like mineral content or metal composition, can influence TR of anions and
therefore could explain different transfer rates among forest and meadow soil (Fig. 11).
Another explanation is a possible mass flow from the microdialysis probe in the soil pore
space (Demand et al.,, 2017) caused by osmosis due to an imbalance of dissolved
molecules between perfusate and soil pore water separated by the probes membrane.
Mass flow can enlarge the liquid phase of soil pores and therefore enhance diffusive fluxes
from the microdialysis probe and furthermore increases the substrate availability for
microbes (Tecon and Or, 2017). In our case we can rule out an extensive mass flow as the
amount of collected and expected amount of dialysate revealed no decisive difference.
By looking at differences of compound specific transfer rates and their temporal dynamics
they indicate that factors influencing transfer rates into soil form a complex web of
interactions and preconditions between the molecular and chemical properties of added
substances, soil-specific physio-chemical properties and microbial interaction. These
factors, thought, also influence the bio-availability under natural conditions for
microorganisms. We therefore emphasize when using reverse microdialysis to measure
soil parameter like cation exchange capacity, bulk density and water holding capacity

(WHC) to be able to interpret transfer rates.
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At the end of the substrate addition pulse we changed the perfusate from substance
solution to pure water to further assess the post-pulse dynamics of the added
compounds. Within 4 hours after the pulse most of the added substrate was not
detectable anymore, which we interpret as the formation of a depletion zone around the
probe caused by diffusion into the probe (Fig. 14), also reported in other soil-microdialysis
studies (Buckley et al., 2020; Inselsbacher et al., 2014). This fact allowed us to calculate
the percentage of compounds we retrieved back within 4 hours after their input (Fig. 15).
In the water control, where the volume was adjusted to 7.4ml, we recovered between 0.5
and 5.5% of added substrate, whereas in soil we captured between 20% and 150% of
added substrate. The difference of substrate recovery rates can be explained by different
diffusion volumes of the water control and soil mesocosms. As the water volume of 7.4
ml represented the mean soil water content of both soil types, results indicate that a full
hydrological connectedness was not given for the used soil cores, as compared to the
water control where substrates were able to diffuse over longer distances. This
demonstrates the possible influences of soil pore space and distribution of liquid soil
phases on microdialysis measurements (Buckley et al., 2020; Tecon and Or, 2017). In
addition, molecules released into soil may not diffuse as far as in a water column because
of their potential interaction with soil minerals or organic matter. Sorption to such
particles could immobilize the compounds in spatial proximity to the probe and thus limit
their diffusion. It may be possible that these substances get back into solution when the
concentration of their still-dissolved counterparts decreases because of back-diffusion
into the probe. Under natural conditions spatial and hydrological properties are highly
dynamic due to seasonality, growth processes of roots and changes in climate (Ludwig et
al., 2003; Vereecken et al., 2016). Mird et al. (2010) tested the influence of SWC on soil
metal recovery rates through measurements with microdialysis and could show that
increased soil water content resulted in higher RR of metal ions and commended a WHC
of 50% when applying microdialysis. This reveals a weakness when using microdialysis

under dry soil conditions.

We calculated maximum fictional diffusion volumes for each substrate to evaluate its
effect on transfer rates (Fig. 16 & 17). The resulting values, however, neglect potential

uptake or adsorption processes of compounds, and thus represent a “fictional” maximum
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value of diffusion volume — if compounds would have been removed from the soil solution
by microbial uptake adsorption to minerals and humic substances, this approach would
overestimate the potential volume occupied by them. But carefully interpreted, we can
still use it as an interesting approximation for compound-specific diffusion potential and
removal within soil systems. Consequently, small fictional volume, characterized by high
measured concentration in relation to input, could either mean a low spread of added
compounds by diffusion and/or low uptake or adsorption rates, whereas a high fictional
volume, characterized by low measured concentration in relation to input, means a high
spread by diffusion and/or high uptake or adsorption rates. Additionally, it tells us the
maximum volume the molecules would diffuse in case there was no uptake or adsorption.
In our experiment most substrate-specific maximum fictional diffusion volumes in the
water control volumes matched the predicted 7.4 ml (adjusted water control volume),
whereas calculated compound specific maximum diffusion volumes for two soil types
varied not only between the types but also among substrates within one soil type (Fig.
17). The relatively high calculated volumes, for Oxalate (~0.75ml), Propionate (~0.9ml),
Butyrate (~1.1ml) and Nitrate (~0.75ml) in soils, lower in forest soil and higher in meadow
soil, could therefore indicate high diffusion coefficients for these substances soil. Diffusion
coefficients for adsorbing compounds in soil are reported to be generally low (DARRAH,
1991), especially for Oxalate and Citrate (Jones et al., 2003). This indicates that diffusion
volume had not the main influence on transfer rates in soil in this experiment, as
substrate-specific maximum fictional diffusion volume differed within and among the
investigated soil types. Would the diffusion volume in soil represent the main influence,
calculated values would gather around a specific fictional volume and show less variance
within the investigated soil types. Our findings therefore indicate, again, that interactions
with microbial consumption, compound specific properties, physio-chemical soil
composition and the hydrological connectedness of the liquid soil phase are shaping

diffusion pattern of bio-available compounds in the soil pore space.

Hence, we wanted to examine the fate of added compounds and illuminate the possible
underlying processes. We conducted a *3C labeling microdialysis experiment covering
measurements of soil respiration, microbial biomass, dissolved organic carbon and 3C

carbon retrieved after the pulse. We did not measure microbial necromass or enrichment
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of soil organic matter (Fig. 18), missing the fractions adsorbed to soil minerals/metals and
utilized while microbial turn over processes. Most of the added 3C was respired by
microbes. A high substrate-derived respiration peak occurred already while substrate
addition followed by a rapid decrease reflecting its immediate utilization by microbes. As
we did not detect a rise in soil organic matter (SOM) respiration rates, this observation
would be in line with a preferential substrate utilization by microbes over SOM (Kuzyakov,
2002). It has to be mentioned that within this experiment background respiration could
have masked accelerated SOM respiration, but preferential substrate utilization was
further supported by a decrease in SOM respiration over the period of substrate input in
the treatment group of this experiment. 11 days after the substrate pulses just 1% percent
of added *3C was found in dissolved organic carbon (DOC). A recent study, injecting DOC
into different soil depths, found DOC is lost largely in top soil due to sorption to SOC (Kalks
et al., 2020). As we did not examine SOC in this experiment we could not confirm this
finding in our experiment. But as we used also top-soil, a portion of not retrievable 3C
could thereby be explained. Microbial biomass revealed an uptake of 8% which matches
observed uptake rates of a recent 3C labeling study (Meyer et al.,, 2020). As
microorganisms have taken up a considerable amount of added substrate, a fraction of
13C should also be found in microbial necromass. In our experiment, as we did not
investigate necromass, this fraction together with '3C adsorbed to SOM would be
expected in the not retrievable 13C fraction of this experiment. As reverse microdialysis
was used to introduce 3C labeled substrate we observed an immediate retrieve of 14%
of added 3C within 4 hours by changing the perfusate to pure water after the pulse. This
effect must be considered when using reverse microdialysis for labeling experiments.
Overall, we could show that microdialysis is an innovative alternative technique to

conduct labeling experiments and to investigate the affected C-pools.

Tackling our main goal of inducing a measurable priming effect by using reverse
microdialysis, we established a setup to consecutively measure respiration parallel to a
constant 3C labelled compound input to increase temporal sensitivity and resolution of
respiration measurements and to distinguish apparent priming effects from real priming
(Nottingham et al., 2009). Former experiments showed that we were able to introduce

substrate and to measure substrate utilization but could not detect changes in SOM
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respiration. Consequently, we reduced the soil volume (~3cm?3) to diminish background
soil respiration which could mask changes of SOM respiration derived from the area
affected by introduced compounds. We could show that by adjusting the soil volume it
was possible with our setup to induce and measure an elevated SOM respiration, referred
to as a positive priming effect (Kuzyakov, 2010). We measured an average increase of SOM
respiration of 30%, which in comparison to other priming studies (Blagodatsky et al., 2010;
Hamer and Marschner, 2005a, 2005b) is rather low, as those studies measured an
increase of SOM respiration of 54% up to 200% after an addition of labile carbon
compounds. It has to be mentioned that these studies used different labeling techniques,
mixing substrate into the soil or applying a substrate solution to the soil, and added higher
amounts of labile substrates (~¥1 - 3mg C/ g DW) to the soil in comparison (~6.4ug C/g
DW). These differences combined may be the explanation for the observed higher SOM
respiration in these studies, as larger amounts of substrate were homogeneously
distributed among the soil. In experiment 2 we could show that with reverse microdialysis
we were able to introduce carbon compounds in a volume roughly equivalent to 7% of
the total liquid phase with in a soil core of ~38% SWC. As we still see a rise in SOM
respiration we could assume that the efficiency of reverse microdialysis in comparison to
commonly used techniques is higher in targeting areas accessible for microorganisms as
it solely affects already present liquid soil phases, where microbial activity is certainly high
(Tecon and Or, 2017). These findings prove reverse microdialysis as an applicable and
promising method to investigate biologically relevant small-scale processes within soil

systems, especially processes related to the rhizosphere.

In conclusion, the reverse microdialysis technique allowed us to introduce organic
compound into soil without major disturbance to soil structure. Further we revealed
temporal dynamics of introduced substances and illuminated influencing factor on
transfer rates like flow rate, chemical and molecular substance specific properties as well
as soil specific physio-chemical properties. Finally, we found reverse microdialysis capable
to induce biological processes, for example priming effects, and thus as a useful tool to
investigate biologically-relevant small scale soil processes and their temporal dynamics.
Reverse microdialysis is a promising method to mimic and investigate rhizosphere

processes.
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Supplement

Technical supplement

Negative pressure experiment:

While taking gas measurement from a closed jar, negative pressure could occur.
To assess the sensitivity of the system to negative pressure we tested how three
different treatments are affected by negative pressure. We used the standard
system setup mentioned earlier (Fig. 2). The used perfusate was milli-Q. For all
treatments hermetic glass jars were used with a rubber septum for passing
through the tubing for the microdialysis probe and to apply negative pressure. This
was done by taking out 15ml of gas volume using a gas tight syringe. Two
interlinked probes were used each glass jar. Also, the tubing for the outflow was
interlinked by Y-connectors for collecting the dialysate. The probes were either
embedded into air, water or soil. For each treatment 4 replicates were used.
Samples were taken hourly and weight immediately after sampling. Collectors
were cooled to 6°C. The difference between the expected amount (300ul/h) and
weight of the dialysate after sampling was used as a proxy for negative pressure

effect on the system.
Branching:

As in most of our experimental setups Y-connectors were used to interlink two
microdialysis probes and syringes as well as to connect probes with the collectors,
we tested its effect on mass flow and water loss. We therefore conducted an
experiment with two different setups. First, probes were directly connected to the
syringes on the pump and the collector without using Y-connectors. In the second
setup two probes were connected by Y-connectors to a syringe and the collectors.
After starting the pump (flow rate 5ul/min) we collected and weight the dialysate
after every hour. The difference between the expected amount (300ul/h) and the

actual amount was used as a proxy for the effect of Y-connectors on the mass flow.
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Field site supplement
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Figure S1 Field site location and additional information.
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Results supplement

relative TRANSFER RATE (B -short term)

t-test (p.adjustment = bonferroni)

Name . groupl group2 2 |statistic df

Acetat mean.TR MQ Forest 4 4| 23,22690111| 3,875135138 2,64E-05
Butyrat mean.TR MQ Forest 4| 4| 10,73705453| 3,481995683 0,000862
Citrat mean.TR MQ Forest 4] 4| 6,653919296| 3,531048796 0,00408
Formiat mean.TR MQ Forest 4 4| 28,26644147| 3,879215458 1,23E-05
Fructose mean.TR MQ Forest 4| 4 9,407383052| 3,232688243 0,00186
Glucose mean.TR MQ Forest 4| 4| 8,945271867| 3,196192359 0,00229
Lactat mean.TR MQ Forest 4 4| 11,61452959| 3,657761736 0,000511
Nitrat mean.TR MQ Forest 4| 4| 35,23835647| 3,552481008 1,19E-05
Oxalat mean.TR MQ Forest 4 4| 11,73188966| 4,43351662 0,000166
Phosphat mean.TR MQ Forest 4 4| 8,971151111| 3,699679274 0,00122
Propionat mean.TR MQ Forest 4 4| 13,00686158| 3,565569539 0,000393
Succinat mean.TR MQ Forest 4 4| 11,37775903| 3,868416818 0,000408|
Sulfat mean.TR MQ Forest 4| 4| 5,892367953| 3,823281609 0,00478

Table S1 Analysis of short term relative transfer rates (TR). T-test was used to compare TR

environment.

jo

etween soil and MilliQ




relative TRANSFER RATE (B -long term)

t-test (p.adjustment = bonferroni)

Substrate Y. |§roup1 group2 nl n2 |statistic df p.adj p.adj.signif
Acetate mean.TR Meadow Forest 5[ 5| 0,861766621| 7,670033994 0,415 1|ns
Acetate mean.TR Meadow MQ 5| 5| -31,23758919| 7,612081756 2,59E-09| 7,77E-09|****
Acetate mean.TR Forest MQ 5| 5| -28,11344903( 6,830502047 2,57E-08| 7,71E-08|****
Butyrate mean.TR Meadow Forest 5| 5[ 3,743804512| 7,187452607 0,007 0,021)*
Butyrate mean.TR Meadow MQ 5[ 5| -22,50176235| 7,620437678, 3,02E-08| 9,06E-08|****
Butyrate mean.TR Forest MQ 5[ 5| -31,35076261| 7,882249816 1,47E-09| 4,41E-Q9[****
Citrate mean.TR Meadow Forest 5| 5| 1,201523529( 7,077039491 0,268 0,804|ns
Citrate mean.TR Meadow MQ 5| 5| -12,32064633( 4,851243389 7,61E-05| 0,000228|***
Citrate mean.TR Forest MQ 5[ 5| -12,32401823| 5,742953702 2,39E-05| 7,17E-Q5[****
Formiate mean.TR Meadow Forest 5[ 5| 1,996751006| 7,674110322 0,082 0,247|ns
Formiate mean.TR Meadow MQ 5| 5| -29,48293917| 7,996699525 1,91E-09| 5,73E-09[****
Formiate mean.TR Forest MQ 5| 5| -34,46772198| 7,730988401 9,59E-10| 2,88E-09|****
Fructose mean.TR Meadow Forest 5[ 5| -0,721380469| 7,231777228, 0,493 1|ns
Fructose mean.TR Meadow MQ 5[ 5| -14,9936828| 7,959200112 4,07E-07| 1,22E-06[****
Fructose mean.TR Forest MQ 5[ 5| -11,75296392| 7,491955881 4,29E-06| 1,29E-05|****
Glucose mean.TR Meadow Forest 5| 5| -0,790316128| 6,171243355 0,459 1[ns
Glucose mean.TR Meadow MQ 5| 5| -11,68196331| 5,676452189 3,49E-05| 0,000105|***
Glucose mean.TR Forest MQ 5[ 5| -9,18016299| 7,832095413 1,84E-05| 5,52E-05|****
Lactate mean.TR Meadow Forest 5[ 5| 0,896987378| 7,483021287 0,398, 1|ns
Lactate mean.TR Meadow MQ 5[ 5| -22,49983275| 5,887720144 6,18E-07| 1,85E-06|****
Lactate mean.TR Forest MQ 5| 5| -21,6642363| 6,901652138| 1,33E-07| 3,99E-07[****
Nitrate mean.TR Meadow Forest 5[ 5| 1,864704094| 7,621990963 0,101 0,303|ns
Nitrate mean.TR Meadow MQ 5[ 5| -34,84555943| 7,173303659 2,87E-09| 8,61E-09|****
Nitrate mean.TR Forest MQ 5[ 5| -42,320012( 7,874327557, 1,43E-10| 4,29E-10[****
Oxalate mean.TR Meadow Forest 5| 5| 3,448803428| 5,794974475 0,014 0,043(*
Oxalate mean.TR Meadow MQ 5| 5| -6,041456492( 7,75125621 0,00035 0,001[**
Oxalate mean.TR Forest MQ 5[ 5| -12,1160537| 6,440431655 1,14E-05| 3,42E-05|****
Phosphate mean.TR Meadow Forest 5| 5| 1,279182027| 7,365103557 0,24 0,72|ns
Phosphate mean.TR Meadow MQ 5[ 5| -15,10477268| 5,287304989 1,50E-05| 4,50E-05[****
Phosphate mean.TR Forest MQ 5| 5| -15,0526512| 6,218514395 3,98E-06( 1,19E-05|****
Propionate mean.TR Meadow Forest 5[ 5| 2,942770406( 5,054192069 0,032 0,095|ns
Propionate mean.TR Meadow MQ 5| 5| -12,46678771| 5,14429124 4,86E-05| 0,000146|***
Propionate mean.TR Forest MQ 5[ 5| -31,13186714| 7,985494084 1,27E-09| 3,81E-09[****
Succinate mean.TR Meadow Forest 5| 5] 1,003532598( 7,394261682 0,347 1|ns
Succinate mean.TR Meadow MQ 5| 5| -19,82629632( 5,348526249 3,26E-06( 9,78E-06|****
Succinate mean.TR Forest MQ 5[ 5| -19,35625016( 6,280035302 7,76E-07| 2,33E-06[****
Sulfate mean.TR Meadow Forest 5| 5| 0,955362031| 7,757931453 0,368 1[ns
Sulfate mean.TR Meadow MQ 5| 5| -7,487402996| 4,60297445 0,000958 0,003|**
Sulfate mean.TR Forest MQ 5| 5| -7,766124058| 4,856597464 0,000646| 0,002(**

Table S2 Analysis of long term relative transfer rates (TR). T-test (p-adjustment = Bonferroni) was used to compare TR

between soil types and MilliQ environment.
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relative TRANSFER RATE (B -long term)

t-test (p.adjustment = bonferroni)

Substrate . groupl group?2 nl n2 [statistic df p

Acetate mean.TR Meadow Forest 5[ 5| 0,861766621| 7,670033994 0,415
Butyrate mean.TR Meadow Forest 5| 5| 3,743804512| 7,187452607 0,00689
Citrate mean.TR Meadow Forest 5[ 5| 1,201523529| 7,077039491 0,268
Formiate mean.TR Meadow Forest 5[ 5| 1,996751006| 7,674110322 0,0824
Fructose mean.TR Meadow Forest 5| 5| -0,721380469| 7,231777228 0,493
Glucose mean.TR Meadow Forest 5[ 5] -0,790316128| 6,171243355 0,459
Lactate mean.TR Meadow Forest 5| 5| 0,896987378| 7,483021287 0,398
Nitrate mean.TR Meadow Forest 5[ 5| 1,864704094| 7,621990963 0,101
Oxalate mean.TR Meadow Forest 5| 5| 3,448803428| 5,794974475 0,0144
Phosphate mean.TR Meadow Forest 5| 5| 1,279182027| 7,365103557 0,24
Propionate mean.TR Meadow Forest 5[ 5| 2,942770406| 5,054192069 0,0317
Succinate mean.TR Meadow Forest 5| 5| 1,003532598| 7,394261682 0,347
Sulfate mean.TR Meadow Forest 5| 5| 0,955362031| 7,757931453 0,368|

Table S3 Analysis of long term relative transfer rates (TR). T-test was used to compare TR between soil and MilliQ environment.
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Priming (G)

paired ANOVA - large soil cores

variable.diff |variable.lwr |variable.upr |variable.p.adj
Treatment SOM - Control SOM -14,04108333| -99,71769558| 71,63552891| 0,735353539
paired ANOVA - small soil cores

variable.diff |variable.lwr |variable.upr |variable.p.adj
Treatment SOM - Control SOM 108,74005| -2,543153143| 220,0232531| 0,055166635
Table S5 Analysis of SOM respiration after substrate pulse. Paired one-way ANOVA was used for each setup to
compare SOM between treatment (substrate addition) and control.
relative RECOVERY after PULSE (D -long term)
t-test (p.adjustment = bonferroni)
Substrate Y. groupl group2 nl n2 [statistic df p p.adj p.adj.signif
Acetate mean.per.REC [Meadow Forest 5| 5| -0,965965257( 4,909133594 0,379 1[ns
Acetate mean.per.REC [Meadow MQ 5| 5| 6,621471879| 4,009494299| 0,003 0,008(**
Acetate mean.per.REC |Forest MQ 5| 5| 3,268074475( 4,001093448 0,031 0,092|ns
Butyrate mean.per.REC |[Meadow Forest 5| 5[ -3,918312284| 7,647088969 0,005 0,015)*
Butyrate mean.per.REC [Meadow MQ 5| 5| 5,915437831( 5,643053852 0,001 0,004(**
Butyrate mean.per.REC |Forest MQ 5| 5| 9,613326742| 5,119172615 0,000181| 0,000543|***
Citrate mean.per.REC [Meadow Forest 5| 5| -1,055026064( 3,386214026 0,361 1|ns
Citrate mean.per.REC |[Meadow MQ 5[ 5| 3,642357092( 4,084325798, 0,021 0,063|ns
Citrate mean.per.REC |Forest MQ 5[ 5| 2,014306573| 3,004058812 0,137, 0,411|ns
Formiate mean.per.REC [Meadow Forest 5| 5| -2,107277738| 7,341111095 0,071 0,214|ns
Formiate mean.per.REC [Meadow MQ 5| 5| 4,222519451| 4,061787869| 0,013 0,039(*
Formiate mean.per.REC |Forest MQ 5| 5| 5,714121037( 4,033322189 0,005 0,014/(*
Fructose mean.per.REC [Meadow Forest 5| 5| -0,08010736( 4,843212764 0,939 1|ns
Fructose mean.per.REC [Meadow MQ 5| 5| 2,761687413( 2,009917818 0,109 0,327|ns
Fructose mean.per.REC |Forest MQ 5| 5| 1,956909582| 3,006739124 0,145 0,435|ns
Glucose mean.per.REC [Meadow Forest 5| 5| -0,399008464| 4,349205881 0,709 1|ns
Glucose mean.per.REC |[Meadow MQ 5[ 5| 2,49863536( 2,005767158, 0,129 0,387|ns
Glucose mean.per.REC |Forest MQ 5| 5] 1,739820505( 3,002305867 0,18 0,54|ns
Lactate mean.per.REC [Meadow Forest 5| 5| -0,768234451( 4,180239639 0,483 1[ns
Lactate mean.per.REC [Meadow MQ 5| 5| 3,831060071| 4,05500439 0,018 0,054(ns
Lactate mean.per.REC |Forest MQ 5| 5| 2,547762858( 3,008160944 0,084 0,252|ns
Nitrate mean.per.REC [Meadow Forest 5| 5| -1,836527243| 7,898764131 0,104 0,312|ns
Nitrate mean.per.REC [Meadow MQ 5| 5| 5,603389957( 4,032847959 0,005 0,015(*
Nitrate mean.per.REC [Forest MQ 5| 5| 7,460877483( 4,026170712 0,002 0,005(**
Oxalate mean.per.REC [Meadow Forest 5| 5| -3,376221532| 6,985065437| 0,012 0,036(*
Oxalate mean.per.REC |[Meadow MQ 5[ 5| 3,202459682( 4,906866343 0,025 0,074|ns
Oxalate mean.per.REC |Forest MQ 5| 5| 6,168396405| 4,416845805 0,003 0,008(**
Phosphate mean.per.REC [Meadow Forest 5| 5| -1,593622775( 5,95612019 0,162 0,486(|ns
Phosphate mean.per.REC [Meadow MQ 5| 5| 6,15890704| 4,531327514 0,002 0,007(**
Phosphate mean.per.REC |Forest MQ 5| 5| 4,998047535( 4,14074283 0,007 0,021(*
Propionate mean.per.REC |[Meadow Forest 5| 5| -4,276293084( 6,287410457 0,005 0,014[*
Propionate mean.per.REC [Meadow MQ 5| 5| 4,965096383| 4,987160864 0,004 0,013|*
Propionate mean.per.REC |Forest MQ 5| 5| 7,704514714| 4,321050827| 0,001 0,003(**
Succinate mean.per.REC [Meadow Forest 5| 5| -0,831187785| 4,427487893 0,448| 1|ns
Succinate mean.per.REC |[Meadow MQ 5| 5| 3,964375977( 4,048391469 0,016 0,049(*
Succinate mean.per.REC [Forest MQ 5| 5[ 2,875994761| 3,008756685 0,064 0,19|ns
Sulfate mean.per.REC [Meadow Forest 5| 5| -1,194212766| 6,741843387 0,273 0,819|ns
Sulfate mean.per.REC [Meadow MQ 5| 5| 5,18173745| 4,776198632 0,004 0,012(*
Sulfate mean.per.REC |Forest MQ 5| 5| 4,740967957| 4,314516119| 0,007 0,022(*

Table S4 Analysis of long term relative Recovery (RR) after substrate pulse. T-test (p-adjustment = Bonferroni) was used to

compare TR between soil types and MilliQ environment.
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Figure S2 Comparison of relative recovery rates (%) of experimantal setups with perfusate substrate concentration at
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Summary

As soil stores a vast amount of carbon, a major uncertainty for future climate scenarios is
the effect of global warming and climate change on microbial decomposition of soil
organic matter. Plants can alter microbial decomposition of soil organic matter by
releasing photosynthates into the rhizosphere, a mechanism called rhizosphere priming
effect (RPE). Although of ecological importance, the underlying mechanisms of
rhizosphere priming effects are poorly understood. llluminating such small-scale
processes could improve the predictability of ecosystem responses to future climate
scenarios. For adequately measuring small scale soil processes it is important to maintain
the natural soil conditions, like soil porosity, distribution of nutrients and microorganisms,
as they influence process rates and direction. Therefore, investigating such small-scale soil
processes remains a challenge with commonly used method for soil sampling because of

their mostly disruptive nature.

Microdialysis, a passive sampling technique, recently gained interest by allowing the
measurement of bioavailable soil water solutes with very little disturbance to the soil
structure. Central for this technique are thin probes with semipermeable membranes
(0.5mm diameter, 0.4 —40 mm long) situated at the tip. Its relatively small diameter allows
its insertion into intact soil with little disturbance to adjacent soil structures. Soil solutes
are sampled passively via diffusion, caused by a fluid (“perfusate”) constantly flowing
inside the membrane and the probe, creating a concentration gradient inducing soil
solutes in close vicinity to move across the membrane. By changing the direction of
concentration gradients this method can further be used to introduce substances into the
soil, called retro- or reverse microdialysis. Reverse microdialysis offers the opportunity to
introduce substances and to measure possible changes in metabolites at the same time

at small local areas within nearly undisturbed soil.

In this study we elaborated the applicability of reverse microdialysis to investigating small
scale soil processes by conducting a set of experiments focused on transfer rates (TR) of
introduced substances into undisturbed soil, their temporal dynamics and influencing

factors. Our main questions were:
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(i) What are the transfer rates of substrate into soil (compared to pure water),
and what influences them? How do the temporal dynamics look like?
(ii) What is the fate of the introduced substances?

(iii) Can we induce a detectable priming effect?

Transfer rates into pure water revealed a negative nonlinear correlation when the
perfusate flow rate was increased. Furthermore, molecular weight of substances also
influenced the TR, leading to higher TR of substances of smaller molecular weight. When
assessing the transfer rates of substances into undisturbed soil core we found significant
differences compared to TR into pure water. This can be explained by a much smaller
diffusion volume of the surrounding soil compared to the pure water control or that the
membranes surface was not allover in contact with the soil pore water. Temporal
dynamics of TR were tested in two different experiments, a long-term experiment where
substance addition into undisturbed soil cores lasted over 8 hours, and a short-term
experiment with a substance addition over 90 minutes. Long term TR dynamics showed
the highest TR at the beginning of substrate addition followed by a fast decrease within
the next 2 hours. Shortly before the end of substance addition TR went up again, revealing
a 2 - peak pattern over 8 hours of substrate addition. Interpreting this pattern, a second
rise in TR is only possible when substances formerly introduce are diffusing away from the
probe, are adsorbed to soil minerals or consumed by microorganisms and thereby
increase the concentration gradient between in- and outside the probe again. Short term
dynamics showed also an increase within the first 60 minutes before slowly decreasing

over the last 60 minutes of sampling. This reflects the first peak of the long-term dynamics.

To determine the fate of added substances we further conducted an experiment, where
we measured added *3C-lablled substances, and traced 3C in soil respiration, microbial
biomass, dissolved organic carbon. In addition, we measured the amount of labelled
substance that diffused back into the microdialysis probe right after the addition. Within
12 days after its addition, most of the added substance ended up to be respired (41%).
Roughly 14% was retrieved back by subsequent sampling with microdialysis, 8 % was
found to be incorporated into microbial biomass and only 1% was detected in the
dissolved organic carbon fraction. However, 36 % of added labelled substances was not

locatable within those fractions. One possible explanation could be that part of the added
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substances have been converted to microbial necromass, or been adsorbed to soil

minerals. Neither of these C pools was investigated within this experiment.

Measuring a priming effect turned out to be difficult as the comparably large background
respiration of soil volumes unaffected by the substance input seemed likely masked
altered respiration rates from affected soil. We therefore reduced the used volume of soil
to diminish the dominating influence of the background respiration. In addition, an
experimental setup was established to allow consecutive substance addition parallel to
respiration measurements. With this setup and soil volume adjustment we were able to
detect an elevated soil organic matter respiration due to accelerated microbial
decomposition, proving the applicability of reverse microdialysis to introduce sufficient

amounts of C compounds to induce a measurable priming effect.

Overall, reverse microdialysis technique allowed us to introduce organic compound into
soil without major disturbance to soil structure. Further we revealed temporal dynamics
of introduced substances and illuminated influencing factor on transfer rates like flow
rate, chemical and molecular substance specific properties as well as soil specific physio-
chemical properties. Finally, we found reverse microdialysis capable to induce biological
processes, f.e. rhizosphere priming effects, and thus as a useful tool to investigate
biologically-relevant small scale soil processes and their temporal dynamics. Therefore,

reverse microdialysis is a promising method to mimic and observe rhizosphere processes.
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Zusammenfassung

Boden speichern grofle Mengen Kohlenstoff, flir zukiinftige Klimaszenarien ist die
Auswirkung der globalen Erwdarmung und des Klimawandels auf die mikrobielle
Zersetzung organischer Bodensubstanz von zentraler Bedeutung. Pflanzen, kénnen
allerdings die mikrobiellen Zersetzung von organischer Bodensubstanzen anregen, indem
sie Photosyntheseprodukte in die Rhizosphdre abgeben, ein Mechanismus, der als
Rhizosphere Priming Effect (RPE) bezeichnet wird. Obwohl von 6kologischer Bedeutung,
sind die zugrunde liegenden Mechanismen des Rhizospharen-Priming-Effekts kaum
bekannt. Die Beleuchtung derartiger kkleinraumiger Prozesse konnte die
Vorhersagbarkeit zukiinftiger Klimaszenarien und Okosystemreaktionen verbessern. Das
Beibehalten natirlicher Bodenbedingungen wie Bodenporositit, Verteilung von
Nahrstoffen und Mikroorganismen ist wichtig flir Messungen kleinrdumiger
Bodenprozesse, da sie die Prozessraten und -richtung, positve oder negative
Auswirkungen auf den Aussto von CO; aus Boden, beeinflussen. Aufgrund der meist
destruktiven Natur der meisten Methoden zur Bodenprobenahme und Untersuchung
stellt die Beobachtung solcher Bodenprozesse mittels herkdmmlicher Methoden eine
Herausforderung dar. In dieser Hinsicht hat die Mikrodialyse, eine passive
Probenahmetechnik, kirzlich Interesse geweckt, da sie es ermoglicht, bioverfiigbare
geloste Substanzen im Bodenwasser mit sehr geringer Storung der Bodenstruktur zu
messen. Im Zentrum der Mikrodialyse stehen diinne Sonden mit semipermeablen
Membranen (0,5 mm Durchmesser, 0,4 - 40 mm Lange) an der Spitze. Der relativ geringe
Durchmesser der Sonden ermdglicht das Einbringen in intakten Boden mit geringer
Storung benachbarter Bodenstrukturen. Geldste Verbindungen werden passiv durch
Diffusion entnommen, verursacht durch eine Flissigkeit (,,Perfusat”), die standig entlang
der Membran und durch die Sonde flieBt, wodurch ein Konzentrationsgradient erzeugt
wird, der dazu fihrt, dass sich geloste Bodenstoffe in unmittelbarer Nahe durch die
Membran diffundieren. Durch Andern der Richtung von Konzentrationsgradienten kann
diese Methode ferner verwendet werden, um Substanzen in den Boden einzubrigen, die
so gennante Retro- oder Reverse-Mikrodialyse. Daher bietet die Reverse Mikrodialyse die
Moglichkeit, Substanzen einzufiihren und gleichzeitig mogliche Verdanderungen der

Metaboliten in kleinen lokalen Bereichen in nahezu ungestértem Boden zu messen.
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Diese Studie fokusierte sich auf die Anwendbarkeit der reversen Mikrodialyse zur
Untersuchung kleinrdumiger Bodenprozesse. Eine Reihe von Experimenten
konzentrierten dabei sich auf die Ubertragungsraten (TR) eingebrachte Substanzen in
ungestorten Boden, ihre zeitliche Dynamik und Einflussfaktoren. Unsere

Hauptfragestellungen dabei waren:

(i) Wie hoch sind die Ubertragungsraten des Substrats in den Boden (im
Vergleich zu reinem Wasser) und was beeinflusst sie? Wie sieht deren zeitliche
Dynamik aus?

(ii) Was ist das Schicksal der eingebrachten Substanzen?

(iii) Kénnen wir einen nachweisbaren Priming-Effekt induzieren?

Ubertragungsraten in reines Wasser zeigten eine negative nichtlineare Korrelation, wenn
die Perfusatflussrate erhéht wurde. Dariiber hinaus beeinflusste das Molekulargewicht
der Substanzen ebenfalls die TR, was zu einer héheren TR von Substanzen mit geringeren
Molekulargewicht fiihrte. Bei der Beurteilung der Transferraten von Substanzen in
ungestorten Bodenkern fanden wir signifikante Unterschiede zu TR in reinem Wasser.
Dies kann einerseits durch ein viel geringeres Diffusionsvolumen des umgebenden Bodens
im Vergleich zur Reinwasserkontrolle erklart werden und andererseits dadurch, dass die
Membranoberflache nicht vollstandig mit dem Bodenporenwasser in Kontakt stand. In
zwei verschiedenen Experimenten wurde die zeitliche Dynamik von TR gemessen. In
einem Langzeitexperiment wurde Uber eine Zeitraum von 8 Stunden mittels reverser
Mikrodialyse Substanzen in ungestorte Bodenkerne eingebracht. Das Kurzzeitexperiment
maRk die TR Dynamik (iber 90 Minuten. Die Langzeit-TR-Dynamik zeigte zu Beginn der
Substratzugabe die hochste TR, gefolgt von einer schnellen Abnahme innerhalb der
nachsten 2 Stunden. Kurz vor dem Ende der Substanzzugabe stiegen die TR wieder an.
Damit manifestierte sich ein Muster mit zwei TR Spitzen (iber 8 Stunden Substratzugabe.
Ein weiterer Anstieg der TR scheint nur moglich, wenn, friher eingebrachte Substanzen
von der Sonde diffundieren weg diffundieren, an Bodenmineralien adsorbiert oder von
Mikroorganismen verbraucht werden. Die kurzfristige TR Dynamik zeigte auch einen
Anstieg innerhalb der ersten 45 Minuten, bevor sie in den letzten 45 Minuten der
Probenahme langsam abnahm. Dies ist im Einklang mit derersten Spitze der

Langzeitdynamik.
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Um das Schicksal der zugesetzten Substanzen zu bestimmen, fuhrten wir ein 3C-
Markierungsexperiment durch, bei dem wir die 3C-Anreicherung der Bodenatmung, der
mikrobiellen Biomasse, des gelosten organischen Kohlenstoffs sowie die Menge der
markierten Substanzen, die wir nach der Zugabe mittles Mikrodialyse-Probenahme
wieder aufgenommen, gemessen haben. Der grofSte Teil der zugesetzten Substanz wurde
mikrobiell veratmet (41%). Etwa 14% wurden durch Probenahme mittels Mikrodialyse
wieder entnommen, 8% wurden in mikrobieller Biomasse eingebaut und nur 1% konnte
in der gelosten organischen Kohlenstofffraktion nachgewiesen werden. 36% der
zugesetzten markierten Substanzen waren jedoch in all diesen Fraktionen nicht
lokalisierbar. Eine mogliche Erklarung konnte sein, dass ein Teil der nicht wiedergefunden
Substanzmenge in der mikrobiellen Nekromasse gefunden werden konnte. AuRerdem
konnten ebenso Teile der zugesetzten Verbindung an Bodenmineralien adsorbiert

worden sein. Keiner dieser C-Pools wurde in diesem Experiment untersucht.

Das Messen eines Priming-Effekts erwies sich als schwierig, da die Hintergrundatmung
von Bodenbereichen die nicht vom Stoffeintrag betroffen waren, Atmungsraten des
substratbeeinflussten Bodenbereich Uberdeckten. Wir haben daher das verwendete
Bodenvolumen reduziert, um den Einfluss der Hintergrundatmung zu reduzieren. Es
wurde auch ein Versuchsaufbau erstellt, um eine aufeinanderfolgende Substanzzugabe
parallel zu Atmungsmessungen zu ermoglichen. Mit diesem Aufbau und der Anpassung
des Bodenvolumens konnten wir eine erhéhte Atmung organischer Bodensubstanz
aufgrund einer beschleunigten mikrobiellen Zersetzung feststellen. Damit konnten wir die
Anwendbarkeit der umgekehrten Mikrodialyse zum Einbringen ausreichender Mengen an

C-Verbindungen zur Induktion eines messbaren Priming-Effekts nachweisen.

Umgekehrte Mikrodialyse insgesamt ermoglichte uns organische Verbindungen ohne
grofRere Storung der Bodenstruktur in den Boden einzubringen. Weiters konnten wir
zeitliche Dynamik eingeflihrter Substanzen beleuchten und Einflussfaktor auf
Ubertragungsraten wie Durchflussrate, spezifische chemische und molekulare
Eigenschaften der Substanzen sowie bodenspezifische physikalisch-chemische
Eigenschaften identifizieren. AbschlieBend erwies sich die umgekehrte Mikrodialyse als
nitzliches Instrument zur Untersuchung biologisch relevanter kleinrdumiger

Bodenprozesse, die biologische Prozesse induzieren und messen kann. Daher ist die
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umgekehrte Mikrodialyse eine vielversprechende Methode speziell zur Nachahmung und

Beobachtung von Rhizospharenprozessen.
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