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Introduction

1 Introduction

1.1 Organic carbon in terrestrial systems

1.1.1 Carbon, life and the Critical Zone

Life on earth is based on the biogeochemistry of the atoms carbon (C), hydrogen (H), oxygen
(O), nitrogen (N) and sulfur (S). Other forms of atomic constituents important to life, such as
phosphorus (P) or metals (e.g., Mg, K, Ca, Fe, Zn, Mo, Cu, Mn, Ni) depend largely on boundary
conditions that are set by the versatility and reactivity of the CHONS system, and the
prevalence of aqueous solutions which determine the milieu for reactions (Kleidon, 2016;
Langmuir and Broecker, 2012). Soils provide a major interface that mediates ecological
interactions involving the water and carbon cycles. For example, plant water uptake relies on
water retention, and nutrient availability relies on remineralization of dead biomass as well as
retention of nutrients. This way, soils also provide replenishment and decontamination of water
resources, sustain plant growth (450 Gt-C globally), and sequester reduced carbon in the form
of soil organic matter (SOM, 3000 Gt-C in upper 2 m globally, Figure 1-1; Addiscott, 2010;
Bar-On et al., 2018; Késtner and Miltner, 2018; Lavelle et al., 2016; Sanderman et al., 2017)
and are thus part of the “Critical Zone” (Ashley, 1998): The Critical Zone is “recognized as a
location of complex biogeochemical and physical processes that supports the terrestrial
biosphere” and spans from the “outer extent of vegetation down to the lower limits of
groundwater” (Brantley et al., 2007; Richardson, 2017). An important aspect of this functioning
is the decomposition or remineralization of high-molecular weight and non-soluble organic
remains. This process leads not only to the formation of new biomass and more stable forms
of soil organic matter (SOM), but also to losses of carbon: Remineralization generates large
amounts of gaseous products (volatile organic carbon, VOC) mainly in the form of CO2 (Hursh
et al., 2017). It also produces oxidized lower-molecular weight products that are more soluble
than their precursors (dissolved organic carbon, DOC) and escape to deeper soil, groundwater,
and aquatic systems such as lakes, rivers, and wetlands (Addiscott, 2010; Kaiser and Kalbitz,

2012).



Introduction

B 0 - 50 -
M50 R
B 71-90 % ¥
Ce1-120 352
[ 1121-160
[ 1181-210
[ 1211-290
[ 291 - 400
[ 401 - 550
B >550

Figure 1-1. Soil organic carbon (SOC) stocks in 0-2 m depth. Estimates given in Mg C ha-1 (Sanderman et al.,
2017).

1.1.2 Dissolved organic carbon: Towards molecular biogeochemistry

The fraction of organic molecules of a water sample that pass a filter is operationally defined
as the “dissolved” fraction (Filella, 2014; Zsolnay, 2003). The pore size of the applied filter —
usually 0.45um — may however vary from study to study (Dittmar and Stubbins, 2014; Perdue
and Ritchie, 2014). Dissolved organic carbon (DOC) represents the major organic matter flux
from soils to the aquatic continuum, i.e., rivers, lakes, wetlands, and finally the ocean (Alvarez-
Cobelas et al., 2012; Webb et al., 2018). Leaching fluxes from soils and DOC export by rivers
have been estimated by up to 10 g-C m™ yr'! at temperate sites with a large amount of DOC
retained within soil (~ 30 g-C m™ yr'!; Borken et al., 2011; Kindler et al., 2010; Michalzik et
al., 2001). These numbers show 1) the major role of respiration (on average, 1400 g-C m? yr’
1) for the continuous production of DOC (Hursh et al., 2017; Lee et al., 2018; Malik and
Gleixner, 2013) and 2) the high potential for organic matter retention and recycling in deeper
layers of soil (Kaiser and Kalbitz, 2012). Moreover, DOC release from soils and watersheds is
often described as transport-limited: under most natural conditions, DOC production is only
limited by the amount of water flowing through soils (Ledesma et al., 2015; Lee et al., 2018;
Zarnetske et al., 2018). The flux of terrestrial DOC is thus largely controlled by the activity of
the decomposers, the size of soil organic carbon stocks and the volume and rate of water
passage. The manifold effects controlling SOC and DOC destabilization (Figure 1-2) cannot

be disentangled by analyzing single properties, such as DOC concentration, radiocarbon
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content, stable isotope composition, or optical properties. Recent research suggests that DOC
is an ultracomplex mixture of thousands to millions of different structures and better described
as DOM (dissolved organic matter; Zark et al., 2017; Zark and Dittmar, 2018). In contrast to
the acronym DOC which refers only to the carbon content of organic molecules in solution, the
term “dissolved organic matter” (DOM) encompasses the full elemental and structural diversity
of these molecules. Following the first description by Piccolo (Piccolo, 2001), DOM mixtures
in aqueous solution are now seen as complex, self-assembling and supramolecular associations
(Wells and Stretz, 2019). Soluble decomposition products released from soils can be used as
tracers of ecosystem functioning: DOM represents a “snapshot of ecosystem activities” (Roth
et al., 2014) that contains molecular-level information able to reveal imprints of single sources
or processes. However, our knowledge about these potential biomarkers and their response
remains scarce (Brown et al., 2016; Hawkes et al., 2019; Malik et al., 2016; Roth et al., 2014).
For example, the terrestrial DOC flux “could completely replenish the marine DOC pool within
its apparent residence time in the oceans” (Dittmar and Stubbins, 2014). However, the dilute
amounts of classical vascular plant biomarkers in marine DOM questions this simple carbon
balance (Dittmar and Stubbins, 2014). Much similar, the finding that markers such as lignin
show relatively fast turnover in soil (< 50 yrs) has questioned established theories of SOM
formation and stability (Austin et al., 2016; Cotrufo et al., 2015; Gleixner, 2013; Marschner et
al., 2008; Preston et al., 2009). Although inputs, recycling and transport emerge as the three
key factors controlling DOM release from soils and SOM, novel molecular insight is thus
needed to properly reveal ecosystem-scale processes, links and responses to environmental

change (Kellerman et al., 2018, 2015; Ward et al., 2017).
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Figure 1-2. Controls on DOM composition, as seen from the catchment (a — d) and soil scale (e — g). Panels a — d) modified from Laudon and Sponseller (2018). e) Soil
aggregate section. Oxygen depletion gradient visualized by color. Black object in center is particulate organic matter. Modified from Borer et al. (2018). f1-3) Drying-rewetting
cycles in porous media and its influence on gas and solute fluxes. 1) dry, non-saturated conditions, 2) rewetting event, 3) saturated conditions. Modified from Schimel (2018).
g) Controls at the soil profile scale. 1) Plant roots and rhizosphere soil inputs, 2) Decomposer community (i.e., fungi, bacteria, invertebrates) and their remains; 3) Heterogeneity
and disconnection (i.e., stochastic control); 4) mineral-association, 5) temperature control on decomposition; 6) long-term sequestration. Modified from Schmidt et al. (2011).
Note the discrepancy between the “catchment view” of soil (panel a, “dominant source layer”) common in hydrology and the fine-scale models developed by soil scientists.
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1.1.3 Sampling of terrestrial DOM

Amount and properties of DOM are affected by the sampling and isolation technique used
(Filella, 2014; Zsolnay, 2003). Extraction protocols involving destructive sampling (i.e.,
homogenization of excavated soil samples, or centrifugation) or the extraction with pH-
adjusted (acidic/ alkaline) or heated aqueous solutions usually dissolve fractions of organic
matter that are not readily soluble under “natural” conditions, and thus are thought to cause
artifacts (Guigue et al., 2014; Lehmann and Kleber, 2015). Under unsaturated conditions, DOC
yields depend mainly on soil moisture, and DOM composition indicates significant shifts with
increasing matric potential, i.e., when evacuating soil water from ever smaller pore domains
that bind water more strongly (Bailey et al., 2017; Zsolnay, 2003). In contrast to non-saturated
conditions, groundwater is defined as a water body that resides under saturated conditions, i.e.,
under fully water-filled pore space, and under zero tension (i.e., flow not affected by the matric
potential; Blume et al., 2016). Pore connectivity is thus a similarly important driver of DOM
composition (Peyton Smith et al., 2017), and has also been described as a driver of DOM
characteristics at the watershed scale (Creed et al., 2003; Froberg et al., 2006; Hagedorn et al.,
2000; Pacific et al., 2010; Seibert et al., 2009; Tunaley et al., 2016).

1.2 DOM: Sources, recycling and transport

Soils are a main source of DOM that may enter aquatic systems, but our understanding of what
determines DOM production and turnover in both realms remains vague on the molecular level
(Kellerman et al., 2015; Schmidt et al., 2011; Ward et al., 2017). Organic matter properties are
controlled by temporal and spatial dynamics of inputs (substrates), recycling (transformation),
and transport (outputs; Figure 1-3). This section mainly focuses on soil carbon dynamics
(SOM/ DOM); implications for aquatic systems are discussed when relevant within chapters 3

— 6.

1.2.1 Inputs and formation of soil organic matter

DOM stands in constant exchange with SOM (Kaiser and Kalbitz, 2012; Leinemann et al.,
2018). Formation of SOM is thus a crucial process that needs to be understood. Potential inputs
to soil organic matter come from 1) plant litter (shoots and leaves), 2) root litter, 3) root
exudates, 4) faunal biomass and excrements, and 5) microbial biomass (Figure 1-2; Figure 1-3).

Subsequently, organic matter input is highly heterogeneous: Highest in hotspots (bio-pores
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from roots or fauna, rhizosphere, detritusphere, aggregate surfaces), and lowest in bulk mineral
soil (Guggenberger and Kaiser, 2003; Heitkotter and Marschner, 2018; Kuzyakov and
Blagodatskaya, 2015; Schimel and Schaefter, 2012). The DOM pool receives inputs from all
of these sources, but the exact source contribution to SOM and DOM formation is a matter of
debate (Gross and Harrison, 2019; Sokol et al., 2019). Likewise, the role of DOM for SOM
buildup in deeper layers is unclear and shows conflicting results (Bird and Torn, 2006; Cotrufo

etal., 2015; Lee et al., 2018; Quan et al., 2018; Scheibe and Gleixner, 2014).

Organic substances found in soils have long been regarded as novel “humic” structures due to
their resistance to classical techniques of isolation and identification (Kleber and Lehmann,
2019; Lehmann and Kleber, 2015). NMR data however suggests that they are likely complex
mixtures of decomposition products of known compound classes (Masoom et al., 2016;
Simpson et al., 2007) such as protein, starch, cellulose, lignin, tannin and other polyphenols,
lipids, cutin, suberin, and other natural products of soil microbes and fauna, such as chitin,
melanin, or peptidoclucan (Kogel-Knabner 2002). Many lines of evidence point now to an
active role (“bottleneck”) of the decomposer community in SOM production (Figure 1-3a):
Conceptual models (“microbial carbon pump”; Figure 1-3a) originally adopted from
oceanography propose that although small in living biomass (< 5 % of SOM), microbes could
contribute significantly if their remains would build up to form SOM (Gleixner, 2013; Késtner
and Miltner, 2018; Liang et al., 2017). Lab and field data support this hypothesis (Barr¢ et al.,
2018; Lange et al., 2015; Lutfalla et al., 2019; Ma et al., 2018; Masoom et al., 2016; Miltner et
al., 2012; Simpson et al., 2007; Woche et al., 2017). The classical view of major SOM
formation through decomposed plant material thus needs revision (Lehmann and Kleber, 2015;
Woolf and Lehmann, 2019). Microscopic techniques have revealed that recognizable remains
of microbes and fungi are found widespread in soil microenvironments with clear hotspots
related to smaller-sized particles/ pores and rough surfaces, which in part also explain
hydrophobic properties of soil (Figure 1-4; Juyal et al., 2018; Késtner and Miltner, 2018;
Miltner et al., 2012; Probandt et al., 2018; Schliiter et al., 2019; Vogel et al., 2014).
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Figure 1-4. Microbial biomass in the soil microverse. Scanning electron micrographs (SEM) of bio-fouled porous
beads (diameter ~3- 5 mm) from the seminal data presented by Miltner et al. (2012). For comparison,
microaggregates are stable structures with sizes < 250pm and thus two orders of magnitude bigger than bacterial
cells shown here. The sterile beads were exposed to natural aquifer water and showed similar biofilm development
as observed in soil samples. a) Inner surface of a non-exposed bead; b) colonized bead surface after exposure.
Spider-web like structures are extracellular polymeric substance (EPS), which forms web-like structures during
sample preparation (critical-point drying); c) colonized bead surface with native cells, empty cell envelopes and
their fragments, and much EPS; this is direct evidence of an active microbial loop (only living cells produce EPS;
Miltner et al., 2012).
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Figure 1-5. Renewal time estimates of soil organic carbon from Balesdent et al. (2018). Left panel: Percentage of
new carbon in different soil depths of 112 vegetation change experiments running for time t. Four age classes are
shown. Right panel: Meta-Analysis of soil organic carbon age distribution of 55 tropical soils under vegetation
change (Description by the authors: proportion of carbon aged less than time t was fitted by a bi-exponential
regression of t; grey bands represent +1 standard error of the estimated mean).
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Intriguingly, organic matter associated with such “microbial” microenvironments (small sized
particles and pores) shows lower turnover, as compared to organic C associated to larger
particles (sand, or particulate organic matter; Gleixner, 2013; Hicks Pries et al., 2017;
Marschner et al., 2008; Wynn, 2007). Microsite SOM is also composed of seemingly labile
organic compounds, such as carbohydrates, lipids and proteins, supporting its microbial origin

(Gleixner, 2013). Relatively strong concentration of microbial cells and their remains in small
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pores, and their slow movement thus suggest that microbes may contribute largely to SOM
formation, but not necessarily to its distribution and stabilization (Figure 1-2e, f). In contrast,
soil invertebrates play a key role in preparing SOM breakdown, distribution and mixing of
minerals, mucilage, extracellular polymeric substances (EPS), plant seeds, and microorganisms
(Eisenhauer et al., 2019; Filser et al., 2016; Kuzyakov and Blagodatskaya, 2015; Vidal et al.,
2019); this way they likely contribute to the long-term stabilization of microbial SOM in micro-
aggregates < 250um (Addiscott, 2010; Six et al., 2004; Totsche et al., 2018). Consequently,
SOM renewal slows down with depth: While C younger than 10 years makes up on average 50
% of SOC in the first 10 cm, this value vanishes rapidly to a constant 10 % of SOC beneath 30
cm (Figure 1-5; Balesdent et al., 2018; Castellano et al., 2015; Scheibe et al., 2015). These
results show that there is constant but decreasing exchange with young C with depth (Figure

1-3b; Kaiser and Kalbitz, 2012).

Carbon concentrations rapidly decline with depth (Balesdent et al., 2018; Gross and Harrison,
2019) and are thus correlated with slower SOC turnover (Don et al., 2013; Gleixner, 2013;
Woolf and Lehmann, 2019). The probability of a decomposer meeting a molecule is thus the
easiest explanation for the paradox of apparently old deep-soil SOM (Sierra et al., 2018). Long-
term C storage in vast “deserts” of bulk soil, especially at depth, may then be due to
preservation through simple “disconnection” (Balesdent et al., 2018; Baveye et al., 2018;
Torres-Sallan et al., 2017). However, manifold factors have been shown to influence SOC
stocks and DOC properties in the field and under lab conditions. For example, the observation
that experimental warming or substrate addition can increase decomposition (“priming”) of
seemingly “stable” SOM, especially outside of hotspots, questions classical theories of SOM
preservation (such as mineral protection) in low-activity regions of soil (Aye et al., 2018;
Heitkotter and Marschner, 2018; Hicks Pries et al., 2017; Perveen et al., 2019; Woolf and
Lehmann, 2019). Much similar, it is likely anoxia that prevents decomposition within micro-
aggregates (Figure 1-2e; Borer et al., 2018; Pitumpe-Arachchige et al., 2018; Six et al., 2004).
Slightest changes in boundary conditions such as vegetation input, climate, or soil pH can thus
shift the local “equilibrium” and induce changes in DOM composition and transformation from
the micro- to the macroscale (Camino-Serrano et al., 2016; Drake et al., 2018; Finstad et al.,
2016; James et al., 2019; Kaiser et al., 2001, 2015; Kang et al., 2018; Noacco et al., 2019;
Raymond and Saiers, 2010; Roth et al., 2015; Sanderman et al., 2009; Tunaley et al., 2016). In
this context, DOM emerges as a rich information source due to its high mobility and fast

response to system changes.
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1.2.2 Production, transport and transformation of soil DOM

Now, how can we explain soil DOM composition theoretically? The recent cascade model of
Kaiser & Kalbitz (Kaiser and Kalbitz, 2012; Leinemann et al., 2018) suggests a differentiation
between a “fast-circuit” SOM metabolism, mostly linked to DOM release, and a “slow-circuit”
SOM metabolism leading to the formation of SOM associated to smaller sized particles and
pores, which builds up over time and would also be stabilized through micro-aggregate
occlusion, as explained above (Heitkotter and Marschner, 2018; Kuzyakov and Blagodatskaya,
2015). The cascade model proposes constant exchange reactions between percolating DOM
and surface-associated SOM at “hotspot-like” interfaces during downward transport (Kaiser
and Kalbitz, 2012; Kuzyakov and Blagodatskaya, 2015), leading to degradation of plant
material and phenols, and apparent increases in '*C age, N content, carbohydrates and

microbial compounds. However, the mechanisms of this DOM signature shift are unknown.

Decomposed SOM in topsoil “dominant surface layers”, rather than recent litter, seems to be
key for the sustained DOM production under natural precipitation conditions and fuels
belowground foodwebs and recycling (Lee et al., 2018; Lehmann et al., 2018; Leinemann et
al., 2018; Malik and Gleixner, 2013; Scheibe and Gleixner, 2014). Consequently, a large
fraction of DOM leaching from topsoil is retained in subsoil through mineral interactions such
as sorption. Mineral surfaces in natural systems are however rarely pristine and may sorb less
DOC than expected (Guggenberger and Kaiser 2003): There is a constant flux of DOM running
through soil that likely impregnates available surfaces, promotes biofilm growth and thus,
respiration (Kaiser and Kalbitz, 2012; Scheibe et al., 2015). Constant renewal of sorption sites,
by, e.g. aggregate turnover, could however promote sustained sorption and be a potential link
to the “slow-circuit” part of SOM dynamics (Six et al., 2004; Totsche et al., 2018). With
increasing depth, DOC levels become ever lower, and reflect simultaneous decline in SOC
stocks and composition (Roth et al., accepted); changes in DOM signatures also reflect the ever
s