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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).
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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



Introduction

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
slower carbon turnover that likely is both the cause and effect of “disconnected” decomposers

and metabolites (Baveye et al., 2018; Sierra et al., 2018).

Cell uptake across membranes requires soluble products with molecular weights < 600 Da
(Woolf and Lehmann, 2019). Fungal extracellular ligninolytic enzymes and polysaccharide
hydrolases (“exo-enzymes”) are thought to play a key role in this step and are found associated

to particles rather than in soil solution (Baldrian and Stursova, 2011; Schulze et al., 2005).
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Studies indicate that fungal degradation of organic matter leads to simultaneous consumption
of colored organic compounds and synthesis of new compounds leading to a mass shift in DOM
molecules (Waggoner and Hatcher, 2017; Zavarzina et al., 2018, 2011), and such signatures
could become more evident at depth were no “overprinting” by highly soluble decomposed
plant material occurs (Kaiser and Kalbitz, 2012; Késtner and Miltner, 2018). Consequently,
such shifts in color and molecular weight of DOM have also been observed along soil depth
profiles but are not well understood mechanistically (Roth et al., under review). Soil texture,
i.e., the particle and pore size distribution of a soil, emerges as a main determinant of SOM/
DOM inputs and transformation. Soil texture affects both carbon preservation (habitat
structure; dominance of “inaccessible” microsites) and the flow of water (contact time of soil
and water). However, climatic conditions control the amount of water that enters soil, and thus
have a top-down impact on C input, recycling and DOM transport (Alvarez-Cobelas et al.,
2012; Webb et al., 2018). For example, drought events have been shown to increase soil water
repellency, likely due to layer-like assemblage of organic solutes at particles surfaces
(Aufdenkampe et al., 2001; Chassé et al., 2015; Kleber et al., 2007; Krueger et al., 2018;
Lutfalla et al., 2019; Newcomb et al., 2017; Sollins et al., 2009). In order to disentangle such
effects, ecosystem studies linking boundary conditions and molecular DOM properties are

needed.

1.3 Chemical characterization of terrestrial dissolved organic matter (DOM)

1.3.1 Isolation of terrestrial DOM

Isolation of DOM from water samples is usually performed by ultrafiltration (UF), reverse
osmosis (RO), reverse osmosis combined with electro-dialysis (RO/ED), or solid phase
extraction (SPE; Minor et al., 2014; Sandron et al., 2015). Freeze-drying is an option only when
samples are low in inorganic salts; then, also direct analysis of water samples may be possible
(Sleighter et al., 2009). The SPE method proposed by Dittmar et al. (2008) using PPL resin
(Agilent, functionalized styrene—divinylbenzene) is commonly used for the isolation of DOM,
and has replaced a former protocol based on XAD-8 and XAD-4 resins (Rohm and Haas,
acrylic ester resin and styrene—divinylbenzene resin; Aiken et al., 1992). UF and RO/ED
methods are often more timely and require extended equipment and cleaning, and are often
reported to be less reproducible than SPE (Green et al., 2014b; Minor et al., 2014; Sandron et
al., 2015). Comparisons among SPE sorbents usually show that the PPL resin performs best in

terms of DOM recovery and initial sample properties (Dittmar et al., 2008; Green et al., 2014b;
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Lietal., 2017, 2016b; Raeke et al., 2016). Li and coworkers improved Dittmar’s PPL method
by showing that DOC loading affected the DOM composition as assessed by ultrahigh
resolution mass spectrometry (FTMS): At higher loading, lower proportions of highly-
oxygenated compounds were retained. The authors reached 89% DOC recovery by optimizing
loading (1:800, DOC vs. PPL, based on mass) and also showed that, at similar DOC loading,
water volume or flow rate did not affect the molecular analysis. Furthermore, RO/ED and
original samples were found to be highly similar to the PPL extract in terms of NMR (nuclear
magnetic resonance) and FTMS data (Li et al., 2016b). In a second study of the same authors,
PPL ranked highest in recovery for a bog (80%) and a marine sample (40%) in comparison to
23 other sorbents used under similar conditions (Li et al., 2017). The authors found that non-
polar sorbents (such as PPL and C18) performed best in comparison to other mixed mode, polar
or ion exchange sorbents. Raeke et al. (2014) showed that poorly retained standard compounds
on PPL did also indicate low response in negative-mode electrospray ionization (ESI) coupled
to FTMS detection, suggesting no additional loss in terms of analytical window. In line with
their findings, also other studies show that biopolymers (carbohydrates, peptides, lipids) and
hydrolysable tannins are not retained well by commonly used non-polar SPE resins (Chen et
al.,2016; Liu et al., 2011). Further separation or fractionation of isolated DOM has been largely
achieved by gas chromatography (GC) and liquid chromatography (LC), sometimes in 2D
setups (Sandron et al., 2015). However, most chromatographic techniques suffer from the high

complexity of DOM and produce no sharp peaks due to intrinsic averaging (Brown et al., 2016).

1.3.2 Advanced instrumental analysis of terrestrial DOM

The main techniques used for high-resolution analyses of DOM today are 1) fluorescence
spectroscopy, 2) nuclear magnetic resonance spectroscopy, and 3) ultrahigh resolution mass
spectrometry (Minor et al., 2014). Optical spectroscopy techniques are usually relatively fast
and sensitive but provide limited resolution when applied to complex mixtures. Besides UV,
Vis, and IR (ultraviolet, visible light, infrared) spectroscopy, three-dimensional excitation—
emission matrix (EEM) fluorescence spectroscopy is the main form of modern optical
spectroscopy applied to DOM (Bianchi and Canuel, 2011; Murphy et al., 2018). A drawback
of the method is that the chosen parallel factor analysis (PARAFAC) model strongly influences
the statistical result of the analysis (Murphy et al., 2018). Fluorescence spectroscopy is also
highly selective for fluorescing conjugated m-electron systems that only represent ~ 1% of the

total DOC (“FDOM?”; Leenheer, 2009; Murphy et al., 2018). In contrast, in nuclear resonance
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spectroscopy (NMR), all magnetic nuclei of an atom such as 'H and '*C absorb energy at a
specific pulsed radiofrequency related to nucleus-specific energy level transitions, and
subsequently interact with a strong external magnetic field by relaxation (Keeler, 2011). The
specific absorbed frequency yields quantitative and non-destructive structural information on
nuclei of interest (Hertkorn, 2014; Minor et al., 2014). NMR shows a high degree of signal
overlap when applied to complex mixtures such as liquid-state DOM and solid-state SOM
(Hertkorn, 2014; Minor et al., 2014). The high resolution that can be achieved is also
outweighed by the method’s insensitivity, i.e., it requires large amounts of material, and
involves long measurements (less so for 'H NMR). Specially tailored experiments (2D, 3D)
are needed to “extract” information on specific substructures of interest (Bell et al., 2015;
Hertkorn, 2014). This way, substantial contributions regarding substance groups in DOM have
been made in recent years, providing evidence for the presence of previously unknown
fractions of carboxyl-rich alicyclic molecules (“CRAM”, Hertkorn et al., 2006), material
derived from linear terpenoids (“MDLT”, Lam et al., 2007), oxidized sterols (Woods et al.,
2012) and carotenoids (Arakawa et al., 2017).

1.3.3 Ultrahigh resolution mass spectrometry

Ultrahigh resolution mass spectrometric (FTMS) techniques allow for the unsurpassed
separation (resolution) of complex mixtures by mass and charge and have emerged as
indispensable tools to study molecular detail in marine and aquatic DOM (Hertkorn et al., 2013,
2008). In the field of soil science, they are not yet widely applied. The FTMS measurement is
usually fast (~ 10 min per sample), and does not require large amounts of sample, in strong
contrast to NMR spectroscopy (Hawkes et al., 2016; Hertkorn et al., 2013). The only
prerequisite for ultrahigh-resolution mass separation is ionization, which is required for
separation by mass and charge (m/z) in static or dynamic electric or magnetic fields (Gross,
2011). “Soft” atmospheric pressure ionization (API) techniques such as electrospray ionization
(ESI) and matrix-assisted laser desorption ionization (MALDI) have opened the field of mass
spectrometry-based “omics” technologies as they are ionizing molecules in their non-
fragmented state and allow analysis of compounds previously unamenable to MS, e.g. proteins,
or complex mixtures, such as DOM (Gross, 2011). Negative mode-ionization is usually
preferred for DOM analysis due to the dominance of oxygen functionalities (Hertkorn et al.,
2008). Modern FTMS instruments such as Fourier ion cyclotron resonance mass spectrometers

(FT-ICR MS) or Orbitrap mass spectrometers allow the simultaneous detection of thousands
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of peaks that can be assigned a molecular formula due to very high mass accuracies < 1 ppm
(Table 1-1; Marshall and Hendrickson, 2008; Perry et al., 2008; Zubarev and Makarov, 2013).
The formula assignment is based on combinatorial calculations using the known exact masses
of the different isotopes expected in DOM (e.g., 'H, 12C, 13C, 1N, N, 160, 3P, S, 34§, etc.),
and requires information on the charge state of the ion; depending on the mass error of the
instrument, unlikely combinations of atoms can be ruled out (Kind and Fiehn, 2007). The
FTMS techniques show the highest potential to isolate and putatively identify individual
constituents in complex mixtures such as DOM because of their versatility: In general, MS can
be coupled to various forms of liquid and gas chromatography (LC, GC) and ionization
techniques (ESI, MALDI, chemical ionization, etc.), and allows further experiments upon
ionization (i.e., fragmentation, gas-phase reactions, ion mobility), or even preparative steps
through custom-made soft-ion landing devices (Arakawa et al., 2017; Baumeister et al., 2018;
Brown et al., 2016; D’ Andrilli et al., 2010; Gaspar et al., 2009; Gologan et al., 2004; Johnson
et al., 2016). Especially the possibility to isolate and fragment intact precursor ions offers
manifold avenues for the analysis of structural detail (i.e., indicative product ions, neutral losses
or rearrangements; recurring mass difference patterns; comparison with databases; Brown et

al., 2016; Petras et al., 2017).

The Orbitrap analyzer has emerged as an alternative to the high-performance FT-ICR MS
instruments (Table 1-1; Hawkes et al., 2016). Orbitrap instruments achieve resolving powers
greater 100.000 and have been used extensively to study DOM, petroleum, and other complex
natural mixtures (Galindo and Del Nero, 2015; Hawkes et al., 2016; Mangal et al., 2016;
Zhurov et al., 2013). Although resolution of specific elemental combinations (especially
involving N, S and P) is often precluded, major oxygen-containing (CHO) and oxygen- and
nitrogen-containing (CHNO) formulae can be detected easily. Novel instruments allow for
extended transient lengths, and achieve resolving powers greater 500.000 < 300 m/z, thus
widening the analytical window to also detect NSP formulae. These improvements and the
much higher availability/ lower cost of Orbitrap instruments explain the fueled interest in their
application for DOM studies worldwide (Hawkes et al., in preparation). However, despite an
overall similarity of data obtained by FT-ICR MS and Orbitrap instruments (e.g., Hawkes et
al., 2016), there is still much unknown about signal variability — especially spectrum shape —

among instruments (Hawkes et al., in preparation).
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Table 1-1. Comparative features of both analyzers (compiled from Marshall and Hendrickson, 2008; Perry et al.,
2008; Zubarev and Makarov, 2013).

Image
(from manufacturer)

Size of the instrument
Flexibility of the analyzer
Costs

Instruments used in this
thesis

Resolution

Accuracy in mass
determination

Stability of mass accuracy
Field applied for trapping

Ton motion used for
detection
Frequency link to m/z

FT-ICR MS instruments

High due to superconducting magnet

High due to storage of trapped ions in
the ICR cell

Very high instrumental costs

High maintenance costs

SolariX XR (introduced 2009; mod.
2013; Bruker Daltonik GmbH,
Bremen, Germany)

~ 1.000.000, up to 2.000.000 possible
with modified XR cell

This thesis: ~ 615.000 @ 400 m/z

<1 ppm, < 0.1 ppm possible with
modified XR cell

sub-ppm also by internal calibration
Stable for months

Magnetic

Cyclotron rotational frequency

1
foe —

m/z

Orbitrap instruments

Theoretically small, benchtop and
portable instruments possible
Low, no storage of ions; depending
mainly on front end

High instrumental costs

Low maintenance costs

Orbitrap Elite (introduced 2011;
Thermo Fisher Scientific, Bremen,
Germany & Waltham, USA)
~150.000; Up to 480.000 possible
with beta software;

Chapter 3: ~220.000 @ 400 m/z
Chapters 4 and 5: 480.000 @ 400
m/z

1 -5 ppm

< 2 ppm with internal calibration

Stable for days to weeks
Electrostatic
Axial oscillation frequency

1

Jm/z

f «

The exact mass measurements are conducted in special detection cells (ICR or Orbitrap cells).

In ICR instruments, the ions rotate in a set of opposing electrode pairs within a static magnetic

field, whereas in Orbitrap instruments (Figure 1-6), they both rotate and oscillate axially, i.e.,

“orbit”, along an inner spindle-like electrode in a barrel-like outer electrode and within an

electrostatic field (Marshall and Hendrickson, 2008; Perry et al., 2008; Zubarev and Makarov,

2013). In these fields, ions move at different speeds depending on their mass to charge (m/z)

ratio. The frequency spectrum obtained from ions of similar m/z orbiting in phase as coherent

“ion packages” can then be back-calculated by Fourier transform to yield the initial m/z and

ion abundance of all ions (molecules), i.e., the conventional mass spectrum. It is important that

the ions move coherently to allow detection based on frequency: Only then, ion packages will
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induce currents in opposite poles of the detection cells that relate to their rotation frequency
(and thus, m/z) and abundance. In FT-ICR MS, the coherence of ion packages is induced by a
frequency pulse (excitation) to make full use of the ion cyclotron frequency; in the Orbitrap,
ion injection is controlled by a specific C-trap designed for the fast injection of a tight ion
package that leads to coherent axial oscillation of different ion clouds upon measurement in
the detection cell without an additional excitation step (Perry et al., 2008). Isolation of
precursor ions prior to exact mass determination can be conducted in the front-end ion trap

(Velos Pro MS in Figure 1-6) of the Orbitrap.

Velos Pro MS Orbitrap analyzer

IEIectrospray lon Source ~ S-Lens Square Quadrupole Octopole High Pressure Cell  Low Pressure Cell I Multipole C-Trap HCD Cell I

e

[ o=

(@]
=~ HZH
/ \
High-field Orbitrap Mass Analyzer *

Figure 1-6. Schematic view of the Orbitrap Elite (Thermo Fisher Scientific, 2013). ESI source, left, used for
ionization of liquid sample and source-induced dissociation (SID); ion trap, “high pressure/ low pressure cell”;
used for collision induced dissociation (CID) by Nitrogen gas and low-resolution mass measurements; Higher
charge collision dissociation (HCD) with no low mass cutoff, right. Lower right, beneath “C-trap” used for
controlled injection of ions into Orbitrap analyzer: Orbitrap analyzer used for ultrahigh resolution mass
measurements. Flight path of ion shown in red, orbiting motion around the central spindle-like electrode;
surrounded by “barrel-like” electrode used for frequency detection (split in half along rotation axis). S-Lens, ion
funnel; remaining quadrupoles and octopoles: part of ion optics for ion beam focusing.

Despite the high potential of FTMS techniques, there are also some important drawbacks that
have to be noted. lon abundance is not necessarily equal to concentration; it may be influenced
by the affinity of a molecule to be ionized in the first place, and ion suppression in detection
cells can also modify the signal (Marshall et al., 1998; Rodgers et al., 2019). The length of the
measurement (transient length, in the range of hundreds of ms) determines the achieved mass
resolution, but may be limited by chromatographic peak widths. FT-ICR instruments generally
achieve higher resolutions (Marshall and Hendrickson, 2008). The ultrahigh resolution of
FTMS instruments and their ease of use (flexibility, simple injection, optional automation and
hyphenation, linear range, fast and reproducible measurement) are outweighed by some
drawbacks that have to be addressed for each application. In non-targeted DOM applications,

these drawbacks mainly arise from the complexity of the material. The electrospray ionization
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process is highly selective and still not fully understood (Nebbioso et al., 2010; Raeke et al.,
2016), even more so when thousands of molecules, and many more structural isomers, compete
for charge at the same time (Hawkes et al., 2019; Rodgers et al., 2019). This also complicates
the consideration of blank peaks and contaminants, as those might by largely suppressed when
they compete for charge with an overwhelming number of analytes (Sleighter and Hatcher,
2011). None of the available soft ionization techniques provides universal ionization, and many
studies have shown that their complementary use increases the analytical window (D’ Andrilli
et al., 2010; Hertkorn et al., 2008; Hockaday et al., 2009; Minor et al., 2014). DOC is usually
injected at the same concentration, but this does not exclude yet unknown effects, e.g., of DOC
origin (Nielsen et al., 2018): For example, the amount of C that is ionized remains unknown
(Fatayer et al., 2018; Rodgers et al., 2019). On top, there exists no “standard” mixture
mimicking the complexity and composition of DOM, thus no true quantification is achieved,
and comparisons remain semi-quantitative at best. The knowledge of empirical formulae and
molecular weights of molecules alone does not allow structural assignments, besides
theoretical considerations (aromaticity, heteroatom content). Valuable additional information
can be drawn from indicative derivatization or degradation treatments conducted prior to
measurement, and from fragmentation experiments in the mass spectrometer (Arakawa et al.,
2017; Minor et al., 2014; Pohlabeln and Dittmar, 2015). Finally, the absence of general
guidelines for tuning and quality measures — lastly connected to the question of what should be
regarded as the “true” mass spectrum of a DOM sample — makes comparisons among different
labs tedious, and hampers large scale comparisons (Swenson et al., 2014). Thus, novel
approaches to improve data comparability are needed to gain better understanding of the DOM

signal seen by FTMS instruments.

1.4 Identification of ecosystem imprints in terrestrial DOM

1.4.1 Identified markers in DOM: State of knowledge

Structures that are identifiable by means of classical lab procedures — isolation, purification,
structure elucidation — make up less than ~10 % of the DOC (Minor et al., 2014; Swenson et
al., 2015; Thurman, 1985) and encompass, for example, hydrolysis products of polysaccharides
and proteins, fatty acids, oxidation products of lignin, and reduction products of terpenoids and
carotenoids (Arakawa et al., 2017; Arakawa and Aluwihare, 2015; Minor et al., 2014; Repeta,
2015; Thurman, 1985). The structural elucidation of the large remainder of extracellular DOM
has progressed only slowly (Bianchi and Canuel, 2011; Minor et al., 2014): FTMS methods
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now reveal the molecular formulae of many unknown metabolites, but these assignments are
ambiguous in terms of structure, and thus theoretical assignments based on elemental
composition remain preliminary (Davies et al., 2015; Reemtsma, 2010). Several studies have,
however, suggested putative structures in DOM fractions, mainly from aquatic and marine
settings (Figure 1-7). Organic matter degradation seems to lead to converging, universal, but
also indistinguishable forms of DOM across ecosystems (Figure 1-8c, e; Kellerman et al., 2014;
Lechtenfeld et al.,, 2014; Roth et al., 2014). FTMS fragmentation data suggest that the
underlying DOM structures may be caused by multiple isomers at dilute concentrations
(intrinsic averaging; Zark et al., 2017; Zark and Dittmar, 2018). This finding has been
supported by prior separations through chromatography (Brown et al., 2016; Hawkes et al.,
2018a), isotope exchange (Kostyukevich et al., 2014; Stenson et al., 2014) and ion mobility
(Gaspar et al., 2009; Leyva et al., 2019; Lu et al., 2018). Despite this vast chemodiversity and
“universality” of DOM revealed by FTMS methods, large differences between DOM from
various ecosystems are frequently reported within the literature (Figure 1-8; Rossel et al.,
2013). These differences are often related to small and “rare” signals, while signals detected
ubiquitously tend to be of high abundance (Kellerman et al., 2014; Roth et al., 2014).
Significant source or process imprints of such unique or ubiquitous signals may serve as
valuable new markers (Figure 1-8a, b). For example, experimental treatments such as bacterial

or photochemical degradation and sorption show clear imprints in DOM.
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Figure 1-7. Suggested structures of molecules present in DOM. Alicyclic structures dominate; DOM of land plants
is linked to lignin decomposition. a — ¢) CRAM structures from marine DOM (Hertkorn et al., 2006); d) Lignin
oxidation product from SRFA (Stenson et al., 2003); e) modified lignin structure from a water extract of wood
decomposed by brown-rot fungi (Liu et al., 2011); f) modified polyaromatic hydrocarbon structure from the
abyssal ocean (Dittmar and Koch, 2006); g) oxidized sterol from SRNOM (Woods et al., 2012); h —j) alicyclic
terpenoid structures from SRFA (Arakawa and Aluwihare, 2015); k) part of a oxidized carotenoid structure from
marine DOM (Arakawa et al., 2017); structures h — k in part also suggested elsewhere for lake DOM (Lam et al.,
2007); 1) gallic acid exemplarily shown as a base unit of hydrolysable tannins; m) proposed structure from
Dictionary of Natural Products (Chassagne et al., 2019), acetylated 3-Hydroxy-4-oxo-4H-pyran-2,6-dicarboxylic
acid, for the molecular formula CoH¢Os which is a potential forest marker in soil DOM (Roth et al., 2014).
Formation of alicyclic structures from lignin oxidation products is discussed by Waggoner et al. (2015).
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Figure 1-8. Ecosystem-specific markers in DOM identified by FTMS. Modified from Roth et al. (2014) (a — ¢)
and Kellerman et al. (2014) (d, ). a) Non-metric dimensional scaling analysis of 66 DOM samples from different
environments, showing clear separation of soil water and surface waters on NMDS 2 and separation according to
pH on NMDS 1 (conifer forests = lowest pH). b) Unique formulae of different sample sets from a, shown in a Van
Krevelen plot that shows molecular formulae according to their atomic ratios of H/C and O/C. c) Set of molecular
formulae that were common to all environments. d) Sampling plot of molecular “species” (here, formulae) for a
set of 120 lakes distributed across Sweden. With each lake (“site” on the x-axis), novel species are added. Error
estimate is confidence intervals (1000 permutations), red line is 95% of molecular formulae. The plot shows that
the chemodiversity of lakes in this climate (as seen by FTMS) is reached after sampling ~ 50 lakes and saturates
after ~ 80 lakes, showing that the chemodiversity of Swedish lake DOM can be estimated with ~ 7000 unique
molecular formulae. ¢) Rank-abundance plot of species (formulae) shows that ubiquitous species (color code,
occurrence in % of samples) are also most abundant (in terms of relative abundance, averaged). This finding
agrees with panel ¢ and other studies (Flerus et al., 2012): this region of the Van Krevelen plot is connected to
peaks with highest ion abundances in mass spectra of DOM, but is also most diverse in terms of possible structural
isomers (Hertkorn et al., 2007).
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It however becomes clear that these signals are far from being constrained:

1) Differentiation is limited to broad annotations (“aliphatic”, “aromatic”, “nitrogen-
containing”) that show overlap; e.g., aromatic formulae respond to microbial and
photochemical degradation, and sorption (Galindo and Del Nero, 2014; Kujawinski et al.,
2004; Riedel et al., 2013; Rossel et al., 2013; Stubbins et al., 2010; Ward et al., 2013).

2)  Experiments show deviating results depending on sample origin (and lab?) and rarely
account for interactive effects. For example, photo-produced formulae differ among
staring materials (Rossel et al., 2013; Stubbins et al., 2010), and the combination of two
factors results in a synergistic molecular picture (Chen et al., 2014; Rossel et al., 2013).

3) Molecular dynamics differ among ecosystems and scales. For example, molecular
formulae related to preserved DOM differ between environments (Drake et al., 2018;
Kellerman et al., 2015; Lechtenfeld et al., 2014); N-containing compounds are abundant
at higher temperature in boreal lakes whereas in a boreal river and temperate soils they
are abundant at colder temperatures (Kellerman et al., 2014; Roth et al., 2015, 2013).

4)  The responding molecular formulae are rarely further identified by complementary

methods (Boiteau et al., 2019; Kiigler et al., 2019; Minor et al., 2014; Roth et al., 2014).

A different body of studies analyzes whole-ecosystem-specific DOM composition along with
environmental factors that likely control differentiation, beyond single processes (Dubinenkov
etal., 2015; Gonsior et al., 2016; Hawkes et al., 2018b; Hertkorn et al., 2016; Jaffé et al., 2012;
Kellerman et al., 2014; Kothawala et al., 2015; Kujawinski et al., 2009; Mosher et al., 2015;
Ohno et al., 2010; Riedel et al., 2016; Roth et al., 2014). Although offering novel hypotheses
on causal explanations of the observed changes, none of these studies has followed up by

elucidating actual marker structures.

At this point, the research community thus is making insufficient use of the actual analytical
potential of the FTMS analyzer in both applications aiming to identify and/ or compare signals
(Davies et al., 2015; Petras et al., 2017; Reemtsma, 2010; Swenson et al., 2014). For example,
Roth et al. (2014) reported on a set of forest markers and proposed a tannic origin, as based on
their elemental composition (highly oxygenated, O/C > 0.6; relatively low saturation, H/C < 1;
Figure 1-8b). Bog and forest soil DOM has been repeatedly attributed to aromatic and phenolic
constituents; this, however, seems to be mainly a pH effect (Adamczyk et al., 2018; Gallet and
Pellissier, 1997; Gonsior et al., 2016; Roth et al., 2015, 2014, 2013; Simon et al., 2019;
Soucémarianadin et al., 2017; Strobel, 2001; Zwetsloot et al., 2018). Their tannic origin has to
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be tested by complementary methods such as fragmentation (tandem MS). Previous attempts
to elucidate DOM structures by tandem MS have, however, resulted in the notion that mainly
non-informative fragments such as CO2 and H20 were found (Brown et al., 2016; Hawkes et
al., 2018a; Witt et al., 2009; Zark and Dittmar, 2018), and also structure databases show
generally less than 5% hits due to the high number of unknowns present in DOM (Petras et al.,
2017; Zhang et al., 2014). Novel approaches to study source-indicative imprints are thus
needed to better exploit tandem MS data of complex DOM samples and open new avenues in

marker identification.

1.4.2 The Rio Negro: A natural laboratory to study ecosystem markers

500

Kilometers

Figure 1-9. The Amazon basin. Data from the HydroSHEDS project, USGS (https://hydrosheds.cr.usgs.gov). Only
major water bodies are visualized; line width is proportional to basin area upstream. The Rio Negro basin is
marked with a white line.
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The Rio Negro watershed is used herein as a model system to apply developed methods for the
study of DOM molecular composition. Tropical forests are an important piece of the global
climate system and its interconnected elemental cycles (Nagy et al., 2016; Townsend et al.,
2011). The Amazonian rainforest (Figure 1-9) stores vast amounts of fixed C in aboveground
biomass (~110 Gt-C or 25% of global plant biomass; Bar-On et al., 2018; Gloor, 2016) and
soils (~70 Gt-C in SOC up to 1 m depth; Batjes and Dijkshoorn, 1999; Cerri et al., 2007) that
are prone to release due to increasing deforestation and frequency of fires in the course of
global change (Aragdo et al., 2018; Cerri et al., 2007; Gloor, 2016; James et al., 2019; Silvério
et al., 2019). Amazon soils are deeply weathered and thus export only low amounts of cations,

in contrast to Andean soils and rivers (Horbe et al., 2016; Markewitz et al., 2001).

The Rio Negro is the world’s largest blackwater tributary in terms of mean annual discharge
and the largest tributary of the Amazon. It covers 12% (700.000 km?) of the basin’s area
(Frappart et al., 2008). The river is known for its low pH (~ 4) and high export of DOC related
to the high abundance of natural phenolic acids (Ertel et al., 1986; Furch and Junk, 1997;
Gonsior et al., 2016; Simon et al., 2019), pointing to the tight cycling of nutrients (N, P;
Townsend et al., 2011). Despite DOC, large amounts of exported silica, iron, and aluminum
indicate active podsolization processes within the watershed (Figure 1-10; Do Nascimento et
al., 2008; Guinoiseau et al., 2016; Patel-Sorrentino et al., 2007). The podsolization process is
promoted initially by high precipitation and poor drainage (Bravard and Righi, 1990). Gradual
clay impoverishment through penetration of highly acidic topsoil water rich in DOM promotes
the development of reducing conditions upon DOC oxidation (Do Nascimento et al., 2004;
Lucas et al., 2012). Such conditions favor the further dissolution of minerals and are amplified
by the high complexing capacity of DOM (Ishida et al., 2014) as well as good drainage
properties of aggregates of Fe- and Al oxides (Demenois et al., 2018; Lehmann et al., 2001).
The high saturated hydraulic conductivity of leached soil layers allows vertical and lateral
expansion and further leaching of Fe oxides and kaolinite while quartz remains, thus leading
to sandy deposits in topsoil (Do Nascimento et al., 2008; Ishida et al., 2014; Lucas et al., 2012;
Patel-Sorrentino et al., 2007). Fe and Al are preferentially leached as organic complexes, and
precipitated/ remobilized in deeper soil depending on redox conditions; again, high DOC fluxes

promote this mobilization (Do Nascimento et al., 2008; Lucas et al., 2012).
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Figure 1-10. Exemplary landscape section of a typical Oxisol - Podzol catena with soil and vegetation description (a). The specific Podzols in this area are hydromorphic, i.e.,
waterlogged, probably through hardpan formation in the deeper soil (Bh, Bs horizons), and the ongoing upslope transition from Oxisols to Podzols is nicely visible. Photographs
of profile and demarcation of horizons in: (b) pit I, (c) pit II (north face), (d) pit II (south face) of the transition zone, (e) pit Il within the depression (Do Nascimento et al.
2004). Numbers 1 -4 (in circles) refer to stages of podsolization.
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Many authors have drawn a link between podzol occurence (highly acidic whitesand areas) and
the blackwater origin of the Rio Negro (Ertel et al., 1986; Goulding et al., 1988; Leenheer,
1980; Sioli, 1954). Whitesand areas do however show clear differences in landscape position
(dry plateau/ wet valley) that may have effects on DOM properties (water fluxes; litter turnover;
respiration rates; Zanchi et al., 2015, 2014, 2011); also, fine-textured soils (Oxisols) would be
expected to show differences in DOM composition as compared to coarse-textured sandy soils
(Podzols; Remington et al., 2007). It has been further hypothesized that the molecular imprint
of whitesand ecosystems would be traceable through dedicated markers in DOM (Bardy et al.,
2011; McClain et al., 1997). This is favored by the dark water color that may cause 1)
stratification of large water bodies, favoring oxygen depletion beneath the warmer surface, and
2) low light penetration, thus minimizing algal growth and photochemical decay of DOM
(Goulding et al., 1988; McClain and Naiman, 2008; Sioli, 1954). Recently, two studies have
reported on watershed-specific molecular markers of the Rio Negro (Gonsior et al., 2016;
Simon et al., 2019), showing clear parallels to pH- and DOC-related indicative DOM markers
observed also in temperate conifer forest and boreal bog ecosystems (Roth et al., 2015, 2014).
In line with previous reports of phenolic DOM constituents, their molecular formulae were
characterized by relatively high-molecular weight, low H/C (hydrogen-depleted) and high O/C
(oxygen-rich), pointing towards larger polyphenols with multiple aromatic rings. Formaly,
these markers could be classified as “tannic” molecules, following similar suggestions based
on H/C and O/C ratios (Minor et al., 2014; Roth et al., 2014). Molecular characterization of
DOM from whitesand areas and clear identification of phenolic markers is however still lacking
in the literature and may open up new possibilities to link watershed-specific markers at

different scales.
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1.5 Hypotheses and objectives of this thesis

The overall aim of this thesis was to develop novel techniques to identify ecosystem markers
in terrestrial DOM by means of Orbitrap mass spectrometry. The research was guided by the

following hypotheses:

Hypothesis 1: The Orbitrap is suited for the molecular-level analysis of DOM along its passage

through terrestrial ecosystems.

Hypothesis 2: Headwater DOM of Amazonian whitesand ecosystems differing in eco-
hydrology (dry/ wet system) show differentiation on the molecular level and link to previously

described Rio Negro-specific ecosystem markers (tannin-like, phenolic compounds).

Hypothesis 3: Direct injection tandem MS analysis of soil water DOM reveals the ecosystem

imprint of plant-related tannin-like polyphenol structures found in low-pH environments.

1.6 Thesis organization

To evaluate the performance of the most recent Orbitrap analyzer as a more accessible
alternative for the molecular-level analysis of DOM in chapter 3, we compare the instrument
with an established 15 Tesla FT-ICR MS on a diverse suite of 17 DOM samples regarding 1)
ion abundance patterns, 2) differential effects of DOM type on information loss, and 3) derived
biogeochemical information. The sample set represents a hypothetical soil/ aquatic gradient
through a large variety of terrestrial ecosystems; we evaluate the suitability of our approach to

improve the reproducibility of DOM analyses among labs.

In chapter 4, we apply our Orbitrap method to track ecosystem-specific DOM markers from
podzol headwater areas of blackwater streams in the Rio Negro watershed. We compare two
contrasting groundwater transects and discuss the imprints of microclimatic conditions in terms
of water isotopy, radiocarbon age of DOC, and molecular DOM fingerprints assessed by the
Orbitrap. We compare the headwater transect data with published datasets on Rio Negro-
specific markers to evaluate possible imprints of headwater markers onto the river’s DOM

signal.
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To reveal ecosystem-specific imprints in terrestrial DOM that go beyond compound group
assignments via Van Krevelen plots, we present a novel approach to decipher complex chimeric
mass spectra of soil DOM obtained by direct-injection electrospray ionization Orbitrap tandem
mass spectrometry (DI-ESI-Orbitrap MS/MS) in chapter 5. Pairwise exact mass differences
(MDs) of all precursor and product ions were used to derive a tandem MS-based MD matrix
that was subsequently matched against two lists of known MDs: 1) literature-known but non-
indicative MDs, and 2) highly indicative MDs of a set of 14 phenolic substances obtained from
tandem MS experiments on the same instrument. We fragmented four soil DOM isobars (m/z
241 301, 361 and 417) at three CID stages (normalized collision energies of 15, 20, 25) to test

differences in DOM fragmentation behavior.

Finally, in chapter 6, we synthesize the findings from this work in order to derive overarching
conclusions and novel hypotheses for future research focusing at the molecular identification
of DOM ecosystem-markers in terrestrial environments, with a focus on the dynamics of the
soil environment and signal propagation in fluvial networks and implications for ecosystem

marker identification.

All methods applied and materials used are listed in chapter 2; supplemental data is provided
in the appendix (chapter 7). Tables and figures are numbered according to their chapter (“Table
1-1). Supplemental data is sorted into tables, figures and additional notes. These objects are

ordered according to when they are mentioned in the main text (“Table 7-17).
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2 Material and methods

2.1 Resolution of molecular detail in DOM by Orbitrap mass spectrometry?

2.1.1 Sample preparation

We used a diverse set of samples (Table 2-1), including two frequently used reference samples,
a Suwannee river sample provided by IHSS as a powder (International Humic Substances
Society, 2R101N, Green et al., 2014a), and a deep sea sample (NEHLA) from North Equatorial
Pacific Intermediate Water collected from the Hawaiian deep ocean water well (Green et al.,
2014b). The THSS sample was reconstituted in ultrapure water before extraction. The other
samples covered a large gradient of environmental settings and included water samples from
bogs, soils, aquifers, lakes, and rivers (Table 2-1). Bog samples N3B and N8B and Yensisej
river sample N8R came from a transect study along the Yenisey river (Roth et al., 2013). Forest
soil water samples were originally collected over two weeks in November 2005 from
permanently installed glass ceramic suction plates (1-1.6 mm pore size) in 5 cm depth from
forest sites HS2-5, W1-5 and T-5. Site H2S-5 is a beech forest on a Cambisol located in Hainich
National Park, Germany (Tefs and Gleixner, 2012), site W1-5 is located in a spruce forest over
a Podzol at Wetzstein, Germany (Kindler et al., 2010), and site T-5 is located in Thann,
Germany in a stand of maple trees in a mixed pine and spruce forest (Sachse et al., 2009). These
samples were stored as freeze-dried extracts and reconstituted in ultrapure water prior to
extraction. Grassland soil water samples were taken from a semi-natural grassland on an eutric
Fluvisol, at the Jena Experiment, located in Jena, Germany (Lange et al., 2015). The samples
were collected with similar suction plates installed in 10, 20, 30 and 60 cm depth as described
above in early May 2014 (Roth et al., accepted). Aquifer samples were sampled from deep
wells installed in karstic aquifers in Hainich National Park (Kiisel et al., 2016), from an oxic
(H3-2b) and anoxic aquifer (H5-3a), in July 2014. Tap water was sampled at the Institute for
Geosciences of the Friedrich-Schiller University, Wollnitzer Str. 7, in Jena. The lake sample
was obtained from eutrophic peat lake in North Germany (Lake Zwischenahn) in January 2011
in Meyerhausen, Germany (Zark and Dittmar, 2018). Finally, the Saale river sample was taken

in Jena, about 300 m behind the Camsdorfer bridge, ~ 50 cm beneath the water surface against

1 This section has been published as part of the following publication: Simon, C., Roth, V. N., Dittmar, T., &
Gleixner, G. (2018). Molecular signals of heterogeneous terrestrial environments identified in dissolved organic
matter: a comparative analysis of orbitrap and ion cyclotron resonance mass spectrometers. Front. Earth Sci., 6,
138. doi: 10.3389/feart.2018.00138.

26



Material and methods

flow, close to the east-ward river bank on 24" of June 2015. About ~ four liters of sample were
collected in two combusted Duran glass bottles; the bottles were conditioned three times with
sample prior to final collection. Bottles were filled completely. As recommended earlier
(Dittmar et al., 2008), all DOM samples were solid phase-extracted using PPL (modified
styrene-divinylbenzene polymer) columns, ultrapure methanol (MS grade), ultrapure water and
hydrochloric acid (p.a.). Unless when reconstituted from a solid powdery water-free extract,

all samples were extracted shortly after sampling.
2.1.2  FT-ICR MS measurements and data processing

FT-ICR MS measurements were performed on a Bruker SolariX equipped with a 15 Tesla cryo-
cooled magnet at the Marine Geochemistry group in Oldenburg, Germany (ICBM-MPI-
bridging group, Institute for Chemistry and Biology of the Marine Environment, and Max-
Planck-Institute for marine Microbiology in Bremen, Germany). This instrument is routinely
used for state-of-the-art analyses of complex DOM samples (Hawkes et al., 2016; Riedel and
Dittmar, 2014; Zark et al., 2017). All samples were diluted 1:1 (MeOH/ ultrapure water) at a
defined dissolved organic carbon (DOC) concentration of 10 ppm (solely the lake sample
(BZWA, Table 2-1) was measured at a concentration of 5 ppm) and ionized by electrospray
(ESI) in negative mode (Table A-1). SPE-DOM was injected at a flow rate of 4 pl*min’.
Drying gas temperature was 200 °C. Ion accumulation in a hexapol trap endured for 100 ms.
We acquired 500 broadband scans in a range from 115 Da to 2000 Da. To improve the mass
accuracy for subsequent formula assignment, raw data were internally recalibrated with a list
of ubiquitous formulae (Sleighter et al., 2008) found across environments within the software
Data Analysis 5.0 (Bruker). For this, only peaks with an assignment error < 0.099 ppm were
included for recalibration. Data on signal intensities, measured m/z and resolution for the whole

spectrum were extracted.
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Table 2-1. Overview of water samples used in the comparison study. “ID” shows the color code used in graphs.
“Set” denotes belonging to full (F) and detailed (D) sets. EE = DOC-based extraction efficiency. References: [1]
(Roth et al., 2014); [2] (Roth et al., 2015); [3] (Roth et al., 2013); [4] (Green et al., 2014a); [5] (Zark and Dittmar,
2018); [6] (Schwab et al., 2017); [7] (Green et al., 2014D).

# Name ID System Site Set EE [%] Ref

1 HS2-5 Soil, 5 cm Deciduous forest, CarboEurope, Hainich, DE F 72 [11,[2]

2 T-5 Soil, 5 cm Mixed forest, Thann, DE F 77 [11,[2]

3 WI1-5 ° Soil, 5 cm Conifer forest, CarboEurope, Wetzstein, DE F 58 [11,[2]

4 JE-2-5-10 ° Soil, 10 cm = Grassland, Jena Experiment, Jena, DE EED | 61 [1]

5 JE-2-5-20 ° Soil, 20 cm = Grassland, Jena Experiment, Jena, DE F 76 [1]

6 | JE-2-5-30 Soil, 30 cm = Grassland, Jena Experiment, Jena, DE F 69 [1]

7 | JE-2-5-60 Soil, 60 cm = Grassland, Jena Experiment, Jena, DE F 64 [1]

8 N3B ° Bog Yenisei River Transect, close to Dudinka, RU F 65 [3]

9 N8B ° Bog Yenisei River Transect, close to Bakhta, RU EED 65 [3]

10 N8R River Yenisei River Transect, close to Bakhta, RU F 65 [3]

11 | IHSS ° River Suwannee River, S.C. Foster St. Park, GA, F,D @ 64 [4]
USA; Blackwater river

12 ' SAALE River Saale River, Jena, DE F 52 -

13 BZWA ° Lake Zwischenahner Meer, Bad Zwischenahn, DE EED 53 [5]

14 H3-2b Aquifer Oxic Aquifer, Aqua Diva CZO, Hainich NP, DE = F 57 [6]

15 HS5-3a ° Aquifer Anoxic Aquifer, Aqua Diva CZO, Hainich NP, F,D 59 [6]

16 | TAP Tap ]I?Etitute of Geosciences, Jena, DE ED | 37 -

17 = NELHA ° Deep sea Hawaii, Natural Energy Laboratory of Hawaii F,D = 61 [7]

Authority, USA. Depth: 674 m

2.1.3 Orbitrap measurements and data processing

Orbitrap measurements were performed at the Max Planck Institute for Biogeochemistry in
Jena, Germany, on a Thermo Orbitrap Elite (Table 1-1). The instrumental settings of the
Orbitrap (Table A-1) were optimized in order to yield a reproducible and stable signal that
resembled the apparent spectrum shape and the ion abundance distribution of the THSS
reference material (at 20 ppm DOC) on the FT-ICRMS (Table A-2). Eight parameters were
evaluated; source fragmentation (SID), inject time and sheath gas were the most influential
factors but not checked for interactions. All samples were measured with these optimized
instrumental settings. SPE-DOM was injected at a flow rate of 7 pl*min!. Drying gas
temperature was set to 275 °C. Ion accumulation endured at maximum for 100 ms due to
Automatic Gain Control which determines the amount of charge entering the Orbitrap cell. We
acquired 500 broadband scans in a range from 115 Da to 2000 Da. The data processing strategy
was similar to the data processing in the ICR system and details are given in short below.
External mass calibration was performed daily to ensure sufficient mass accuracy for the
recalibration and alignment (Liu et al., 2014). Data were obtained by the instrument software

LTQ Tune Plus 2.7 (Thermo Fisher Scientific). The data were exported from Xcalibur (Thermo
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Fisher Scientific) and further processed by the open source software mmass (Strohalm et al.,
2010), which allows similar processing steps as Bruker’s FT-ICR MS software. We transformed
spectrum data into a readable format (mzML) using the open software Proteo Wizard
(Chambers et al., 2012). Peak picking for internal recalibration was performed at 80% peak
height in mmass. The internal recalibration list was derived from ubiquitous signals found in

the FT-ICR MS dataset (Sleighter et al., 2008).

2.1.4 Processing of ultrahigh resolution mass data and comparative analyses

A method detection limit (MDL) was applied to all exported mass lists (Note A—1; Riedel and
Dittmar, 2014). The individual spectra were aligned by in-house written software to match
similar signals, yielding a crosstab with samples in columns and m/z values in rows.
Subsequently, molecular formulae were generated for the matched list of peaks. Formula
assignment included the following settings: number of C atoms 1-60; H 4-210; N 0-4; S 0-2; P
0-1; O 1-60, maximal O/C = 1, minimal H/C = 0.3, minimal double bond equivalent = -0.5.
These settings relate to assumptions on the probability to encounter specific elements, governed
by for example, knowledge on the elemental composition of DOC and solubility, but also
known boundaries occupied by organic compounds (Petras et al., 2017). Molecular formulae
were only assigned if the mass difference between measured and exact formula mass after
internal recalibration was below 0.5 ppm. The probability of multiple formulae assignments
per m/z value is increasing with m/z (Koch et al., 2007). The assignment rate (expressed as
median per formula) increased to 2 above m/z 600 for both instruments, but increased to 4
above m/z 950 in the Orbitrap data. Formulae with combinations of more than three
heteroatoms N, S or P were removed (only N3 and N4 being allowed, Rossel et al., 2016). In
the following, we only took unambiguous formulae (i.e., single hits) into account. The crosstab
was further cleaned for single entries according to published protocols (Mostovaya et al., 2017;
Rossel et al., 2016), yielding a final list of formulae. To remove prospective contaminants from
the samples, a signal-to-noise ratio (S/N) of blank peaks was defined. The m/z-dependent MDL
value at a 99.8 % confidence level was chosen as a noise measure. Only blank peaks with an
S/N < 20 were kept in the dataset, accounting for the fact that contaminants often show
significantly higher ion abundances. For comparison, all mass spectra were normalized to the
sum of their peak intensities (including only peaks > S/N 5). The final crosstabs were handled
in two ways for each instrument, depending on whether repeated measurements allowed us to

further constrain the information:
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1) For a detailed in depth comparison of both instruments, a subset of 7 representative
samples covering broad ecosystem groups (bog, soil, river, lake, aquifer, etc.) was
measured in replicate on both machines and processed separately (Table 2-1). Only
peaks that were detected more than once in all replicates of a sample were included
(Riedel and Dittmar, 2014). For Orbitrap data the MDL estimate, originally developed
on the ICR instrument, was increased by a factor of 2 to overcome the higher noise
level of the instrument (Note A—1, Figure A-1). To evaluate the analytical window of
our Orbitrap method, we compared the two groups of formulae that were either detected
by both methods and in the same sample (“Common”) or only by FT-ICR MS in the
respective sample (“FT-ICR MS specific”). The final datasets were used to assess the
ion abundance representation, the resolution of heteroatom-containing formulae, and

the analytical window of the Orbitrap.

2) For a general comparison of all samples (Table 2-1) including those without the
additional constraint of a replicate measurement, we removed formulae that were
detected in less than 10% across all measurements to conservatively eliminate noise
and treat all samples similar. Replicates remained in the sample set to assess
measurement variability but their number was same for all analyses. This dataset was
used for assessing biogeochemical information by ordination, i.e. principal coordinate’s
analysis (PCoA) based on Bray-Curtis dissimilarity and subsequent post-gradient-
fitting (envfit function of R package vegan, at 999 permutations; Osterholz et al., 2016).
FTMS formula data of DOM were summarized as weighted averages of chemical
indices or a-priori classifications of formulae according to these indices, and applied to
constrain the molecular patterns behind separation (Rossel et al., 2016; Roth et al.,

2014). A set of indices was calculated for each sample.

2.1.5 Assessment of mass spectrometric resolution

We assessed FT-ICR MS formulae that would be unresolved by the Orbitrap, following the
approach of Hawkes et al. (2016). For this, we used a series of triplet signals of [CHO]N202,
[CHO]Cs, and [CHO]H4S that are known for their small mass differences. These closely-
spaced triplets are distributed over the whole m/z range and provide basis to estimate the actual
resolving power of the Orbitrap. In this analysis we used only full triplets, i.e. the [CHO]N20:2
formula was followed by the other two formulae. [CHO]N202 formulae that were found alone

or with only the accompanying [CHO]Cs formula and single [CHO]Cs and [CHO]H4S
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formulae were not taken into account. The resolution of the MS can be estimated from the mass
differences between these signals at half intensity applying the full width at half maximum
(FWHM) criterion of a peak. FWHM data were exported from mmass and from the six different

sample types a general equation to calculate the FWHM was derived:
FWHM =2 %1077 x m/z'>? (1)

Based on this is the mass difference between two peaks that can be resolved is 4.1 mDa at ~
425 m/z and 3.2 mDa at ~ 361 m/z, indicating that up to these m/z the mass differences between
the triplet peaks [CHO]N202, [CHO]Cs, and [CHO]H4S, respectively, can be theoretically

resolved in the Orbitrap system.

2.2 Whitesands and their link to blackwater DOM evolution in the Rio Negro basin

2.2.1 Field sites and sampling procedures

Soil water samples were taken in early November 2017 at two protected forest reserves under
responsibility of the Instituto Nacional de Pesquisas da Amazonia (INPA) in Manaus, Brazil
(Figure 2-1; Figure 2-2). Both reserves, the Reserva Biologica do Cuieiras — ZF2 (2°36°32.67”
S, 60°12°33.48” W, at 40-110 m above sea level) and the Reserva Biologica de Campina
(2°35°30.26” S, 60°01°48.79” W, at 93—101 m a.s.l.) are located about 60 - 70 km north of
Manaus (De Oliveira Marques et al., 2016; Zanchi et al., 2014). Sampling was conducted from
315 October — 2™ of November, and all lab procedures were conducted within the following
three days. The geological setting, landscape structure, forest composition and soil
characteristics are described in detail by Zanchi et al. (2014) and references within. In short,
the Reserva Cuieiras is characterized by a typical mixture of flat plateaus (26% of the area),
broad swampy valleys (43%) and moderately steep slopes in between (31%, total area 22.735
ha, Zanchi et al., 2014). The valley soils show marked difference to the clayey plateau (Oxisols)
and slope soils (Ultisols): They are characterized by high sand content (mostly bleached quartz;
Podzols, Gleysols), show high content of phenolics and are poorly drained (De Oliveira
Marques et al., 2016; Monteiro et al., 2014; Zanchi et al., 2014). Additionally, these soils can
store significant amounts of organic matter (~150.000 Mg C*ha! in the first 120 cm) despite
their high macroporosity (De Oliveira Marques et al., 2016). The area is drained by a second-
order blackwater stream (Rio Asu) that meets with Rios Cuieiras and Branquinho (SW of the
site) to ultimately drain into the Rio Negro (Monteiro et al., 2014, Figure 2-1). The catchment

area is estimated by 660 ha (Monteiro et al., 2014). Monteiro and coworkers report in total
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annual rainfall of 2806 mm in 2002 and 2004 mm in 2003. Stream discharge was 0.08 — 5.59
m?’ s (average, 0.18 m? s') and DOC levels ranged from 3.2 — 15.2 mg L™! (average, 8.7 £ 3.0
mg L™!) during that period. The annual total carbon flux by the watershed was estimated as
13.3 g m 2 in 2003 (Waterloo et al., 2006) and Monteiro and coworkers estimated a stream flux
(Rio Asu) of organic carbon (DOC) equal to 8.7 g m 2 for the same year. Zanchi et al. (2015)
estimate the annual DOC export of the Asu watershed to lie within the range 9.3 —22.7 g m 2.
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Figure 2-1. Detail of the lower Rio Negro catchment northwest of Manaus. The map shows sampling location of
recent FTMS studies. The two sampling locations north of Manaus are marked by green circles (“Cuieiras”,
“Campina”). For comparison, we also used other FTMS data available online from blackwater samples, including
the Rio Negro and connected lakes (black circles; Gonsior et al., 2016) and the lower reach of the Rio Negro and
two of its tributaries (Rios Taruma Mirim and Taruma Asu) close to Manaus (red circles; Simon et al., 2019).
Watershed limits (obtained by semi-automatic extraction from DEM GTOPO30) and river data (digitalized from
a JERS-1 SAR mosaic, with an average density of about 0.15 km/ km?) were accessed as shapefiles from www.ore-
hybam.org (Seyler et al., 2009). Headwater stream width is not drawn to scale. Roads and main water bodies were
extracted from the OpenStreetMap project (OSM; natural features and roads) and downloaded as shapefiles from
www.download.geofabrik.de. Map editor: Marcus Guderle, MPI Jena.
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Figure 2-2. Schematic landscape sections of the two sampled ecosystem transects. a) Reserva Campina site
(McClain et al., 1997), b) Reserva Cuieiras site (Monteiro et al., 2014; Waterloo et al., 2006; Zanchi et al., 2014).
Note differences in scale.

Water samples were taken from lysimeters and piezometers installed across an Asu valley
transect (Monteiro et al., 2014). Lysimeters and piezometers are maintained and sampled at a
regular basis. Lysimeters were left at 600 mbar for 2 hours. Piezometers were emptied once
before final sampling. The stream was sampled manually, with nitrile gloves, against the
direction of flow. Pre-cleaned polycarbonate bottles (acidified ultrapure water (pH2, HCl),
square bottles, Nalgene) were cleaned with the respective sample before final sampling. Two
deep wells on the plateau (35 m and 39 m depth) were sampled by lowering an empty, clean
sampling bottle on a string until water was reached. The Reserva Campina is a smaller reserve
(900 ha) and shows much less relief; the area is characterized by extremely poor sandy soils
(up to 99% sand) that co-occur with a typical but very specific forest types, so called Campina
and Campinarana forests (heath forests; Demarchi et al., 2018; Targhetta et al., 2015). In
contrast to typical highly diverse plateau forests (ferra firme forests), Campina forests show
extraordinary low number of species and have a small canopy height (~10 m vs. 25-40 m at
Reserva Cuieiras). Bare patches of sand cover ~11% of the area (Zanchi et al., 2014). The
headwater area is drained by a single blackwater stream that is less than 1m wide and often less
than 30 cm deep (McClain et al., 1997) and feeds the Rio Taruma Acu in southward direction,
meeting with the Rio Negro close by Manaus (Figure 2-1). The catchment area is estimated by
6.5 ha (Zanchi et al., 2015). Zanchi and coworkers report annual rainfall for the period 18"
March 2007 until 18" March 2008 (3054mm) which was an exceptionally wet La Nini year,
but stating that rainfall was comparably high during the period in the nearby Cuieiras site.
Surface runoff (from the stream) and estimated groundwater outflow amounted to 485 and 1071

mm (1556 combined; as compared to Asu 1362 mm, Waterloo et al., 2006), respectively, for
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that period, with a total amount of 49.2 ¢ m? (DOC) exported by the watershed (including
groundwater outflow and rainfall) of which 15.3 g m™ were exported by the stream. An annual
streamflow of 485 mm equals an estimated discharge of 1.0 x 107 m?s™ which is about 180
times lower than average discharge at Rio Asu in 2002 — 2003 (Monteiro et al., 2014) but
catchment size differs by a factor ~100 as well. McClain and coworkers reported annual DOC
exports of 40 g m 2 (Zanchi et al., 2015; McClain et al. 1997) from the same catchment in the
time period 1993 — 1994. Samples were taken at the side slopes of the stream from piezometers
and lysimeters installed in 1993 as detailed in McClain et al. (1997). For this purpose, wells
were emptied three times and sampled thereafter (Zanchi et al., 2015). Maximal vacuum

applied was 600 mbar. The stream was sampled as described above.
2.2.2  Water chemistry

Aliquots of the samples were subjected to TOC analysis in the water laboratory of the Instituto
Nacional de Pesquisas da Amazonia (INPA) in Manaus, Brazil (Laboratério de Aguas do INPA/
CPRHC — Coordenagao de Pesquisas em Recursos Hidricos e Clima). Samples were measured
on a total organic carbon analyzer (TOC-Vcpn model, Shimadzu, Kyoto, Japan) as detailed
elsewhere (De Oliveira Marques et al., 2012; Monteiro et al., 2014). In short, inorganic carbon
is purged from the sample after acidification with phosphoric acid and DOC is determined as
NPOC (non-purgeable organic carbon). Persulfate oxidation under heat and UV illumination
converts NPOC to CO2 which is detected through absorption at infrared wavelengths. Prior to
extraction, samples were also analyzed for pH and electrical conductivity (EC) with a Multi

3401 probe system (WTW, Weilheim, Germany).
2.2.3 Solid-phase extraction

DOM samples were solid phase-extracted (SPE) shortly after sampling in the laboratory of
aquatic ecosystems of the INPA, Manaus (Laboratdério de Ecossistemas Aquaticos) using an
established protocol (Dittmar et al., 2008). The solid-phase sorbent was a modified styrene-
divinylbenzene polymer (PPL Bond Elut™, Agilent, Santa Clara, CA, USA). Samples were
acidified to pH 2 with 37% hydrochloric acid (Merck EMSURE®, p.a., ACS grade) before
extraction. Solvents used for extraction were ultrapure water, acidified ultrapure water (pH2,
HCI) and ultrapure methanol (Biotec Reagentes Analiticos, p.a., ACS grade). Columns were
loaded with maximal amounts of 3 mg-C based on DOC data. DOC was estimated for Campina

samples with a linear regression based on electrical conductivity of Cuieiras piezometer
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samples, as demonstrated in Monteiro et al. (2014). Later TOC measurements of these samples
at the MPI for Biogeochemistry indicated 20% underestimation of DOC concentrations. The
extraction efficiency for DOC-rich samples (> 5mg-C L) was 76 = 12% on a carbon basis (n
= 14) at a loading ratio of 440 + 76 (average + standard deviation; PPL: DOC in mg/ mg) with
a tendency to lower efficiencies at Reserva Campina. For samples low in DOC (n = 9), loading
ratios were higher due to sampling constraints (on average, 3000, samples, and extraction
efficiencies were either very low (< 30 %; PR11, PT09, PP1, PP2) or too high (> 90%; PRO6,
E3, ES, E6).

2.2.4 Water isotopes

Isotopic signatures of water (§°H and 8'30) were analyzed by high-temperature conversion-
isotope ratio mass spectrometry (HTC-IRMS) in the stable isotope laboratory of the Max
Planck Institute for Biogeochemistry (BGC-IsoLab). For method details we refer the reader to
Gehre et al. (2004). The measurements were conducted on a Delta+ XL coupled to a high
temperature furnace via a ConFlow III interface (Thermo Fisher Scientific, Bremen, Germany).
One pl of water was injected using an A200S autosampler (CTC Analytics AG, Zwingen,
Switzerland) and the furnace temperature was held at 1350 °C. The &°H and §'%0 values are
reported on the VSMOW-SLAP scale which is realized by parallel analysis of samples against
in-house standards. In-house standards are routinely calibrated against internationally accepted
water standards. Daily standard deviations for §°H and §'®0 measurements are usually better
than 1 and 0.1 %o, respectively. For comparison, we extracted water isotopy values in rain for
October and November and both sampling sites with the help of the online isotopes in
precipitation calculator (OIPC2.2, version 3.1, http://wateriso.utah.edu/waterisotopes/, Bowen
and Revenaugh, 2003). The values were similar for both sites; -7 %o and -17 %o (V-SMOW) for
82H, and -2.4%o and -3.8%o (V-SMOW) for §'%0 in October and November, respectively. We
estimated the average between both monthly values for each isotope by considering our

sampling date at the end of October/ beginning of November.
2.2.5 Radiocarbon analysis

An aliquot of methanolic PPL extract equivalent to 0.25 mg C was transferred to tin capsules
(8 mm diameter, 20 mm height; IVA Analysentechnik, Meerbusch, Germany). The methanol
was left to evaporate, and caps were refilled until the mentioned amount of C was reached. The

air-dried capsules were then combusted in an elemental analyzer, and graphitized for
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radiocarbon analysis on a 3 MV Tandetron '*C-AMS (HVEE, Amersfoort, Netherlands) at the
Max Planck Institute for Biogeochemistry in Jena, Germany, along with modern (Oxalic Acid
I1) and '*C-depleted standard materials (Benk et al., 2018; Steinhof et al., 2017, 2010). The
graphitization is conducted with Duran glass tubes at a temperature of 550°C in the presence
of hydrogen and with an iron catalyst (Steinhof et al., 2017). Radiocarbon concentrations are
given as fraction modern (F14C), which is the fraction of the standard concentration including
normalization for 8'°C of the Oxalic acid standard measured at the same time (with §'3C of -
19%o0 (Trumbore et al., 2016). We then calibrated calendar age estimates from background
corrected F14C values. A'*C values also take into account radioactive decay of the oxalic acid
standard since 1950, which demarks the start of bomb test that increased the '*C content of the

atmosphere (Trumbore et al., 2016).

Initially high atmospheric radiocarbon values (due to the “bomb” peak) are constantly diluted
by combustion of fossil fuel and thus F14C values may not be ambiguous anymore when
“young” samples are measured (Graven, 2015). We thus calibrated our data in two ways: a) as
intended, online with “Bomb 13 SH3” data to account for modern F14C values and sampling
locations within the inter tropical convergence zone (ITCZ) using OxCal online 4.3
(https://c14.arch.ox.ac.uk/oxcal.html, Bronk Ramsey, 2009; Hua et al., 2013), and b) manually
with data provided by Graven et al. (2015) for the same geographical zone. For b), we first
predicted AC values for the time period after 2015 based on data from 1997-2015 (linear
regression, R? = 0.996). We then estimated mean calendar age based on this updated record of
atmospheric radiocarbon values. The measurement error was < 1 year and < 2 years for
repeated measurements (standard deviation). Calendar ages are just an approximation
presuming no exchange of initial C and should thus not be interpreted as a definite age. In the
case of highly mobile DOC which is in constant exchange with minerals, soil organic matter,
plant leachate, root exudates, and soil fauna, this assumption may not be valid. Radiocarbon
then becomes a measure of exchange with recently-fixed C. Apparent young ages of DOM can
be related to stronger exchange of the DOC pool with recently fixed atmospheric C, i.e.,

through increased productivity or exudation.
2.2.6  Orbitrap measurements and data processing

Orbitrap measurements were conducted at the Max Planck Institute for Biogeochemistry as

described in chapter Orbitrap measurements and data processing, with the only exception that
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resolution was set to 480.000k, an option only available through the instrument’s development
kit (Thermo Fisher Scientific, Zhurov et al., 2013). Allowable numbers of atoms in formula
calculation were as follows: '>Co-60; 'Ho-120; *No-2; 32S0-1; ®O1-60, '*Co-1, and assignment was
done at + 1ppm tolerance. Noise was defined as the smallest peak in the sample set without
zeros. We then calculated the maximal signal-to-noise ratio (S/Nmax) of a peak across all
samples (without blanks and Saale reference) and only kept peaks with a value > 5. We
calculated the number of matches of each peak across all samples (without blanks and Saale
reference) and only kept peaks with more than one match. To exclude contaminants, we
calculated a signal-to-noise ratio of blank peaks (only blank samples) and discarded all peaks
with values > 20. Finally, we excluded those peaks that were only present in less than 20% of
all samples (i.e., <9 matches) and small (SNmax < 20). Peaks outside of the usual mass defect
range of natural organic compounds were excluded from further analysis (0.3 — 0.95 mDa).
13658 peaks remained in the dataset in total; of those, 9893 had a formula assigned (3672 incl.
one '*C atom). Formulae having H/C ratios > 2 or DBE-O values (double bond equivalent
minus oxygen atoms) > 15 (modulus) or containing the elemental combination N2S were
discarded due to their unlikely occurrence in DOM (Hawkes et al., 2016; Rossel et al., 2016).
In case of ambiguous peaks with more than one assigned molecular formula, only suggested
CHO formulae with a DBE-O of < 10 (modulus) were kept. Other formula suggestions or
ambiguous hits were excluded from the formula pool and kept as “no reference” peaks. '3C-
containing formulae that were missing their equivalent monoisotopic formula were treated
similar. As a last measure, we only considered peaks detected twice in two separate runs for
further analysis (Riedel and Dittmar, 2014). The final dataset contained 7705 formulae (of
those, 1963 containing a '>C). For comparison of samples, all mass spectra were normalized to
the sum of their peak intensities (including all peaks > S/N 5, also those with no assigned
formula). The further analysis of the data focused on the subset of peaks with an assigned

monoisotopic formula (n = 5742).
2.2.7 Statistical analysis

The molecular formula data was analyzed by Principal Coordinate Analysis (PCoA, cmdscale
function, stats package, v3.5.1) and post-ordination gradient fitting analysis (envfit function,
vegan package, v2.5-2) within the statistical computation environment R Studio (v1.1.453, ©
2009-2018 RStudio, Inc.). PCoA was based on Bray-Curtis dissimilarities obtained by the

function vegdist from package vegan (see above). The method allows the comparison of
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samples based on their formula populations. Redundancy within the dataset, i.e., formulae
showing similar trends in ion abundance across samples, is effectively reduced and yields a set
of coordinates that summarize the variability of the dataset best. The coordinates are ordered
according to their explanatory power, and samples are located in coordinate space according to
their coordinate score. The distribution of samples in coordinate space is then analyzed for
clustering (indicating similarity among samples) and correlations with specific sample
properties with envfit (at 999 permutations). We assessed variables from water chemistry
analyses, but also derived new variables that statistically summarize properties of the molecular
formula population of each individual sample. These variables are shown in summary in Table
A-3 and are discussed in further detail in other references (Rossel et al., 2016, 2013; Seidel et
al., 2014).

We extracted the subsets of molecular formulae that were significantly correlated with values
of Fraction Modern (F14C; Pearson’s 1, p<0.01) and apparent calibrated calendar ages. Positive
correlations with F14C, i.e., older mean calendar ages, suggest a lower exchange of these
molecular formulae with recently-fixed carbon whereas negative correlations suggest the
opposite, i.e., younger mean calendar ages. This is due to declining atmospheric '*C levels by
dilution with radiocarbon-dead fossil fuel CO:2 (Graven, 2015). Assuming similar decay
behavior for all '*C atoms, higher values of remaining radiocarbon (F14C) in DOM do thus
relate to pools of carbon that were fixed from atmospheric '*COz at an earlier time point. We
also extracted formulae related to the different clusters of samples as derived from PCoA. We
conducted two-sided Student’s t-tests (assuming unequal variances) based on the relative ion
abundances of formulae across samples of each cluster and extracted formulae with

significantly (p = 0.05) higher ion abundance for visualization and further comparison.

Subsets of site-specific formulae were compared to molecular formulae indicative of Rio-
Negro DOM as derived from a previous study (Simon et al., 2019) and another open-access
FTMS dataset (Gonsior et al., 2016). In the previous study, differences of river waters from the
confluence of the Amazon near Manaus (Encontro das Aguas, “meeting of the waters”) were
analyzed including three blackwater rivers (Rio Negro, Rio Taruma Acu, Rio Taruma Mirim).
Gonsior and coworkers compared samples from Rio Negro and some of its adjacent lakes
(close to Novo Airdo, 120 km northwest of Manaus, Figure 2-1) to river samples from Rio
Tapajos and Rio Madeira to reveal large-scale differences in chemodiversity such as unique

DOM signals of the three river basins. Rio Negro-specific formulae were defined slightly
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different in our previous study: Three mixing gradients under different conditions (natural
setting, lab setting with particles, lab setting without particles > 0.2um) were considered to
extract formulae that showed a significant positive correlation to dominance of Rio Negro vs.
Rio Solimdes during mixing (irrespective of the fact that they may have been present in Rio
Solimdes at lower ion abundance as well). For the comparison to headwater DOM presented
in this study, we thus extracted those two subsets of formulae that were a) exclusively detected
(unique) in Rio Negro samples in the study of Gonsior et al. (2016) and b) correlated
significantly to Rio Negro dominance in our previous study and compared both sets
individually. The both sets of Rio Negro-specific formulae were the analyzed 1) in a broad
manner, taking into account all specific signals available, and 2) in a more conservative manner
by using only robust signals. In case of our previous study (Simon et al., 2019), the overlap
between specific headwater DOM formulae and those formulae correlated significantly with
Rio Negro dominance during the mixing process was done 1) with formulae from one
experiment (broad approach; MIX NF, laboratory mixing experiment with non-filtered
endmembers, n=721, of those CHNO: 1, CHOS: 29) and 2) with formulae fulfilling this
criterion in all three mixing experiments (robust approach, n=299, of those CHNO: 0, CHOS:
1). The unique formulae reported by Gonsior and coworkers (Gonsior et al., 2016) were
compared by taking into account 1) all formulae only present in Rio Negro samples and at least
detected once (broad approach, n=2619, of those CHNO: 1192, CHOS: 124) and 2) only those
signals detected across all 18 measurements of the Rio Negro samples and at a minimum ion

abundance of 5SE7 (robust approach, n=225, of those CHNO: 4, CHOS:0).

For a general comparison of our whitesand sample set and the full set of individual Rio Negro
measurements available to date, we used the whole lists of detected formulae across Rio Negro
samples (formulae detected at least once) of both studies, yielding a total of 24 additional
blackwater DOM measurements (Gonsior et al. (2016): 18 measurements of ten sampling
stations; Simon et al. (2019): six measurements from six sampling stations including two Rio
Negro tributaries). We used the data as downloaded. For comparison of the datasets, some small
adjustments were needed: Formulae detected below m/z 180 and above m/z 800 were removed
from the data. Formulae containing P atoms or two S atoms or three to four N atoms were also
removed to account for differences in formula assignment (32 formulae with N3 excluded in
Gonsior et al. 2016, 57 P, two Sz and twelve N34 formulae excluded in Simon et al. 2019). The
remaining masterlists of each dataset were then merged and compared by Venn diagrams

(overlap in terms of formula populations) and individual samples were compared by cluster
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analysis. For the latter, the data were compiled to one crosstab and transformed to presence/
absence format. The clustering was achieved through combination of function vegdist of R
package vegan (with Bray-Curtis dissimilarity) and Aclust of R package stats (with Ward
linkage for agglomeration, “ward.d2”). Selected indices (Table A-3) were also compared based
on weighted averages of the above named DOM indices (based on spectrum envelope, i.e., ion

abundance).

2.3 lIdentification of ecosystem markers by Orbitrap tandem mass spectrometry

2.3.1 Standard substances and reagents

All compounds (Figure 2-3) were first dissolved in one ml of ultrapure MeOH (amounts given
in mg in Table A-4). 1 ml ultrapure water (MQ, 18.2 MQ*cm @ 25°C, Merck Millipore) was
added to each stock and thoroughly mixed. In case of Ellagic acid (#8), no complete dissolution
could be achieved. 100ul DMSO (Dimethylsulfoxide) were added to the stock solution to aid
in dissolution, and vortexed for 15 min at 45°C. Afterwards, the stock solution was centrifuged
for 1 minute at 17500 rcf (Hermle Z233 MK-2, Hermle Labortechnik GmbH, Wehingen,
Germany). All stocks were immediately frozen (-18 °C) upon further use. Before analysis, the
stocks were diluted with pure solvents (50% MeOH abs. in MQ) to a final concentration of 20
- 200 mg-C/1 (1 ml final volume, Table A-4) and kept cool (4°C, dark) until analysis. The
standard compounds can be grouped according to their structural properties (Figure 2-3):
Groups A and B contain only one aromatic ring, and differ in the presence of functional groups
(A: mainly carboxyl, B: mainly methoxy). Group C contains larger structures containing at
least two ring structures from fused subunits (#7, quinic acid and caffeic acid; #8, two gallic
acid monomers; #9, coumaric acid, two gallic acid units, and glucose). Group D contains two
flavan-3-ol structures, and group E contains three flavonoids with structurally similar but

slightly differing flavon-3-ol structures that were also linked to sugars (glycosides).

2.3.2  Soil DOM Sample

The soil DOM sample was initially taken in early November 2005 from a sintered glass suction
plate system installed in 5 cm soil depth at a long-term monitoring site in a ~50-year old spruce
(Picea abies) forest site at Wetzstein, Germany (50° 27’ 13” N, 11° 27’ 27” E; Kindler et al.,
2010; Roth et al., 2015), and immediately freeze-dried for storage. The DOM sample was
reconstituted in acidified ultrapure water (pH 2, hydrochloric acid, p.a.) to a final concentration

of ~ 3 mg-C /I and solid phase-extracted (PPL cartridges, modified styrene-divinylbenzene
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polymer, BondElut, Agilent, CA, USA) according to a published protocol (Dittmar et al., 2008)
at a PPL/ DOC ratio of ~ 1400. SPE-DOM was eluted in MS grade methanol and stored at -
20°C until further analysis. The extraction efficiency was 86.9% =+ 1.4% on a carbon basis

(arithmetic mean =+ standard deviation, n = 3).
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Figure 2-3. Overview of standard compounds used in the study (more information in Table S-2). Colors of the
compound IDs refer to the five groups of compound structures analyzed: Group A (black, #1 — #3), Group B
(olive, #4 — #6), Group C (blue, #7 — #9), Group D (orange, #10, #11), and Group E (red, #12 — #14). Groups A
and B contain only one aromatic ring, and differ in the presence of functional groups (A: mainly carboxyl, grey
circles, B: mainly methoxy, brown circles). Group C contains larger structures containing at least two ring
structures from fused subunits (#7, quinic acid and caffeic acid; #8, two gallic acid monomers; #9, coumaric acid,
two gallic acid units, and glucose). Group D contains two flavan-3-ol structures (yellow oval shapes), and group
E contains three flavonoids (red oval shapes) with structurally similar but slightly differing flavon-3-ol structures
linked to sugars (glycosides). Polyol units are marked by blue circles.

2.3.3  Orbitrap tandem MS analysis of standard compounds

The standard solutions were infused directly into the ESI (electrospray) source of an Orbitrap
Elite (Thermo Fisher Scientific, Bremen) as described in chapter Orbitrap measurements and

data processing. The ESI was operated in negative mode and solution was infused at a flow
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rate of 10 pl/ min (50% MeOH/ 50% ultrapure water). The Orbitrap response was optimized
for each substance by tuning sheath and aux gas flows (Nitrogen), spray voltage, S-Lens RF,
the ESI needle position (distance to the instrument inlet), and the scan range that depended on
precursor ion mass. The remaining instrument settings were left unchanged for all compounds
(settings, Table A-5). We performed MS? fragmentation experiments at three normalized
collision energy levels (15, 20, 25) in collision-induced dissociation (CID) mode. These
collision energies covered the range of near-complete fragmentation of DOM. In some cases,
also MS? spectra of selected product ions were acquired. Raw data were treated as described
in chapter Orbitrap measurements and data processing. We recalibrated the mass spectra by the
known exact mass of the precursor ion and plausible product ions at lower m/z to improve mass
accuracy of unknown product ion peaks, and subsequently, the derived mass differences.
Recalibrant ion identity was checked for plausibility by a threefold confirmatory approach: 1)
Suggested molecular formula in MIDAS (Formula Calculator v.1.2.6, National High Magnetic
Field Laboratory (NHMFL), Tallahassee, USA) based on exact mass and wide elemental
constraints; 2) Predicted fragmentation products in Mass Frontier 7.0 (Thermo Fisher
Scientific); and 3) Reports of fragment identity (molecular formula and structure) from the
literature (recalibrant ions specified in Table A-6). Alignment of fragment mass spectra and
molecular formula annotation was achieved via self-written Matlab routines (by Thomas Riedel
and Benjamin Jacob). The settings for formula annotation were as follows: Minimum allowed
H/C ratio, 0.3; maximum allowed O/C ratio, 1; minimum allowed double bond equivalent
(DBE), -0.5; charge, -1; min #C, 1; min #H, 1, min #O, 1. The error of most annotated formulae
was within = 0.5 ppm; the maximum tolerance allowed was +1 ppm. The upper elemental
boundaries for fragment annotation were determined by the standard’s neutral molecular
formula. Assignments were rechecked with MIDAS, especially the presence of radical anions.
All major peaks were annotated with a molecular formula. We removed product ion peaks that
occurred only once across the collision energy gradient. We also removed peaks that showed a
maximum absolute intensity below 1000 across all fragment spectra. Absolute intensity (ion
abundance) was normalized to the intensity of the base peak for each mass spectrum (fragment
spectra described in Table A-7). Fragmentation spectra were evaluated with Sirius (Bocker and
Diihrkop, 2016; Rasche et al., 2012) and CSI Finger ID (Diihrkop et al., 2015, Table A-8) for

quality control and interpretation of fragmentation spectra.

We calculated the mass differences between the substance’s precursor ion (always [M-H]- ions,

except substance #6, M-¢) and all product ions, much similar to a recently described approach
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for recalibration of MS' data (Smirnov et al., 2019). Separate lists were created for each CID
energy mode. In order to exclude unique but less important mass differences from our analysis,
we derived a list of those mass differences (n=55) that were 1) either related to a fragment with
a minimum relative intensity (basepeak) of 1% or 2) detected more than once across the 14
pure substances (Table A-9). Eight of the mass differences were also described within the DOM
literature in DOM, for example the ubiquitous CO2 and H20 losses (Hawkes et al., 2018a;
Kunenkov et al., 2009; Witt et al., 2009; Zark and Dittmar, 2018), and were thus excluded in
some analyses. The comparison of measured mass differences to predicted mass differences
(loss from molecular formula) allowed us to assess assignment error of mass differences in our
dataset. Above mass differences of 75 m/z, the error between both values was well below 1
ppm (Figure A-2). As expected, the error peaked at values around 5 ppm at a very small mass

difference (15 — 30 m/z).
2.3.4 Orbitrap tandem MS analysis of DOM

The DOM sample (W1-5) was injected at a concentration of 100 mg-C/l into the above
described Orbitrap Elite system. The DOM sample was injected at a five-fold higher carbon
concentration than in preliminary studies (Roth et al., 2014; Simon et al., 2018) to compensate
for the low concentration of individual compounds and increase sensitivity in tandem MS
experiments (Wagner et al., 2015). The instrumental settings to create MS' data for precursor
ion isolation were similar to the method described before and yielded similar response. All
marker signals from the previous study (Roth et al., 2014) were also found by the Orbitrap.
The parameters for the MS? experiments were same as for the standard compounds if not noted
differently (Table A-5). The scan range was adapted to the mother ion mass. All other
parameters were left as described in chapter Orbitrap measurements and data processing. Four
isobaric precursor ion mixtures (IPIMs; “mass islands”, at m/z 241, 301, 361 and 417) were
chosen for fragmentation because they span the range of maximum ion abundance typically
observed in terrestrial DOM samples, and because they each contained one potential tannic
forest marker described in the ecosystem study (Roth et al., 2014; the proposed identity of these
molecular formulae was only based on their H/C and O/C ratios). The selected potential
“tannin” formulae were (monoisotopic masses of [M-H] ions are given in brackets): CoHsOs
(m/z 240.9990), C11H10010 (m/z 301.0201), Ci3H14012 (m/z 361.0413) and CisH14014 (m/z
417.0311). The set of precursors (n = 159) also contained one potential age marker (neutral

formula CicH14Os, m/z 301.0717) that showed significant negative rank correlation to
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calibrated '*C age in a previous study including the sample (Benk et al., 2018). We collected

150 scans per fragmentation experiment and ran every experiment twice.

The raw data processing followed the same steps as described for standard compounds.
Recalibration lists were constructed from known molecular formulae of precursor ions and
ubiquitous non-indicative neutral losses (i.e., multiples of CO2, H20, and CO losses, Table
A-10; Hawkes et al., 2018; Kunenkov et al., 2009; Witt et al., 2009; Zark and Dittmar, 2018)
and applied to improve the mass accuracy of the derived MD data (Smirnov et al., 2019). The
final exported peak lists were picked at an absolute signal intensity threshold of 10, equivalent
to an S/N > 3. Alignment of fragment mass spectra and molecular formula annotation followed
same routines and with similar settings as described for standard compounds except that the
elemental boundaries for fragment annotation were: C, 1-40; H, 1-200; N, 0-4; O, 1-40; S, 0-
2. For data cleanup, we first removed peaks that were only detected once across all tandem
mass spectra as they are prone to be noise. Molecular formulae with unlikely combinations of
heteroatoms (N2-4S, and N2-4S2) were classified as unassigned peaks, and if multiple formulae
were proposed, preference was given to the CHO formula. DOM precursors group naturally in
“mass defect islands” (IPIMs) within -0.05 and +0.35 mDa of an integer m/z (Riedel and
Dittmar, 2014). The definitions of isobaric complexity and isomeric complexity have to be
differentiated in that context: Isobaric complexity evolves from the ultrahigh resolution of the
mass spectrometer, while the latter relates to structural isomers that cannot be differentiated
based on their exact m/z (and thus, molecular formula; Hertkorn et al., 2013, 2008). Product
ions in the mass defect region between 0.35 and 0.95 Da were not observed. Finally, only
precursor and product ions detected in both replicate fragmentation experiments were taken
into account as an effective measure of excluding false positive signals (Riedel and Dittmar,

2014; Simon et al., 2018).
2.3.5 Mass difference matching procedure

The isolation window of the front end LTQ mass spectrometer in the Orbitrap Elite was set to
1 Da in order not to sacrifice sensitivity and isolate a single IPIM. The ultrahigh resolution and
mass accuracy achieved by the Orbitrap allowed us to link individual resolved molecular
formulae of precursor and product ions (Osterholz et al., 2015; Zark and Dittmar, 2018). We
obtained the MDs of all precursor ions and product ions, yielding a MD spectrum, and

combined these into a MD matrix. Each of the four IPIMs and three CID energy levels was
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treated individually. The matrix represents all possible combinations of precursor and product
ions. To match MDs between the two libraries (indicative MDs and non-indicative MDs) and
the MD matrices, exact MDs were kept to the fourth digit. The tolerance for a positive match
with the MD spectrum was set to = 0.0002 Da (2 ppm at 200 Da), which roughly accounts for
the mass error from two m/z measurements (precursor & product ion). We evaluated the validity
of our approach by assessing the probability of a (false positive) match by increasing the
tolerance window further (up to 0.002 Da). To analyze patterns of matching frequency we
visualized precursor formulae in 3D-Van Krevelen space. The third (z-) axis represents the

matching frequency to either whole lists of MDs or subsets of MDs.

2.3.6 Similarity assessment and structure suggestions

We used the information from the matching analysis to compare individual matching profiles
of standard compounds and DOM precursors to evaluate potential identities of the underlying
unknown structures. We performed this analysis by hierarchical clustering based on Ward’s
method (using Euclidean distance). The underlying matching data was combined from the
standard compound data and IPIM data, separated for the three energy levels and transformed
into presence/ absence format. Because highest numbers of matches to the indicative MD list
were achieved at CID 25 (Figure A-3), we focused our further analysis on this energy stage.
The matching profiles were then compared to lists of structural formula suggestions from the
Dictionary of Natural Products (DNP, v27.2, dnp.chemnetbase.com). The DNP is a subset of
the Chapman & Hall/ CRC Chemical Database, and references structures of natural products

described in the scientific literature.
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3 Resolution of molecular detail in DOM by Orbitrap mass

spectrometry?

3.1 Introduction

Dissolved organic matter (DOM) links the organic matter pools of terrestrial and marine
ecosystems through transport of material derived from biota, degrading plant litter and soil
organic matter (SOM) to the ocean (Marin-Spiotta et al., 2014; Ward et al., 2017). Taken
together, both pools hold about four times more carbon than the atmospheric carbon pool and
minor changes in the oxidation or mobilization rates may have major climatic impacts (Carlson
and Hansell, 2014; Heimann and Reichstein, 2008). Therefore it is necessary to better
understand and identify the underlying processes that control organic matter dynamics.
Molecular-level investigations greatly improved our understanding of carbon dynamics in the
recent years and highlighted the importance of high resolution analytical techniques in Earth
Science (Gleixner, 2013; Kallenbach et al., 2016; Kujawinski, 2011; Marschner et al., 2008;
Medeiros et al., 2016; Schmidt et al., 2011; Zark et al., 2017). Ultra-high resolution mass
spectrometry like Fourier-transform mass spectrometry (FTMS) coupled to soft ionization
techniques as electrospray ionization (ESI, ESI-FTMS) uniquely enables, for example, the
identification of thousands of intact (non-fragmented) individual molecular formulae from
complex mixtures like DOM (Hertkorn et al., 2013). The observed structural heterogeneity in
terms of molecular formulae, which is larger in terrestrial DOM than in marine DOM, encodes
source materials, transforming processes and their controlling environmental and biological
factors (Bailey et al., 2017; Kellerman et al., 2014; Roth et al., 2014; Seifert et al., 2016; Ward
et al., 2017; Zark and Dittmar, 2018). Unfortunately, the advances in our understanding of the
molecular DOM “code” are small as the access to ultra-high resolution mass spectrometry is

limited.

So far ultra-high resolution analyses have been limited to ion cyclotron resonance (ICR)
instruments (Hertkorn et al., 2013; Marshall and Hendrickson, 2008; Qi and O’Connor, 2014)

and only few of these systems are available due to the high instrument and maintenance costs

2 This chapter has been published in the following publication: Simon, C., Roth, V. N., Dittmar, T., & Gleixner, G.
(2018). Molecular signals of heterogeneous terrestrial environments identified in dissolved organic matter: a
comparative analysis of orbitrap and ion cyclotron resonance mass spectrometers. Front. Earth Sci., 6, 138. doi:
10.3389/feart.2018.00138.
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of the superconducting magnets needed to achieve ultra-high resolution. The Orbitrap mass
analyzer — which uses electrostatic fields for ion trapping instead of magnetic fields (Table 1-1;
Zubarev and Makarov, 2013) — is a more economical alternative to FT-ICR MS instruments as
it, for example, requires no extensive cooling. However, Orbitrap mass analyzers have a ~10-
fold lower mass resolution (at similar transient lengths) that limits separation of peaks in the
higher mass range. Although Orbitrap instruments have been successfully applied for
characterizing complex natural organic materials (Table A-11) it remains unclear how
comparable the results of both instrument types are. Addressing this question is even more
pivotal when aiming to compare trends in larger-scale DOM sample sets obtained by different

instruments (Swenson et al., 2014).

Previous studies that compared both instrument types used only one or two samples, or their
mixtures, for the comparison (Table A-11). The authors underlined the potential of the Orbitrap
analyzer and demonstrated general data comparability. While several authors state that the
lower resolving power of their Orbitrap instruments limits the application for detailed
molecular analysis, they generally proved that fast sample characterization using molecular
indicators or fingerprints of the most abundant signals is feasible (Hawkes et al., 2016; Mangal
et al., 2016; Pomerantz et al., 2011; Smith et al., 2012). One of the more recent technical
developments is the Orbitrap Elite featuring a resolution up to 240000 at m/z 400) (Table 1-1;
Denisov et al., 2012; Zhurov et al., 2013). It includes a modified version of the analyzer cell
(high-field Orbitrap) and an enhanced FT algorithm (“eFT”), ultimately leading to a significant
increase in analytical capacities compared to earlier instruments and reduces the difference in
resolution to ICR instruments to a factor of 4. ICR instruments undoubtedly have the overall
better analytical performance, especially in the higher mass range. However, for the analysis
of the molecular composition of terrestrial DOM, which has an intensity maximum of masses

around 400 Da, Orbitrap Elite analyzers might be a cost effective alternative.

The molecular composition of terrestrial DOM, which is a snapshot of the sum of all ecosystem
activities, is highly diverse between ecosystems and highly dynamic within ecosystems (Bailey
et al., 2017; Gonsior et al., 2016; Hertkorn et al., 2016; Kellerman et al., 2014; Roth et al.,
2015, 2014). The reproduction of this complexity has so far not been the focus of previous
studies that compared mainly the analytical performance of both analyzers. It is nevertheless
necessary to evaluate whether the Orbitrap analyzer resolves the important signals that are

needed to separate DOM samples based on their origin and if both analyzers use the same mass
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signals to retrieve this information. Similarly, it is also necessary to assess whether the
sensitivity of the instruments affects the obtained discrimination, as smaller signals may be

undetected by the Orbitrap analyzer.

These questions, which are centered on the information content of the samples, can only be
solved using multiple samples that cover a wider range of terrestrial DOM samples. Therefore
we analyzed 17 DOM samples from varying environmental settings (Table 2-1) with an ICR
analyzer and an improved Orbitrap analyzer and used statistical methods to compare their

information content. In detail we assessed the following questions:

a) Does the Orbitrap analyzer detect similar formulae and reproduce the mass abundance

patterns of the ICR analyzer in all samples?

b) Are specific masses missing in the abundance patterns of the Orbitrap analyzer, and is this

loss related to sample properties, instrumental resolution or sensitivity?

c¢) Does the Orbitrap analyzer reproduce the discriminating information obtained from FT-ICR
MS and from multivariate statistical analyses of the samples, and how well are molecular trends

retrieved which were found in previous studies?
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3.2 Results

3.2.1 General features

The Orbitrap Elite system expectedly had a higher reproducibility, mass accuracy and
resolution than reported for an earlier instrument version (Hawkes et al., 2016), but lower
compared to the ICR reference system (Table 3-1). In the Orbitrap the absolute deviation from
the exact mass of the molecular formula was by a factor of 6 larger, the interquartile range
(IQR) of all mass errors was by a factor of 2 larger and the resolution at m/z 401 was about the
factor of 3 lower. The Bray-Curtis dissimilarity between the triplicates was roughly a factor of
2 lower in the Orbitrap indicating that the replicates were more similar in the Orbitrap system

compared to the ICR system.

Table 3-1. General properties of both instrument’s datasets. IQR, interquartile range; SD, standard deviation.

Property Orbitrap FTICRMS
Mass accurac m

s accuracy [ppm] -0.06 (0.30) 20.01 (0.16)
Median (IQR), formulae
Resolution
Mean + SD, all peaks at m/z 401 215974 + 1851 615148 £ 13610
Bray-Curtis dissimilarity between triplicates 2714076 6.01+1.72

[%] Mean + SD

3.2.2 Reproducibility of ion abundance patterns

The normalized total ion abundance patterns proved to be highly similar between both
instruments (mass range m/z 115-1000; Table 3-2). More than 90% of cumulative ion
abundance were covered by a much narrower mass range (m/z 200-650) in all seven samples,
with about 70 — 80% occupied by assigned signals (formulae, Forms). A notable deviation
between instrumental response were higher numbers of unassigned signals (“noRefs”) in the
mass range above m/z 200 for the Orbitrap, especially for the three samples with high input of
fresh and freshly degrading plant material (bog, N8B; blackwater river, IHSS; and upper soil,
JE-2-5-10).

When only looking at the assigned signals in the mass range m/z 200-650, which forms the
basis of the present analysis, the general picture was the same. More than 90% of information
(ion abundance) was shared among instruments (Table 3-2, common signals, “Coms”),
although the numbers of formulae shared varied broadly from 2687 (H5-3a) to up to 4931

(BZWA). Although similar in number on each instrument, the shared formulae showed more
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ion abundance on FT-ICR MS in the mass range m/z 200-400 (up to 12% more, depending on
sample), and showed more ion abundance on the Orbitrap in the mass range m/z 400-650 (up
to 15% more, depending on sample). In contrast, the ion abundance distribution was

remarkably similar in case of the tap water sample (TAP).
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Figure 3-1. Ion abundance patterns of FT-ICR MS and Orbitrap. Seven samples (Table 2—1, set “D”’) were selected
for detailed analyses, showing the general congruence in spectrum shape (only commonly detected signals shown)
for samples from a) a bog, b) a blackwater river, c) shallow soil, d) a lake, e) an aquifer, f) tap water and g) the
deep sea. Colors are for visual guidance.
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Figure 3-2. Direct comparison of relative ion abundance data of formulae detected by both instruments.
Comparison of a) a bog, b) a blackwater river, ¢) shallow soil, d) a lake, ¢) an aquifer, f) tap water and g) the deep
sea (same as in Figure 1), approved the overall similarity of spectrum shapes at the formula level. Colors are for
visual guidance.
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Table 3-2. Absolute numbers and relative intensity contribution (in brackets, in % of total) of different groups of
signals. Data from seven selected DOM samples measured by Orbitrap (a, b) and FT-ICR MS (¢, d). Shown is the
comparison between assigned signals (to formulae, Forms) and unassigned signals (noRefs) across the mass range
m/z 115 —1000 (a, c¢), and between instruments-shared (common, Coms) and instrument-specific (Specs) assigned
signals (only formulae) over the range m/z 200-650 (b, d).

a) Orbitrap: m/z 115-1000, all signals b) Orbitrap: m/z 200-650, only formulae (Coms + Specs)

Sample NoRefs = Forms NoRefs = NoRef = Coms Coms < Coms> Specs  Specs< Specs>

<m/z m/z200  m/z200 s> total m/z m/z total m/z400 m/z
200 — 650 - 650 m/z 400 400 400
650
N8B 809 5276 5423 2302 3104 1581 1523 2172 805 1367
8.7 (73.9) (12.7) “4.7) 97.7) (54.1) (43.6) 2.3) (0.6) (1.7)
THSS 1109 5899 6369 2110 3066 1817 1249 2833 1022 1811
(10.7) (73.6) (13.9) (1.8) (95.4) (59.7) (35.7) (4.6) (0.9) 3.7
JE-2-5-10 | 1240 7057 6660 951 4456 2757 1699 2601 757 1844
(12.1) (74.7) (12.5) 0.7) (95.2) (63.5) (31.7) 4.8) (0.8) (4.0)
BZWA 1093 5977 5659 917 4931 2491 2440 1046 497 549
(11.4) (74.7) (13.1) (0.8) (99.0) (63.2) (35.9) (1.0) (0.6) 0.4)
H5-3a 492 3438 2737 523 2687 1591 1096 751 386 365
2.9) (83.3) (13.5) 0.3) (99.4) (77.4) (22.0) (0.6) (0.2) (0.4)
TAP 774 4867 4447 1237 3633 1883 1750 1234 588 646
3.2 (80.8) (14.9) (1.1) (99.5) (55.1) (44.4) (0.5) (0.2) (0.3)
NELHA 415 4290 3564 1683 3271 1582 1689 1019 408 611
(1.2) (78.6) (18.5) 1.7 (98.6) (34.0) (64.6) (1.4) (0.2) (1.2)
¢) FT-ICR MS: m/z 115-1000, all signals d) FT-ICR MS: m/z 200-650, only formulae (Coms +
Specs)
Sample NoRefs | Forms NoRefs | NoRefs > = Coms Coms < Coms>  Specs @ Specs< Specs>
<m/z m/z m/z m/z 650 total m/z m/z total m/z400 m/z
200 200 — 200 — 400 400 400
650 650
N8B 743 3597 2705 162 3104 1581 1523 493 240 253
(10.4) (70.1) (18.8) 0.7) (96.6) (65.6) (31.0) (3.4 (1.9) (1.5)
IHSS 846 3545 2655 11 3066 1817 1249 479 302 177
(12.6) (67.9) (19.4) (0.1) 94.7) (71.2) (23.5) (5.3) 3.7 (1.6)
JE-2-5-10 1096 5744 2499 7 4456 2757 1699 1288 861 427
(13.3) (71.2) (15.5) (0.0) (89.7) (68.0) (21.7) (10.3) | (7.6) 2.7)
BZWA 1105 6822 4747 840 4931 2491 2440 1891 668 1223
(71.7) (72.1) (17.9) (2.3) (93.3) (61.3) (32.0) 6.7) (2.5) 4.2)
H5-3a 586 3722 2504 96 2687 1591 1096 1035 377 658
(2.6) (81.7) (15.6) 0.1) (96.7) (75.1) (21.6) (3.3) (1.3) (2.0)
TAP 747 4653 3353 103 3633 1883 1750 1020 412 608
4.2) (76.4) (19.2) (0.2) (96.0) (58.6) (37.4) (4.0) 1.7 (2.3)
NELHA 774 5219 3534 385 3271 1582 1689 1948 443 1505
(3.3) (76.2) (19.3) (1.2) (89.2) (39.9) (49.3) (10.8) | (2.5 (8.3)
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Regarding specific formulae (“Specs”, Table 3-2), numbers were higher in the Orbitrap but
cumulative ion abundance was higher in the FT-ICR MS data, being somewhat congruent to
the observation made for the whole mass range. Again, this was especially pronounced in the
three samples with high inputs of fresh and freshly degrading plant material (N8B; IHSS; JE-
2-5-10, Figure A-1). Samples BZWA, H5-3a, TAP, and NELHA showed higher numbers of FT-
ICR MS specific formulae detected above m/z 400, going along with a higher ion abundance
compared to number and ion abundance of specific formulae detected below m/z 400. The
shape of normalized total ion abundance patterns were in good agreement between both
instruments (Figure 3-1, Figure 3-2). This analysis considered only formulae detected by both
instruments, which also constituted the majority of ion abundance on both instruments, as
explained above. Whereas the deep sea (NELHA), aquifer (H5-3a) and tap (TAP) water
samples had almost identical patterns, lake (BZWA), bog (N8B), soil (JE-2-5-10) and
Suwannee river (IHSS) samples showed slight deviations in the m/z range centered at m/z ~
225 and at m/z ~ 450, which was also reflected by a higher mean Bray-Curtis dissimilarity
among instruments (13.9 = 3.5 vs. 19.9 + 1.7). The shared molecular formulae, which
represented the majority of detected signals as measured by their contribution to the overall ion
abundance, agreed also very well (Figure 3-2, Figure A-1). For the aquifer, deep sea, tap water
and lake samples R? of the regression line was larger than 0.9. For samples that were more
directly influenced by inputs of fresh and initially decomposing plant litter and thus also show
higher overall DOC concentrations (IHSS, N8B, and JE-2-5-10) R? varied between 0.85 and
0.89. The slope coefficients obtained for most samples were within 10% range of the 1:1-line,
which corresponded to the slope variability (per instrument) for replicated measurements. In
contrast, the slope coefficients of the remaining three samples (BZWA, IHSS and NELHA)
deviated stronger from their replicate slopes (1.2, 0.8, 0.9). A general feature observed on both
instruments was the apparent increase in average mass to charge ratio in the order: Bog ~

Suwannee river ~ grassland soil (10cm) < lake water < aquifer ~ tap water < deep sea.
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Figure 3-3. Comparison of common (grey) and FT-ICR MS-specific formulae (orange), by their van-Krevelen
fingerprints (a, ¢ and e) and saturation state over mass (H/C vs. m/z, b, d and f), here shown for three samples
spanning a heteroatom gradient from the Suwannee river (IHSS) over the aquifer (H5-3a) to the deep sea
(NELHA) sample. Four dedicated formula clusters (1 — 4) were found to be additionally detected by FT-ICR MS.

3.2.3 Analytical window: Assessment of information loss

The ITHSS sample was characterized by lowest contribution of heteroatom formulae including
N, S and P atoms within the subset of samples used for detailed analyses (mean molecular
formula: C173H18207.4No.1S0.05; 38.7 % NSP-containing formulae), whereas the samples from
deep sea (C20.1H258089N0.4S0.04P002; 61.0%) and an anoxic aquifer (H5-3a;
C17.4H22.007.9N0.2S0.02P0.01; 61.3% NSP-containing formulae) showed highest contributions
marking the “endmembers” of elemental diversity in the detailed sample set. The number of
formulae that were specific for FT-ICR MS was lower in the IHSS sample (n = 497, ~ 13%)
than in the other samples (H5-3a, n=1035, ~ 28%; NELHA, n = 1948, ~37%) and the specific

formulae were differently distributed in van-Krevelen space (Figure 3-3). Three distinct
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clusters of FT-ICR MS-specific formulae were found in van-Krevelen space of the IHSS
sample (Figure 3-3a): 1) The very saturated (high H/C, low O/C) region commonly referred to
as lipid- or peptide-like substances (D’ Andrilli et al., 2015). 2) The highly oxygenated formula
region (high O/C, variable H/C) often termed as “carbohydrate-like* substances (D’ Andrilli et
al., 2015). 3.) The region of formulae relatively poor in both H and O (low H/C, low O/C) that
is linked to highly (poly-) aromatic, phenolic or black carbon-like substances (Figure 3-3a;
Koch and Dittmar, 2016). These clusters differed also in their mass distribution patterns (Figure
3-3b). While members of cluster 1 reached molecular weights of up to m/z 350, the rather
moderately saturated second cluster reached up to m/z 500. The hydrogen depleted third cluster

spread over the whole mass range with a center at m/z 400.

In the heteroatom-rich samples (Figure 3-3c and e) a fourth formula cluster of FT-ICR MS-
specific signals was observed in the region commonly assigned to carboxyl-rich alicyclic
molecules (CRAM, Hertkorn et al., 2006) and materials derived from linear terpenoids (MDLT,
Lam et al., 2007). In contrast to the black-water river (IHSS) sample, we found clear differences
in contribution of the first three clusters to the overall pool of FT-ICR MS-specific formulae,
being linked to a shift in the center of ion abundance distribution. The anoxic aquifer (H5-3a,
Figure 3-3d) was characterized by a DOM ensemble showing only minor contribution of the
three first groups while the deep sea sample (NELHA, Figure 3-3e, f) was very rich in all of
them, as compared to the IHSS sample. High molecular weight carbohydrate like-compounds
and elongated series of higher-molecular weight lipid- and peptide-like formulae were detected

additionally, along with unsaturated formulae showing the same shift to higher m/z values.

We assessed small mass differences by peak width-estimation approach (Hawkes et al., 2016).
Based on the datasets prepared for our detailed analyses (set of seven samples), the FT-ICR
MS detected 328 full triplets distributed over the mass range m/z 195 — 611; of these, the
Orbitrap was able to detect 72 (mass range m/z 225 — 593) across the whole sample set. The
NELHA sample provided best test conditions due to its richness in heteroatom-containing
formulae. The FT-ICR MS did detect in total 547 single peaks belonging to the list of all triplet
signals in the dataset (based on the [CHO]N20:2 analysis), of which 213 represented full triplets
(n =71) and covered a mass range from m/z 297 — 611. In the respective Orbitrap data, we
found 380 of the considered signals in total, of which 36 represented full triplets (n = 12). In
the H5-3a (anoxic aquifer) sample, the total number of FT-ICR MS triplet signals was lower
(440 in total, 36 full triplets, m/z 269 — 457), and the Orbitrap also resolved lower numbers (of
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those considered, 337 in total, 8 full, m/z 297 — 357), in good agreement with our calculated
upper resolving limit. For the relatively heteroatom-poor IHSS sample, the FT-ICR MS only
found two full triplets (441 signals in total), of which the Orbitrap resolved one (of those FT-
ICR MS formulae considered, 402 signals were found, and one triplet at m/z 325).
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Figure 3-4. Multivariate agreement between FTMS instruments. Direct comparison of the first (a), second (b) and
third (c) ordination scores for each sample determined by Principal Coordinates Analysis (PCoA). Note that axis
notations are given within the figure, including the explained variability in percent. Replicate measurements are
included (set of seven samples). Color indicates sample origin (see legend, in accordance with colors in Figure 3—
1 and Figure 3-2).

3.2.4 Multivariate analysis of DOM molecular composition and trend retrieval

The separation of samples based on their molecular composition yielded highly similar results
and the scores of the samples were highly correlated: The explained variance (R?) of the scores
decreased with coordinate rank from 0.98 over 0.69 to 0.59 (Figure 3-4). For the first
coordinates, the regression slope did not differ significantly from the 1:1 line (within 95%
confidence intervals). The first three axis explained 88 % and 82% of the summed variability
in the datasets of the Orbitrap and the FT-ICR MS, respectively. The first coordinate of the
Orbitrap data explained 11 % more of the internal variation (Figure 3-4a) and the second axis
6% less than the coordinates from the FT-ICR MS data (Figure 3-4b). IHSS, bog (N3B, N8B)
and forest soil DOM types (H2S-5, T-5, W1-5, and JE-2-5-10) were clearly separated from
deeper soil waters (JE-2-5; 20, 30 and 60 cm depth), aquifer (H5-3a, H3-2b), tap (TAP) or deep
sea (NELHA) DOM.
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Figure 3-5. Post-gradient fitting on ordination obtained by a) Orbitrap and b) FT-ICR MS. Fitted gradients are
abundance-weighted averages of indices, abbreviations: H/C, Hydrogen-to-Carbon ratio, O/C, Oxygen-to-Carbon
ratio; Almod, Aromaticity index, DBE, double bond equivalents, DBE-O, DBE minus Oxygen atoms, DBE/C,
DBE-to-Carbon ratio; NOSC, nominal oxidation state of Carbon, #C, #H, #0O, #N, #S, #P, number of respective
atoms. Circles A-D depicts sets of retrieved trends (see text) among samples. For color legend see Figure 3-4.

The derived linear gradients of indices (Figure 3-5) and molecular classes (Figure A-4) also
were highly similar in the ordination plots for both instruments, confirming the results from
the abundance patterns. In general, samples connected to positive scores on the first coordinate,
like the bog, the black-water river IHSS and the forest soil water samples, were strongly linked
to higher values of the aromaticity index (Almop), the number of double bond equivalents
(DBE) and the nominal oxidation state of carbon in the formulae (NOSC) and had larger
amounts of formulae classified as black carbon-, polyphenol- and carbohydrate-like (BC, PP,
SUG). Coincidently, high amount of hydrogen atoms and average H/C ratio were correlated
negatively with the first coordinate. Subsequently, more formulae classified as ‘“highly

unsaturated” molecules, unsaturated aliphatics and peptide-like (HU, UA, PEP) were found in
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aquifer, tap water and deep sea water samples. These groups of formulae show higher degree
of saturation compared to aromatic or phenolic-like entities. The opposite trend of the chemical
composition on the first coordinate was interestingly linked to different ion abundance
distributions (Figure 3-1). Samples with positive scores on the first axis show a bi- or multi-
modal distribution (Figure 3-1a — ¢) whereas samples with negative scores had a unimodal
distribution with an average center at higher m/z values (Figure 3-1e — g). The separation on
the second axis was mainly explained by the content of heteroatoms including oxygen and the
number of formulae (Figure 3-5, Figure A-4). Besides general congruence in the observed
separation pattern and linear trends explaining it both from the perspective of indices and
molecular classes, we also observed clear differences in the ordination patterns. In the ICR
system N and S had a positive loading and O and O/C a negative loading. In the Orbitrap system
N also had a positive loading and O/C a negative loading, but O and S had no significant impact
on the separation of the samples, which may explain the overall lower explained variance of
the Orbitrap data on the second coordinate. Differences in multivariate response based on DOM
composition were also linked to increased detection of mainly CHO formulae at higher m/z
due to differences in fine-tuning of both instruments used in this study (Figure A-5, Figure A-6,

Figure A-7).

3.3 Discussion

3.3.1 Comparison of mass abundance patterns between the Orbitrap and the ICR analyzer

The agreement of mass abundance patterns and abundance-weighted indices have been
investigated by several studies (Table A-11) and are believed to be instrument-dependent,
hindering direct inter-comparison (Pomerantz et al., 2011). The spectra described herein
showed a good fit between both instruments (Figure 3-2, Table 3-2). Small deviations in
congruence among mass abundance patterns of bog or IHSS samples agree with previous
reports of similar effects for dystrophic lake water (Hawkes et al., 2016), but had no large effect

on multivariate separation and derived conclusions (Figure 3-5).

Both instruments yielded highly similar responses, as can be seen from overall distribution of
ion abundance (Table 3-2), with very similar amounts of information covered by assigned
formulae in the mass range m/z 200 — 650 (70 — 80%), and a majority of ion abundance being
commonly detected (>90%, up to 99% in single cases for the Orbitrap). The higher number of
unassigned Orbitrap signals above m/z 200 can be largely explained by slight differences in
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sensitivity of our Orbitrap method in the higher mass range, which may be due to differential
tuning and instrument design, but may also point towards higher probability of taking false
positives (Noise) into account (Table 3-2). However, only signals detected more than once in
replicates were included, which strongly minimizes this type of error (Riedel and Dittmar,
2014). Our observations are thus subject to future and ongoing work within our group, to
further improve the method (Figure A-1, Note A—1). Higher numbers of peaks may also arise
from the difference in concentration (10 ppm, FT-ICR MS; 20 ppm, Orbitrap), which was due
to the exchange of the ICR analyzer cell by a more sensitive type (Table 1-1). Similarly,
increased contribution of simple CHO and CHNO formulae caused an increased annotation of
Orbitrap-“specific” formulae (Figure A-1), mainly linked to slightly higher sensitivity of the
Orbitrap in the upper mass range. However, total ion abundance of those signals was often less
than 3% and reached 5% only in case of JE-2-5-10 and IHSS samples. These formulae were
treated as “falsely”-categorized specific formulae as they were part of the FT-ICR MS dataset,
but not found within similar samples and thus, categorized “specific”. After subtraction of the
“falsely” categorized specific formulae, the remaining ion abundance was close to being

insignificant (Figure A-1) and thus was not further taken into account.

Together, our results indicate that Orbitrap deviations in ion abundance of common formulae
(Figure 3-2) might be linked to sample-specific DOM constituents that influence ionization
and detection in this FTMS analyzer. Samples that were less affected by fresh and decomposing
organic matter inputs, such as the marine deep sea sample (NELHA), showed a remarkably
good fit in mass abundance patterns (Figure 3-1e — g). The NELHA sample did not show signal
suppression effects that were previously observed in another Orbitrap system (Hawkes et al.,
2016). Besides sample effects, bi- or multimodal abundance distribution could also indicate
unwanted source effects, such as adduct formation, or biases in the detector. All signals shown
in Figure 3-1 are common formulae defined by their simultaneous detection and annotation by
both instruments in the same samples (holding >70 — 80% total ion abundance in both
instruments, Table 3-2). In turn, differences in spectrum shapes among instruments seen here
can only be caused by abundance variation. Furthermore, adduct formulae including chloride,
the most common adduct in negative-mode ESI, would be detected at m/z values not within
the 0.5 ppm mass error criterion or only in formulae with unlikely combinations of heteroatoms
N, S and P (compositions were checked with MIDAS Formula Calculator v.1.2.6, National
High Magnetic Field Laboratory, Tallahassee, USA). Dimer formation as a source of ion

abundance variation was effectively suppressed by use of source-induced dissociation (SID).
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Tests with the IHSS sample showed that the use of SID alone did not explain the presence of a
lower m/z hump centered at ~ m/z 225. Intensities and number of detected signals below m/z
200 were indeed increased by SID. However, this was not reflected by a simultaneous decrease
in number or abundance of higher m/z ions (< m/z 800), altogether pointing towards better
ionization of low molecular weight compounds in DOM. Potential analyzer effects cannot be
ruled out and need further insight as they seem to be inherent to specific samples and Orbitrap-
type instruments but were not within the scope of this paper. As noted above, slightly better
sensitivity of the Orbitrap method in the higher mass range led to increased rates of formulae
assigned only by the Orbitrap (> m/z 400, mainly simple CHO and CHNO compounds, Table
3-2, Figure A-1). Although this effect is likely caused by differences in instrument architecture
similar to above reported deviations in intensities below m/z 400, the underrepresentation of
higher mass ions in the FT-ICR MS spectra is not a consequence of instrument capabilities but
rather a tradeoff in adjusting and fine-tuning the mass spectrometer response to individual user

needs, as these formula compositions are easily resolvable by FT-ICR MS performance.

Our results indicate a strong preservation of the ion abundance information in both instruments,
with only slight deviations discussed above, pointing towards representation of inherent sample
characteristics by ESI-FTMS instruments. Note that the measurement settings of each
instrument were the same for all samples (Table A-1). By establishing an Orbitrap method that
minimized differences in ion abundance representation (and thus differences in ionization and
detection), we were able to estimate the analytical window determined mainly by lower
resolution and detection limits. However, a perfect overlap in instrument response may be
difficult to achieve and would require similar tuning for each “type” of sample, which is costly
and inflexible, if many different samples are compared. Specific signals only observed by the
Orbitrap were in all cases close to the noise threshold (Figure A-1). This implies that FT-ICR
MS-generated formula lists can be used to annotate the big majority of peaks detected in typical
DOM datasets obtained by the Orbitrap. Of course, the Orbitrap has to be fine-tuned for this
purpose. As demonstrated, this can be achieved by tuning the MS response (mainly ion
abundance distribution) of one or two representative samples or available reference material
that span the environmental/experimental gradient of interest. Likewise, the baseline formula
list for Orbitrap peak annotation could be obtained based on a representative but small subset

of samples.
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Figure 3-6. Comparison of MS coverage in terms of ion abundance (upper panels a — c¢) and formula number
(lower panels d — f). Cumulated curves indicate a gradual increase of information gain (through FT-ICR MS in
orange, vs. black line representing commonly detected formulae) in formula number and abundance information.
The red vertical dotted line marks ~ m/z 400 where resolving power increasingly determines full coverage.
Formula class ensembles covered by common and FT-ICR MS specific formulae are shown for the three specific
samples in pie charts, indicating contribution to allover ion abundance (panels a — ¢) or formula number (d — f);
the bigger pie always refers to the common set. Color encodes for compound class. CHNO includes N1-4, CHOS
includes S1-2, “other”: CHNOP/ CHOSP formulae.
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3.3.2 Interplay of sample type and instrumental resolution on the gained information

In this study, we observed distinct clusters of formulae that were outside of the Orbitrap’s
analytical window as determined by FT-ICR MS (Figure 3-3). The degree to which these
formulae groups contributed to the gained information depended strongly on sample type. This
observation was clearly linked to the general shift in abundance distribution (Figure 3-1; Figure
3-3). A higher contribution of additional information by the fourth cluster translated into a
stronger ion abundance deviation observed for the marine sample (11% of FT-ICR MS total
abundance, Figure 3-6¢). The region of the fourth cluster contributes substantially to a group
of abundant signals that are ubiquitously found (Kellerman et al., 2014; Lechtenfeld et al.,
2014; Roth et al., 2014) and are assigned to a maximum number of possible isomers (Hertkorn
et al., 2007; Zark et al., 2017). Therefore the full complexity of marine samples is not fully
captured by recent Orbitrap instruments. Strong similarity of ion abundance patterns suggests
that reasons for information loss are mainly due to limitations in resolving power and not
sensitivity (i.e., detection limit). This is especially true for compounds of the fourth cluster, as
this region usually contributes to abundant signals. In contrast, the allover contribution of FT-
ICR MS-specific formulae to total ion abundance (FT-ICR MS data) only accounted for five
and three percent in the IHSS and H5-3a, reflecting additional detection of more peripheral
compound groups (clusters 1 — 3, Figure 3-3a) or lower numbers of formulae associated with
the fourth cluster (Figure 3-3¢). Our results indicate that the better representation of DOM
chemodiversity by FT-ICR MS is sample-specific and related to distinct groups of similarly
composed compounds. Low-molecular-weight signals, indicative of fresh inputs of organic
matter (Roth et al., accepted), were well captured by the Orbitrap. These results demonstrate
the suitability of Orbitrap instruments for studying the individual composition of terrestrial

DOM and its transformation during early stages of decomposition.

An assessment of the formulae lost from the Orbitrap’s analytical window showed additional
indication of sample-specific differences among instruments linked to DOM complexity. The
group of commonly detected formulae was represented by a majority of CHO, CHNO and
CHOS compounds (Figure 3-6d, e and f), and FT-ICR MS-specific formulae often belonged to
additional heteroatom-containing compound classes (e.g., CHNOS). We observed a clear
gradient of FT-ICR MS-added information from NSP-poor to increasingly NSP-rich samples
(Figure 3-6a, b and c). Likewise, the total number of additionally detected compounds

increased, together with their relative contribution to the total formula number: IHSS (13.5 %)
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<HS5-3a(27.8 %) <NELHA (37.3 %). This was also reflected by a parallel shift towards higher
average m/z. However, the increased resolving power of modern Orbitrap instruments allowed
detection of a wide array of CHNO and CHOS compounds, and even small numbers of CHOP
and CHNOS formulae (Figure 3-6d, e and f insets, big pie charts). The Orbitrap thus can
identify samples with more diverse heteroatom formula ensembles worth an FT-ICR MS

investigation (Figure 3-6d, e and f insets, small pie charts).

However, the additional FT-ICR MS information made up only a small portion of the overall
ion abundance (Figure 3-6a, b and ¢, max. 11%), confirming previous findings (Table A-11).
The majority of geochemically important formulae were retrieved, but low-abundance peaks,
possibly encoding to a higher degree for ecosystem-specific processes and nutrient dynamics
(Kellerman et al., 2014; Roth et al., 2014), were captured more comprehensively by the FT-
ICR MS. The correct abundance representation of common formulae (Figure 3-1, Figure 3-2)
and the distribution of additionally resolved compound classes above ~ m/z 400 (in accordance
with m/z shift observed in H/C vs. m/z space; Figure 3-3b, d and f) point to information loss
mainly due to insufficient resolving power above that threshold. A manual search for FT-ICR
MS-specific formulae in the Orbitrap data showed that the majority of peaks were either lost
due to insufficient resolution of small peaks (rather flat shapes) or overlap by larger,
neighboring signals, both becoming increasingly important at mass ranges above m/z 300.
Below this value, the preferential loss of a small group of signals with mass defects above 0.17

Da indicated low sensitivity of our Orbitrap method for these signals.

Our analysis of triplet formation proved the increasing capacity of the most modern Orbitrap
instruments to resolve bottleneck mass differences in complex DOM mass spectra rich in
heteroatoms. Surprisingly, the last triplet in the NELHA sample was found at m/z 413, well
above the calculated resolution limit for the triplets at ~ m/z 361, probably due to the relatively
high intensities obtained in this specific sample. In principle, the lower coverage of triplet peaks
in the Orbitrap data may also be due to insufficient sensitivity for certain signals. As noted
above, 1) general accordance of ion abundance patterns of common formulae and 2) a broad
limit in detection of heteroatom-rich compound groups above ~ m/z 400 points towards the
expected decrease in Orbitrap performance due to insufficient resolving power. Moreover, the
missing NELHA triplet signals in the Orbitrap data often remained unassigned due to peak
interference as pointed out above. A group of interfering signals subsequently identified as the

BC-isotopomers of CHNO formulae influenced [CHO]H4S peak annotation. This interfering
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series of signals is found approximately 1 mDa away (towards higher m/z) from the prospective
sulfur signal and is thus even harder to resolve by the Orbitrap. The balance of both peak
intensities influenced centroid positioning during peak picking, which subsequently affects

peak alignment and formula assignment.

Taken together, ion abundance pattern and DOM complexity, which have been found to be
important aspects of sample type in our study, influence the degree to which Orbitrap
instruments keep up with FT-ICR MS performance. These results are important for Orbitrap
use in future DOM studies and are even more promising as nominal resolving powers of
480.000 are achievable with a beta version of the Orbitrap’s instrument software allowing for
increased transient length (Zhurov et al., 2013). By analyzing two heteroatom-rich petroleum
samples of even higher complexity, Zhurov and coworkers showed that increased resolving
power was sufficient in the lower mass range up to ~ m/z 500, being somewhat higher than on
the previous generation of Orbitrap cells (~ m/z 300, Smith et al., 2012). FT-ICR MS is still
needed for a comprehensive analysis, even more so with FT-ICR MS improvements in place

(Table 1-1), but is less necessary when heteroatom-poor DOM samples are analyzed.

3.3.3 Retrieval of discriminating information and biogeochemical trends

Multivariate statistics revealed a separation of ecosystem DOM types according to their
proximity to recent inputs of fresh or freshly decomposing organic matter (Figure 3-5). Bog
(N3B, N8B), IHSS and topsoil water samples (H2S-5, T-5, W1-5, and JE-2-5-10) showed
strong contribution of aromatic and phenolic-type formulae in the lower mass range. During
potential passage through deeper soil, aquifers and downstream aquatic systems, these signal
become less dominant and NOSC, Almop and DBE of DOM decrease simultaneously with a
shift from bi- or multimodal ion abundance patterns to unimodal ones (Figure 3-1). Similar
trends in loss of aromaticity have been described in soil and river settings using different
methods (Creed et al., 2015; Klotzbiicher et al., 2016). This implies that freshly decomposing
materials can be traced by their contribution of aromatic- and phenolic-type formulae (Roth et
al., accepted). In short, Roth et al. (2014) described several trends in a study including different
sets of ecosystem samples. We found reproducible separation of a subset of these samples
(water samples from forest soils, grassland soil, bogs, and rivers) on both instruments. This
encompassed a) differentiation of surface and soil water samples, which were paralleled by

changes in pH and vegetation type (clusters A and B in Figure 3-5a; Roth et al., 2014, 2013),
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b) retrieval of a depth trend found for grassland soils (JE-2-5 samples) including an increase in
molecular similarity to river and marine samples with depth mainly due to vanishing aromatic-
type formulae in the lower mass range (cluster C; Roth et al., accepted), and c) discrimination
of anoxic (H5-3a) and oxic (H3-2b) aquifer environments (cluster D, Nowak et al., 2017,
Schwab et al., 2017). Unique formulae of forest sites showed a higher aromaticity compared to
unique formulae found in less acidic grassland sites, supporting the finding that aromatic
signals < m/z 300 might be linked to fresh and less decomposed organic matter inputs (Roth et
al., accepted). Contrastingly, unique formulae found in grassland sites indicated stronger
contribution of N and S formulae to DOM. Similarly, we found a significant link between the
number of N atoms and the second coordinate. A paralleling trend regarding the sulfur content
of formulae was only observed in the FT-ICR MS analysis. This may depict the surplus of
information gained by higher resolution, where subtle differences in heteroatom contribution
are still better constrained. The major separation showed high degree of robustness and was
driven by commonly detected signals. All in all, the strong differentiation among samples of
the set was corroborated by the retrieval of previously published trends with extended sets of

similar samples.

3.4 Implications

The Orbitrap Elite has proven to be powerful for the challenging analysis of complex DOM
fingerprints and the associated subtle differences in molecular composition that need to be
resolved. Depending on the sample type, the additional information gained by the FT-ICR MS
was either minor for samples that held mainly CHO formulae and had a lower average m/z, like
the IHSS sample, or somewhat higher for samples that were NSP-rich and had higher average
m/z, like the marine NELHA sample. The Orbitrap provided similar information compared to
the FT-ICR MS, with the obvious aspect of lower resolving power being the main limitation in
higher mass range. Accordingly, Orbitrap performance seems sufficient for the analysis of
terrestrial samples that show abundance maxima in the lower mass range, and might soon even
overcome this limitation through further increases in resolving power. Even under these
circumstances, the Orbitrap is able to reproduce observed trends in molecular composition and
allows separation of ecosystem types based on their DOM fingerprints. Drawbacks in resolving
power can be tackled by increasing the specificity for analytes of interest during extraction (Li
et al., 2016a; Tfaily et al., 2015), ionization (Hertkorn et al., 2008; Hockaday et al., 2009) or

instrumental detection (Cao et al., 2016; Sleno, 2012). Although not comprehensive, broad
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trends in heteroatom content were also captured by the Orbitrap. With regard to drawbacks in
resolution of heteroatom-containing formulae, the Orbitrap may thus still be used as a tool to
inform researchers about which samples would require regular or even improved FT-ICR MS
performance. Our study provides an improved baseline for application of lower-resolution
instruments. The open-source software used herein and published algorithms for molecular
formula assignment and data analysis (Kew et al., 2017; Leefmann et al., 2019) will likely
assist more researchers in contributing to DOM research in future. With analytical
developments being available already now, FT-ICR MS and Orbitrap systems are of utmost
importance to reveal full detail of the molecular composition, the origin and dynamics of DOM
in both space and time. We finally recommend the use of internationally recognized reference
materials that will help to decrease the instrument dependent tuning factors and simultaneously

increase the comparability of the retrieved ion abundance patterns.
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4 Whitesands and their link to blackwater DOM evolution in the Rio

Negro basin

4.1 Introduction

Tropical rivers rank highest globally in terms of discharge and DOC export: The Amazon (incl.
Tocantins), the Congo and the Orinoco deliver 25% of the global discharge and 18% of
dissolved organic carbon (DOC) to the Atlantic Ocean (Raymond and Spencer, 2014). Due to
within-river DOC transformation to CO2, CH4, or biomass, actual export of terrestrial organic
carbon is probably even higher (Aufdenkampe et al., 2011; Ward et al., 2017). Riverine DOC
export of tropical forests is thus a crucial component that interlinks global carbon and water
cycles (Alvarez-Cobelas et al., 2012; Webb et al., 2018). Although found ubiquitously, DOC
represents a complex mixture of thousands of individual molecules (dissolved organic matter,
DOM; Minor et al., 2014) that exerts large compositional variation and thus holds much
potential information on ecosystem imprints and processing (Raymond and Spencer, 2014).
Ultrahigh resolution mass spectrometry (FTMS) by Orbitrap is especially suited to reveal
molecular detail in early decomposition stages of terrestrial organic matter (chapter 3). Holistic
understanding of the factors that govern the release and transformation of DOM in soils and
within the aquatic continuum is needed to read the molecular signatures that emerge at different
scales, from the interconnected pores to the watershed (Hutchins et al., 2017; Kellerman et al.,
2015; Lynch et al., 2019; Peyton Smith et al., 2017). This knowledge is crucial to both
understand the functioning of terrestrial environments and to keep them functional for future

generations (Ward et al., 2017).

Sandy, deeply bleached soils classified as podzols are widespread in the Rio Negro basin,
occurring in depressions on elevated plateaus and their slopes but also in valleys were they
form large riparian areas (Do Nascimento et al., 2004; McClain et al., 1997; Montes et al.,
2011; Remington et al., 2007; Zanchi et al., 2015). Do Nascimento et al. (2004) divide the
occurrence of podzols into those occurring in high-elevation plateau terrain with the dominance
of riparian systems (mid Amazon basin, e.g., north of Manaus) and in low-elevation plateau
terrain with widespread podzol peneplains (north and upper Amazon basin, e.g., west and
northwest of Manaus). However, whitesand areas with distinct Campina forests underlain by
podzols are also found in elevated plateau positions (Demarchi et al., 2018; Zanchi et al., 2015).

Knowledge about these diverse podzol ecosystems in terms of landscape position and
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biogeochemical role remain scarce (Do Nascimento et al., 2004; Fritsch et al., 2011; Ishida et
al.,2014; Lucas, 2001; Pereira et al., 2015). For example, despite the general acknowledgement
that the occurrence of whitesand areas and blackwater river formation are linked (Ertel et al.,
1986; Goulding et al., 1988; Leenheer, 1980; Remington et al., 2007; Sioli, 1954), we know
surprisingly little about molecular imprints and DOM markers draining these widespread
whitesand areas. McClain et al. (1997) estimated that while only 2 g of DOC m? yr! were
exported by clay-dominated plateau (Oxisol) systems, sandy Campina sites exported about 40
g-DOC m™ yr'! and predicted that upland ecosystem markers would thus be better visible in
higher order (downstream) rivers within the Rio Negro catchment. The dark color of blackwater
bodies favors relatively low light penetration and depletion of oxygen in cooler deep waters,
both preventing DOC degradation by photochemistry or the decomposer community (Goulding
et al., 1988), and early reports indeed showed low oxidative capacities of blackwaters (Sioli,
1954). McClain et al. (1997) also estimated that overall exports of DOC by clearwater rivers
linked to typical Oxisol/ kaolinite landscapes had to be compensated to a large degree by
additional inputs from DOC-rich riparian zones and wetlands, as their groundwater inputs only
accounted for ~30% of DOC export under baseflow (dry) conditions. Later studies
corroborated these rough estimates (Zanchi et al., 2015). Remington et al. (2007) showed that
the sorptive capacities of sandy soils were substantially lower that those of their neighbouring
Oxisol and kaolinitic soils, thus explaining higher DOC fluxes from whitesand areas. Through
comparative analysis of water-soluble organic matter (WSOM) from different soil horizons of
an area affected by ongoing podsolization processes, Bardy et al. (2011) found that WSOM
from deep horizons of well-developed podzols reflected best the chemical properties (specific
UV-absorbance, pH and electrical conductivity) of similar WSOM isolates from groundwater
draining the site, and also the receiving rivers. The authors concluded that Campina sites export
specific DOC markers and hypothesized that these markers would allow distinguishing their
imprint within downstream river networks. However, since then, the molecular differentiation
of these remarkable landscape signals and their downstream fate has not been investigated
further in detail. However, two recent studies consistently showed that oxidized and highly
aromatic formulae > 300 m/z are indicative of the Rio Negro watershed (Gonsior et al., 2016;
Simon et al., 2019). These findings are in line with reported markers in DOM from soils
beneath temperate conifer forests and waters draining boreal bogs, all of which are usually
characterized by acidic pH and high DOC levels, same as waters of the Rio Negro (Roth et al.,
2015, 2014).
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Recent understanding of DOC export from soils to groundwater and aquatic systems assumes
constant exchange of DOC with coexisting soil organic carbon (SOC; Kaiser and Kalbitz, 2012;
Leinemann et al., 2018). DOC production is sustained by topsoil “dominant source layers” rich
in decomposing plant biomass (Ledesma et al., 2015; Lee et al., 2018; Malik and Gleixner,
2013). “Disconnection” of decomposers and molecules constituting soil organic carbon (SOC)
governs their stabilization in bulk and deep soils, which show dilute SOC stocks with apparent
old '*C age and a dominant microbial imprint (Don et al., 2013; Gleixner, 2013; Késtner and
Miltner, 2018; Liang et al., 2017; Sierra et al., 2018). In a previous study (chapter 3), DOM
from systems dominated by constant recycling and low DOC levels (deeper soil layers,
groundwater, marine systems) showed a marked mass shift towards higher molecular weights
in Orbitrap data, as compared to DOM samples from sites dominated by inputs of decomposing
biomass. Such mass shifts in DOM are commonly observed during fungal decomposition of
DOM which goes along with decoloration, DOC loss, and resynthesis of novel compounds
(Waggoner and Hatcher, 2017; Zavarzina et al., 2018) and are also described for soil depth
profiles (Roth et al., accepted). Differences in soil texture, aggregation and hydraulic
conductivity thus emerge as main determinants of SOM and DOM recycling because they
control the number and intensity of recycling steps — much similar to the number of theoretical
plates in chromatographic separations — along a molecule’s passage from topsoil to

groundwater (Kaiser and Kalbitz, 2012; Remington et al., 2007).

We hypothesized that the relatively large export of DOM from well-drained sandy systems in
the Rio Negro basin (McClain et al., 1997; Remington et al., 2007) would allow to differentiate
sources of Rio-Negro-specific markers (Bardy et al., 2011; McClain et al., 1997). In order to
link podzol headwaters and the blackwater mainstem, we analyzed water samples from
lysimeters, piezometers, streams and deep wells from two contrasting catchments in the
elevated plateau region north of Manaus: A dry upland system characterized by smooth slopes
and Campina forest cover, and a valley system typical for riparian, hydromorphic podzols
associated with relatively steep slopes to neighboring plateau areas. We specially addressed the
effects of ecohydrological differences (microclimate) and soil properties (texture) onto DOM
composition. Finally, we compared the site-specific signals to reported sets of potential
phenolic Rio Negro markers (Gonsior et al., 2016; Simon et al., 2019). Specifically, we
adressed the following questions: 1) How do contrasting whitesand ecosystems differ in terms
of their water chemistry (pH, electrical conductivity, water isotopy) and carbon

biogeochemistry (DOC, carbon isotopy)? 2) How do clayey plateau and whitesand sites differ
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in their molecular DOM composition, and how does it relate to water chemistry? 3) Do we find

a link between ecosystem markers of whitesand sites and watershed-specific Rio Negro

markers?
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Figure 4-1. Overview of differences in water chemistry, water and carbon isotopes.Shown are the water chemistry
(panels a-c), isotope chemistry of water samples (d, e) and their respective DOC extracts (f, g) from two
contrasting whitesand areas (A, Reserva Campina; B, Reserva Cuieiras). Group B is separated into samples with
high DOC (B1) and low DOC (B2). a) pH, b) electrical conductivity, c) dissolved organic carbon concentration,
d) difference in 8D values of water compared to regional average precipitation (OIPC estimate), ) difference in
5180 values of water compared to regional average precipitation (OIPC estimate), f) deltal3C of DOC extracts,
g) mean calendar age based on F14C (Fraction Modern) values of DOC extracts. Note that groups size of B2 is
smaller in f) and g) due to low C amounts of several samples (Tab. 1) and contains data from four samples
measured in duplicates (E1, PR07, Rio Asu, Rio Campina).

4.2 Results

4.2.1 Site characterization

The general analysis of water chemistry and carbon biogeochemistry showed clear differences
among samples. The both sandy areas were generally characterized by similar water chemistry,
but some samples at the Cuieiras site showed contrasting properties reflecting the presence of
clayey Oxisols and Ultisols in the catchment (Table 4-1, Figure 4-1a — c). Acidity (pH),
electrical conductivity (EC) and concentrations of dissolved organic carbon (DOC) were on
average ~ 3.6, ~ 50 uS*cm™ and 34 — 42 mg-C*I"' in blackwater samples from both sites
(Figure 4-1). Samples influenced by lower blackwater influence at the Cuieiras site however
showed low DOC levels (~ 1mg-C*I"") with the exception of “intermediate samples” form
piezometer PT06, lysimeters E3 and E4, and the stream (Rio Asu), showing DOC levels in the
range of 5 - 15 mg-C*I"! (Table 4-1, Figure 4-1). While the EC was consistently low in these
samples (~ 11pS*cm™), they indicated lower acidity: On average, pH was around 4.5 and
highly variable (up to pH 5.3 in sample E3). The water isotopes indicated marked difference
between sites (Table 4-1, Figure 4-1d and e, Figure 4-2). Samples from the Cuieiras site showed

consistently lighter (more negative) 8D and §'®0 values but all samples plotted on the local
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meteoric water line (Figure 4-2) and were overall lighter as compared to local precipitation in
previous years in the same months. While the 8'*C signatures of all DOC extracts (SPE-DOC)
were roughly similar (Figure 4-1f), their calibrated radiocarbon ages were unexpectedly young
— less than 2 years to 13 years at maximum — and differed markedly by 6 — 7 years between
both sites (Figure 4-1g). SPE-DOC was younger in the Cuieiras site: youngest calendar ages
were found in samples E1, PT06 and Rio Asu. Highest calendar ages were found in left bank

groundwater samples from Reserva Campina (P6, P7, Figure 2-2a).
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Figure 4-2. Water isotope data in relative notation against predicted average precipitation. Average precipitation
taken from OIPC (OIPC 3.0 estimate, see methods for explanation) in all water samples taken in October/
November 2017. Black dotted line: Local meteoric water line (LMWL) constructed from data collected monthly
by the INPA climatology station, located in the Adolpho Ducke Forest Reserve, Manaus, Brazil (data 08/15 -
02/17): d2H = 8.343*d180 + 13.362 (1=0.99, n=19). Four selected rain data points from October and November
2015 and 2016 are shown by cyan downward triangles. Grey dotted line: LMWL constructed from monthly dD
and d180 in precipitation at IAEA/ WMO (International Atomic Energy Agency/ World Meteorological
Organization) station in Manaus, Brazil, by Zhang et al. (2009), data from 1965 — 1990: d2H =8.14 d180 + 12.96
(r=0.98, n=186).
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Table 4-1. Combined data of samples from Reserva Cuieiras and Reserva Campina sampled in 2017. Greyed entries are denoting problematic data (see below table and text)
related to contamination. EC, electrical conductivity; F14C Fraction Modern; AC, correction accounting for decay between sample collection and measurement; SPE:DOC,
ratio of mass of SPE resing and applied amount of DOC; EE, extraction efficiency based on DOC of samples and SPE extracts; Orbitrap, Quality of FTMS data.

1D Date Depth '[m] pH EC [puS/cm] DOC [mg/L] = &*H [%] @ &'80 [%] F14C AMC [%o] Cal. Age * [yrs] = SPE:DOC EE [%] Orbitrap

PR11 11/01 0.96 42 14 0.4 -26.8 -5.03 n.d.2 - - (ok)
PR10 10/31 n.d. 4.2 16 2.0 -24.2 -4.50 0.974 -33.63 2026 (1952) (ok)
PR0O9 10/31 0.24 3.6 54 343 -20.2 -3.96 1.055 46.8 2009 (2010) 469 77 Ok
PROS 10/31 0.15 3.6 50 315 -16.6 -3.61 1.056 47.0 2009 (2010) 465 86 Ok
PRO7 10/31 1.12 3.6 50 36.0 -29.8 -5.11 1.055 46.1 2009 (>2010) 456 76 Ok
PTO06 10/31 n.d. 3.9 29 13.3 -26.4 -4.61 1.021 12.3 2016 (>2010) 500 78 Ok
PRO6 11/01 1.86 4.5 11 0.4 -24.6 -4.84 n.d.2 - - (ok)
PT09 11/01 n.d. 43 13 0.5 -25.2 -4.72 n.d.2 - - Contam.
PP1 11/01 39.0 4.5 12 0.7 -26.6 -4.96 n.d.2 - - (ok)
PP2 11/01 35.0 4.7 10 0.8 -28.9 -4.86 n.d.2 - - (ok)
E1l 10/31 1.0 3.7 43 35.4 -23.3 -4.25 1.011 2.7 2018 (>2010) 491 90 Ok
E2 10/31 1.2 3.8 37 28.5 -27.4 -4.85 0.984 -24.63 2024 (1955) (ok)
E3 10/31 1.4 53 13 4.1 -24.4 -4.68 0.479 -5243 - (ok)
E4 10/31 1.6 4.9 12 12.4 -243 -4.48 0.714 -2923 - (ok)
E5S 10/31 1.8 4.7 11 0.9 -25.2 -4.81 0.054 -9473 - Contam.
Eé6 10/31 2.0 4.5 12 1.0 -27.3 -4.89 n.d.2 - - Contam.
Asu 10/31 0 43 14 52 -233 -4.44 1.035 26.4 2013 (>2010) 487 95 Ok
P2 11/02 24 3.6 55 41.3 -1.2 -2.75 1.063 53.8 2008 (2008) 370 53 Ok
P4 11/02 1.5 3.9 40 30.4 -18.2 -3.77 1.055 46.4 2009 (2010) 332 67 Ok
P5 11/02 1.5 3.8 43 335 -15.9 -3.69 1.072 63.6 2006 (2005) 399 66 Ok
P6 11/02 1.5 3.6 50 42.4 -15.9 -3.67 1.079 70.5 2004 (2004) 362 68 Ok
P7 11/02 1.5 3.6 52 44.2 -17.6 -3.77 1.074 64.7 2005 (2005) 392 69 Ok
Rio 11/02 0 3.6 54 43.1 -16.4 -3.79 1.070 61.7 2006 (2006) 343 66 Ok

' R. Cuieiras: In piezometers, water level below surface at sampling (daily mean, hourly data), in lysimeters and wells: max. depth. R. Campina piezometers, max. depth. ? n.d., not determined
due to limited extract amount. 3 Value influenced by #C-dead contaminant signals. * Calendar age; first value obtained by prediction based on data from Graven (2015); second value in brackets
obtained by OxCal 4.3 calibration with data up to 2010.
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4.2.2 DOM characterization

The analysis of molecular DOM composition showed separation of previously described sample
groups based on DOC concentrations, and revealed detailed differences among blackwater samples
from both sites. Ultrahigh resolution mass spectra of DOM were evaluated by PCoA to extract the
main coordinates representing maximum variability in the DOM signal (Figure 4-3). The PCoA
separated DOM samples into two main clusters on the first coordinate (PCoA 1, Figure 4-3a, clusters
1 and 2; ~ related to groups B2 & A/B1 from Figure 4—1c) which held 72% of molecular variation
and thus demonstrated the large difference of samples poor in DOC (cluster 1: PP1, PP2, PR6, PR11,
PR10) from the remainder of the samples. However, there were notable deviations from the trend.
DOM from relatively DOC-poor lysimeters E3 and E4 was also separated from these five samples
(within cluster 2). The second coordinate separated the larger cluster 2 but the overall explained
variability in molecular composition dropped sharply to 13%, indicating more subtle changes in
DOM. Piezometers at the Campina site and lysimeters at the Cuieiras site (sub-cluster 2a) were
separated from a sub-cluster (2b) of Ciuieras piezometer samples. In summary, the twofold
separation of PCoA 1 and 2 allowed us to identify three possible DOM endmembers/ clusters: 1)
DOM residing in DOC-poor groundwater environments; 2a) shallow groundwater with more
constant saturated conditions, and 2b) DOM from soil with variable moisture (Figure 4-3a). The
river samples, which represented the main flux of DOM export from both systems, reflected the
imprint of these three clusters as well: Rio Asu, the draining stream of the wetter Cuieiras site,
plotted close to the main piezometer cluster 2a but was slightly shifted towards the direction of close
by deeper groundwater samples (cluster 1, Figure 4-3a, Figure 2-2b); a result that was also reflected
by relatively light water isotope values (Figure 4-2). The exported stream DOM however reflected
better the composition of the shallow saturated zone of this specific valley system (piezometer
cluster 2a). On the contrary, the draining stream of the Reserva Campina plotted in a position (Figure
4-3a, cluster 2b) in between its surrounding piezometer samples. The third coordinate spread cluster
2b samples by site (Figure 4-3b). In summary, our analysis revealed three subsurface DOM

“endmembers” (cluster 1, 2a and 2b) at both sites.
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Figure 4-3. PCoA plots based on Bray Curtis dissimilarity of all available samples. The plots show separation of samples
by a) first and second coordinate and b) third and second coordinate. The first coordinate marks the highest variability
which separated plateau-influenced water samples (cluster 1) from rather valley-dominated samples in cluster 2
(containing also samples with mixed inputs, as found in most shallow piezometers). Coordinate 2 (PCoA 2) spread
samples on a potential “moisture” gradient (see main text for explanation) into stable saturated (cluster 2a) and influence
of changing moisture conditions (cluster 2b). Groundwater samples at Reserva Cuieiras reached a state (cluster 2a) that
markedly differed from the surface signal influenced by wetting/ rewetting cycles (cluster 2b) but was largely different
from groundwater of wells in deeply weathered clay-rich plateau soils (cluster 1). In summary, the analysis shows that
the stream outflow DOM signal is dominated by an imprint stemming from surface processes in sandy areas, and that
those signals seem to be influenced by moisture conditions. Cluster 2b was separated by site on the third coordinate
(see appendix, Figure A-8).

The post-gradient ordination fitting analysis (envfit function, Figure 4-4) allowed us to relate main
coordinates of separation to sample (i.e., pH) and DOM properties (i.e., aromaticity). The sample
properties (Figure 4-1) reflected the main differences described above. Coordinate 1 (PCoA 1) was
found to be linked to trends in DOC, EC and pH, whereas PCoA 2 was linked to differences in water
isotopy. The main variability represented by the first coordinate was also found to parallel gradients
of ion-abundance-weighted averages of molecular indices: The atomic H/C ratio was higher in
DOC-poor samples (stronger saturation), whereas samples rich in DOC generally indicated the
opposite, i.e., higher aromaticity, higher nominal oxidation state of carbon, higher carbon-
normalized double bond equivalent, and higher atomic O/C ratio. A-priori-defined molecular
groups (defined on the basis of the molecular indices) subsequently reflected the same trend: rather
“labile” groups (D’ Andrilli et al., 2015) showed higher dominance in samples of cluster 1 (i.e., PEP,
unsaturated, O- and N-containing; HU, highly unsaturated; and UA, unsaturated aliphatics) whereas
groups linked to oxygen-containing or aromatic structures showed higher dominance in samples of

cluster 2 (i.e., PP, polyphenols; BC, black carbon-like; and SUG, carbohydrate-like).
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Figure 4-4. Factors governing PCoA separation of the whole set of samples. Same PCoA as presented in Figure 4-3a
with added envfit analyses of different sets of variables: a) DOM indices, b) molecular groups, ¢) formula classes, d)
sample metadata. See legend in Figure 4-3. Notes refer to variable arrow labels that were skipped for readability.
Abbreviations: a) MW, molecular weight; Np/ Sp, number of N- or S-containing formulae; Np%/ Sp%, percentage of
those based on total peaks; Npi%/ Spi%, percentage of those based on total ion abundance; C/ H/ O/ N/ S, number of
atoms per formula; NOSC, nominal oxidation state of carbons; H.C and O.C, atomic ratios H/C and O/C; DBE, double
bond equivalent; DBE.C, DBE based on C number; DBEmO, DBE minus oxygen number; Almod, aromaticity index.
b) BC (“Black Carbon”), PP (polyphenols), HU (highly unsaturated); UA (unsaturated aliphatics); SUG (oxygen-rich,
sugar-like); PEP (unsaturated, O- and N-containing); prefixes: lw (“low weight”, formulae < 15 C atoms), hw (“high
weight”, formulae > 15 C atoms), op (“O-poor”, O/C < 0.5), or (“O-rich”, O/C > 0.5). ¢) CHO, formulae containing
only C, H and O atoms; CHNO/ CHN2O, containing one or two N atoms; CHOS, containing one S atom; CHONS,
containing one N and S atom. d) pH, acidity; EC, electrical conductivity; DOC, dissolved organic carbon; d2H,
hydrogen isotopy; d180, oxygen isotopy.
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Figure 4-5. Factors governing PCoA separation of the reduced set of samples. Shown are the separation by coordinates
1 (71% explained variation) and 2 (15%) in a PCoA and subsequent envfit analyses of different sets of variables: a)
DOM indices, b) molecular groups, ¢) formula classes, d) sample metadata. See legend in Figure 4-3. Notes refer to
variable arrow labels that were skipped for readability. Abbreviations: a) MW, molecular weight; Np/ Sp, number of N-
or S-containing formulae; Np%/ Sp%, percentage of those based on total peaks; Npi%/ Spi%, percentage of those based
on total ion abundance; C/ H/ O/ N/ S, number of atoms per formula; NOSC, nominal oxidation state of carbons; H.C
and O.C, atomic ratios H/C and O/C; DBE, double bond equivalent; DBE.C, DBE based on C number; DBEmO, DBE
minus oxygen number; Almod, aromaticity index. b) BC (“Black Carbon”), PP (polyphenols), HU (highly unsaturated);
UA (unsaturated aliphatics); SUG (oxygen-rich, sugar-like); PEP (unsaturated, O- and N-containing); prefixes: Iw (“low
weight”, formulae < 15 C atoms), hw (“high weight”, formulae > 15 C atoms), op (“O-poor”, O/C <0.5), or (“O-rich”,
O/C > 0.5). ¢) CHO, formulae containing only C, H and O atoms; CHNO/ CHN2O, containing one or two N atoms;
CHOS, containing one S atom; CHONS, containing one N and S atom. d) pH, acidity; EC, electrical conductivity;
DOC, dissolved organic carbon; d2H, hydrogen isotopy; d180, oxygen isotopy; Cal.Age, calibrated calendar year
(average DOC age); Site, binary code differentiating both sites.
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Trends in the average number of C, O and N atoms per formula paralleled the separation of cluster
2a from the remainder of samples; consequently the percentage of CHO formulae was higher in this
cluster whereas the percentage of CHNO formulae was reduced. Cluster 1 stood out in terms of
sulfur-related formulae (percentage of CHOS peaks). Most tested variables were not linked to the
third coordinate (Figure A-8); despite the obvious site-related variables DOC and EC, only the
percentage of SUG formulae showed a significant correlation to the ordination plot and in the

direction of the third coordinate, thus indicating higher values in Campina samples.

To test the relation of molecular properties of DOM and results of the radiocarbon analysis, we
reduced our dataset for a repeated PCoA and envfit analysis (Figure 4-5). This was necessary as not
all of our samples had enough C to be measured by AMS (Table 4-1). All of the samples included
were part of the main cluster 2 in the first PCoA and envfit analysis (Figure 4-3, Figure 4-4) and
thus our repeated analysis also allowed us to assess better the cluster-specific variability in DOM
of cluster 2 (blackwater samples). The analysis revealed differences between sites mainly on the
first coordinate (71% of explained variation) and showed a marked spread of samples on the second
(15%), being related to a gradient from groundwater DOM to stream DOM which was consistent
on both sites and also reflected partly the separation of sites by the third coordinate in our first PCoA
(Figure 4-3b). Piezometer samples showed a greater variability in composition at Campina site, a
result consistent with the previous analysis, and the composition of stream DOM reflected the
remaining soil water samples in a similar manner as described above. The third coordinate showed

only 5% of variation (Figure A-9) and was not further taken into account.

In order to test the relation between main coordinates and variation in properties of DOM (e.g.,
aromaticity) and samples (e.g., pH), we again performed a post-gradient ordination fitting analysis
(envfit function, Figure 4-5). Separation of samples on the first coordinate was mainly linked to
differences in average molecular weight (MW, based on m/z values), average number of O and C
atoms per molecular formula, and average DBE and O/C ratio. Campina samples indicated higher
values of all these indices; a trend observed also in the previous analysis. In contrast, Reserva
Cuieiras samples showed higher number of peaks and were notably elevated in average N content
per formula and thus percentage of CHNO and CHN20 formulae. Along with trends in oxygenation,
the oxygen-rich molecular groups of SUG and orPP showed highest dominance in samples from the
Campina site, but also some intense CHOS compounds were especially elevated in these samples.
Cuieiras samples were separated also by strong contribution of O-poor unsaturated aliphatics

(opUA). The second coordinate was paralleled by a molecular trend in decreasing aromaticity
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towards stream DOM (going along with significant trends of H/C ratio, NOSC and three of the
molecular groups: HU, BC, PP). However, this trend was not as strong as the one observed in the
previous PCoA of the whole sample set (Figure 4-3): Here, it was only related to the second
coordinate (15% of variation vs. 72% in the first analysis). Interestingly, also the abundance and
dominance of a second set of sulfur formulae was affected by this aromaticity gradient: The absolute
and relative numbers of S-containing peaks were higher in piezometer samples most different from
stream DOM; the class of CHONS formulae followed the same trend. The opposed trend in CHOS
and CHONS formulae indicates differences in sulfur chemistry in CHO- vs. CHNO-dominated
systems (Campina vs. Cuieiras, respectively). As expected for the separation of sites by the PCoA,
envfit analysis of sample properties (DOC, EC) revealed the main differences reported beforehand
(Figure 4-1) with no clear assignment of effects to one of the two coordinates. Solely the pH and
the water isotopes showed a more pronounced correlation with the ordination (in the direction of
the first and second coordinate, respectively). The *C information showed a similar trend and was
thus inseparable of the site effect documented by other properties, as the pH or differences in CHO
and CHNO formulae.

In an attempt to extract the formulae related the main clusters and blackwater samples from both
sites, we conducted two Student’s t-tests based on the relative ion abundances of formulae across
samples of each group. In the first analysis, we compared cluster 1 (four samples, six mass spectra)
and cluster 2 (16 samples, 31 mass spectra) from our first PCoA (Figure 4-3a) because they indicated
the largest compositional difference (sample PR10 was included into the second cluster). In the
following second analysis, we compared samples from cluster 2 that indicated separation of sites in
the second PCoA/ envfit analysis (Figure 4-5) which was also correlated to apparent calendar age
of DOM. This two-step approach allowed us to pin down the average molecular imprint of the three
systems (clayey plateau samples, Campina blackwater, “riparian” Cuieiras blackwater) as revealed

by sequential PCoA (Figure 4-6).
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Figure 4-6. Indicative sets of marker formulae of three major landscape units in central Amazonia. Subsets of molecular
formulae showing significantly higher ion abundance in groups of samples in cluster 1 samples (a — c; “Plateau”,
cluster] defined in Figure 4-3a), in riparian samples of the Cuieiras site (d — f; “Riparian”), and in Campina samples (g
—1). Sets of formulae specific to the whole cluster 2, formulae similarly abundant in clusters1 and 2, and those similarly
abundant in riparian Cuieiras and Campina samples are presented in a similar way in Figure A-10. Panels a, d and f
show the average and max mass spectra of each formula subset. Panels b, ¢ and h show the formula subsets in Van
Krevelen space (see formula classes and respective numbers of formulae in the legend in panels c, f and 1). Panels c, f,
and i show formula subsets in H/C vs. m/z space.
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We found clear differences among clusters of samples. For example, samples of cluster 1 (“Plateau”)
that showed consistently low DOC and transparent color were differentiated by a set of formulae
with a narrow mass and molecular formula distribution centered around m/z 425, O/C < 0.5 and
H/C > 1 and showed a higher contribution of N-containing and S-containing formulae as compared
to CHO-only formulae (Figure 4-6a — c¢) with a notable series of seemingly aliphatic sulfur formulae.
In comparison, formulae indicative of cluster 2 (Figure A-10a — c¢) showed a much broader
distribution up to m/z 800 and with a center at low m/z (~ 200 Da) and dominance of CHO formulae
distributed across the whole Van Krevelen plot. A pool of distinct CHOS and CHNOS formulae
centered at m/z 400 differentiated Cluster 2 from Cluster 1. Formulae above m/z 400 showed higher
offsets in terms of average and maximum ion abundance, indicating larger differences within cluster
2 (Figure A-10a). The set of non-significant formulae present at similar ion abundance in both

clusters from the first PCoA (Figure 4-3a) is presented in Figure A-10 (panels d — f).

To better differentiate samples of the larger cluster 2 (Campina blackwater/ “riparian” Cuieiras
blackwater), formulae differentiating sites (as shown in Figure 4-5) were extracted in a similar
analysis as described above. Clear differences between both sites were apparent through a sharp
“cutoff” mass at m/z 400 (Figure 4-6d and g). Formulae indicative of samples from Reserva Cuieiras
(named “riparian” due to the wet conditions at the site and for differentiation of the drier Campina
site; Monteiro et al., 2014; Zanchi et al., 2015) were dominated by N-containing molecular formulae
but generally showed a consistent distribution with previously described signals from cluster 2
besides the fact that many CHO formulae were non-indicative of this site. Part of them was highly
indicative for the Campina site (Figure 4-6g —1): One cluster of CHO formulae was centered at O/C
< 0.5 and H/C > 1, overlapping somewhat with the set of indicative formulae previously described
for plateau DOM (Figure 4-6b vs. h), however with a marked absence of N-containing formulae
and a higher average mass (Figure 4-6¢ vs. i). The second CHO cluster indicative of Campina
samples was concentrated in the Van Krevelen plot area O/C > 0.3 and H/C < 1 and distributed
across the whole mass scale (Figure 4-6h and 1). Two smaller pools of CHNO and CHOS formulae
were indicative too. However, a major number of formulae (~ 40%, n=1869) was not significantly
different between sites and matched with the general envelop previously described for cluster 2
(Figure A-10a — c), among them also the distinct cluster of CHNOS formulae that thus seems to be
a general feature at both sites. Together, these results showed a clear imprint of site-specific
information in terms of DOM composition with subtle differences in contribution of clusters of
CHO formulae and N- and S-containing formulae as seen in Van Krevelen and H/C vs. m/z space.

Due to the strong correlation between sites and radiocarbon values, radiocarbon-correlated
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molecular formulae showed similar patterns in Van Krevelen space (Figure A-11) as detailed above.
A reanalysis conducted for each site separately (Figure A-12; Figure A-13) revealed that molecular
formulae below m/z 400 showed a tendency to being present in seemingly older DOM whereas
formulae above m/z 400 showed the opposite. This trend was consistently found for CHO, CHNO
and CHOS formulae. At Reserva Cuieiras, formulae related to “older” DOM showed also a tendency

to be less saturated (H/C < 0.8).
4.2.3 Whitesand ecosystems and their role in the formation of Rio Negro-specific DOM

Due to the surprising difference in DOM composition among the both whitesand areas, we
compared their distinct DOM imprints (“Riparian” and “Campina”, Figure 4-6) to published sets of
Rio Negro-specific molecular formulae. With this, we aimed to gain a qualitative insight into the
contribution of headwater stream DOM to the integrated signal of the Rio Negro watershed (Figure
4-7; Figure A-14). Despite the fact that many CHNO and CHOS formulae were part of the specific
sets of signals in both whitesand sites, the realized overlap to specific Rio Negro DOM was
restricted mainly to CHO formulae. Only in case of the broad analysis of data from Gonsior and
coworkers, overlap with 238 CHNO formulae from riparian samples at Reserva Cuieiras was found.
Both studies taken into account reported a notable contribution of aromatic compounds which thus
formed a major part of the robust signal specific for Rio Negro samples. Our analysis revealed that
the contribution of both headwater sites to these robust markers was close to exclusive: A distinct
cluster of highly oxidized, aromatic formulae indicative of the Campina site dominated the Rio
Negro-specific imprint independently reported by the two studies. Although the overlapping sets of
formulae were found in the same area of the Van Krevelen plot (Figure 4-7a vs. ¢; H/C 0.4 — 0.8,
O/C 0.4 — 0.8), this overlap was caused by different sets of molecular formulae in each study as
indicated by the formula’s m/z (Figure 4-7b vs. d), especially when only taking robust Rio Negro-
specific signals into account. Gonsior and coworkers revealed a set of markers at higher mass (m/z
350 - 650), while our previous study revealed a set of markers in the range m/z 200 — 500.

Nevertheless, all these molecular formulae were specific to the Campina site.
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Figure 4-7. The molecular overlap between markers of whitesands and the Rio Negro. Overlap of site-specific formulae
sets (see legend, CHO formulae in blue and red, CHNO formulae in black) with Rio Negro-specific formulae defined
in a robust manner (see main text) as seen in Van Krevelen space (left panels) and H/C vs. m/z space (right panels).
Small grey diamonds represent full sets of Rio Negro-specific formulae. Rio Negro-specific formulae were extracted
from Simon et al., (2019) (a, b) and Gonsior et al., (2016) (¢, d). The black box denotes the area of most robust specific
formulae in Van Krevelen space (H/C 0.4 — 0.8; O/C 0.4 — 0.8) and is also transferred to H/C vs. m/z space (wide mass
range of specific signals, m/z 200 — 700).

Data from blackwater samples of the two datasets (Gonsior et al., 2016, 18 measurements; Simon
et al., 2019, six measurements) were merged with data from both whitesand areas to assess the
degree of overlap between datasets and environments. Initial formula numbers were 5119 (this
study), 4958 (Gonsior et al., 2016) and 3561 (Simon et al., 2019). Scan ranges differed slightly (m/z
120 — 1000, 180 — 800, 150 — 800), same as the range of detected signals (m/z 120 — 801, 180 — 799,
154 — 661), sample flow rates (7 pl/min, 2, 2), accumulation/ inlet times (100 ms, 200-500, 200),
scan number (300, 500, 500) and presumably C concentration during electrospray ionization (ESI)
in negative mode (20 mg/L in this study and in Simon et al. (2019), but not clearly stated in Gonsior
et al. (2016)). Similar to the chosen ionization mode (ESI negative), resolution at m/z 400 was in
the same order of magnitude (480k, 500k, 500k). The merged master list contained 7518 molecular
formulae that represent an updated inventory of the Rio Negro watershed DOM spectrum. A Venn

analysis of the whole dataset revealed a common set of 2091 formulae (, Figure 4-8a) and major

81



Whitesands and their link to blackwater DOM evolution in the Rio Negro basin

numbers of unique formulae in each dataset (common: ~28% of all formulae; specific to this study:
22%; spec. Gonsior et al. 2016, ~21%; spec. Simon et al. 2019, ~6%; Figure 4-8a). The similarity
in CHO formulae was a little higher compared to the total set of formulae (35%; 16%; 21%; 3%;
Figure 4-8b) whereas in terms of the CHNO formulae, similarity was lower than based on the total
set (24%; 24%; 25%; 5%; Figure 4-8c). Clear differences among sample sets became evident in
case of CHOS formulae, with no single formula being part of all three sets and most sulfur formulae
being found in dataset C (Figure 4-8d). This differentiation in terms of CHO, CHNO and especially
CHOS formulae was also revealed by cluster analysis based on presence and absence of formulae
in individual samples (Figure 4-9). In general, the three datasets were clearly separated, and river
samples were more close to another than to DOM from whitesand areas. Although covering large
spatial gradients, the both river datasets were strongly uniform in their molecular composition as
compared to the soil water samples which showed stronger variation at a much narrower spatial

scale (cluster “a)” in Figure 4-9; Figure 2-1; Figure 2-2).

a) All formulae* b) CHO ¢) CHNO d) CHOS
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Figure 4-8. Comparison of molecular formula inventories of DOM in Rio Negro basin studies. Venn diagram showing
the overlap in terms of molecular formulae in the three different FTMS datasets (A, red, Rio Negro and two tributaries,
Simon et al. 2019; B, yellow, Rio Negro and lakes alongside the river , Gonsior et al. 2016; and C, blue, whitesand area
dataset, this study).Panels show different sets of molecular formulae: a) whole set of molecular formulae; *asterisk: 80
CHONS formulae not included in panels ¢ and d).b) Only formulae without Nitrogen or Sulfur atoms, c) Only formulae
containing one or two N atoms, d) Only formulae containing a Sulfur atom.
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Figure 4-10. Evolution of DOM properties on a hypothetical hydrological gradient from soils to river. Our analysis took
into account all available FTMS data of the Rio Negro basin: a) Aromaticity, b) relative numbers of polyphenols (total
%, black boxes) and polyphenols with less than 15 C atoms (%lw + %hw = total, grey boxes), ¢) relative numbers of
polycyclic condensed aromatics (Black Carbon-like, BC; total, black boxes) and BC formulae with less than 15 C atoms
(%olw + %hw = total, grey boxes), and d) number of sulfur-containing formulae. Sample sets are ordered in the following
way: (A) Campina piezometers, (B1) Cuieiras lysimeters, (B2) Cuieiras piezometers, (C) headwater streams (igarapés)
of both whitesand sites, (D1) Rio Negro samples of the mainstem and smaller tributaries close to Manaus (Simon et al.,
2019), and (D2) Rio Negro mainstem and adjacent lakes close to Novo Airdo, 120 km NW of Manaus (Gonsior et al.,
2016).

To test potential transformation of DOM between headwater sites and downstream higher-order
rivers, abundance-weighted indices of the different samples were calculated and visualized
according to hydrological order (i.e., from lysimeters to piezometers, streams, and rivers; Figure
4-10; Figure A-15). Despite differences in ionization and instrument tuning among studies, we
found consistent decline in aromaticity and related parameters (H/C, DBE, not shown) at the
transition from headwaters to higher order-rivers. Aromaticity declined from 0.45 to 0.35 and was

reflected in a lower relative number of formulae classified as black carbon-like (BC) or
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polyphenolic (PP), which declined roughly threefold (16% to 5% on average, Figure 4-10a) and
twofold (27% to 17% on average, Figure 4-10c). Declines in low-weight black carbon-like formulae
(strictly speaking, no polycyclic black carbon molecules due to less than 15 C atoms) were similarly
high but less evident in low-weight polyphenols (Figure 4-10b and c, lower boxes) that showed a
stable proportion as compared to our previous study (~5%) but showed strong decline in the data of
Gonsior and coworkers (to ~2%). The contribution and number of sulfur formulae was highly
variable within sample sets (Figure 4-6) and between sample sets (Figure 4-8d) and thus showed no
clear gradient across the aquatic continuum (Figure 4-10d) but seemed to decline from soils to
groundwater and streams, and showed a high degree of variability in higher order streams. Rio

Negro-specific formulae showed the same trend (Figure A-15).

4.3 Discussion

4.3.1 Whitesand sites differ in their eco-hydrological characteristics

The study sites (Figure 2-1; Figure 2-2) showed remarkable differences in water chemistry that were
mostly related to the presence of clay-rich soils at the Reserva Cuieiras (Figure 4-1). Despite the
general similarity in samples from rather sandy soil environments producing waters rich in DOC
(Figure 4-1a — c; boxplots A and B1 vs. B2), site differences persisted in water isotopy and
radiocarbon content of SPE-DOC (Figure 4-1d — e, g; boxplots A vs. B1 and B2). Acidity (pH),
electrical conductivity (EC), and dissolved organic carbon (DOC) concentrations of the studied
samples were in line with previous reports from the Cuieiras site, reporting on gradients in these
variables from plateau, slope and valley piezometers distributed in the Asu catchment (Monteiro et
al., 2014) and comparable landscape settings featuring laterite (Oxisol) soils, valleys and whitesand
sites with typical Campina vegetation (Bardy et al., 2011; Cerri et al., 1991; Do Nascimento et al.,
2008). Moreover these studies also showed the strong relation between pH, EC and DOC: We
observed lowest pH in sandy soil environments and a strong control of electrical conductivity by
dissolved organic carbon in all settings (Do Nascimento et al., 2008; Monteiro et al., 2014; Waterloo
et al., 2006). Plateau samples showed higher pH values and strong variability, probably indicating
ongoing buffering by oxide dissolution (Do Nascimento et al., 2008, 2004; Markewitz et al., 2001).
DOC concentrations of Rio Asu indicated pronounced delayed flow (base flow) conditions at the
time point of sampling at the Cuieiras site (Waterloo et al., 2006) while DOC concentration of the
stream (“Rio Campina”) draining the Campina site revealed similarly high levels as the surrounding

piezometers which we interpret as a sign of the strong connectivity between the small headwater
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stream and its surrounding soil and in line with previous observations (McClain et al., 1997; Zanchi

etal., 2015).

The water isotope data indicated strong differences between sites and generally low enrichment in
heavy isotopes (lighter) composition as compared to simulated average isotope composition of local
precipitation. Available data points from measurements of precipitation at INPA’s meteorological
station at Reserva Ducke, Manaus, indicated even heavier isotope composition in 2015 and 2016
(Figure 4-2; Figure A-16). Water is isotopically light during the wet season (February — May), and
becomes heavy in the dry season, peaking from July — September (Zhang et al., 2009) which
propagates to water discharged by rivers (Leopoldo et al., 1982). River isotopic composition reflects
mainly groundwater that is recharged in the wet season when rain is isotopically light (Miguez-
Macho and Fan, 2012; Tomasella et al., 2007; Zanchi et al., 2015). Large amounts of water are thus
stored in the soils and slowly supplied from adjacent groundwater, and losses of water due to
evapotranspiration from soil are minimal (Kunert et al., 2017; Leopoldo et al., 1982). It is not
surprising to find a relatively heavy isotopic composition of groundwater and stream water in the
dry and more elevated Reserva Campina; more direct links between precipitation and discharge are
expectedly higher due to the elevated position (Miguez-Macho and Fan, 2012; Zanchi et al., 2015,
2014). For example, Zanchi et al. (2015) suggests that the Campina site experiences more frequent
drought events. Piezometer sample P2, located at the uppermost point of the transect (Figure 2-2a),
thus shows a heavier water isotopic composition. It is concluded that this sample probably reflects
most the isotopic composition of local precipitation at the time point of our sampling. Also samples
PRO8 and PR0O9 from Reserva Cuieiras are more enriched as compared to other samples at the site.
Water level data from these piezometers indicated exceptionally high levels (~ less than 0.2 m below
soil surface) probably related to percolating rain that shifts the isotopic composition of these
samples to more enriched values. The shallowest lysimeter E1 and the river sample (Rio Asu)

indicated a similar influence.

Several samples were not measured for carbon isotopes due to insufficient amounts of isolated C
(Table 4-1; n=6; PR10, PRO6, PT09, PP1, PP2, E6) and some others showed high levels of
contamination by *C-dead organic material (n=5; PR10, E2, E3, E4, ES5), especially lysimeter
systems (“E””) which seem to be related to the used materials. This was also apparent in the Orbitrap
mass spectra. In contrast to bulk '*C analysis, the simple exclusion of contaminant peaks in the
Orbitrap data still permitted subsequent analyses of the full sample set (see methods section).

Carbon isotope data revealed contrasting properties of DOC in the studied forest systems: While
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813C values were similar in all samples taken into account (Figure 4-1f) and reflected a uniform C3
source of organic carbon in line with other reports from the tropics (Haggi et al., 2016; Moyer et
al., 2013; Sun et al., 2017), radiocarbon data, although generally indicating young DOC (< 13 yrs
in cal. age), showed also clear differences among sites with ~ 6 — 7 years older DOC at the Campina
site (Figure 4-1g). Young radiocarbon ages of DOC in the tropics have been reported frequently
(Mayorga et al., 2005; Moyer et al., 2013; Ward et al., 2013) and have also been reported from soils
(Doupoux et al., 2017; James et al., 2019): Although radiocarbon age shows the usual decline with
depth, James and coworkers also revealed that water-soluble organic matter (WSOM) had a
consistently younger age than the coexisting soil organic matter. This age offset increased with depth
from 600 years at 5 cm depth and leveled off to rather constant ~ 1800 to 2500 years below 30 cm
(up to 140 cm depth, in two native Cerrado stands). However, their extractions were conducted with
alkaline solution (0.5 M K2SO4) that releases presumably older fractions of SOM (McClain et al.,
1997). Although our results support this, the extreme young ages of purely water-soluble DOC at
our sampling sites are a highly unexpected finding that may relate to strong linkages between C
fixation, DOC release, and tight cycling of nutrients (Mayorga et al., 2005; Townsend et al., 2011).
The observed slight but consistent differences in DOC radiocarbon ages between the drier and the
wetter system likely relate to processes that govern the short-term (years to decades) turnover of
organic matter (Zanchi et al., 2015). For example, Zanchi et al. (2011) showed that litter turnover
was reduced in the Campina site as opposed to the riparian system; and Zanchi et al. (2014) show
that the riparian system shows highest efflux rates of CO2 while the Campina site shows lowest
values. Lower DOC export due to missing adjacent groundwater inputs that dominate the flow of
water through riparian systems could produce a more dominant imprint from topsoil layers (Raeke
et al., 2017; Sanderman et al., 2009). Alternatively, aged DOC could also be released from former
oxide minerals that are prone to dissolution under podsolization (Bardy et al., 2011; Do Nascimento

et al., 2008).

The notable differences in extraction efficiencies among sites was probably not due to slight
underestimation of DOC in Campina samples; although effects on DOM composition have been
reported (Li et al., 2016b), we take the strong agreement between previously reported C/N ratios of
similar DOC isolates from similar sites in the region (in case of the Reserva Campina, the same site)
and the dominance of CHO and CHNO formulae in the different sites of this study as a sign of no
large bias (McClain et al., 1997). Contamination however was an issue. We discarded '*C and
Orbitrap data of samples PT09, ES and E6 (which were located in close proximity to one another).

These samples showed very low DOC concentrations and were thus prone to contamination by
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sampling equipment. Other samples were affected only in terms of radiocarbon data; their Orbitrap
data was used after removal of highly abundant peaks that surmounted the usual Gaussian envelop
observed in “clean” DOM mass spectra (samples marked with “(ok)” in Table 4-1). Sample low in
DOC were especially prone to contamination; however, also samples from lysimeter systems (“E”)
indicated elevated levels of contamination through the sampling equipment. These samples were
only included into our first broad analysis and interpreted carefully; for the pure blackwater analysis,
we excluded all ambiguous samples and used only those samples indicating no contamination both

in Orbitrap data and radiocarbon content (Table 4-1).

4.3.2 Blackwater DOM reflects differences in eco-hydrology

For DOM interpretations, DOC and water isotopy were used as proxies of soil texture (Remington
et al., 2007) and ecohydrology (Kunert et al., 2017; Leopoldo et al., 1982; Tomasella et al., 2007).
DOM reflected the main differences that were also apparent from water chemistry and water
isotopes (Figure 4-3, Figure 4-4, Figure 4-5). The most striking difference in molecular composition
between samples was related to texture (clayey plateau soil vs. sandy valley and Campina soils;
cluster 1 vs. 2). A-priori defined molecular groups paralleled this separation (Figure 4-4b). The
major differentiation in terms of a mid-molecular weight cluster rich in nitrogen and hydrogen, but
poor in oxygen, reflected these molecular group assignments (HU, UA, PEP; Figure 4-6a — c), while
molecular formulae dominant in cluster 2 samples were less saturated and mainly of the CHO class
(Figure A-9a — c). Clayey materials are often associated to N-containing compounds (Aufdenkampe
etal., 2001; Chass¢ et al., 2015; Lutfalla et al., 2019; Newcomb et al., 2017). Differences in sorption
capacities and water retention of soils found in the Rio Negro watershed have been described by
many authors (Marques et al., 2004; Remington et al., 2007), and showed that lower C content in
subsoils goes along with reduced flow, i.e., stronger water retention (Marques et al., 2010). Bailey
et al. (2017) found strong differences in molecular composition of SOM and DOM from differing
pore domains; this suggests that soils differing in pore size distribution, and thus water retention,
would also reflect these (Bailey et al., 2017; Vogel et al., 2014). It is intriguing that Bailey et al.
(2017) found the exact opposite of the trend described above, namely that aromatic compounds
(lignins, tannins) were preferentially drained when stronger suction was applied, thus draining
smaller pores (Bailey et al., 2017) which might be due to the rather sandy texture of their chosen
soils. In our study, N-containing and aliphatic compounds were indicative of clay-dominated
sampling sites, and suggested that low DOC levels go along with strongly recycled, mainly

microbial DOM (Kaiser and Kalbitz, 2012; Kédstner and Miltner, 2018; Roth et al., accepted) which
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is also in line with results presented in chapter 3 (recycled DOM is low in plant-related phenolics).
We conclude that the overall specificity of rather saturated N- and S-containing compounds in
plateau soil environments probably reflects the remains of a decomposition spiral that turns on ever
decreasing rates with distance from inputs (top soils, lateral flow), in line with recent models and
observations of DOM cycling along depth (Bardy et al., 2011; Kaiser and Kalbitz, 2012; Leinemann
et al., 2018; Roth et al., accepted) and SOM preservation through “disconnection”, i.e., dilution
(Don et al., 2013; Gleixner, 2013; Sierra et al., 2018). As a result, the remains of the decomposer
community become ever more dominant in the DOM pool because SOM is catabolized at slow rates
but constantly exchanges with the DOM pool as suggested by Kaiser & Kalbitz (2012). This process
would be even more accelerated (i.e., evident at shallower depths) if contact times and surface area
would be maximal as in clayey soils, and also reflect the reported slower growth rates of microbes
and turnover of carbon in low-substrate environments/ small pore domains (Don et al., 2013;
Heitkotter and Marschner, 2018; Juyal et al., 2018). Oxygen limitation in such small pores could
stop the turnover at an even earlier time points (Borer et al., 2018), as has been shown in aquatic
sediments (Boye et al., 2017). The prevalence of N- and S-containing molecular formulae showing
a relatively high degree of saturation (H/C > 1) and a low degree of oxygenation (O/C < 0.6) could

thus also be a sign of anoxia which has been reported in blackwater rivers (Sioli, 1954).

DOM also reflected differences that were linked to the frequency of drying/ rewetting events (non-
saturated/ saturated conditions). Samples from the drier Campina site and surface-influenced
samples from the Cuieiras site (lysimeters; cluster 2b) were separated from cluster 2a which
represented a common DOM signature of riparian (sand-dominated) piezometer samples (Figure
4-3a). Here, water isotopes were used as a proxy to relate DOM properties to the ecohydrological
setting. Differences described for water isotopes were thus mostly reflected by the second
coordinate of the PCoA, but also superimposed by a site effect (similar to radiocarbon variation).
Largest differences between both clusters were lower weighted means of molecular weight and
contents of oxygen and carbon, and higher numbers of N- and S-containing peaks in the riparian
samples from Reserva Cuieiras (Figure 4-4), a results showing high consistency with previous
reports on C/N ratios of DOM, partly from the same site (McClain et al., 1997). We assume that
differences in water levels or water level fluctuations would affect the release and oxidation of
organic matter (Peyton Smith et al., 2017; Schimel, 2018), as opposed to the above described
reduced N- and S-containing formulae indicative of deep plateau soils. It is especially intriguing
that McClain and coworkers find an increase in C/N ratios from upland soil (10) to riparian (15)

and stream DOM (20), in line with the strong differences in CHNO fingerprints between these
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landscape elements in the Cuieiras site (Figure 4-6a — f). Several authors have shown that especially
upslope positions in elevation gradients in the region experience strongest fluctuations in water
levels with deepest water levels at the end of the dry season (Do Nascimento et al., 2008; Lucas et
al., 2012; McClain et al., 1997; Monteiro et al., 2014; Patel-Sorrentino et al., 2007; Saunders et al.,
2006; Tomasella et al., 2007; Zanchi et al., 2015). Unpublished data from S. Ferreira, INPA
(available at https://www.researchgate.net/ publication/242223718) shows that water contents
differed between landscape elements of Reserva Ducke north of Manaus, which shows similar
features to the environments studied here: Slope soils showed highest and most stable moisture
content during dry and wet phases of the year with ~50 Vol-% as compared to plateau and valley
soils. Clayey plateau soils showed similarly stable but slightly lower moisture content (30-40 Vol-
%) and sandy valley soils were characterized by stronger variability between wet and dry phases
(5-35 Vol-% and steepest depth gradient). These observations support our finding of DOM showing
an imprint of dryness; especially as we sampled at the end of the dry season. Such seasonal
differences in DOM composition and/ or contribution of different headwaters could probably also
affect differences in whole-watershed DOM signatures, as reported in a previous study (Simon et
al., 2019), with apparently higher levels of aromaticity after peak discharge of Rio Solimdes and
Rio Negro in July 2014 as opposed to October 2013. This remains to be tested by larger-scale

studies.

We analyzed site-specific differences between blackwater samples in more detail in combination
with radiocarbon data which can serve as a proxy of DOC “exchange” with recently-fixed CO2
(Figure 4-5, Figure 4-6d —1, Figure A-9g - 1). The PCoA reproduced the allover separation of clusters
2a and 2b (Figure 4-5a, c¢). However, the envfit analysis also revealed more subtle differences
between sites, with groups of highly oxidized structures (SUG, orPP) and oxygen-poor unsaturated
aliphatics (opUA) reflecting site differences in age, water isotopes, DOC, EC and pH (Figure 4-5b,
d). The analysis of differentiating molecular formulae agreed well with the PCoA result (Figure
4-6d —1): Distinct higher-molecular weight clusters of CHO formulae (on average, m/z > 400), one
of them a highly oxidized cluster (O/C > 0.4) with H/C levels below 1, formed the distinct molecular
fingerprint of the dry Campina site. Riparian valley samples from the Cuieiras site showed distinct
contribution of lower-molecular weight CHNO and CHO compounds (m/z < 450), in line with a
strong contribution of CHNO compounds with similar size distribution but even higher saturation
in plateau-derived DOM samples from the Cuieiras site (Figure 4-6a — ¢), as discussed above. It can
be expected that riparian DOM fingerprints would probably reflect in part the lateral flows from the

plateau; however, permanent saturation might contribute to the preservation of a wide suite of
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organic compounds (Boye et al., 2017). Bardy et al. (2008) also report on the presence of phytotoxic
compounds in waterlogged podzols which could also explain the preservation of nitrogen-
containing dissolved organic molecules. Our analysis documented the imprint of riparian soil DOM
in the signature of exported organic matter (stream DOM) and the simultaneous overprint of plateau-
derived DOM signatures by this signal, despite a major contribution of water fluxes from
replenished groundwater resources of the surrounding plateau landscape. Interestingly, it is this
water flux that drives continuous export of young dissolved organic matter from the riparian valley
systems at the Cuieiras site (Ledesma et al., 2015; Lee et al., 2018). The vast extent of Oxisols in
the Amazon, their role in carbon turnover also at deeper horizons (as discussed above), and the
dominance of groundwater in controlling discharge (Gross and Harrison, 2019; James et al., 2019;
Miguez-Macho and Fan, 2012) together with our findings all indicate a potentially strong molecular
imprint that should be distinguishable in the downstream river network. Given the presumably old,
microbial signature of “persistent” DOM from plateau soils, one may guess that the amounts of
aged (and possibly persistent) DOM that enter aquatic systems are underestimated; however this
quantity will be overprinted by large amounts of young DOC exported from riparian systems
(Reserva Cuieiras) and topsoil layers (Reserva Campina). The DOC ages observed in our study
were very young and thus probably reflect the masking of a small pool of old carbon by a larger
pool of recently-fixed C (Dean et al., 2019; Follett et al., 2014). Evidence for this hypothesis comes
from the common observation of evasion of largely radiocarbon-young CO: in the downstream river
network (Hutchins et al., 2017; Mayorga et al., 2005; Ward et al., 2013) but also from the
observation that aquatic DOC becomes older upon respiration (Dean et al., 2019) along its passage
in the river continuum (Kellerman et al., 2018), or during coagulation in water treatment (Racke et
al., 2017). All of these processes are in some way preferentially attacking “terrestrial” DOM, i.e.,
phenolic and aromatic molecules, and thus reflect results presented in chapter 3 (decrease in
aromaticity during ecosystem passage). Our results support the view that the majority of exported
whitesand terrestrial carbon is characterized by an age distribution shift towards modern values.
However, the results also imply that the radiocarbon-old residual DOC found in higher-order rivers
or marine systems after evasion of young C (Kellerman et al., 2018; Mayorga et al., 2005) may

originate from deep plateau soils, or terrestrial groundwater.

The apparent formation of higher-molecular weight oxidized (and partly unsaturated) structures in
the drier Campina system were by tendency reflected by a lower pH (~ 3.7; range 3.6 — 3.9) and
older calibrated radiocarbon ages (~11 yrs); whereas slightly higher pH (~ 3.8; range 3.6 — 3.9, and

incl. Rio Asu with the maximal value 4.3) and younger radiocarbon age (~6 yrs) were reflected by
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less oxidized, nitrogen-containing and lower-molecular weight formulae in the wetter Cuieiras site.
This trend was even more pronounced in formulae indicative of plateau soils showing highest pH
values in our study (~4.6, range 4.2 — 5.3), although we are missing radiocarbon data for these
samples. It is particularly interesting that the same molecular trends in relation to pH were found in
a study conducted in German forest soils (Roth et al., 2015), were pH was also strongly correlated
with DOC concentration. It is however notable that their pH difference among samples was much
higher (4.0 — 5.5) than in the samples used in our second PCoA analysis (Figure 4-5; pH range 3.6
- 3.9). Although the envfit analysis showed a clear gradient in pH, it was much less pronounced than
in the study of Roth and coworkers, making it more probable that the observed differences in
molecular composition and age of SPE-DOC relate to eco-hydrological properties besides pH, DOC
concentration, or electrical conductivity (which were both strongly correlated to pH). This also
demonstrated the value of the Amazon as a natural laboratory to disentangle pH effects from other
variables that are usually correlated with pH (Roth et al., 2015; Rousk et al., 2010). However, the
causes of such molecular trends in relation to pH remain unclear. Several authors have linked the
release of specific high-molecular weight oxidized and unsaturated compounds to dissolved Fe and
Al export, suggesting specific organo-mineral associations; this association has also been
demonstrated by lab experiments (Coward et al., 2018; Galindo and Del Nero, 2014; Linkhorst et
al., 2016; Raeke et al., 2017; Riedel et al., 2013). Active podsolization processes at Campina sites
could lead to the remobilization of such indicative markers (Bardy et al., 2011). Also fungal
enzymes have been suggested as agents of potential DOM transformation towards more higher-
molecular weight, aromatic, and oxidized structures (Baldrian and Snaijdr, 2011; Waggoner et al.,
2015; Zavarzina et al., 2018). Campina forests usually show thick root mats above the actual soils,
which could give rise to such fungal products. Acidic environments generally favor the presence of
decomposer communities dominated by fungal species (Rousk et al., 2010), and dry conditions have

been suggested as favorable, too (Bird and Torn, 2006).

Two minor observations of our study were linked to radiocarbon-correlated formulae and shifts in
aromaticity between groundwater and streams. Formulae correlated to older age were generally
smaller in terms of molecular weight (< 300-400 m/z), at least for the majority of CHO and CHNO
formulae, whereas younger-age correlated formulae were of higher molecular weight (Figure A-12;
Figure A-13) but not assigned to a specific category of formulae. This observation may reflect the
initial decomposition of plant material in relatively young DOC in contrast to (preserved?) smaller
breakdown products present in radiocarbon-older DOC but needs further investigation. Another

minor observation of our study was a shift of DOM composition towards slightly less aromatic
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stream DOM as compared to those found in piezometers of both sites (Figure 4-5, separation along
coordinate 2). The variation was less pronounced than differences between sites and thus suggests
similar processing that is however governed by site-specific factors as for example floristic
composition (e.g., C/N ratios of litter, leaves, and root mats; Mc Clain et al., 1997) or decomposer
community (Peyton Smith et al., 2015). As we lack compositional data from e.g., leaf litter leachates
and microbial community, we cannot draw more conclusions from this observation. A general
explanation for losses in aromaticity is light degradation. Water flowing in shallow streams allows
for the penetration of light that is known to cause photo-degradation of DOM (Stubbins et al., 2010).
Due to the small size of the streams, dark color, and a rather closed forest cover, this effect would
be expectedly small, which agrees with the overall small difference (soils, 0.47, n=20 vs. streams

0.44, n=4).

4.3.3 Campina forests as a potential origin of specific Rio Negro markers

We found consistent overlap between a set of Campina markers with Rio Negro specific markers
described by two independent, recent studies based on comparison of ultrahigh-resolution mass
spectrometry (FTMS) data (Simon et al., 2019; Gonsior et al. 2016). The most robust range of
overlap was limited to formulae with high aromaticity, low H/C, high O/C, and relatively high
molecular weight (Figure 4-7, Figure A-14). This finding has great implications for the downstream
transport of DOM in the Rio Negro watershed. First of all, it has to be noted that differences between
the both reported Rio Negro-specific formula sets are evident (higher m/z range reported by Gonsior
and coworkers) but this does not diminish the strong match in terms of O/C and H/C ranges (Figure
4-Ta, c). The difference between instruments is less evident when all specific formulae are taken
into account (i.e., when less robust, but still highly specific sets of Rio Negro-specific formulae are
used; Figure A-14). The difference in highly robust signals can thus be explained by instrumental
tuning and measurement conditions, an aspect that has been extensively discussed before (chapter
3; Simon et al., 2019). In general, it is likely that different FTMS instruments would yield different
mass spectra of the same sample, which could, in theory, be minimized by parallel tuning (chapter
3; Hawkes et al., 2016). Differences in ion abundance patterns (spectrum envelope) will otherwise
affect the outcome of multivariate statistics and ion-abundance-weighted averages of spectrum
properties such as average values of e.g., m/z (mass center) or DBE (average number of double bond
equivalents in a molecular formula). In most cases, different instruments will however capture the
main gradients of variation in a sample set if differences are large enough (Hawkes et al., 2016).

Thus, the consistency observed in our study is a highly encouraging result for future studies aiming
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to compare dataset from different FTMS instruments working under different settings. We conclude
that our study shows consistent overlap within the range of the most robust Rio Negro-specific
markers reported by two independent groups, allowing for the successful matching of information

generated by three different FTMS platforms.

It is long known that the wide distribution of whitesand areas in the Rio Negro basin is linked to its
characteristic black waters (Goulding et al., 1988; McClain et al., 1997; Sioli, 1954). Bardy et al.
(2011) reported on the formation of aromatic and carboxyl-rich WSOM in Amazonian Podzol
profiles and established a link between WSOM residing in deep soil layers, groundwater, and
streams based on similarities of specific UV absorbance, pH and electrical conductivity. In line with
their findings, we here show that highly specific aromatic DOM compounds of the Campina site
represent a potential molecular link between whitesand headwaters and the Rio Negro. Although
Bardy and coworkers showed that Campina areas produce this marked DOM signal, other research
showed that different sand-dominated systems (riparian corridors along the rivers) or wetlands
contribute mainly to the DOC export of the Amazon and blackwater watersheds (Dosskey and
Bertsch, 1994; McClain et al., 1997; Remington et al., 2007). It is now generally accepted that
riparian corridors contribute mostly to the delivery of DOM and that these reservoirs are hardly
depleted during storm events, making such singular events the main contributor of annual DOC
exports (Laudon and Sponseller, 2018; Ledesma et al., 2015; Raymond and Saiers, 2010). In
contrast to recent theory, we show here that a suite of highly specific markers differentiates a sandy,
groundwater-influenced valley site classically defined as a riparian system from a rather upslope,
dry Campina site dominated by precipitation (Zanchi et al., 2015), and that these markers allowed
to directly link headwater processes to indicative downstream watershed signals. It was suggested
earlier that this would be more probable in the Rio Negro catchment as compared to the whole
Amazon watershed (McClain et al., 1997), as it is characterized by large amounts of upland soils
classified as sand-dominated soils (Podzols, Arenosols) which give rise to high DOC exports
(McClain et al., 1997; Bardy et al., 2011). Dark color and strong stratification of warm water bodies,
partly due to stagnating flow connected to backwater effects (Meade et al., 1991), may also limit
photochemical/ heterotrophic degradation (Goulding et al., 1988; McClain and Naiman, 2008). We
provided the first direct molecular indication of this prediction, showing that remarkably dry, highly
specific forest ecosystems leave a distinct imprint within the Rio Negro’s exported DOM although
contributing only secondarily to the fluxes of water. Annual discharge and DOC exports from both
watersheds show a two times lower average annual stream discharge (based on the catchment area)

but a two — three times higher annual DOC export from the Campina watershed (Zanchi et al., 2015;
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Monteiro et al., 2014). This demonstrates that water and carbon cycles are decoupled on the
molecular level and at the watershed scale because ecosystems are not behaving homogenously in
neither their discharge nor carbon exportation behavior (Miguez-Macho et al., 2012a; Webb et al.,
2018). In this specific region (the Rio Negro watershed), the riparian corridors may be sandy and
do contribute mainly to the annual export of DOC (Remington et al., 2007; Miguez-Macho et al.,
2012a), but our results show that they may not contribute to the specific signal that differentiates
the watershed on the molecular DOM level. Campina systems seem to produce highly specific
molecular signals for reasons that have to be clarified within future studies. Against first guess, the
highly indicative set of Campina markers were not only found to overlap with Rio Negro samples
from the proximity of its draining higher order river, the Rio Taruma A¢u (Figure 2-1; Simon et al.,
2019) but also in samples upstream (sampled close to Novo Airdo, 120 km northwest of Manaus)
and thus much closer to the tributary (but still upstream) draining waters within the catchment of
the Cuieiras site, the Rio Cuieiras. This implies that similar high-molecular weight oxidized
aromatic compounds are exported upstream of Novo Airdo, possibly by Campina systems as the
one at Reserva Campina. It is not clear whether other Campina sites would show different
compounds as might be suggested by the overall higher molecular weight of formulae described by

Gonsior and coworkers (Gonsior et al., 2016).

Comparsion of datasets further allowed reconsideration of processes expected along aquatic flow
paths. As stated earlier, formation of highly oxidized aromatics have been linked to the action of
fungal enzymes (Waggoner et al., 2015; Waggoner & Hatcher 2017). Our results support the idea
that such indicative products can originate from soils (especially in dry, acidic soils with fungal
dominance; Bird & Torn 2006; Rousk 2010), rather than being produced through photochemistry
in aquatic systems, which is reflected by the consistent decrease in aromatic structures in the DOM
pool towards streams and rivers, as assessed from ion abundance information (Figure 4-10a — c;
also for molecular formulae within the main range of Rio Negro-specific signals, i1.e., H/C and O/C
0.4 — 0.8; Figure A-15). This decrease in aromatics was also surprsisingly consistent between the
both Rio Negro studies, as opposed to e.g., predicted numbers of sulfur formulae; Figure 4-10d),
and is also consistent with previous observations in soils and aquatic systems (Creed et al., 2015;
Hutchins et al., 2017; Lambert et al., 2016). This stresses the importance of processing in lower-
order streams (Hernes et al., 2017; Hutchins et al., 2017; Simon et al., 2019). The comparison of
datasets revealed that nitrogen- and especially sulfur containing formulae clearly differentiated the
three datasets considered in this study (Figure 4-8). Although both types of formulae may be

affected by anoxic conditions, and also by changes in the connectivity of riparian systems (Boye et
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al., 2017; Lynch et al., 2019; Peyton Smith et al., 2017), such differences may also be due to
instrumental effects as heteroatom-containing formulae are harder to resolve and are often detected
only at low ion abundance. Samples from a suite of channels separated by river islands (Figure 2-1;
Gonsior et al. 2016), i.e., cluster b in Figure 4-9, were astonishingly similar to each other besides
the large spatial extent covered, as compared to mainstem and tributary samples (cluster c; Simon
et al. 2019) and headwaters (cluster a, this study) that were more dissimilar. This effect may point
towards more homogenized DOM in aquatic systems as compared to soil environments (Kellerman
et al., 2015; Lynch et al., 2019). The large gap between headwaters and river samples may indicate
the extent of variation that can be expected in between these extreme stages of the river network
(i.e., lowest and highest Strahler order). Further attempts to compare FTMS data between labs are
needed to gain overarching insights into DOM processing and mixing along terrestrial flow paths

that allow exclusion of instrumental effects (chapter 3).

4.4 Conclusion and outlook

We here provide the first analysis of the direct molecular link between two contrasting whitesand
ecosystems and their downstream river, the Rio Negro, on the basis of their specific DOM
fingerprints. Highly oxidized phenolic and aromatic structures of relatively high molecular weight
(>300 Da) classifiable as “tannin-like” molecules emerge as global markers of acidic and DOC-rich
ecosystems but their origin remains elusive. The specific conditions of the Rio Negro basin,
especially strong leaching, deep weathering, tight cycling of nutrients, produce the earth’s largest
blackwater stream and a unique natural laboratory. These unique conditions allow to study the
dynamics of DOM decomposition among soils and aquatic systems on a wide spatial gradient and
seemingly “reduced speed” due to the fast export of large amounts of young DOM and their
“delayed” decomposition in aquatic system characterized by low penetration of light, stagnating

flow due to backwater effects, and stratification.

Molecular fingerprints of low-pH/ high-DOC ecosystems and nitrogen and sulfur-containing
compounds show potential to reveal new insights into watershed decomposition dynamics;
however, more efforts are needed to improve comparability among labs and thus draw overarching
conclusion about DOM fate and information content. It is also of urgent need to develop new tools
that allow the identification of indicative markers such as phenolics, N- and S-containing

compounds to elucidate their origin and formation.
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The characteristics of DOM from clayey environments remain to be studied at higher detail,
theoretical considerations suggest that plateau soils might export a potentially old and highly
reworked DOM signal that is overprinted by a major young DOM imprint by riparian and upland
systems. The wide occurence of such soil environments (McClain et al., 1997) and their contribution
to watershed and basin-wide DOC exports have to be addressed in future studies in order to reveal
the potential export of dilute, persistent and old molecules to marine systems at the expense of large
amounts of preferentially degraded young phenolic constituents. Our study highlights the
importance of integrated watershed research at different scales that enables improved process

understanding, from the scale of interconnected soil pores to river networks.
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5 lIdentification of ecosystem markers by Orbitrap tandem mass

spectrometry

5.1 Introduction

Dissolved organic matter (DOM) is defined as an ubiquitous, supramolecular, self-assembling and
complex mixture of organic compounds that pass through a filter (mostly in the range 0.1 - 1 pm;
Piccolo, 2001; Wells and Stretz, 2019; Zsolnay, 2003). The complex interactions of DOM and soil
organic matter (SOM) form the basis of key ecosystem services (Bilinemann et al., 2018; Delgado-
Baquerizo et al., 2016; Késtner and Miltner, 2018; Kogel-Knabner, 2017; Lange et al., 2015;
Sanderman et al., 2017). DOM thus depicts a fingerprint of ecosystem activities (Kaiser and Kalbitz,
2012; Kistner and Miltner, 2018; Roth et al., 2014). We still struggle to understand the
conformation, composition and structure of the original DOM sample on the molecular level,
despite advances in ultrahigh resolution mass spectrometry (FTMS; Hawkes et al., 2019; Malik et
al., 2016; Roth et al., 2014; Simon et al., 2018). Novel molecular approaches to identify distinct
markers in DOM are required to tackle these problems. Previous studies have argued that DOM
found across aquatic gradients has been recycled up to a degree when source imprints have
essentially vanished through universal patterns of degradation, which renders the DOM residues
undistinguishable by means of recent ultrahigh resolution mass spectrometry (FTMS) and
spectroscopic techniques (Hawkes et al., 2018a; Mentges et al., 2017; Zark and Dittmar, 2018). An
important implication of this finding is that there must exist an early time point or period when a
source imprint can still be detected by recent technology. We hypothesize that DOM residing in
near-surface layers of soil, with close contact to plant inputs and microbial activity, would carry

such a signature.

Analysis of structural detail in DOM is difficult due to the inherent complexity that arises from a
multitude of processes in open and living systems (e.g., changing boundary conditions, sorption,
rewetting, exudation, lysis), leading to inherently inseparable mixtures of thousands of individual
constituents (Brown et al., 2016; Malik et al., 2016; Miltner et al., 2012). The latter problem also
emerges in controlled systems that involve less diverse starting materials and single processing steps
on short timescales, e.g. in lignin depolymerization or food processing (Kuhnert et al., 2013; Qi et
al., 2016), but emerge also from spontaneous abiotic reactions of single compounds (Hemmler et
al., 2017; Zherebker et al., 2015) or their rapid diversification through microbial metabolism
(Lechtenfeld et al., 2015; Noriega-Ortega et al., 2019). As a consequence, many of the compounds
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that are found in terrestrial and aquatic DOM resist usual attempts of separation, isolation and
structure elucidation (Brown et al., 2016): DOM exerts a strong complexity on the nominal mass
level (isobaric complexity) in ultrahigh resolution mass spectrometry data (FTMS) and is expected
to host even more compounds on the isomer level (i.e., compounds with the same exact mass and
molecular formula but differing structural arrangement; Brown et al., 2016; Hawkes et al., 2018;

Zark and Dittmar, 2018).

Despite this isomeric ambiguity, it is a common practice to classify molecular formulae derived
from exact mass data to structural domains in Van Krevelen space (D’Andrilli et al., 2015; Roth et
al., 2014). The Van Krevelen plot depicts the chemical space formed by the stoichiometric ratios of
hydrogen to carbon atoms (H/C) and oxygen to carbon atoms (O/C) in a molecular formula (Kim et
al., 2003). The proximity of molecular formulae in this display is taken as a measure of chemical
similarity and subsequently used to bin formulae into structural domains. Many authors have argued
that structure annotation by molecular formula remains preliminary until proven by complementary
methods, an objective impeded by the inherent complexity detailed above (Davies et al., 2015;
Reemtsma, 2010; Rossel et al., 2016). When the use of a-priori defined domains is chemically
imprecise or inconsistent it may also promote misconceptions (D’Andrilli et al., 2015). On top,
present-day structural databases do cover only a minority of the molecular formulae encountered in
DOM, typically allowing for the annotation of < 5% of formulae (Brown et al., 2016; Petras et al.,
2017; Zhang et al., 2014). The interpretation of ultrahigh resolution mass data by abundance-
weighted average indices is another usual practice (Boye et al., 2017; D’ Andrilli et al., 2015; Koch
and Dittmar, 2016; Mann et al., 2015; Mentges et al., 2017). While these parameters are effective
for a broad characterization of samples or the comparison of larger sample sets, they obscure the

molecular detail that the technology provides.

One way to peer into the chemical makeup of single formulae are fragmentation experiments that
are readily available in most FTMS instruments. Relatively wide isolation windows (~ 1 Da) and
poor chromatographic separation hinder the isolation and subsequent fragmentation of single
molecular formulae (which could still represent isomeric mixtures), leading to so called “chimeric”
spectra (Petras et al., 2017). Dedicated studies have shown that even with isolation of single masses
by sophisticated technology not available to every lab, or chromatographic separation of isobars at
hand, DOM fragmentation patterns seem to be rather universal as detailed above (Hawkes et al.,
2018a; Witt et al., 2009; Zark et al., 2017; Zark and Dittmar, 2018). However, there are also authors

that point out differences in fragmentation patterns after fractionation and separation by
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multidimensional chromatography (Brown et al., 2016). What is common to all these studies is that
they focus on the major product ion peaks (fragments) which usually make up 60 — 70 % of the total
product ion abundance (Hawkes et al., 2018a; Zark and Dittmar, 2018). These major product ions
relate to sequential losses of mainly CO2, H20, CO and CH4 units which agrees well with the
required polarity of organic compounds soluble in water. These losses (in the following, termed
mass differences, MD or MDs) do not allow a clear identification of a structural unit and thus are
non-indicative and ambiguous identifiers (an overview of the associated MDs is presented in Table
A-10 of the Appendix; Brown et al., 2016; Cortés-Francisco and Caixach, 2015; Witt et al., 2009;
Zark and Dittmar, 2018). However, early studies (Capley et al., 2010; Mclntyre et al., 2002;
Nimmagadda and McRae, 2007; Perdue et al., 2007; These et al., 2004) have shown that there are
recurring low m/z product ions (e.g., m/z 95, 97, 109, 111, 123, 125, 137, 139, 151 and 153) that
might represent a diverse but limited set of core structural units being substituted with a limited set
of functional groups, yet in different amounts and configurations. Later studies have followed up
on this idea (Arakawa et al., 2017; Bell et al., 2015; Brown et al., 2016; Zherebker et al., 2015). It
is intriguing that the recurring patterns in MS? data show parallel features of the original mass
spectra (MS!) in FTMS experiments. For example, the usual mass spacing of 2, 12 and 14 Da
between main peaks are also found in the product ion spectra, however, only at lower m/z (Cortés-
Francisco and Caixach, 2015; Stenson et al., 2003; These et al., 2004). The MD information encoded
within these low-m/z MS? peaks has not yet played a major role in the debate about the isomeric
complexity of DOM, whereas MS! data is close to become a routine analysis. Kunenkov and
coworkers described a procedure to analyze the occurrence frequency of a mass spacing in FTMS
data (MS") to reveal higher-order units inherent to the data structure, such as the 2, 12 or 14 Da
mass spacing described before (Kunenkov et al., 2009). By applying their approach, the authors
successfully revealed a novel inherent structural unit with the formula C7H¢O4 (154.027 Da), that
they preliminary assigned to the structure of dihydroxylbenzoic acids. We would not expect to find
such a “higher-order structural unit” in MS? data besides the major known ones (non-indicative
MDs, Table S-1). We would rather assume that the proposed inherent isomeric diversification of
DOM during its universal degradation favors the occurrence of common small losses. The
probability of two molecules sharing a larger substructure (and thus, its MD) of exact same mass
would be clearly reduced under the given assumption of a stochastic degradation process (implying
that the range of realized structural space could be shifted by changing boundary conditions; i.e., in
an incubation) which would make the occurrence of (specific) indicative MDs more favorable. This
instance has been experimentally simulated by addition of known structures to the DOM mixture

(Brown et al., 2016; Hawkes et al., 2018a).
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An approach to circumvent the problem of unknown substructure diversity is to hypothesize about
potential structural units that would be present in DOM if there was a source imprint. For example,
lignin-related compounds should indicate methoxy or methyl losses (Liu et al., 2011; Zark and
Dittmar, 2018); glycosides should indicate the loss of a sugar unit and hydrolysable tannins would
be expected to indicate losses of galloyl units (Engstrom et al., 2015; Gross, 2009). Flavon-3-ols
and flavan-3-ols would be expected to show variable retrocyclisation products (Fabre et al., 2001;
Galaverna et al., 2015; Miketova et al., 2000; Yuzuak et al., 2018). It has been recently shown that
stepped fragmentation experiments are a way to separate mixtures of isomers (Dit Fouque et al.,
2016). A consequence of the high isomeric diversity of DOM would also be that each resolved
FTMS peak represents a mixture of ions that might respond differently to fragmentation, i.e., exerts
a continuum of fragmentation sensitivities. Similarly, it is unclear whether the MDs between
recurrent low-m/z product ions and single precursors could be taken as a rough measure of isomeric
complexity. Several authors have described a confined area of formulae in the center of typical
DOM peak distributions in Van Krevelen space which relates to most intense and ubiquitous peaks,
and apparently also links to the most aged/ recycled DOC in terms of radiocarbon content
(Kellerman et al., 2014; Kew et al., 2017; Lechtenfeld et al., 2014; Roth et al., 2014). Intriguingly,
the respective region of the Van Krevelen plot has also been assigned to highest expected isomeric
complexity as dictated by stoichiometry and valence (degrees of freedom; Hertkorn et al., 2008,
2007; Petras et al., 2017; Reemtsma, 2010). We thus would expect that most intense peaks in this

“region” of chemical space would match more frequently to indicative MDs.
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Figure 5-1. Orbitrap tandem MS data of DOM under different measurement modes. a) Detail of the initial MS! spectrum
of the W1-5 sample. Note the lower limit of the scan range at m/z 120 (upper limit m/z 1000). b) Non-fragmented (CID
0) isolated isobar (isobaric precursor ion mixture, [IPIM) at m/z 301 (see detail in panel h). No ions at other m/z values
are detected. Inset shows the lower mass range below m/z 200, ~20fold enlarged. ¢) Tandem mass spectrum (MS?) of
IPIM at m/z 301 obtained at a normalized collision energy of 25 (CID25) and similar inset as in b). Panels d — h) Isobaric
detail (exact mass) of four product ion clusters at CID25 (d — g) and the initial IPIM at m/z 301 (CIDO, n ions=44). Four
peaks assigned in h) were assigned the molecular formulae CisH1007, Ci16H140¢, C13H;s0s and C;7H;sOs (in order of
increasing exact m/z). For those ions, neutral losses are indicated by the arrow between isobars (301/ 257, green; 301/
151, blue, and 301/ 139, red). The nominal MDs of 44, 150 and 162 (panel b) can be assigned to exact MDs of product
ions (panels d — g), such as neutral losses of CO, (a common, non-indicative MD, 3 out of 27 matches to IPIM at m/z
301 shown), CsHOs (an indicative loss equivalent to a retrocyclisation loss from flavonol-type-molecules, 3/ 4 matches
shown) and C¢H¢Os (indicative MD equivalent to neutral loss of glucose loss from flavonoids, 1/ 2 matches shown).
Product ions at m/z 123 (d) had absolute intensities (ion abundances) of 20, 40 and 90, being equivalent to signal-to-
noise ratios of ~ 7, 13 and 30; the signals were stable in time and detected in repeated measurements. Exemplary peaks
that were considered noise are marked with an asterisk (*) in panels e and f.
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To gain better understanding of the ecosystem information encrypted in chimeric fragmentation
spectra of DOM and its behavior upon fragmentation, we selected a set of pure compounds that
covered a range of structural units and molecular sizes and compared their indicative MDs to similar
data obtained from selected isobaric precursor ion masses (“IPIMs”; m/z 241, 301, 361, 417) of a
soil DOM sample. This sample had been part of preliminary studies (Benk et al., 2018; Roth et al.,
2014; Simon et al., 2018). We then evaluated the similarity of DOM precursors in terms of their
indicative MDs and checked a natural product database for consistency of structural suggestions.
Finally, we analyzed whether individual DOM precursor formulae exerted different fragmentation

sensitivities and matching frequencies and how this was related to precursor properties.

5.2 Results and Discussion

5.2.1 Evaluation of the MD matching approach

Our analysis of MDs in DOM was highly congruent with previous observations, showing ubiquitous
losses of small non-indicative oxygen-containing functionalities (Table A-10) while also revealing
often-overlooked detail present within the data (Figure 5-1, Table 5-1; Hawkes et al., 2018;
Osterholz et al., 2015; Witt et al., 2009; Zark and Dittmar, 2018). Multiple additional observations
support the revealing of inherent structural information by our approach. One of those comes from
the assigned molecular formulae and especially their predicted heteroatom content (O, N, S). As
expected, matching MDs were constrained by their precursor formula and vice versa. Formulae rich
in oxygen were able to expel more oxygen-containing MDs than oxygen-poor formulae that tended
to lose CH2 or CH3* (and CO) units instead. Most notably, no formulae matched to an MD that
would have exceeded the number of atoms actually present in the assigned molecular formula, a
condition that has not always been met in such data analyses in the past (due to low-res tandem MS;
Capley et al., 2010). Sulfur- and Nitrogen-containing formulae — and only those — indicated the
release of previously described element-specific MDs (Pohlabeln and Dittmar, 2015; Wagner et al.,
2015; Zhang et al., 2014). We furthermore did not observe an increase in the amount of false positive
matches upon widening of the tolerance window applied during the MD matching process (Figure
A-17, increase from 2 to 10 ppm, at 200 m/z). Lastly, formulae resisting fragmentation did not match
to any MD (Figure A-18), whereas molecular formulae that were fragmented to near completeness

showed a wide range of matches.
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Table 5-1. List of 38 indicative mass differences (MDs) from the standard compound set that were also found in DOM.
Creosol and vanillic acid were added (marked by #!) as neutral molecules although not part of the substance-based MD
list. Prec. = precursor. Compound ID refers to Figure 2-3. Contribution of MS? data is marked with an asterisk. IDs are
put in brackets if the MD was detected below 1% base peak intensity across three CID levels. MDs that contributed
only below <1% base peak intensity were taken into account only if detected in at least two substances. Occurrence,
matches across 159 precursor formulae.

Formula Exact MD From comp Explanation Occurence
CHs* 15.0235 {1,)4, 5,6, 6* Methyl radical, loss from radical ion on (6) 19 (12.0%)
CH:20:* 44.9977 2), (8) Formic acid equivalent, radical 2 (1.3%)
CH:0: 46.0055 (6%), 13, (13%) Formic acid equivalent 20 (12.6%)
C3HsO 58.0419 10 Acetone equivalent; comb. C2H20 (ethenone) + CHa (Sirius) 14 (8.8%)
C2H40>* 59.0133 1, (10) Acetic acid, radical 10 (6.3%)
CsH402 84.0211 10 Combination, C30: (carbon suboxide) + CHas (Sirius) 6 (3.8%)
C3H:03 86.0004 (1), 10 Combination, C30: (carbon suboxide) + H20 (Sirius) 13 (8.2%)
C2H204 89.9953 (10), 13* Oxalic acid equivalent 20 (12.6%)
C304 99.9797 8 Combination, CO2 + 2x CO 15 (9.4%)
C4H6O03 102.0317 10 Combination, C302 + CHa + H20 (Sirius) 13 (8.2%)
CsHs03 104.0473 14 Hydroxybutyric acid equivalent 16 (10.1%)
CcH402 108.0211 12%, 13* Benzoquinone equivalent 7 (4.4%)
CeH6O2 110.0368 10 Benzenediol equivalent; comb., C302 + CHs + C2H> (Sirius) 2 (1.3%)
C4H204 113.9953 (8), (10) Butynedioic acid equivalent 9 (5.7%)
C4Hs04 120.0423 13 Tetrose equivalent 15 (9.4%)
C7H6O2 122.0368 10, 12*, 13* Loss from flavonols; Comb. on (10): C302 + C4Hs (Sirius) 2 (1.3%)
C7Hs0:2 124.0524 10, Prec. (5) 3-Methoxyphenol (m-Guaiacol) unit 12 (7.5%)
CsHsO3 126.0317 (10), 11, 14 Phloroglucinol unit 11 (6.9%)
CsH4O04 128.0110 10 Comb., C3H402 + C202 (Sirius) 8 (5.0%)
C7H603 138.0317 10, 11, (13%) Comb., C6H602 + CO (Sirius) 7 (4.4%)
CsH1002 138.0681 Prec. (4) # Creosol unit 7 (4.4%)
CsH1004 146.0579 14 Sugar unit, Rhamnose 8 (5.0%)
CeH1204*  147.0657 14 Sugar unit, Rhamnose, radical form 1 (0.6%)
CsHeO3 150.0317 12%, 13* Specific loss from flavonols 16 (10.1%)
C7H404 152.0110 9,11 Incomplete gallic acid unit; H2O retained at precursor 7 (4.4%)
CoHeO3 162.0317 7 Caffeoyl unit 9 (5.7%)
CeH1005 162.0528 12, 13 Sugar unit, Glucose 9 (5.7%)
CoHs03 164.0473 9,10, Prec. (2) = p-coumaric acid; Comb. on (10): C7TH603 + C2H2 (Sirius) 7 (4.4%)
CsHsOq4 168.0423 Prec. (1) # Vanillic acid unit 6 (3.8%)
C7H6Os 170.0215 9,11, Prec. (3) | Gallic acid unit 5(3.1%)
C7H1005 174.0528 7, (14) Quinic acid unit (7) 7 (4.4%)
CsH4Os5 180.0059 12*, 13* Loss from flavonols 4(2.5%)
C9oHs04 180.0423 (7), 10 Caffeic acid unit; Comb. on (10): C7TH802 + 2x CO (Sirius) 4 (2.5%)
CsHeOs 182.0215 11 Comb., C6H603 (e.g., Phloroglucinol) + C202 (Sirius) 4 (2.5%)
CoH1004 182.0579 ™, ) Comb. on (9): Coumaryl loss + 2x H20 (Sirius) 53.1%)
C7Hs06 188.0321 9), 11 Comb., CTH605 (e.g., Gallic acid) + H20 (Sirius) 4 (2.5%)
CoHeOs 194.0215 12*, 13* Loss from flavonols 6 (3.8%)
CisH1206 | 264.0634 11 Degrad. central Catechin C ring after A or B-ring abstraction 2 (1.3%)
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Table 5-2. List of 8 non-indicative mass differences (MDs) extracted from the standard compound dataset also reported
for DOM (Table A-10). Contribution of MS3 data is marked with an asterisk at the compound number (numbers refer
to Figure 2-3). Compound identifiers are put in brackets if the MD was detected below 1% relative intensity (based on
base peak) across three CID levels. MDs that contributed only below <1% were only taken into account if detected in
more than one compound. Occurrence, matches across 159 precursor formulae.

Formula Exact MD = From comp # No. Explanation Occurence
H.0 18.0106 (2), 10, 13*, (14) Water 64 (40.3%)
CcO 27.9949 4), (6%), (8), 12*, 13* Formyl transf./ Carbon Monooxide 44 (27.7%)
C2H4 28.0313 4,5 B-oxidation/ fatty acid synthesis 44 (27.7%)
C2H20 42.0106 2), (4), 6%, 8 Hydroxypyruvic acid/ -H20 13 (8.2%)

CO, 43,9898 1, f, 3, (7), 8, 10, 11, 12*,  Carbon dioxide/ Carboxyl group 96 (60.4%)
CH203 62.0004 1(3), 13* Comb., CO2 + H20 43 (27.0%)
C203 71.9847 (1), 8, (10), 12*, 13* Comb., CO2 + CO 31 (19.5%)
C30s 115.9746 8 Comb., 2x CO2+ CO 18 (11.3%)

The combination of these observations leads us to the conclusion that the mass difference matching
approach resolves molecular detail of a true biogeochemical signal and does not yield random
matches, although pairwise mass difference calculation between precursors and products would
allow for this. A random matching result to MDs of seemingly wrong precursor compositions (e.g.,
loss of sulfate from a sulfur-free precursor; four COz losses from a precursor with only seven oxygen
atoms) would be expected if the calculated MDs were derived from noise and not from an inherently
structured biogeochemical signal. This is a notable finding as it suggests that it may be possible to

deconvolute isobaric precursors (chimeric mass spectra) in the future.

5.2.2 DOM ecosystems imprints revealed

The standard compound set (Figure 2-3) occupied a wide range of H/C and O/C ratios in accordance
with other known members of structurally related classes of compounds (Figure 5-2a). Although
these classes of molecules show a high degree of structural variability, their distribution in Van
Krevelen space indicates a high degree of overlap, even when plotted against their molecular mass
(m/z in Figure 5-2b). Although the group of tannins is quite well separated, close to none of their
members is found in the assumed tannin region (Figure 5-2a), e.g. the both base structures of
hydrolysable tannins, Ellagic acid (#8, Ci14aHsOs) and Gallic acid (#3, C7HsOs). Condensed tannin
structures (Catechin-based, #10) are a type of flavonoid that plots in the center of the diagram. Most
tannic formulae do show a high molecular mass (> 800 Da), a feature usually not encountered in
FTMS DOM data. This misfit depicts well the limitation of Van Krevelen diagrams to identify
structural detail in DOM (Davies et al., 2015; Reemtsma, 2010).

104



Identification of ecosystem markers by Orbitrap tandem mass spectrometry

@ a) @ b) Tannins

- - O Flavonoids )
.‘g ‘g . 1: ?:izngtlﬁéspanmds
© o B o el B e m
Q" Q7 | ey 2x o &8
T T ce anmmoam - D:O-Dm @ a
L & L o | ¥ ®
g = E o] “HmP o3’ °% °§
= o += ’ = @ o
< < ol °

< < .

o o <

00 02 04 06 08 1.0 200 600 1000
Atomic O/C ratio Molecular weight [Da]

Figure 5-2. Limitations of Van Krevelen-bases interpretation. a) Van Krevelen plot of structurally different groups of
substances from the KEGG database (tannins, n = 55; flavonoids, n=452; phenylpropanoids, n = 185). Grey boxes
indicate regions of structural units taken from Minor et al., 2014; 1 — Condensed hydrocarbons, 2 — Lignin and/ or
CRAM, 3 — Tannins, 4 — Lipids, 5 — Proteins, 6 — Aminosugars, 7 — Carbohydrates. b) Same data as in panel a, atomic
O/C ratio replaced by molecular weight (Da).

The 14 pure substances expectedly showed a wide variability in their fragmentation behavior
(Figure 5-3, Table A-7). The three small carboxyphenols (Figure 5-3, group A, Vanillic acid,
Hydroxycinammic acid, Gallic acid) were characterized by a dominant CO2 loss. Vanillic acid (#1)
shared with members of group B (methoxyphenols and methoxy-quinones) the presence of a
methoxy group which gave rise to the loss of a methyl radical (CH3, Table 5-1). This loss was the
main common MD in group B (Creosol, m-Guaiacol, 2,3-Dimethoxy-5-methyl-1,4-benzo-
quinone). The group of linked carboxyphenols (#7 — #9) was characterized by a variety of indicative
losses and fragments, mainly connected to losses of whole substructures by cleavage of ester bonds
(e.g., quinoyl and caffeoyl moieties from #7, Table 5-1). The structure of ellagic acid (#8) features
two intramolecular lactone functionalities. In contrast to the ester bonds in substances #7 and #9,
these lactone bonds were exceptionally stable upon fragmentation and did only yield rich product
spectra at higher CID energies (> CID25). Substance #11, containing a flavan-3-ol subunit,
resembled especially substance #9 through the presence of a gallic subunit that produced similar
MDs (C7H404, C7H6Os, C7HsOgs) that represent an incomplete galloyl loss with retention of H20, a
galloyl loss, or a combined galloyl and H20 loss, respectively (Table 5-1). The preferential
degradation of the galloyl moiety prevented a further fragmentation of the catechin structure. Both
compounds shared the losses of CsHeO3, but probably for different reasons (unmodified A ring in
#10, abstraction of trihydroxybenzene from gallic acid unit in #11; Miketova et al., 2000; Poon,
1998).
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Figure 5-3. Tandem MS data from a) standard compounds and b) DOM. a) Shown is the total number of MDs, colors
denote the absolute fraction of MDs that were also encountered in DOM samples (Table A-9; Table A-10). Groups are
A) Small carboxyphenols, B) Small methoxyphenols and methoxyquinones, C) Linked carboxyphenols, D) Flavanol-
related structures, and E) Flavonol glycosides and aglycones. b) Total number and fractions of MD matches of IPIM
301 (at CID25, n = 38, m/z increases to the right) to the lists of standard compounds (blue fraction, Table 1), non-
indicative MDs (yellow, Table 2), and literature-known DOM MDs (orange, Table S-7). Black bars in the back show
(dimensionless) initial intensity of the respective precursor for comparison. Only ten precursors contribute to the
indicative matches (m/z 241, 11; m/z 361, 12; m/z 417, 13). Numbers indicate precursor formulae that are discussed in

the text and other figures.

In general, Catechin (#10) had the most diverse product spectrum among all compounds
investigated (Figure 5-3a, group D) and showed some indicative MDs connected to the initiation of
retrocyclisation reactions (fragments at m/z 205, 203, 179, 151, 125, and 109, Table A-7; Galaverna
et al., 2015; Rockenbach et al., 2012; Yuzuak et al., 2018). The group of flavonoids (substances 12
— 14, containing flavon-3-ol cores, Spiraeoside, [soquercetin, Myricitrin) showed a clear loss of the
attached glycosidic sugar as the main MD (Table 5-1), differing only in the type of sugar (12 and
13, glucose, 14, rhamnose). Moreover, this loss occurred in different ways in the three structures.
Substance 12 fragmentation produced mainly the ion form of the aglycon, whereas the trend shifted

towards the radical anion form in substance 14, and being roughly even in 13. This effect that has
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been attributed to the exact location of the glycosylation site (Engstrom et al., 2015). It apparently
also had an influence on further fragmentation of the aglycon, which proceeded in substance 14
(less so in 13) and not at all in 12 (Figure 5-3a, E1). The aglycon ions at m/z 301 were further
fragmented via MS® and yielded indicative retrocyclisation products (at m/z 179, 151, 121 and
107)(Fabre et al., 2001) that differed in their exact mass from those found in Catechin (#10,

especially important in m/z 179 and 151).
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Figure 5-4. MD matching seen in Van Krevelen space. The plots show precursors with an assigned molecular formula
at their atomic ratio of O/C and H/C. The number of matches to non-indicative (upper panels a — ¢) and indicative MDs
(lower panels d — f) is encoded by the size of the symbol. Symbol and color are encoding for one of four IPIMs (see
legend). Small open diamonds show all precursors with an assigned molecular formula (n=127). IPIM at m/z 301 is
highlighted by black dots. MDs shown are a) CO, (max=4, symbol size reduced by factor 2), b) CH, (max=4, symbol
size reduced by factor 2), ¢) CO (max=2), d) Methyl radical (max=1) e¢) MDs equivalent to polyol losses (max=3), and
f) MDs equivalent to gallic-acid related losses (max=3).

The analysis yielded non-indicative and indicative MD patterns that were compared to MDs
encountered in DOM (Figure 5-3b, Figure A-19a—c). As expected from the literature, non-indicative
MDs dominated the DOM tandem MS data and were also found in standard compound data (Table
5-2). For example, CO2 losses were observed in nine structures. This loss was not limited to

structures with attached carboxyl functionalities (as in substances #1-3 and in the set of small
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organic acids fragmented by Zark et al., 2017). Ring cleavage and rearrangement reactions, most
probably from neighboring hydroxyl and/ or carbonyl/ keto functionalities, also produced a neutral
loss of CO2 and did so at similarly low collision energies. For example, we observed CO: losses in
flavonoid aglycons (spiracoside #12*, and quercetin #13*, but not in myricetin #14*, MS® data not
shown) or catechin (#10), and to a lower degree also in ellagic acid (#8, probably originating from
the lactone functionality; Capley et al., 2010; Fabre et al., 2001; Miketova et al., 2000; Mullen et
al., 2003; Witt et al., 2009; Wyrepkowski et al., 2014). Besides a general dominance of non-
indicative MDs (Table A-10), DOM product ion spectra also showed remarkably diverse features
in the lower m/z range. We repeatedly detected dominant ions at m/z 95,97, 109, 111, 123, 125, 137,

139, 151 and 153, in part, these product ions were also detected in the standard compounds.

Among the most prominent indicative features was the methyl radical loss from methoxylated
compounds (Capley et al., 2010; Liu et al., 2011; Zark and Dittmar, 2018), a feature also detected
in 19 oxygen-poor DOM precursors (on average, O/C = 0.3, Figure 5-4d). The indicative loss of
methyl radicals from methoxy functionalities of aromatic ring systems is an expected diagnostic
MD (Liu et al., 2011; Zark and Dittmar, 2018) for lignin due to its methoxylated monolignol
building blocks (coniferyl, sinapyl alcohol) but evidence for such MDs in DOM has just been
reported recently (Brown et al., 2016). The presence of methoxy functionalities in soil DOM, which
carries a mixed signal of fresh and freshly decomposing plant material and more decomposed soil
organic matter (SOM), is not surprising and reflects the high potential for transformation of non-
soluble plant material by the decomposer community (Liu et al., 2011; Malik and Gleixner, 2013;
Waggoner et al., 2017). The loss of a methyl radical was paralleled by similar van-Krevelen patterns
of CH2 and CO losses, all of which were found to be more prominent in similarly oxygen-poor
formulae (Figure 5-4b, c), in line with previous reports (Brown et al., 2016). Radical losses from
even-electron formulae were also observed in DOM before (Capley et al., 2010). Although we found
matches to previously described CH20 MDs in DOM (indicative of a methoxy group), the standard
compounds did not indicate this loss; maybe due to their small size. Larger molecular scaffolds as
those proposed by Liu and coworkers (Liu et al., 2011) might show a different behavior. We also
found evidence for losses of methanol moieties. The presence of methanol losses has been
considered an artifact due to potential methyl ester formation between carboxyl functionalities and
methanol used for solid-phase extraction (SPE; Flerus et al., 2011). The DOM sample used herein
was freshly extracted and thus not stored for long time (< 2 weeks at -20°C). Our group was also
able to show recently that no dilution of the '“C signal by radiocarbon-dead methanol occurred

during extraction and storage of the same initial sample (Benk et al., 2018).
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Figure 5-5. Flavonol and flavanol-related MD matches in DOM. 3D-Van Krevelen plots show matches against a) six
MDs indicative of flavan-3-ol scaffolds and b) four MDs indicative of flavon-3-ol scaffolds. ¢) Scheme showing the
major neutral precursors and products of the suggested fragmentation pathway of a flavan-3-ol (shown is catechin, #10).
Related MDs are given as nominal m/z (Table 5-1; Galaverna et al., 2015; Miketova et al., 2000; Yuzuak et al., 2018)
d) Similar scheme of the suggested fragmentation pathway for a flavon-3-ol (shown is quercetin, core structure in #13;
Fabre et al., 2001).

Ester-linked carboxylated phenols (#7, #11) and O-glycosides (#9, #12, #13, #14) all indicated the
cleavage of their central O-link by relatively low energies, leading to the detection of MDs linked
to hydrogen-rich substructures (Engstrom et al., 2015; Leenheer et al., 2001; Witt et al., 2009).

Despite the widely accepted dominance of oxygen-rich losses in DOM, it is difficult to assign these
MDs and their assigned molecular formulae to combinations of either CO, H20 or COz, as the
number of oxygen atoms in such higher-order MDs is relatively low compared to the number of
carbon and hydrogen atoms — much similar to the C7HesO4 unit that was described by Kunenkov and
coworkers (equivalent to the exact MD of dihydroxylbenzoic acids; Kunenkov et al., 2009). For

example, in MDs equivalent to losses of CsHsO3 and CsH100s, which were observed in our study
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(Figure 5-1e, f), C- or CH-rich losses would remain if all oxygen was assigned to simple losses of

H20, CO2 or CO.

Polyol losses from flavonoid glycosides and chlorogenic acid were a major indicative feature
(Engstrom et al., 2015; Fabre et al., 2001; Ncube et al., 2014) and their equivalents were found 25
times in the four IPIMs (Figure 5-4¢). Single precursors indicated losses of all three polyols taken
into account here (glucose, rhamnose, quinic acid; e.g. DOM precursors Ci13H1sOs and C14H2207 at
m/z 301). We also observed matching to MDs equivalent to members of two series of highly
indicative ring cleavage sequences (Figure 5-5) of flavon-3-ol (i.e., flavonoid aglycones; Engstrom
et al., 2015; Fabre et al., 2001; 28 matches in total) and flavan-3-ol (i.e., catechin; Galaverna et al.,
2015; Miketova et al., 2000; Yuzuak et al., 2018; 50 matches) structures. The molecular formula
Ci6H1406 at nominal mass 301 showed strong matching to both series, suggesting the contribution
of both structural families to that isomeric mixture. The use of a whole series of related MDs can,
theoretically, improve confidence in structure assignment. Similarly, the use of more than one polyol
MD can improve confidence in class annotation (i.e., “polyol-expelling formulae). However, it has
to be taken into account that chimeric tandem mass spectra hinder direct structure annotation (Petras
et al.,, 2017). Our findings can thus be summarized as follows: We found multiple matches of
potential higher-order MDs in a low-degraded DOM sample from upper forest soil supporting our
hypothesis that such detail would be visible in such sample types. Yet we acknowledge that the low
ion abundance of these signals (Figure 5-2) supports the general view that the molecular imprint of
major plant biochemicals vanishes rapidly during initial decay. However, the high diversity of low-
m/z fragments outweighs the high abundance of single product ions connected to common but non-

indicative MDs such as COz, and reveals much more potential structural detail.

Differences between the fragmentation behavior of standard compounds and DOM have been
widely described in the literature (Hawkes et al., 2018a; Leenheer et al., 2001; Novotny et al., 2014;
Witt et al., 2009; Zark et al., 2017). As pointed out in the introduction, this observation has recently
led to the consideration of intrinsic averaging as a main cause behind the high apparent similarity
in ultrahigh resolution MS' and MS? features found across aquatic gradients (Zark et al., 2017; Zark
and Dittmar, 2018), even after further reduction of complexity by chromatography (Brown et al.,
2016; Hawkes et al., 2018a). The contribution of indicative MDs to the MD spectrum of different
DOM precursors in our study adds important information to this debate. In the most recent literature,
focus has been mainly put on common MD (ubiquitous) signals representing 60 — 70% of fragment

intensity (Hawkes et al., 2018a; Zark and Dittmar, 2018). Earlier studies have been limited to these
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signals due to instrumental limitations, e.g. by low resolution tandem MS or low sensitivities in the
lower m/z range. However, novel instrumentation, improved fragmentation cells, the possibility to
measure product ion mass spectra at ultrahigh resolution, better comparability among instruments,
and the use of heavy collision gas such as N2 all allow an improved evaluation of low-m/z fragment
signals (Bayat et al., 2018; Brown et al., 2016; Capley et al., 2010; Denisov et al., 2012; Dit Fouque
et al., 2016; Ha et al., 2017; Snyder et al., 2016). Furthermore, Orbitrap instruments have recently
shown better reproducibility in DOM (MS') measurements (Hawkes et al., 2016; Simon et al.,
2018), which could also help to overcome problems of differentiating samples based on their MS?
spectra (Zark and Dittmar, 2018). DOM molecular diversity is affected differently by continuous
degradation along the aquatic continuum, causing simultaneous decreases in molecular features of
MS' data and increases in isomeric complexity as deduced from MS? data. Both trends ultimately
lead to undistinguishable features at both levels of MS data (Hertkorn et al., 2008; Mentges et al.,
2017; Zark and Dittmar, 2018), making indicative MDs such as the methyl radical loss disappear
(Hawkes et al., 2018a; Zark and Dittmar, 2018). The fact that we find such indicative MDs in
supposedly less degraded soil DOM supports the theory of continuous DOM degradation and
isomeric diversification in the aquatic continuum. It also puts special emphasis on soils as highly

dynamic living reactors and their role as drivers of organic matter inputs into aquatic systems.

We interpret the existence of indicative higher-order MDs in DOM as a sign of a remaining source
imprint of primary or recycled remains from plants, soil animals and microbes (Késtner and Miltner,
2018; Kogel-Knabner, 2017; Soucémarianadin et al., 2017; Waggoner et al., 2017). Recent studies
indicate that precursor and product ions from specific molecular structures (added standard
compounds) produce clear MS! and MS? signals in DOM elution profiles, despite the fact that many
other molecules are present at the moment of measurement (Brown et al., 2016; Hawkes et al.,
2018a). We thus assume that indicative product ion signals are not suppressed. The existence of
low-m/z fragments that resemble the repetitive patterns found in MS' data suggests links between
common low-m/z fragments and indicative MDs we found in this study (m/z 108, Ce¢H4O2,
equivalent to a benzoquinone loss; m/z 110, equivalent to benzenediol loss, CéHsO2; m/z 126,
C7HsO2, equivalent to a methoxyphenol loss; m/z 128, CcHsOs3, equivalent to a benzenetriol loss;
Capley et al., 2010; MclIntyre et al., 2002; These et al., 2004; Zark et al., 2017). The low-m/z region
in tandem MS data of DOM is typically characterized by a multitude of signals at nearly every
nominal mass (Figure 5-1b; Brown et al., 2016; Capley et al., 2010; Hawkes et al., 2018). This
property is enigmatic but may also render assignments to specific MDs ambiguous, same as their

detection in DOM. This work represents a first step in revealing ecosystem information encrypted
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within chimeric DOM signals. Further understanding will benefit by complementary analyses based
on extended sets of samples, standard compounds, and state-of-the art instrumentation (Brown et
al., 2016; Hawkes et al., 2018a; Petras et al., 2017). Novel approaches for the automated analysis
of high throughput data will facilitate this process (Petras et al., 2017; Rogers et al., 2019; Wolfender
et al., 2019).

5.2.3 The fragmentation sensitivity continuum of DOM formulae

The four IPIMs differed in the number of isolated precursor ions (33 — 44), the fraction of assigned
precursors (molecular formula assigned, 64 — 90%) and the number of product ions at CID 25 (198
— 491, Table A-12). All of these properties increased with mass. We calculated ion abundance-
weighted averages of molecular indices based on precursor formulae. Their analysis revealed that
ion mixtures at lower nominal mass differed by their higher number of double bonds (DBE),
apparent higher aromaticity (AImod) and lower nominal oxidation state of carbons (NOSC, Table
A-12, p < 0.05). Highest numbers of fragment ions were always detected at CID 25 (Figure A-3).
The product ion spectra did not indicate abrupt structural changes during the increase to CID25,
indicating no clear separation of groups of isomers. The four IPIMs consistently changed their
molecular properties upon fragmentation: We saw a significant increase in ion abundance-weighted
averages of DBE, DBE-O and Almod, whereas O/C and NOSC showed a significant decrease
(Table A-12) with increasing collision energy. The H/C ratio and average numbers of C, H and O
atoms per formula showed a less significant response. In general, I[IPIMs across all four nominal
masses became apparently more aromatic and less oxidized upon fragmentation and also became

more similar in terms of their molecular composition (not shown).
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Figure 5-6. Link between precursor ion abundance and its number of MD matches upon fragmentation. Number of matches
against lists of non-indicative MDs (ochre, Table A-10) and indicative MDs (blue, Table 5-1) in relation to the log initial
ion abundance of the precursor. All precursors across the four IPIMs (n=159) are shown. Regression curves are linear
fits (note log scale). In contrast, fragmentation sensitivity was a poor predictor of number of matches (Figure A-18).
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The fragmentation sensitivity (change in intensity upon fragmentation) and number of matches to
non-indicative mass differences (Table A-10) were checked on the single precursor level to assess
differences between molecular formulae (m/z 241, Table A-13; m/z 301, Table A-14; m/z 361, Table
A-15; m/z 417, Table A-16). We determined the fragmentation sensitivity as the relative (%) change
in ion abundance based on the initial values (non-fragmented). The number of matches to the list of
non-indicative MDs allowed us to relate properties such as the number of CO2 losses to the initial
ion abundance of the precursor and its molecular formula (Figure 5-4). Formulae that fragmented
extensively (strong decrease in ion abundance with CID increase) had a significantly (Pearson, p <
0.05) lower mass defect, lower number of carbon and hydrogen atoms per formula as well as a lower
DBE-O, and showed higher numbers of oxygen atoms and subsequently had a higher O/C and
NOSC. Contrastingly, formulae with less oxygen and a higher mass defect were also less sensitive
to increasing collision energy. This observation was in line with above described findings on the
level of the nominal mass, but showed that increases in aromaticity and DBE were mostly assigned
to the selective fragmentation of oxygen-containing formulae. In strong contrast, these trends did
not show a significant correlation to the initial ion abundance of the precursors. However, initial ion
abundance had a strong effect on the amount of matches, both to the list of non-indicative and
indicative MDs (Figure 5-6). Fast-fragmenting precursors showed multiple losses of CO2 (up to
four, Figure 5-4a) or H20 units (up to two), in line with the fast decay of formulae rich in oxygen.
Contrastingly, the number of CH2 (up to four, Figure 5-4b) losses was not correlated to the both

investigated properties (fragmentation sensitivity/ match frequency).

These observations are in accordance with reported results, showing a strong dependency between
oxygen content of a formula and the number of product ions (Brown et al., 2016; Capley et al.,
2010; Hawkes et al., 2018a; Mawhinney et al., 2009). We assessed fragmentation sensitivity of
single precursors by a second measure, denoting a 50% decrease in initial ion abundance, the half-
life CID energy (derived from linear regression of ion abundance data). The average half-life CID
energy of formulae with O/C ratios > 0.7 was ~ 15 while it was ~ 25 for formulae with O/C ratios
< 0.2 (Figure A-20). As a result, the same continuum of fragmentation sensitivities was found at
each of the four IPIMs, ranging from CID 10 — 35 under our instrumental settings (Figure A-20e).
This indicates that intrinsic averaging prevailed in the property of fragmentation sensitivities in our
study, similar to continua of polarity, reactivity, molecular size, or photochemical properties
revealed by other studies (Arnosti et al., 2018; Brown et al., 2016; Hawkes et al., 2019; Mostovaya
et al., 2017). Single formulae also showed zero or slightly positive changes in ion abundance with

increasing collision energy. The respective formulae had an average O/C ratio of 0.19 and were of
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low initial ion abundance (average, absolute intensity of 100) which at maximum doubled until
highest applied energies. The fraction of ion abundance of these minor signals was equivalent to
0.5% of total initial ion abundance, and thus negligible. Such effects are not unexpected, as ion
detection might be hampered by space-charge effects in the Orbitrap cell (Zubarev and Makarov,
2013). However, the small change in abundance of single signals documents that those effects were
negligible in our analysis and affected only a group of minor signals that were insensitive to
fragmentation. In contrast to IPIMs, the set of pure substances showed a remarkably narrow range
of half-life energies, ranging from CID 15 — 20 (Figure A-20e). Ellagic acid was the only exception
with a higher value (CID 30) caused by the high stability of two intramolecular lactone bonds.

Abundant oxygen-rich formulae contributed mostly to the tandem MS information in terms of non-
indicative MDs (Figure 5-3b, and following the Van Krevelen patterns of CO2 and CO, panels a and
c in Figure 5-4, but in contrast to CHz, panel b), in contrast to indicative MDs (Figure A-21).
Precursors matching to this list were limited to a set of ~10 formulae per nominal mass (Figure
5-3b), peaking in the central area of the Van Krevelen plot (Figure A-21b) at similarly high numbers
of matches per individual precursor (~30). It is thus concluded that two overlapping, but dedicated
pools of formulae selectively contributed to the overall MS? signal, and that the usually observed
fragmentation pattern is dominated by a set of highly oxidized formulae not representing the whole
structural detail of the DOM mixture. Yet, these MDs are connected to the most abundant product
ions. A significant pool of molecular formulae contributes to MD information that is connected to

less common but potentially more indicative signals.
5.2.4 MD-enhanced Van Krevelen plots reveal structural similarities in DOM

The number of matches to the indicative MDs (Table 5-1; Figure 5-4d — £, Figure 5-5) was mainly
linked to initial ion abundance (Figure 5-3b, Figure 5-6). Moreover, the matching patterns of
different members of an IPIM were quite variable and surprisingly specific. Highly indicative sugar
losses (glucose, rhamnose and the radical form of rhamnose, Figure 5-4e) showed an intriguing
concentration in the Van Krevelen plot at relatively high values of H/C and O/C ratios, as opposed
to the pattern of methyl radical loss (Figure 5-4d). Moreover, polyol losses were dominantly
detected in IPIMs at m/z 301 and 361 (Figure 5-4e), suggesting m/z-related differences in
contribution of glycoside structures. Similarly, we found that gallic acid-related MDs (either with
or without retention of H20O, and with additional loss of H2O) concentrated in the center of the Van

Krevelen plot and were more frequently associated to IPIMs at m/z 361 and 417 (Figure 5-4f). The
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frequency pattern of the methyl radical MD paralleled the patterns of precursors indicating
preferential loss of CH2 and CO units, preferentially in the IPIMs at m/z 241, 301 and 361 (Figure
5-4b, f). Similar to MDs equivalent of gallic acid losses, Highest matches to MDs related to flavan-
3-ol (Figure 5-5a) and flavon-3-ol structures (Figure 5-5b) were found in the central part of the Van
Krevelen plot. Two molecular formulae (peaks 4 and 7 in Figure 5-3b) matched to sets of indicative
MDs related to the sequential cleavage of the flavan-3-ol three-ring systems (Figure 5-5¢), and peak
4 did also match to the MDs indicative of a ring cleavage of the flavon-3-ol ring systems (Figure
5-5d). In general, we observed that the Van Krevelen frequency patterns of indicative MDs differed
between the four precursor ion mixtures, probably due to the fact that they each covered unique
sectors and/ or lines of the VK plot (Figure 5-4) and were constrained by their mass (i.e., polyol

losses not observed at m/z 241).

Taken together, the MD matching approach provided a more reliable base for the definition of
domains in Van Krevelen space, and actually provides evidence that the domains are far from being
defined; it is highly likely that formulae plotting in the “tannin” region of the plot (low H/C ratios,
high O/C ratios, Figure 5-2a) are no actual tannins and that formulae in the “lignin”-like region
(central, crowded area in most Van Krevelen plots; Figure 5-2) of the Van Krevelen plot link to a
great variety of MDs, equivalent to e.g., gallic acid-related structures, polyol-like structures, or even
indicate the potential presence of flavonoid-like ring systems, which is in accordance with the high
overlap seen for different structural groups (Figure 5-2a). The application showed that polyol-
expelling molecular formulae (precursors with MD matches equivalent to polyol structures) indeed
showed a slight shift to the upper right (high H/C, high O/C) of the Van Krevelen plot which is the
expected range of carbohydrate-like structures (Figure 5-4e). Interestingly, this area was clearly
separated from precursors indicating preferential losses of CH2, CO2, CO and CH3®* MDs or MDs
equivalent to galloyl-, flavonol- and flavanol-related structures (Figure 5-4, Figure 5-5). The
important difference to usual formula-based classifications is that the MD approach used here has
a tandem MS dimension that also allows to be proven by selective treatment of DOM, for example
by reductive degradation, enzymatic treatment, or targeted decoration of functionalities to change
properties of specific precursors (Arakawa et al., 2017; Baluha et al., 2013; Duncan et al., 2016;
Linz et al., 2018; Luek et al., 2018; Nebbioso and Piccolo, 2015; Pohlabeln and Dittmar, 2015). Our
approach thus opens a novel way to observe m/z-dependend chemical change in individual DOM

samples or sets of them.
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We compared the matching patterns of different DOM precursors and standard compounds obtained
at similar CID energy (Table 5-1, only DOM precursors and standard compounds with at least one
match included). In general, there were always strong differences between DOM precursors, with
single formulae showing high numbers of matches (Figure 5-3b, Figure 5-7a). Based on these
matching profiles, we used cluster analysis to check for similarities between pure substances and
DOM precursors (Figure 5-7b). The analysis showed clear clusters, grouping for example Catechin
(#10) together with two precursor formulae (Ci6H14Os and C17H180s, which are linked by a formal
exchange O vs CHa). Similarly, CisH1007 was grouped with the flavon-3-ol core structures of
Spiraeoside (#12) and Isoquercitin (#13) obtained by MS? of the intact flavonoids and subsequent
MS? fragmentation of their flavon-3-ol cores (C15sH1007 is also the neutral molecular formula of this
core structure). Two additional molecular formulae were grouped with the intact Isoquercitin (#13)
structure that showed a loss of a sugar unit (a.0.). The both precursors (Ci3Hi1sOs and Ci14H2207)
were also linked by a formal O vs. CH4 exchange and showed a highly similar MD pattern (as
opposed to other members of the series, e.g. C12H1409). Both formulae matched to highly indicative
losses of quinic acid, rhamnose and glucose, all of which are polyol structures. Most intriguingly,
this match was close to exclusive, and strongly contrasted by the formulae matching with catechin

(showing no indication of a polyol loss despite their high number of MD matches).
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Figure 5-7. Indicative MD matching similarities among DOM precursors and standard compounds. MD matching profiles
and similarity of DOM precursors of IPIM at m/z 301 and standard compounds fragmented at CID25. a) List of
indicative MDs (Table 1) that showed at least one match to the DOM precursor data. Standard compounds and DOM
precursors are in columns (col names, refer to b). “1” indicates the presence of a MD, “0” indicates absence; shading is
only for visual guidance. Numbers in brackets refer to numbers of formulae in Figure 5-3b and #IDs refer to Figure 2-3.
b) Hierarchical cluster analysis of MD matching matrix in a) (Ward’s method, Euclidean distance, 999 permutations,
cophenetic correlation coefficient 0.83) Percentages at nodes are indication to node stability during bootstrapping.
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Other precursor matching profiles were less indicative: Precursor Ci14aHeOs matched to only one
specific MD that originally was found in ellagic acid (#10), which also shares this exact same
molecular formula. However, two other MDs detected in ellagic acid (C4H204 and CH202¢; Figure
5-7) did not match with the respective DOM peak. Ellagic acid did not fragment extensively at
CID25, but showed six more MDs in the list of non-indicative MDs (Table 5-2), which were partly
also detected in the DOM precursor but not included into the similarity analysis due to their low
information content. Taking them into account led to a final match of 75% (6 out of 8 MDs), and
five of those were major fragments of ellagic acid at CID25.Much similar, the four potential tannic
ecosystem markers from a previous study (Roth et al., 2014) showed only matches to the ubiquitous
list of MDs (Table A-10). We found no indication of gallic-acid related losses (Figure 5-4f) in these
precursor’s MD matching profiles. Despite the high DOC concentration of the injected sample and
their high ion abundance, these peaks matched only to non-indicative MDs and not as expected, to
losses of galloyl subunits. Indication for these type of losses (C7H4O4, C7HsOs, C7HsOs) was instead
only found in the central part of the VK plot (Figure 5-4f), which is usually assigned to lignin or
CRAM-related or “lignin-like” structures (Figure 5-2a). Based on these results, the previous
assignment of formulae as potential tannins, which was based solely on their position in the Van
Krevelen plot( Figure 5-2a; D’ Andrilli et al., 2015; Roth et al., 2014), has to be questioned. It seems
rather likely that the high O/C of these molecules is caused by decoration of a central aromatic core
with carboxylic acid groups. There is no question about the unique signature that the forest samples
showed in the initial study (Roth et al., 2014), and similar structures are repeatedly described as

markers of low-pH/high-DOC ecosystems (chapter 4; Gonsior et al., 2016; Simon et al., 2019).

It was of particular interest that pairs of formulae linked by a formal CH4 vs. O exchange (Stenson
et al., 2003; These et al., 2004) showed highly similar matching profiles in terms of their indicative
MDs (Figure 5-7a, b), across all four IPIMs covered in our analysis (e.g., CicH14O6 and C17H1380s).
Most notably, this discerned them from other members of the same series (e.g., CisH2204 and
C19H2603) and not just from members of other series present at the same m/z (e.g., C1aH2207). Initial
ion abundance was not the main driver of this effect: the molecular formula Ci2H1409 showed a
distinctly different matching profile as compared to C13HisOs and C14H2207, despite the fact that all
three precursor ions showed high initial ion abundance (Figure 5-3b). High congruence of
fragmentation patterns among sets of precursors has also been described for the MDs of H2 and CHs
vs. O (Capley et al., 2010; These et al., 2004), suggesting that structural differences are residing in
backbone structure of similarly substituted molecular structures. The origin of the CH4 vs. O

exchange remains unknown (These et al., 2004); it may be of special interest that we observed a
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minor formal insertion of oxygen for a CH4 upon FTMS analysis in case of the both methoxyphenols
(#4 and #5). Full explanation of this phenomenon was not the scope of our paper and will require
further systematic experiments (Baumeister et al., 2018) with regard to the identfication of this

constituting DOM mass difference.
5.2.5 Link between indicative MDs, database hits and DOM chemodiversity

Although our approach isolates and fragments a mixture of ions (IPIM, isobaric precursor ion
mixture) and generates so-called chimeric spectra that are not suited for single compound
identification (Petras et al., 2017), complexity was greatly reduced (Figure 5-la, b) and MD
annotations added a layer of chemical information to the MS' data that complements the usual
molecular formula information. It also allowed us to compare identities of matching MDs with
structural suggestions from a natural product database, and thus opened a way to search for
structural analogs. The structure suggestions from DNP agreed well with the MD predictions for all
four IPIMs. For example, we found 264 structure suggestions for the catechin-like formula
Ci6H1406 of IPIM at m/z 301. About 40% of these hits (n = 101) were related to flavanone structures;
43 additional structures were related to other flavonoid classes (chalcones, pterocarpanes, etc.
~16%). Another 72 (~28%) structures belonged to similar 3-ring aromatic systems (xanthones,
antraquinones). In agreement with the MD matching profile and as expected from the molecular
formula, no glycoside structures were suggested. Similarly, among the 174 hits for the formula
C17H180s, about 26% (n=44) were related to flavan structures, agreeing well with the similarity to
catechin in our study. The majority of other hits were related to aromatic systems with three rings
(n=49, 28%; 3-ring systems as xanthones or antraquinones), or two-ring systems derived from
lignan, stilbene, benzophenone or coumarin base units (n=76, 44%). No glycosides were suggested.
Of the 129 hits that were obtained for molecular formula CisH1007, 56% (n=72) were structures
containing a flavone core, in agreement with our matching profile result. Twenty structures were
flavonoid-related (~15%, e.g., aurones, pterocarpans) and 36 structures (28%) belonged to related
three-ring systems (mostly, anthraquinones). Finally, in the case of the both formulae matching to
polyol MDs, less numbers of structures were suggested in DNP (Ci3HisOs, 16; C14H2207, 7). DNP
suggestions agreed well with matching predictions in the first case (all suggestions were mono-
glycosides of an aromatic ring), but less well in the latter case (aliphatic chain structures, though in
one case linked by a central polyol structure, but more often linked by intramolecular ether, ester or
lactone functionalities). In case of formula CisH2204, which matched to MDs equivalent to caffeoyl,

coumaryl and phloroglucinol moieties (Figure 5-5b), 28 of the 74 suggestions were related to
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lignans or similarly linked aromatic structures: many of those structures contained Ci1Ces or C3Ce

structures (such as vanillyl or coumaryl moieties) that could give rise to the observed MDs.

Our approach does not lead to the identification of an unknown in the classical sense. It rather
provides a novel way to describe and analyze mixtures of precursor ions (IPIMs) that themselves
represent isomeric mixtures (Brown et al., 2016). This does not exclude the possibility to identify
single compounds under specific, targeted conditions. However, these conditions will not only
require tailored analytical and (bio-)informatics tools but also detectable amounts of a “pure”
isomer; a circumstance that may be less probable as expected in the natural environment (Brown et
al., 2016; Hawkes et al., 2018a; Petras et al., 2017; Zark et al., 2017; Zark and Dittmar, 2018). The
analysis of MDs in DOM will thus benefit by process-oriented experimentation and/ or strong
environmental gradients that may reveal molecular responses properly (Boye et al., 2017; Mentges
et al., 2017; Moritz et al., 2017; Petras et al., 2017; Zhang et al., 2014). For example, the molecular
formula CicH1406 (m/z 301.0717) was one of the most intense ions at that nominal mass and
matched to many indicative MDs (Figure 5-3b, Figure 5-7a, b). It showed a high degree of overlap
with the catechin MD fingerprint which were both measured at CID 25 (Figure 5-7a, b). Structural
suggestions from DNP pointed into the same direction, with about 56% of hits (n=144) related to
flavonoid scaffolds, and another 28% of additional hits covering related three-ring scaffolds not

included by our study.

We found a strong link between the number of matches to the indicative MDs and the number of
structural suggestions by DNP (n, precursors =48, p=0.004 ** p =0.117 for all matches incl. non-
indicative MDs), which became more significant when both variables were rank-transformed to
account for extreme cases (***, p < 0.000; p = 0.03 for all matches incl. non-indicative MDs). At
this point it is not clear whether the increased matching frequency in the center of the Van Krevelen
plot — which is also linked to most intense and ubiquitous precursor ions (Hertkorn et al., 2007;
Kellerman et al., 2014; Roth et al., 2014) — is a sign of a high underlying isomeric diversity or if it
is just due to better S/N of these precursors and their product ions. Our MD analysis considered any
MD between all precursor ions and all product ions; from a simple stochastic viewpoint, every
precursor had the same chance to match to the both lists of MDs (Table 5-1, Table A-10). The
observed patterns differed markedly from such a random result; and the high robustness of the
analysis (Figure A-17) supports that a biogeochemical signal is the cause of the emerging pattern.
It was also intriguing that those molecular formulae with high numbers of matches to the list of

indicative MDs showed a strong tendency to yield higher number of hits in DNP. The low coverage
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of DOM formulae in databases of any kind has been reported frequently, and generally leads to total
assignments of less than 5% of formulae to known structural suggestions and/ or biochemical
pathways (Brown et al., 2016; Petras et al., 2017; Zhang et al., 2014). In line with these results, we
saw strong differences among queried formulae in DNP; however, the number of molecular
formulae in our subset showing at least one hit was quite high (41 out of 48, i.e., 85%). Formulae
below mass defects of 0.05 (O-rich, H-deficient) had one hit (n=13, median) while formulae above
had 33 (n=35, median), similar to previous results stating that especially oxygen-rich formulae were
under-represented in SciFinder (Brown et al., 2016). The number of matched indicative MDs that
we assessed in this study could be interpreted as a first, very rough measure to account for
underlying isomeric and molecular complexity of a precursor because we excluded all those MDs
that are deemed non-indicative (i.e., COz, etc.). Our observations would then agree with theoretical
considerations on the probability distribution of structural diversity in two-dimensional Van
Krevelen space (C-H-O space; Hertkorn et al., 2008, 2007; Petras et al., 2017; Reemtsma, 2010).
We particularly want to acknowledge at this point that there may be a high number of unknown
structural scaffolds which are not yet part of natural product databases, such as DNP (Chassagne et
al., 2019). Similarly, not every chemically meaningful MD was included into our analysis, a task
that would require further exploitation of available tandem MS databases and DOM data (Petras et
al., 2017).

5.3 Conclusion and outlook

This study represents a first step to improve our understanding of the complete chimeric tandem
MS signal emerging from ultra-complex mixtures which resist any classical means of separation,
isolation, and identification. In line with recent experimental and theoretical considerations, we
found an imprint of remaining ecosystem (source) signals in soil dissolved organic matter (DOM)
that continuously vanishes by transformation during ecosystem passage and along aquatic gradients.
Tandem MS-enhanced 3D-Van Krevelen plots showed a separation of precursor formulae
contributing to indicative losses (e.g., methyl radical, polyol, or gallate losses). This analysis
indicated blurry domains that were inconsistent with previous a-priori classifications (see e.g.,
chapters 3 and 4), which have been criticized in the past. Our mass difference (MD) matching
approach yielded consistent and robust matching results that suggested a dominance of neutral
losses from the dilute precursor mixtures and allowed for deconvolution of precursor “MD match
spectra” from complex isolated precursor ion mixtures (IPIMs). However, these assumptions have

to be further tested with mixtures or standard compounds. Tandem MS databases and novel analysis
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tools will help in achieving these aims. Comparative metabolomics of chimeric tandem MS
fingerprints selected by hypothesis-driven experimentation offered new insights into ecosystem-
specific DOM structures. It thus emerges as a workflow that can complement the existing broadband
MS! analysis protocols by adding meaningful structural information. In line with predictions from
the matching approach, we found consistent structural suggestions in a large natural product
database. Our results support the theoretical consideration that formulae in the central part of the
Van Krevelen plot do show highest realized isomeric complexity due to the high degree of freedom
in structural space, as dictated by stoichiometry and valence, and thus suggest that our approach
could help to reveal “limits” of chemodiversity per molecular formula. Altogether, the proposed
MD matching approach opens up new avenues to access DI-ESI-Orbitrap MS/MS data (and
potentially, also LC-MS/MS data) of complex mixtures and the information encrypted therein.

122



Synthesis

6 Synthesis

This thesis provides novel insight on the use of the Orbitrap mass spectrometer at its highest
commercially available resolving powers (200k — 500k) for the detailed analysis of ecosystem-
specific compounds in complex mixtures of terrestrial dissolved organic matter (DOM). The
findings of this thesis contribute to a better molecular understanding of global biogeochemical
cycles with a focus on the recycling and transport of DOM in soils and how this links to aquatic
systems. We showed 1) that a simple “one sample/ whole spectrum” tuning approach improves
the between-lab reproducibility of FTMS instruments and that the Orbitrap emerges as a
suitable alternative to state-of-the-art FT-ICR-MS instruments (chapter 3); 2) that two
contrasting whitesand (podzolic) sites in the Rio Negro basin differ strongly in their DOM
fingerprint and that highly oxidized aromatic markers of dry upland Podzols show strong
overlap with sets of previously described Rio Negro DOM markers and putative tannin markers
of temperate conifer forests (chapter 4); and 3) that the direct injection tandem MS analysis of
selected putative tannin markers in soil water DOM from acidic forest sites opens a new avenue
to assess and compare molecular ecosystem imprints (chapter 5). These findings provide new
impetus in terms of instrumental and experimental approaches to improve our understanding
of DOM dynamics at different scales (soils, catchments, river networks). Our results thus
contribute to the assessment of unknown markers in fast-responding but poorly understood
terrestrial DOM mixtures, and the broader implications of these findings will be discussed in

the following.
6.1 The Orbitrap analyzer reveals ecosystem markers in terrestrial DOM

FTMS technology has greatly improved our understanding of global DOM dynamics (Dittmar
and Stubbins, 2014; Minor et al., 2014; Roth et al., 2015), yet we stand at a point where novel
breakthroughs are required to reach overarching interpretations from the large amounts of data
that FTMS methods generate. Methods that enable the observation of DOM properties beneath
the level of the molecular formula, i.e., that enable us to discern isomers, are urgently needed
to do so (Hertkorn et al., 2008; Petras et al., 2017). The low accessibility of FT-ICR MS
instruments dedicated for the non-targeted broadband analysis of DOM hinders progress of the
field (Hawkes et al., 2016). Orbitrap analyzers have emerged as alternatives over the past
decade (Denisov et al., 2012; Hawkes et al., 2016; Zhurov et al., 2013). This work has

demonstrated the potential of the powerful high-field Orbitrap analyzer to investigate various
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forms of terrestrial DOM and ecosystem markers therein. Although it is evident that resolving
powers are still too low to differentiate specific mass splits related to nitrogen, sulfur,
phosphorus, or rare isotopes ('3C, '°N, etc.) and especially their manifold combinations, it is
reasonable to assume that these molecular formulae relate to rare and specific metabolites that
do not represent the majority of oxidized, acidic and soluble DOM molecules found in natural
waters (Hertkorn et al., 2008; Minor et al., 2014). While larger lab comparisons have been
launched in the field of clinical metabolomics (Martin et al., 2015), such initiatives have been
missing in the field of DOM metabolomics (Hawkes et al., in prep.). This depicts that the
instrument response — upon ionization and injection of an ultra-complex sample such as DOM
—is not understood well yet (Cao et al., 2016; Novotny et al., 2014). Unexpectedly, our simple
“one-sample/ whole-spectrum” Orbitrap tuning approach against a reference 15T FT-ICR MS
instrument resulted in > 90% signal overlap by commonly detected species for a broad variety
of samples. This indicates that both instrument types are essentially detecting the same complex
biogeochemical signal and are able to draw a similar degree of information from it, which
subsequently leads to a reproducible biogeochemical interpretation. This is a precondition for

future comparison studies among labs to reach overarching conclusions.

The higher reproducibility of the Orbitrap which was also noted in other studies (Hawkes et
al., 2016) makes it especially suitable for marker identification. Low measurement variation is
key to differentiate responsive DOM signals by comparative metabolomics, e.g., when
focusing on differences between ecosystems or experimental treatments (Kuhlisch and Pohnert,
2015). However, detection of novel ecosystem or process markers also needs proper knowledge
of which signals contain no information, besides measurement variation (instrumental noise),
i.e., “non-informative” process and source variation needs to be known. This aspect, however,
is highly scale-dependent, especially when one deals with the “ecosystem” concept which is
applied from the micro- to the macroscale (Cameron and Earley, 2015), and especially when
looking at ubiquitously present DOM that also interlinks “systems”. Much of the ambiguity
between sets of indicative FTMS process and source markers (see section 1.4.1) may thus relate
to different scales covered and limited representativity of lab and field experiments. Openly-
available molecular-level information on DOM and the related metadata — e.g., experimental
setup, scope of the study, details on sampling and measurements, and instrument type — are still
scarce (Petras et al., 2017) and hinder progress. Future efforts should deliver such data to reach
overarching, instrument- and lab-independent sets of informative markers for a given process

(DOM modification) or source (DOM type) (Petras et al., 2017; Wang et al., 2016). The
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Orbitrap analyzer will allow a wider research community to contribute to this process (Hawkes

etal., 2016).

A major drawback of all FTMS methods is their inability to quantify the amount of ionized
DOM and effects of different ionization efficiencies. This is especially critical in regard of
studies showing that ESI-FTMS detection misses unknown parts of the DOM pool, which may
bias our interpretations (Hawkes et al., 2019; Rodgers et al., 2019). The understanding of the
observed DOM signal in state-of-the-art FTMS analyzers will remain qualitative unless novel
ways of signal monitoring in the front end instrument are developed. Preparative mass
spectrometry could open possibilities to recover the ionized material in a non-destructive
manner and to simply compare concentrations of carbon (nitrogen, sulfur, etc.) before and after
ionization (Gologan et al., 2004; Johnson et al., 2016). This strategy could also be of value to
decide on the “correct” ionization mode and mass window to measure DOM (i.e., which
window or ionization mode reflects best ionization/ measurement conditions of the sample).
For example, it is evident that sample types (e.g., bog and aquifer) differ in their spectrum
envelopes, i.e., ion abundance patterns, but it has also been shown repeatedly that the spectrum
envelop is highly impacted by the accumulation time prior to FTMS measurement (Cao et al.,
2016; Hawkes et al., 2016). Such effects are poorly understood and rarely addressed by the
FTMS community, and thus constitute major challenges for the future application of these

powerful instruments (Nielsen et al., 2018).

6.2 A molecular picture of DOM ecosystem imprints and links

The combination of datasets from different instruments can benefit the search for ecosystem-
specific DOM markers, their sources and the development of new hypotheses on their fate at
different scales. For example, SOM and DOM dynamics are strongly coupled in terrestrial
systems (Figure 1-2; Figure 1-3; Figure 6-1) but the molecular dimension of this “coupling”
and its mechanisms are poorly understood (Malik et al., 2016; Roth et al., accepted). Two
groups of potential markers were identified in this thesis: markers of “fast-cycling” high-DOC
environments such as bogs, blackwaters, and topsoils, and those of “slow cycling” low-DOC
environments, such as deep soils and aquifers. The differentiation into fast- and slow-cycling
environments emerges from the strong differences in DOM fingerprints we observe between

these both types of systems at the scale of the global water cycle (chapter 3).
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Figure 6-1. A molecular picture of ecosystem imprints in DOM (adapted from Kaiser & Kalbitz 2012; grey central box). Soil profiles at left (sandy Podzol, Campina site at

ATTO, Brazil) and right (clayey Oxisol, plateau north of ATTO) show the influence of soil texture on DOM preservation or “eradication” of topsoil ecosystem imprints. Both
profiles have an approx. depth of ~ 30 cm. Columns only show trends. See main text for explanation.
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The role of soil texture in determining the intensity of recycling on much smaller scales, such
as the Critical Zone, became apparent as well: Sandy soils (Figure 6-1, left soil profile) allow
quick transport of DOM from fast-cycling environments, e.g., topsoils, to more “isolated”
environments beneath, e.g., shallow aquifers, or deeper soil, and thus favor a delay of the
recycling process and thus prolong the preservation (or, persistence) and restricted
“eradication” of topsoil ecosystem signals (see further below; Kiisel et al., 2016). This shows,
one the one hand, that FTMS methodology reveals ecosystem imprints at both global and local
scales, but on the other hand it also shows that the resulting molecular patterns may be

ambiguous and need to be studied at much higher detail.

Aromatic and phenolic DOM molecules emerged as markers of input-dominated systems
(chapter 3), in line with previous findings (Figure 6-1, “ecosystem imprint”), however, a special
category of them has been repeatedly described as markers of low-pH/ high-DOC
environments such as forest soils, bogs, and blackwater rivers (chapter 4; Gonsior et al., 2016;
Roth et al., 2015, 2014; Simon et al., 2019). Moreover, we have shown clear evidence for a
potential molecular link between highly oxidized aromatic formulae of relatively high
molecular weight — theoretically classifiable as “tannins”, in line with Roth et al. (2014) —
between whitesand headwater ecosystems and the downstream river, the Rio Negro. This
whitesand/ blackwater link has been presumed (Bardy et al., 2011; Ertel et al., 1986; Leenheer,
1980) but never shown in such high detail. Our findings demonstrate that specific soil
environments are the dominant source of highly decomposed Rio Negro DOM markers. This,
however, represents only a first step to elucidate their identity, origin and mode of formation,
which may relate to organic matter processing at the forest floor and/ or active podsolization
processes (Do Nascimento et al., 2008; Lee et al., 2018). Low pH environments favor the
dominance of fungi (Rousk et al., 2010), and fungi have been discussed as agents of SOM and
DOM modification, both by enzyme-related hydroxyl radical formation (Waggoner et al., 2015;
Waggoner and Hatcher, 2017) or by ensembles of ligninolytic enzymes (Zavarzina et al., 2018,
2011) that can not only lead to color loss and degradation but also synthesis of higher-molecular
weight structures (Waggoner and Hatcher, 2017; Zavarzina et al., 2018). The release of specific
aromatic compounds could also relate to ongoing dissolution processes of iron oxide-
dominated plateau soils (Bardy et al., 2011; Do Nascimento et al., 2008; Fritsch et al., 2011,
2009), in line with studies presenting evidence for specific scavenging/ release of aromatic
molecules by iron oxides in other settings (Coward et al., 2018; Linkhorst et al., 2016; Riedel

etal., 2013). This would imply that the molecular formulae connected to this specific molecular
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imprint could be useful as markers of the continuing landscape degradation and potential loss

of highly diverse terra firme forests (Coward et al., 2018).

Besides their unknown origin, our results imply that specific DOM markers may allow to
discern the influence of dedicated whitesand systems at the molecular level in the case of the
Rio Negro basin, as was suggested earlier (Bardy et al., 2011). This may open new ways to
partition DOC fluxes of plateau sites, riparian corridors, and whitesand areas on the watershed
scale (Alvarez-Cobelas et al., 2012; Hernes et al., 2017; Simon et al., 2019; Webb et al., 2018).
An observation that links to previous findings (Roth et al., 2015) was the difference of DOM
signatures between whitesand sites despite relatively similar pH; our findings imply that
higher-order controls such as microclimate that eventually control, e.g., amounts of
precipitation, frequency of dryness, water retention, and oxygen depletion in stagnating
subsurface water bodies, have a stronger impact on DOM signatures than the pH. It rather
seems that the amount of DOC in such ecosystems is the main determinant of acidity due to
the lack of other active pH buffers (Markewitz et al., 2001). Anoxic conditions in poorly
drained riparian systems likely explain their distinct imprint of saturated N- and S-containing
formulae. Anoxic conditions have been described before in blackwaters (Goulding et al., 1988;
Sioli, 1954) and require further attention, especially looking at the larger differences among
this and other Rio Negro studies (Gonsior et al., 2016; Simon et al., 2019) in terms of N and S-

containing formulae, which may relate more directly to cell metabolism (Kujawinski, 2011).

The second group of emerging molecular markers was indicative of slow-cycling low-DOC
environments (Figure 6-1, “decomposer imprint”) and characterized by the near-complete
absence of aromatic and phenolic constituents and pronounced abundance of saturated aliphatic
structures, such as lipids, peptides or decomposed sterols and terpenoids, showing a strong shift
towards higher molecular weights (> 400 Da). The dominance of this signature is intriguing
because it aligns well with the presumed microbial imprint in environments characterized by
low DOC concentration such as deeper soil that subsequently also feeds into aquifers (Kaiser
and Kalbitz, 2012; Késtner and Miltner, 2018; Woolf and Lehmann, 2019). In this picture,
subsoil emerges as a reactor were the topsoil ecosystem DOM imprint (topsoil, dominance of
plant-related phenolics, Figure 6-1, green arrows) is “eradicated”, and gives rise to a
decomposer imprint that becomes ever more dominant with depth (red arrows in the figure;
Roth et al., accepted). Fungal DOM decomposition, as explained above, may be one possible

mechanistic explanation for such a mass shift (Waggoner and Hatcher, 2017; Zavarzina et al.,

128



Synthesis

2018); ionization effects that confound the depth gradient in direct-injection broadband FTMS
studies may be another. Further work is needed to rule out such effects, as noted in section 6.1
(Hawkes et al., 2019; Rodgers et al., 2019). The “eradication” process depends on the amount
of precipitation entering soil and the soil texture (sandy vs. clayey, Figure 6-1) because it likely
determines the efficiency of the recycling process, e.g. amounts of DOC leached, contact times
between soil and water, and decomposer community composition (Krueger et al., 2018; Lee et
al., 2018; Peyton Smith et al., 2014; Remington et al., 2007; Schliiter et al., 2019). In the Rio
Negro basin, the combination of high precipitation, good drainage of sandy soils, and high
production of litter leads to the unique setting were decomposition may be delayed to a degree
that large amounts of specific ecosystem DOM escape to the aquatic continuum. In rather
poorly drained soils, ecosystem signatures may vanish quickly below topsoil (Klotzbiicher et
al., 2016; Roth et al., accepted). However, further field experiments are needed to disentangle

such molecular level ecosystem effects and depth trends in the tropics.

We unexpectedly found very young DOC in both whitesand systems that paralleled the escape
of relatively “fresh” topsoil DOM to the aquatic continuum. Although presumed by most
authors, our study is the first direct and simultaneous observation of DOM composition and
DOC radiocarbon age (Bardy et al., 2011; Ertel et al., 1986; Leenheer, 1980) that reveals this
link. Previous findings from Amazonian rivers revealed apparent fast cycling (< 5 years) of
carbon between C fixation, DOC release, and DOC decomposition (Mayorga et al., 2005). Our
study revealed that this young DOM shows a strong imprint of aromatic and phenolic
constituents in case of the Rio Negro. Such molecules are prone to microbial and
photochemical degradation (Creed et al., 2015; Dittmar and Stubbins, 2014; Rossel et al., 2013;
Stubbins et al., 2010; Ward et al., 2013). The preferential loss in young and aromatic DOM
leads to a shift towards higher age and more aliphatic character of DOM along the aquatic
continuum (Kellerman et al., 2018), and thus overlaps with the group of FTMS-based markers
of slow-cycling low DOC environments described above. The “eradication” of ecosystem
imprints in soil and aquatic systems has also been linked to a decline in diversity-related
measures, leading to more similar forms of DOM (Mentges et al., 2017; Roth et al., accepted).
A similar age and similarity effect has been observed upon coagulation in water processing
(Raeke et al., 2017). Taken together, our data and the literature suggest that '*C-old and
recycled material from terrestrial environments could contribute significantly to the “hidden”
pool of aged carbon in aquatic DOM (Dean et al., 2019; Follett et al., 2014) that may be, at

least initially, hidden beneath large amounts of more diverse and labile forms of young
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ecosystem-specific DOM. However, our study falls short in reporting '“C ages for the plateau
(low-DOC) environments that presumably export low but constant amounts of such aged DOC.
The above hypothesis would thus require further testing. For example, a simple DOC balance
could be based on the distribution of soils and river types across Amazonia (McClain et al.,
1997; Remington et al., 2007) to test whether the DOC flux from so called “clearwater” streams
draining from low-elevation and low-DOC environments could sustain the riverine export and
amount of old DOC in marine systems (Dittmar and Stubbins, 2014). At this point, it appears
questionable whether topsoil ecosystem imprints find their way to the ocean, in light of a
potential signal “eradication” in soils (Klotzbiicher et al., 2016) and aquatic systems (Creed et
al., 2015; Hutchins et al., 2017); the Rio Negro watershed is clearly an exceptional case, as
detailed above. This explains why previous attempts to quantify the terrestrial organic matter
flux by classical terrestrial plant-biomarkers such as lignin failed (Medeiros et al., 2016; Riedel
et al.,, 2016). In contrast, the terrestrial imprint may be more of a decomposer imprint
originating in deeper soil and aquifers, and it is unknown whether this imprint is more likely to
persist in aquatic systems than the young, aromatic signature (Kellerman et al., 2015; Marin-

Spiotta et al., 2014; Schmidt et al., 2011; Ward et al., 2017).
6.3 New avenues in identifiying ecosystem markers

A main part of this thesis was concerned with the identification of previously described conifer
forest markers with a potential tannic origin (Roth et al., 2014) by direct-injection Orbitrap
tandem MS (MS?). The work presented in this thesis suggests that they can be understood more
generally as markers of fast-cycling high-DOC environments (chapters 3 and 4; see section
6.2). Our attempt to confirm the tannic identity of four selected markers failed: There was no
sign of indicative losses of tannins, e.g., to potential gallic acid groups or sugar units. This
finding, although restricted to a small number of exemplary markers, shows that the typical
Van Krevelen plot-based annotation of structures can be misleading (Davies et al., 2015;
Reemtsma, 2010). Despite these limitations, our initial approach layed a foundation to exploit
chimeric mass spectra by, e.g. deconvolution, in the future, and the implications of these

findings will be discussed in the following.

Through the molecular-level study of DOM by FTMS instruments for the last ~twenty years,
the research community now faces a situation where it appears that DOM characteristics and

degradation patterns may be universal and converging (Figure 6-1, blue columns, “DOM
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molecular composition”): The decomposition of organic matter leads to DOM products that
are less diverse in terms of MS! signals, less aromatic and more aliphatic, and more aged
(Kellerman et al., 2018; Mentges et al., 2017). At the same time, this process leads to a
seemingly rapid diversification in the isomer dimension (Zark et al., 2017; Zark and Dittmar,
2018). This means, however, that the event horizon of MS! mass spectrometry is reached: DOM
becomes indistinguishable with ongoing degradation, and fine-scale ecosystem imprints vanish
(Hertkorn et al., 2008). It is not fully clear whether these findings also apply to the soil
environment (Figure 6-1), but recent findings suggest this (Roth et al., accepted). Ecosystem
imprints that are found on the global scale, i.e., between input-driven, fast-cycling and
recycling-driven, slow-cycling terrestrial systems, on a global (chapter 3) and regional (chapter
4) scale are overlapping to a high degree when only considering the MS! information.
Likewise, ecosystem imprints between temperate and tropical sites do show strong overlap
(similar differences between sandy and clayey sites, chapter 4 vs. Roth et al., accepted; and
similarities among low-ph/ high-DOC environments, chapter 4 vs. Roth et al., 2014). These
similarities across scales and climate zones suggest convergent paths of DOM decomposition
that are not discernable by MS!. We showed that MS? experiments are a potential tool to study
the decomposition process in higher detail when exploited fully, i.e., when rare mass
differences are exploited: The diversification process in the isomer dimension obviously results
in the dominance of common losses that are common and thus non-informative, however, the
neglection of the diverse and specific but rare (i.e., less abundant) signals will miss large parts

of the potentially essential MS? information.

Our approach embraces the unavoidable ubiquity of inseparable signals in DOM: Clean
fragmentation spectra from single isomers are the exception, and usually lead to total
annotation rates < 5% (Brown et al., 2016; Petras et al., 2017; Zhang et al., 2014). In contrast,
fragmentation spectra originating from mixtures of precursor ions (isobars and isomers) —
chimeric mass spectra — are the rule. We thus introduced the MS? concept of the isobaric
precursor ion mixture (IPIM) which can be analyzed analogous to the initial MS' information.
This approach has been inspired by previous studies (Osterholz et al., 2015; Smirnov et al.,
2019; Witt et al., 2009). Our approach complements targeted LC-MS based studies that aim to
reveal “clean” fragmentation patterns (Boiteau et al., 2019; Kiigler et al., 2019) and links to the
concept of MS? motifs (Rogers et al., 2019). Although this approach will not lead to the direct

identification of single metabolites, it can still assist in well-planned experimental setups or

131



Synthesis

environmental gradients to reveal, step by step, ever narrower subsets of structural motifs, their

likely origin, and their subsequent targeted isolation.

Our finding of diverse ecosystem imprints, i.e., indicative motifs, in initially decomposed soil
DOM is in line with the theory of universal DOM degradation detailed above. Indicative losses
like the methyl radical (lignin-related), polyol units (cellulose-related), gallate-related losses
(tannin-related), or sequences of losses related to flavanols and flavonols (plant metabolites)
all support the idea that these known classes of biomolecular structures are transformed and
included into a supramolecular DOM association (Hawkes et al., 2019; Kdgel-Knabner, 2017,
2002; Wells and Stretz, 2019). The thesis has substantiated the observation that this ecosystem
imprint vanishes during reactive transport (Roth et al., accepted) and mirrors transformation in
SOM as detailed above (Kaiser and Kalbitz, 2012; Kallenbach et al., 2016). Our holistic MS?
approach is especially suited to follow this initial decomposition process because it opens an
avenue to study changes in isomeric complexity along the way. It has also become apparent
that the clear differences among ecosystem imprints will be “eradicated” under surface
conditions, unless DOM is preserved through external factors such as anoxia or fast transit
from soils to the aquatic systems, as seen in our study and in the literature (see above). As
detailed above, the Rio Negro basin emerges as a natural laboratory where such decomposition
processes are delayed on large spatial scales and thus may be especially suited for further

studies.

The forest markers described by Roth et al. (2014) likely persist only on short timescales when
conditions are less preservative. It is thus important to evaluate the persistence of the identified
markers to make them applicable for source or process identification. It appears especially
critical to also identify markers of slow-cycling low-DOC environments, even though their
“ecosystem” imprint may then be restricted to study DOM processing on larger scales (i.e., >
river basin or watershed scale; Hansman et al., 2015; Hawkes et al., 2019; Kellerman et al.,
2018). The inclusion of low-ion abundance signals of tandem MS data has the potential to
reveal similarly large amounts of ecosystem information as the analyses of broadband MS' data
that were initiated 22 years ago (Fievre et al., 1997). The supposedly high isomeric complexity
of most abundant DOM signals due to convergent, multiple decomposition steps (Zark and
Dittmar, 2018) needs to be tested, and our approach showed promising results in this regard.
Our findings support the hypothesis that these ubiquitously found molecular formulae are

characterized by maximum isomeric complexity and thus chemodiversity (Hertkorn et al.,
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2007; Kellerman et al., 2014; Roth et al., 2014). This is an indication that the Orbitrap and
more specifically MS? experiments are suitable to study these highly complex isomeric
mixtures at the moment of their formation in “eradication” zones in soils and aquatic systems.
Extending the set of indicative MDs through tandem MS libraries such as GNPS could further
expand the diversity estimate (Hartmann et al., 2017; Rogers et al., 2019). If complex natural
mixtures such as DOM represent a subspace of “realizable” chemodiversity, they may be of

use to indicate gaps in natural product databases (Chassagne et al., 2019).

Our approach complements targeted LC-MS" approaches that are better suited for “true”
compound identification. Most importantly, the capability to deconvolute mixed MS? signals
needs to be benchmarked against LC-MS" data of known precursor mixtures, to avoid
misinterpretation. Lastly, the work presented herein falls short in applying the developed
approaches in concert (MS! and MS? profiling) to a set of replicated ecosystem samples (Figure
6-1). This would be needed to prove two things: First, it would answer the question whether
ecosystem imprints, e.g., as determined by forest type (broad-leaved vs. conifer; beech vs. pine)
prevail at different scales (site/ region) and thus across climate and soil gradients. Secondly, it
would answer the question whether initial (topsoil) ecosystem imprints are better revealed by
either MS' or MS? features, or if both levels of information complement each other (Figure

6-1).
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The production and export of terrestrial DOM is intimately related to processes in soils and the
critical zone, and society relies on the sustained functioning of these systems (Kiisel et al.,
2016). Understanding mechanisms of SOM turnover and DOM production are thus crucial for
proper management of ecosystems. Advancements in analytical technology — namely in soft
ionization techniques coupled to ultrahigh resolution Fourier transform mass spectrometers —
have revolutionized our view of ubiquitous and ultra-complex organic mixtures and have made
the analysis routine in biogeochemistry (Minor et al., 2014; Smith et al., 2018; Zark and
Dittmar, 2018). Knowledge about terrestrial DOM remains scarce, compared to advances in
the fields of aquatic and marine sciences. Although terrestrial DOM is now seen as a valuable
indicator and integrator of fast ecosystem responses (Roth et al., 2015, 2014), our
understanding of molecular ecosystem imprints and potential new source or process markers is

still limited. Therefore, this thesis investigates the following points:

1)  Evaluate the suitability of the Orbitrap analyzer as a cheaper alternative to state-of-the-
art FT-ICR MS instruments for the analysis of terrestrial DOM and development of an
approach to improve the reproducibility among instrument signals (chapter 3).

2)  Apply the Orbitrap method in the context of the Rio Negro basin, i.e. extract sets of
markers based on sample sets from DOM-rich whitesand areas linked to blackwater
production, and further test their potential overlap with basin-scale tannin-like molecular
markers reported by independent studies (chapter 4).

3) Develop a new approach to study ecosystem imprints in DOM by means of comparative
tandem MS analyses of known polyphenolic structures, and apply it to identify putative

tannic markers within forest soil water DOM (chapter 5).

In chapter 3, we developed an approach to improve reproducibility in the FTMS response of
complex DOM samples, and proved that the Orbitrap is suitable for the analysis of DOM along
terrestrial-aquatic gradients. We tuned the Orbitrap with a simple “one sample/ whole
spectrum” tuning approach that effectively minimized differences in ion abundance patterns of
DOM data. We then compared the Orbitrap method to an established 15 Tesla FT-ICR MS on
a diverse suite of 17 mainly terrestrial DOM samples regarding 1) ion abundance patterns, 2)
differential effects of DOM type on information loss, and 3) derived biogeochemical

information. We show that the Orbitrap provides similar information as FT-ICR MS, especially
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for compound masses below 400 m/z, and is mainly limited by its actual resolving power rather
than its sensitivity. Ecosystems that are dominated by inputs of plant-derived material, like
DOM from soil, bog, lake and rivers, showed remarkably low average mass to charge ratios,
making them also suitable for Orbitrap measurements. The additional information gained from
FT-ICR MS was highest in heteroatom-rich (N, S, P) samples from systems dominated by
internal cycling, like DOM from groundwater and the deep sea. Here FT-ICR MS detected 37%
more molecular formulae and 11% higher ion abundance. However, the overall information
content, which was analyzed by multivariate statistical methods, was comparable for both data
sets. Mass spectra-derived biogeochemical trends, for example the decrease of DOM
aromaticity during the passage through terrestrial environments, were retrieved by both
instruments. We demonstrate the growing potential of the Orbitrap as an alternative FTMS
analyzer in the context of challenging analyses of DOM complexity, origin and fate. Further
work is needed to constrain which fraction of DOM is ionized, to allow improved quantitative

estimates based on FTMS data.

In chapter 4, we found evidence for the hypothesis that whitesand areas of the Rio Negro basin
leave distinct molecular imprints within exported DOM that matches distinct highly oxidized
aromatic (i.e., potentially tannic) DOM markers found at the basin scale. We compared site-
specific molecular fingerprints from groundwater transects in two contrasting micro-
catchments draining into the lower Rio Negro with published datasets on Rio Negro DOM.
Water isotopes ('O, 2H) and carbon isotopes of DOC ('*C, '*C) were used to constrain water
sources and DOC origin and age. DOM fingerprints were analyzed by Orbitrap mass
spectrometry and compared by multivariate statistics. We show that a dry precipitation-driven
whitesand ecosystem (Campina forest) contributes preferentially to a major molecular DOM
imprint of potential tannic Rio Negro-specific structures, despite an estimated twofold lower
discharge (but 2-3 times higher DOC export) of the ecosystem as compared to a nearby wet
and groundwater-driven riparian whitesand valley. The DOM imprint of the riparian system
was dominated by N-containing formulae potentially linked to poor drainage and anoxic
conditions; this signature overprinted high-molecular weight aliphatic DOM signals of adjacent
DOC-poor groundwater derived from elevated plateau areas. DOC from the dry Campina site
was on average 6 years older (cal. '*C age), but in general, exported DOC was young (< 11
years cal. '*C age). The shared (putative tannic) markers of the dry Campina site and sets of
Rio Negro samples showed strong overlap with previously reported molecular markers of low-

pH environments, in particular forest soils. Their origin could be fungal but also resembled
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recently reported sets of molecular formulae indicating preferential sorption to (and subsequent
release from) iron oxides. These markers could thus indicate ongoing podsolization processes
within the Rio Negro watershed. Our results demonstrate the decoupling of water and carbon
fluxes of two contrasting ecosystems on the molecular level and generated new hypotheses on
regional and whole-watershed scale processes contributing to the basin-scale Rio Negro
imprint. However, further field and mechanistic studies are needed to constrain spatiotemporal

dynamics of this ecosystem imprint, and to reveal marker identity.

In chapter 5, we develop a novel approach to identify potential ecosystem imprints of tannin-
related polyphenolic plant metabolites in DOM stemming from shallow forest soil, where
biological activity and SOM turnover is highest. We decipher complex chimeric mass spectra
of soil DOM obtained by direct-injection electrospray ionization Orbitrap tandem mass
spectrometry (DI-ESI-Orbitrap MS/MS) with collision-induced dissociation (CID). Pairwise
exact mass differences (MDs) of all precursor and product ions yielded a tandem MS-based
MD matrix that was subsequently matched against two lists of known MDs: 1) literature-known
but non-indicative MDs, and 2) highly indicative MDs derived from tandem MS experiments
using a set of 14 phenolic standard compounds. Additionally, we fragmented four isobaric
precursor ion mixtures (IPIMs, m/z 241 301, 361 and 417) at three normalized collision
energies (15, 20, 25) to analyze DOM fragmentation patterns and sensitivity. Our results reveal
for the first time that MS fragmentation experiments help to identify DOM markers that relate
to ecosystem processes. We show evidence for the presence of methyl radical losses indicative
of lignin, polyol-equivalent losses indicative of glycosides, gallate-equivalent losses indicative
of hydrolysable tannins, and series of MDs indicative of ring cleavage reactions of flavon-3-
ols and flavan-3ols. We interpret the existence of these indicative higher-order MDs in DOM
as a sign of a remaining source imprint of primary or recycled remains from plants, soil animals
and microbes. However, the tannic identity of putative forest markers could not be proven, thus
questioning the common routine of compound group annotations based on molecular formula
alone. However, our approach resolved the contribution of MDs on the single precursor level,
which added a layer of structural information to the frequently used Van Krevelen plot. We find
that the matched MDs agree well with database structure suggestions. We also report on a
significant correlation between the number of database hits and indicative MD matches of
single precursors that yielded new insight into the underlying isomeric complexity of single
DOM precursors. Altogether, these results open up new avenues to access structural

information encrypted within complex mixtures and to link it to ecosystem processes.
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Overall, the developed approaches and applications open up new ways to allow the analysis of
overarching trends from ever growing numbers of FTMS DOM datasets. Dedicated instrument
comparison studies and data collection tools are rare and need to be initiated in future. The
comparison of published and new datasets and analysis of chimeric mass spectra has shown
the high potential in generating new hypotheses of ecosystem marker origin and fate within
soils, groundwater, streams, and river networks. These efforts have to be expanded to constrain
sources and processes and eventually suggest marker structures by means of “semi”’-targeted
LC-tandem MS experiments (for example, by selected ion monitoring). Lastly, new approaches
have to be developed to monitor the amount of ionized material and effects of ionization
efficiency in order to improve quantification efforts by FTMS data. These efforts will be crucial
to improve the understanding of the actual instrument response that is interpreted in a given

biogeochemical context.
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Die Produktion und der Export von gelostem organischen Material (DOM) steht in engem
Zusammenhang mit Bodenprozessen, und die Gesellschaft ist in vielerlei Hinsicht auf die
nachhaltige Funktion von Boden angewiesen (Kiisel et al., 2016). Ein gutes Verstdndnis der
Mechanismen, die den Umsatz der Bodenorganik und damit der DOM-Produktion steuern, ist
daher maBgebend fiir ein ordnungsgemiBes Okosystem-Management. Fortschritte in der
instrumentellen Analytik — insbesondere der Kopplung sanfter Ionisationstechniken mit der
hochauflésenden Fourier-Transformations-Massenspektrometrie (FTMS) — haben unsere Sicht
auf diese allgegenwirtigen und hochkomplexen organischen Gemische revolutioniert. Dadurch
ist die FTMS-Analytik trotz ihrer hohen Kosten zur gefragten Routinemethode avanciert, wenn
es um die molekulare Aufklarung komplexer Gemische in der Biogeochemie geht (Minor et
al., 2014; Smith et al., 2018; Zark and Dittmar, 2018). Im Vergleich zu den Fortschritten auf
den Gebieten der Limnologie und der Ozeanographie ist unser Verstindnis der Dynamik von
DOM in Bdden und im Grundwasser jedoch noch als gering einzuschitzen. Obwohl DOM
heute als wertvoller Indikator und Integrator fiir rapide Okosystemverinderungen angesehen
wird (Roth et al., 2015, 2014), ist unser Wissensstand von molekularen Okosystemabdriicken
oder potenziellen neuen Prozessmarkern im DOM daher noch begrenzt. Im Hinblick auf diese

Ausgangslage untersucht diese Arbeit die folgenden Punkte:

1) Bewertung der Eignung der Orbitrap als kostengiinstigere Alternative zu modernen FT-
ICR MS-Geriten fiir die Messung von terrestrischem DOM auf Basis eines Ansatzes zur
Verbesserung der Reproduzierbarkeit zwischen DOM-Messungen der verschiedenen
Gerite (Kapitel 3).

2)  Anwendung der Orbitrap-Methode auf Proben aus dem Rio Negro-Becken: Extraktion
von Okosystem-Markern von DOM-reichen , WeiBsand“-Gebieten, die im
Zusammenhang mit der Produktion von Schwarzwissern stehen, mit anschliefender
Untersuchung der potenziellen Uberschneidung mit Tannin-artigen molekularen Markern
die fiir das Rio Negro-Becken beschrieben sind (Kapitel 4).

3) Entwicklung eines neuen Ansatzes um Okosystemabdriicke in DOM mittels
vergleichender Tandem-MS-Analysen an bekannten Tannin-artigen Polyphenolen zu
untersuchen, mit anschlieBender Anwendung zur Identifizierung mutmaBlicher Tannin-
artiger Marker im DOM einer exemplarischen Bodenwasserprobe aus einem Nadelwald

(Kapitel 5).
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In Kapitel 3 demonstrieren wir einen Ansatz, der die Reproduzierbarkeit von FTMS-Spektren
von komplexen DOM-Proben zwischen Messinstrumenten deutlich verbessert und zeigen
weiterhin, dass die Orbitrap fiir die Analyse von DOM entlang terrestrisch-aquatischer
Gradienten geeignet ist. Wir optimierten das Messsignal der Orbitrap hierfiir mit einer
einfachen "one sample/ whole spectrum"-Methode, die die Instrument-spezifischen
Unterschiede zwischen den DOM-Massenspektren effektiv minimierte. Im Anschluss wurde
die Orbitrap mit einem etablierten 15 Tesla FT-ICR MS anhand eines diversen Probensatzes
verglichen beziiglich 1) lonenhdufigkeitsmustern, 2) differentiellen Effekten des DOM-Typs
auf den Informationsverlust und 3) abgeleiteten biogeochemischen Informationen. Wir konnten
zeigen, dass die Orbitrap dhnliche Informationen wie das FT-ICR MS liefert, insbesondere fiir
Ionen mit Massen < 400 m/z, und dass dies hauptsidchlich durch das Auflosungsvermdgen im
hoheren Massenbereich und nicht durch die Empfindlichkeit bedingt ist. Terrestrische
Okosysteme, die sich durch den Input von Pflanzenmaterial auszeichnen, z.B. Béden, Moore,
Seen und Fliisse, zeigten bemerkenswert niedrige durchschnittliche molekulare Massen, sodass
sie sich besser flir Orbitrap-Messungen eigneten. Die zusétzlichen Informationen, die mittels
FT-ICR MS gewonnen wurden, waren daher am hdchsten in hoher-massigen und Heteroatom-
reicheren (Atome N, S, und P) Proben, die sich eher durch das Recycling von organischem
Material auszeichnen, wie z.B. im Grundwasser und der Tiefsee. In diesen Proben detektierte
die FT-ICR MS maximal +37% Summenformeln und +11% Signalintensitdt. Der gesamte
Informationsgehalt, der mit multivariaten statistischen Methoden analysiert wurde, war jedoch
fiir beide Datensétze vergleichbar. Die aus den Massenspektren abgeleiteten biogeochemischen
Trends, wie z.B. die Abnahme der DOM-Aromatizitit wihrend des Transports durch
verschiedene Okosysteme, wurden von beiden Instrumenten gleichermaBen erfasst. Die
Orbitrap eignet sich daher im besonderen Maf3e fiir anspruchsvolle Analysen an terrestrischem
DOM mit Hinblick auf Komplexitét, Herkunft und Umsatz. Weitere Arbeiten sind erforderlich,
um den effektiv ionisierten Anteil an DOM abzuschidtzen, um verbesserte quantitative

Schitzungen auf der Grundlage von FTMS-Daten zu ermdoglichen.

In Kapitel 4 liefern wir molekulare Hinweise die die Hypothese bestitigen, dass Weillsand-
Gebiete des Rio Negro-Beckens maligeblichen Einfluss auf die Produktion von
Schwarzwissern haben, und unterschiedliche molekulare Abdriicke innerhalb vom
exportierten DOM hinterlassen, die eine gute Ubereinstimmung mit hochoxidierten
aromatischen (d.h. potenziell Tannin-haltigen) Rio-Negro-Markern zeigen. Wir verglichen

hierzu standortspezifische molekulare Fingerabdriicke von Grundwasser-Transekten in zwei
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okohydrologisch unterschiedlichen Quellgebieten mit verdffentlichten DOM-Datensétzen des
unteren Rio Negro, in den beide entwissern. Wasserisotope ('*0, 2H) und Kohlenstoffisotope
des DOC ('3C, '*C) wurden gemessen um die Herkunft des Wassers und den Ursprung und das
Alter des DOC abzuschitzen. DOM wurde mittels Orbitrap analysiert und auf Basis
multivariater Statistik verglichen. Wir konnten zeigen, dass das trockenere, eher niederschlags-
beeinflusste WeiBsand-Gebiet (mit typischem Campina-Wald) stirkere Ubereinstimmung mit
Tannin-artigen und Rio Negro-spezifischen Strukturen zeigte, trotz der geschitzt zweifach
geringeren Abflussmenge (aber 2-3 mal héherer DOC-Export) des Okosystems im Vergleich
zu einer nahegelegenen verndssten, Grundwasser-beeinflussten Wei3sand-Talaue. Der DOM-
Abdruck des Auensystems wurde von N-haltigen Formeln dominiert, die moglicherweise mit
schlechter Entwisserung und anoxischen Bedingungen zusammenhédngen. Die Talauen-
Signatur iiberdeckte zudem die groBtenteils aliphatische DOM-Signatur des DOC-armen
Grundwassers aus angrenzenden, erhohten Plateaugebieten. Der DOC vom trockenen Standort
war im Durchschnitt 6 Jahre ilter (kalibriertes '*C-Alter), aber im Allgemeinen war der
exportierte DOC jung (< 11 Jahre kalibriertes '*C-Alter). Die gemeinsamen (vermeintlich
Tannin-artigen) Marker des trockenen Campina-Systems und der Probensétze vom unteren Rio
Negro zeigten starke Uberschneidungen mit zuvor beschriebenen Markern aus Standorten mit
saurem pH, insbesondere Waldbdden. Thr Ursprung konnte auf Pilze zuriickfiihrbar sein, dhnelt
in den molekularen Eigenschaften aber wiederholt beschriebenen DOM-Signaturen, die mit
der Sorption/ Desorption durch Eisenoxide in Verbindung gebracht werden. Diese Marker
konnten somit auch auf laufende Podsolierungs-Prozesse innerhalb des Rio Negro-Beckens
hinweisen. Unsere Ergebnisse demonstrieren die Entkopplung von Wasser- und
Kohlenstofffliissen anhand von zwei deutlich verschiedenen WeiBsand-Okosystemen auf der
molekularen Ebene. Weitere Feldstudien und mechanistische Studien sind erforderlich, um die
riumlich-zeitliche Dynamik des Okosystem-Fingerabdrucks abzuschitzen und die Identitiit

und Herkunft der Marker aufzuklaren.

In Kapitel 5 entwickeln wir einen neuartigen Ansatz zur Identifizierung potenzieller
Okosystemabdriicke von Tannin-artigen polyphenolischen Pflanzenmetaboliten im DOM aus
flachen Waldbodden, wo die biologische Aktivitdt und der SOM-Umsatz am hochsten sind. Wir
entschliisseln komplexe (sogenannte ,,chimére*) Massenspektren von isolierten DOM-Massen,
die durch Direktinjektions-Elektrospray-lonisations-Orbitrap Tandem-Massenspektrometrie
(DI-ESI-Orbitrap MS/MS) mit kollisionsinduzierter Dissoziation (CID) erhalten wurden.

Paarweise exakte Massenunterschiede (MDs) aller Vorldufer- und Produktionen (precursor/
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product ion) ergaben hierbei eine Tandem-MS-basierte MD-Matrix, die anschlieBend mit zwei
Listen bekannter MDs verglichen wurde: 1) Literatur-bekannte, aber unindikative MDs und 2)
hoch-indikative MDs, die aus Tandem-MS-Experimenten mit einem Satz von 14 bekannten
phenolischen Standardverbindungen abgeleitet wurden. Zusdtzlich wurden vier isobare
Vorlaufer-lonengemische (IPIMs, m/z 241 301, 361 und 417) bei drei normierten
Kollisionsenergien (15, 20, 25) fragmentiert, um die Variabilitit der DOM-
Fragmentierungsmuster und Empfindlichkeit zu analysieren. Unsere Ergebnisse zeigen
erstmalig dass MS-Fragmentierungsexperimente helfen kdnnen Okosystem-relevante DOM-
Marker zu identifizieren. Wir detektieren Methylradikalverluste, die auf Lignin-Verbindungen
hinweisen, Polyol-dquivalente Verluste, die auf Glykoside hinweisen, Gallat-dquivalente
Verluste, die auf hydrolysierbare Tannine hinweisen, und eine Reihe von MDs, die auf
Ringspaltungsreaktionen von Flavon-3-olen und Flavan-3-olen hinweisen. Wir interpretieren
die Existenz dieser indikativen MDs in DOM als ein Zeichen fiir einen verbleibenden Abdruck
von primiren oder recycelten Uberresten von Pflanzen, Bodenfauna und Mikroben. Die
Tannin-artige Identitdt von vermeintlichen Waldmarkern konnte jedoch nicht nachgewiesen
werden, sodass die géngige Routine der Identifizierung von Verbindungsgruppen allein auf
Grundlage der Summenformel infrage gestellt werden muss. Unser Ansatz erlaubt die
Zuordnung von MDs auf der Ebene der einzelnen Vorldufer (precursor ions), die
Strukturinformationen zum héufig verwendeten Van Krevelen-Plot hinzufiligten. Wir stellten
auch fest, dass die MD-Zuweisungen gut mit den Vorschldgen in einer Datenbankstruktur
iibereinstimmten. Daraus ergab sich auch eine signifikante Korrelation zwischen der Anzahl
der Datenbanktreffer (Strukturvorschlige) und der Anzahl indikativer zugewiesener MDs von
Vorldufer-lonen. Dieser Zusammenhang erbrachte neue Erkenntnisse iiber die
zugrundeliegende isomere Komplexitit einzelner Vorldufer-lonen im DOM. Insgesamt
erdffnen diese Ergebnisse neue Wege um Strukturinformationen, die in komplexen Gemischen

verschliisselt sind, aufzudecken und sie mit Okosystemprozessen in Verbindung zu bringen.

Insgesamt eréffnen die entwickelten Ansétze und préasentierten Anwendungen neue Wege, um
die Analyse libergreifender Trends aus einer stindig wachsenden Anzahl von FTMS-DOM-
Datensétzen zu ermdglichen. Ringversuche und dezidierte DOM-Datenbanken fehlen derzeit
und miissen in Zukunft weiter gefordert werden. Der Vergleich von verdffentlichten und neuen
Datensidtzen und die Analyse von chimiren Massenspektren hat grofles Potenzial, um neue
Hypothesen iiber die Herkunft und das Schicksal von Okosystemmarkern in Boden,

Grundwasser, Biachen und Flussnetzen zu generieren, die immer detailliertere Fragestellungen
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ermoglichen. Diese Bemiihungen sollten zur ,,Mustererkennung® von spezifischen Quellen und
Prozessen flihren und schlielich die Ableitung von Marker-Strukturen mittels gezielter LC-
MS"-Experimente (z.B. durch selected ion monitoring, SIM) ermoglichen. SchlieBlich miissen
neue Ansdtze entwickelt werden, um die Menge des ionisierten Materials und die
Auswirkungen der Ionisationseffizienz zu erfassen, um die Quantifizierung mittels FTMS-
Daten zu verbessern. Daraus konnte sich auf lange Sicht ein verbessertes Verstdndnis des
DOM-Signals ergeben, was auch die Interpretationsmoglichkeiten im biogeochemischen

Kontext erweitern wiirde.
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A Appendix

Appendix

In the following, supplemental tables, figures and explanations (,,notes”) are presented (in this

order). They refer to the main text.

Tables

Table A-1 Instrument settings of the two FTMS methods. Orbitrap-specific setting of Automatic Gain ControlTM
and S-Lens RF level were adjusted at 1XE6 and 70%.

Conditions

Ionization mode

Flow [ul*min™]
Accumulation time [ms]
DOC [ppm]

Scan range [m/z]

Scans [n]

Source/ Capillary Temp.
[°C]

Source fragmentation [eV]
Spray voltage [kV]
Transient length [s]

FT-ICR MS
ESI Negative
4

100

10

115 —-2000
500

200

40
45
2.1

! Due to Automatic Gain Control (AGC).

Orbitrap
ESI Negative
7

Max. 100 !
20
115-2000
300

275

40
2.65
0.8



Appendix

Table A-2 Effect of the variation of a single factor (columns) on the different responses (with increasing factor
level). Arrows show either a positive or a negative relation, no effect is marked by “o”. Colors correspond to the
ideal conditions (e.g., high percentage of assigned peaks, small variation coefficient): Green marks positive,
yellow negative and blue neutral evaluation. Source fragmentation, inject time and sheath gas were the most
influential factors but not checked for interactions. Variation coefficient of triples was always very low (i.e., good)

but increased substantially by use of source fragmentation and high inject times.

DOC Flow Source S-Lens Spray Sheath = Capillary Inject
rate fragm. voltage gas temp. time
Unit ppm pl*mint | eV % kv a.u. °C ms
Levels 10, 20, 5,7,10 0, 25,50 | 30, 50, 25,35, 0,10, 225,275, | 100, 200,
30 70 4.5 20 325 500, 700
Number of ) ) o 0 ! o 0 0
peaks
% assigned o 0 ™" 0 0 T 0 1
formulae
Similarity o l ™ 1 o " 0 W
of data with
ICR method
(Pearson’s
r)
% triple 0 0 ! 0 1 T 1l 1l
detected
formulae in
triplicates
Variation 0 l ™" ) T 0 0 "
coefficient
of triples

II



Table A-3 Molecular indices calculated from FTMS data.

Index

H/C
0o/C

DBE
Almod

DBE/C
DBE-O

NOSC
BC

PP

Prefix to
BC& PP
HU

UA

Prefix to
PP, HU &
UA

SFA

SUG

PEP

CHO, etc.

Explanation

Atomic ratio of hydrogen to carbon in a molecular
formula

Atomic ratio of oxygen to carbon in a molecular
formula

Double Bond Equivalents

Aromaticity index

Carbon-normalized DBE

Oxygen-corrected DBE (sometimes half oxygen
number)
Nominal Oxidation State of Carbon

Polycyclic, condensed aromates, such as “Black
Carbon*
Polyphenols

»lw* — very low molecular weight
,.hw* — higher molecular weight
Highly unsaturated compound

Unsaturated aliphatics

,,0r“ —rich in oxygen
,,0p“ — poor in oxygen

Saturated, O-containing compound, such as fatty
acids
Very high O content, such as sugars

Unsaturated, O- and N-containing compound, such as
peptides
Formulae classified according to heteroatom content

Calculation/ definition

H/C
o/C

DBE=1+0.5*(2*C-H+N+P)

Almod=[1+C-0.5%0-S-0.5*(N+P+H)]/C-0.5*O-N-S-
P
DBE/C

DBE-O; sometimes also DBE-0.5*O
NOSC=4-[(4*C+1*H-3*N-2*0-2*S)/C]
Almod > 0.66

0.5> Almod < 0.66

Additional constraint: C < 15
Additional constraint: C > 15
Almod > 0.5; H/C <1.5; 0O/C< 0.9

1.5>H/C<2;0/C<0.9;N=0

Additional constraint: O/C >0.5
Additional constraint: O/C < 0.5

H/C>2;0/C<0.9

0/C=>0.9
1.5>H/C<2;0/C<0.9;N>0

Count formulae with only O, one N, one S, etc.

Appendix

Reference of use

Kew et al., 2017; Kim et al., 2003

Koch and Dittmar, 2016, 2006

Lavonen et al., 2015; Roth et al., 2013

Herzsprung et al., 2014; Raeke et al., 2017;
Roth et al., 2013

Riedel et al., 2013; other versions proposed
by Boye et al., 2017; Kroll et al., 2011
Modified from Santl-Temkiv et al., 2013;
other examples are given in e.g. D’ Andrilli
etal., 2015; Kellerman et al., 2014; Rossel
et al., 2016; Seidel et al., 2014; Simon et al.,
2019

E.g., Pomerantz et al., 2011; Zhurov et al.,
2013

Indices not included in this overview (and study) are nevertheless mentioned as alternatives here (amongst others): DOM lability index (D’ Andrilli et al., 2015);
index of terrestrial DOM/ marine DOM (Medeiros et al., 2016); DOM degradation indices (Flerus et al., 2012; Lechtenfeld et al., 2014; Mann et al., 2015); DOM
diversity indices (Mentges et al., 2017); Kendrick mass defect of formulae (Hughey et al., 2001; Qi et al., 2016).

III



Table A-4 Information on standard compounds and solutions (structural formulae given in Figure 2-3).

ID | Standard compound MW [Da]
1 Vanillic acid 168.14
2 4-Hydroxycinammic acid 164.04
3 Gallic acid 170.12
4 2-Methoxy-4-methylphenol 138.16
5 3-Methoxyphenol 124.14
64 2,3-Dimethoxy-5-methyl-1,4- 182.18
benzoquinone
7 Chlorogenic acid 354.31
8 Ellagic acid 302.19
9 6-0,p-Coumaryl-1,2- 630.51
digalloylglucose
10 Catechin 290.27
11 Epigallocatechin gallate 458.37
12 Spiraeoside 464.38
13 Isoquercetin 464.38
14  Myricitrin 464.38

Formula

CgHgO4
CoHgOs3
C7HeOs
CgH1002
C7Hg0,
CoH1004

Ci6H1809
C14HsO0s
C29H26016

Ci5H1406

C22H18011
C21H2001,
C21H2001,
C21H20012

Table A-5 Instrument settings for fragmentation experiments.

Method stage Factor
Sample DOC [ppm]
Solvent

Electrospray
ionization

lon optics

Tandem MS

Flow [pl*min7]

lonization mode

Source fragmentation [eV]
Needle position

Sheath gas [a.u.]

Aux gas [a.u.]

Sweep gas [a.u.]
Spray voltage [kV]

Capillary Temp. [°C]

S-Lens RF level [%]

Multipole 00 offset [V]

Lens 0 [V]

Multipole 0 offset [V]

Lens 1 [V]

Multipole 1 offset [V]

Multipole RF Amplitude [Vp-p]

Front Lens [V]
Act Q
Act time [ms]

Isolation window [amu]

Supplier

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Alfa Aesar

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich
Santa Cruz
Carl Roth
Santa Cruz
Sigma-Aldrich

Standard compounds

Max. 200, see Table S-1
50/50 MeOH/ H,0

10
Negative
0
Variable
Variable
Variable
0
Variable
275
Variable
1.1

3.2

9.4

17.3
13.8
800
10.3
0.25

0.1

1

MS Detection

Modes and energy levels
Max. Inject time [ms]
Automatic Gain Control™
Scans per MS? experiment [n]
Resolution

Transient length [s]

Profile mode

Scan range [m/z]

CID: 15, 20, 25
5

5E4

50

240.000

0.8

Reduced
Variable

Weighed
portion [mg]
1.98

3.91

3.89

10.9

13.1

2.5

3.57
0.99
0.35

1.35
0.98
0.85
0.49
0.31

DOM samples
100

50/50 MeOH/ H,0

7
Negative
40

D

25

0

0

2.65
275

70

1.0

3.2

9.4

17.2
13.2
792
10.0
0.25

0.1

1

CID: 15, 20, 25
2

S5E4

150
240.000
0.8
Reduced
Variable

Appendix

Final concentration

[ppm]
200
200
200
200
200
200

200
<124
39

100
100
100
55
33

1Y%
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Table A-6 Recalibration peaks used for standard compound Orbitrap tandem MS measurements. Compound #1 — #6
were only recalibrated by precursor ion exact m/z. References: [1] Ncube et al., 2014; [2] Mullen et al., 2003; [3]
Fischer et al., 2011; [4] Engstrom et al., 2015; [5] Wyrepkowski et al., 2014; [6] Rockenbach et al., 2012; [7] Gu et
al., 2003; [8] Miketova et al., 2000; [9] Yuzuak et al., 2018; [10] Fabre et al., 2001; [11] Saldanha et al., 2013.

ID | Standard compound Precursor Product ions used as recal peaks, exact m/z (Formula) Reference
exact m/z

7 Chlorogenic acid 353.088 191.0561 (C7H1106), 179.035 (C9H704), 109.0295 [1]
(C6H502)

8 Ellagic acid 300.999 229.0143 (C12H505), 185.0244 (C11H503), 145.0296 [2,3,4,5]
(C9H502)

9 6-0,p-Coumaryl-1,2- 629.115 459.0933 (C22H19011), 465.0675 (C20H17013), [6, 7]

digalloylglucose 169.0142 (C7H505), 163.0401 (C9H703)

10 = Catechin 289.072 109.0295 (C6H502) [6,7,8,9]

11 Epigallocatechin gallate 457.078 169.0142 (C7H505) [7, 8]

12 Spiraeoside 463.088 301.0354 (C15H907), 178.9986 (C8H305), 107.0139 [10]
(C6H302)

13  Isoquercetin 463.088 301.0354 (C15H907), 178.9986 (C8H305), 151.0037 [4,10]
(C7H304), 107.0139 (C6H302)

14 | Myricitrin 463.088 316.0225 (C15H808), 317.0303 (C15H908), 178.9986 [10, 11]

(C8H305), 151.0037 (C7H304)
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Table A-7 Precursor and major product ions of the 14 standard compounds. The deprotonated precursor ion form was always dominant, except for compound 6
where the radical anion form dominated. Numbers in brackets indicate %-ion abundance relative to base peak (=100%) and the respective normalized CID energy
at which mass spectra were acquired. In some cases further MS3 experiments were conducted at CID25.

ID
1
2

10

11

12

13

14

Standard compound

Vanillic acid

4-Hydroxycinammic

acid
Gallic acid
Creosol

m-Guaiacol
2,3-Dimethoxy-5-
methyl-1,4-
benzoquinone
Chlorogenic acid
Ellagic acid

6-0,p-Coumaryl-

digalloyl-Glucose
Catechin

Epigallocatechin
Gallate
Spiraeoside

Isoquercetin

Myricitrin

Formula
C8H804
C9H803

C7H605
C8H1002

C7H802

C9H1004

C16H1809

C14H608

C29H26016

C15H1406

C22H18011

C21H20012

C21H20012

C21H20012

Precursor ion (m/z)
167.0350 (35; at CID 25)
163.0401 (25; at CID 25)

169.0142 (16; at CID 25)
137.0608 (8; at CID 25)

123.0452 (8; at CID 25)
182.0585 (6; at CID20)
353.0878 (7; at CID20)
300.9990 (100; at CID 25)

629.1148 (2; at CID 25)

289.0718 (22; at CID 25)

457.0776 (8; at CID 20)

463.0882 (3; at CID 20)

463.0882 (1; at CID 25)

463.0882 (2; at CID 25)

Product ions (m/z)
152.0115 (92); 123.0452 (100); 109.0925 (<1); 108.0217 (18); 95.0503 (<1)
145.0296 (<1); 121.0296 (<1); 119.0295 (100); 93.0346 (<1)

125.0244 (100)
122.0374 (100); 109.0295 (2); 95.0503 (<1); 95.0139 (<1); 93.0346 (<1)

108.0217 (100); 95.0139 (1)
167.0350 (100); 152.0115 (<1)
MS3 (167, at CID20): 167.035 (1); 152.0115 (100); 139.0401 (3); 125.0245 (1); 121.0296 (<1)

191.0561 (100); 179.0350 (4); 161.0245 (<1); 109.0295 (<1); 99.0451 (<1)

257.0092 (5); 229.0143 (5); 201.0193 (1); 185.0244 (3); 163.0401 (<1); 161.0245 (<1); 145.0296
(<1)

477.1039 (8); 465.0675 (100); 459.0933 (48); 313.0565 (3); 271.0459 (5); 193.0142 (<1); 187.0401
(<1)

271.0612 (3); 247.0612 (5); 245.0820 (100); 231.0299 (6); 227.0714 (2); 205.0506 (35); 203.0714
(8); 188.0479 (1); 187.0401 (1); 179.035 (15); 167.035 (2); 165.0194 (4); 163.0401 (<1); 162.0323
(<1); 161.0609 (2); 161.0245 (<1); 151.0401 (2); 125.0244 (5); 123.0452 (<1); 121.0296 (<1);
109.0295 (2); 99.0451 (<1); 93.0346 (<1)

413.0879 (2); 331.0459 (95); 319.0458 (5); 305.0666 (33); 287.0561 (10); 275.0561 (3); 269.0455
(5); 193.0142 (12); 169.0142 (100)

301.0354 (100)

MS? (301, at CID 25): 301.0354 (35); 300.0275 (<1); 273.0405 (10); 257.0455 (9); 229.0506 (2);
193.0142 (4); 178.9986 (100); 151.0037 (82); 121.0296 (1); 107.0138 (3)

343.0459 (2); 301.0354 (100); 300.0275 (22)

MS? (301, at CID25): 301.0354 (32); 300.0275 (<1); 283.0248 (3); 273.0405 (11); 257.0455 (9);
255.0299 (1); 239.0350 (2); 229.0506 (3); 211.0401 (1); 193.0142 (4); 178.9986 (100); 151.0037
(88); 121.0296 (2); 107.0138 (4)

359.0408 (2); 337.0564 (1); 317.0303 (50); 316.0225 (100); 178.9986 (3)

VI
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Table A-8 Results of standard compound’s tandem MS data analysis with Sirius (Bocker and Dithrkop, 2016; Rasche et al., 2012; for product ion annotation and
fragmentation tree generation) and CSI:Finger ID (Diihrkop et al., 2015; for structure prediction by comparison of fragmentation trees).

ID

10

11

12

13

14

Standard compound/
neutral molecular
formula

Vanillic acid

C8H804

4-Hydroxy-cinammic acid
C9H803

Gallic acid

C7H605

Creosol

C8H1002

m-Guaiacol

C7H802
2,3-Dimethoxy-5-methyl-
1,4-benzoquinone
C9H1004

Chlorogenic acid
C16H1809

Ellagic acid
C14H608

6-op-Coumaryl-digalloyl-
Glucose

C29H26016

Catechin

C15H1406

Epigallocatechin Gallate
C22H18011

Spiraeoside
C21H20012

Isoquercetin
C21H20012
Myricitrin

C21H20012

CID
Levels

10,15,
20,25

10,20,
25

10,15,
20,25

10,20,
25
10,20,
25
10,15,
20

10,15,
20

10,20,
25,30,
35,40
10,15,
20,25

10,15,
20,25,
30
10,15,
20

10,15,
20

10,15,
20,25
10,15,
20,25

Precursor

[M-H]-
167.03498

[M-H]-
163.04007
[M-H]-
169.01425

[M-H]-
137.06080
[M-H]-
123.04515
[M]-
182.05846

[M-H]-
353.08781

[M-H]-
300.99899

[M-H]-
629.11481

[M-H]-
289.07176

[M-H]-
457.07764

[M-H]-
463.08820

[M-H]-
463.08820
[M-H]-
463.08820

Sirius: Peaks and assigned formulae

6 peaks, 83% peaks with assigned formula, 99.87 total
explained intensity, -0.01 ppm absolute error
(Median)

2 peaks, 100% peaks with assigned formula, 100 total
explained intensity, 0 ppm absolute error (Median)

2 peaks, 100% peaks with assigned formula, 100 total
explained intensity, -0.01 ppm absolute error
(Median)

4 peaks, 100% peaks with assigned formula, 100 total
explained intensity, 0.16 ppm absolute error (Median)
3 peaks, 100% peaks with assigned formula, 100 total
explained intensity, 0.23 ppm absolute error (Median)
3 peaks, 100% peaks with assigned formula, 100 total
explained intensity, -0.01 ppm absolute error
(Median)

6 peaks, 100% peaks with assigned formula, 100 total
explained intensity, -0.34 ppm absolute error
(Median)

55 peaks, 85% peaks with assigned formula, 99.25
total explained intensity, -0.1 ppm absolute error
(Median)

15 peaks, 87% peaks with assigned formula, 99.6 total
explained intensity, -0.19 ppm absolute error
(Median)

41 peaks, 98% peaks with assigned formula, 99.94
total explained intensity, -0.03 ppm absolute error
(Median)

18 peaks, 67% peaks with assigned formula, 98.34
total explained intensity, 0.25 ppm absolute error
(Median)

5 peaks, 40% peaks with assigned formula, 98.86 total
explained intensity, -0.01 ppm absolute error
(Median)

9 peaks, 78% peaks with assigned formula, 99.61 total
explained intensity, 0.24 ppm absolute error (Median)
12 peaks, 83% peaks with assigned formula, 99.5 total
explained intensity, 0.26 ppm absolute error (Median)

Sirius: Fragmentation tree

Correct formula = tree#1, Tree score 11.97
(100%), correct tree has lowest ppm error

Correct formula = tree#1, Tree score 12.71
(99.94%), correct tree has lowest ppm error
Correct formula = tree#1, Tree score 2.19
(98.63%), correct tree has lowest ppm error

Correct formula = tree#1, Tree score 10.95
(99.95%), correct tree has lowest ppm error
Correct formula = tree#1, Tree score 7.4
(99.91%), correct tree has lowest ppm error
Correct formula = tree#2, Tree score 5.95
(41.87%), correct tree has lowest ppm error

Correct formula = tree#1, Tree score 7.15
(99.28%), correct tree has lowest ppm error

Correct formula = tree#2, Tree score 54.17
(7.71%), correct tree has lowest ppm error

Correct formula = tree#1, Tree score 19.53
(26.29%), correct tree has lowest ppm error

Correct formula = tree#1, Tree score 59.49
(100%), correct tree has lowest ppm error

Correct formula = tree#1, Tree score 27.55
(68.78%), correct tree close to lowest ppm
error

Correct formula = tree#1, Tree score 4.87
(35.26%), correct tree has lowest ppm error

Correct formula = tree#1, Tree score 4.65
(56.76%), correct tree has lowest ppm error
Correct formula = tree#1, Tree score 12.79
(95.61%), correct tree has lowest ppm error

CSI Finger ID result

Score 86.31%, 1°*t hit

no prediction possible

no prediction possible

Score 64.79%, 1% hit
Score 58.04%, 2" hit

Score 57.32%
(wrong isomer)
Score 89.60%, 1°! hit
Score 80.83%, 1°*t hit
Score 73.33 %, 1%t hit
Score 82.12%
(wrong isomer)
Score 84.36 %, 1 hit

no prediction possible

Score 92.25 %, 1 hit

Score 86.90 %, 1%t hit

VII
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Table A-9 List of all 50+5 MDs extracted from the standard compound dataset covering several types of aromatic
structures (Figure 2-3). Non-indicative MDs also reported for DOM (Table S-1) are marked in the explanation
column with [DOM]. Five MDs were added without detection in the tandem MS data of the standard compounds
to enable their search in the DOM data (thus the final number of 55). They are indicated by [ADD] and included
the neutral loss analogs of precursor ions of compounds #1, #4, #8 and #10, and the common product ion of
compounds #12 and #13 (originating from a sugar loss: neutral molecular formula C6H1005) used for MS3
experiments. Contribution of MS3 data is marked with an asterisk (*) at the compound ID. Compound identifiers
are put in brackets if the MD was detected below 1% relative intensity (based on base peak) across three CID
levels. MD’s that contributed only below <1% were only taken into account if detected for more than one
compound. Occurrence refers to matches across 159 precursor peaks investigated. Tables 1 and 2 in the main text
include only those MDs that were found in DOM with the MD matching approach. Eq., equivalent; Comb.,
combination.

Formula
CHs5*
H,O

co

CoH,
C,H,0
CO,
CH,0,
CH,0,;
C3HgO
C,H;,0;
CH,03
C,03
C4H40;
C3H,03
C,H,0,
C30,4
C4HgO3
C4HgO3
C4Hs03
CsH40;
CsHgO:
C4H,0,4
C305
C4HgOy4
C;H60,
C;HgO,
CsHsO3
CsH404
C;HgO3
CgH100;
CsH1004
CeH1204
CsHgO3

Exact MD
15.02347
18.01056
27.99491
28.03130
42.01056
43.98983
44.99765
46.00548
58.04186
59.01330
62.00039
71.98474
84.02113
86.00039
89.99531
99.97966
101.02387
102.03169
104.04734
108.02113
110.03678
113.99531
115.97457
120.04226
122.03678
124.05243
126.03169
128.01096
138.03169
138.06808
146.05791
147.06573
150.03169

Compound ID
1,4,5,6, 6%
(2), 10, 13*, (14)

(4), 6%, (8), 12%, 13*

4,5
(2), (4), 6%, 10

1,2,3,(7),8,10,11, 12*%, 13*

(2), (8)

(6%), 13, (13*)
10

1, (10)

10, 13*

(1), 8, (10), 12%, 13*

10

(1), 10

(10), 13*

8

10

10

14

12%, 13*

10

(8), (10)

8

13

10, 12*, 13*
10, Precursor (5)
(10), 11, 14
10

10, 11, (13%)
Precursor (4)
14

14

12%,13*

Explanation

Methyl radical, loss from radical ion on (6)
Water [DOM]

Formyl transf./ Carbon Monooxide [DOM]
B-oxidation/ fatty acid synthesis [DOM]
Hydroxypyruvic acid/ -H,0 [DOM]

Carbon dioxide/ Carboxyl group [DOM]
Formic acid equivalent, radical

Formic acid equivalent

Acetone eq.; comb. C2H20 (ethenone) + CH4
Acetic acid, radical

Comb., CO; + H,0 [DOM]

Comb., CO, + CO [DOM], Carbon Suboxide
Combination, C302 (carbon suboxide) + CH4
Combination, C302 (carbon suboxide) + H20
Oxalic acid equivalent

Comb., CO, + 2x CO

Radical loss from ion, not matched

Comb., C4H402 + H20 (Sirius)
Hydroxybutyric acid equivalent
Benzoquinone equivalent

Benzenediol eq.; comb., C302 + CH4 + C2H2 (Sir.)
Butynedioic acid equivalent

Comb., 2x CO, + CO [DOM]

Tetrose equivalent

Loss from flavonols; Comb. on (10): C302 + C4H6
3-Methoxyphenol (m-Guaiacol) unit
Phloroglucinol unit

Comb., C3H402 + C202 (Sirius)

Comb., C6H602 + CO (Sirius)

[ADD] Creosol unit

Sugar unit

Sugar unit, radical form

Specific loss from flavonols

Occur.
19
64
44
44
13
96

20
14
10
43
31

13
20
15

13
16

VIII



Table A-9: continued

Formula
C5H,04
C7HeO;
CgH100;
CsH1004
CsH1,04
CsHgO3
C;H;404
CoHeO;
CeH1005
CeH1,05
CoHsO3
CsHsO4
C;HgOs
C7H1005
CgH4Os5
CoHgO4
CgHgOs
CoH1004
C;Hs06
CoHgOs
C13H1206
C13H1607
Ci5H1206
Ci5H1406
C14H60s
CisH1007
C16H1207
C18H1403

Exact MD
128.01096
138.03169
138.06808
146.05791
147.06573
150.03169
152.01096
162.03169
162.05282
163.06065
164.04734
168.04226
170.02152
174.05282
180.00587
180.04226
182.02152
182.05791
188.03209
194.02152
264.06339
284.08960
288.06339
290.07904
302.00627
302.04265
316.05830
358.06887

Compound ID

10

10, 11, (13%)
Precursor (4)

14

14

12%, 13*

9,11

7

12,13

(12), 13

9, 10, Precursor (2)
Precursor (1)

9, 11, Precursor (3)
7, (14)

12%,13*

(7), 10

11

(7, (9)

(9), 11

12%,13*

11

(13), 14

11

Precursor (10)
Precursor (8)
Precursor (12*, 13%)
9

9

Explanation

Comb., C3H402 + C202 (Sirius)

Comb., C6H602 + CO (Sirius)

[ADD] Creosol unit

Sugar unit

Sugar unit, radical form

Specific loss from flavonols

Incomplete gallic acid unit; H20 retained

Caffeoyl unit

Sugar unit

Sugar unit, radical form

p-coumaric ac.; Comb. on (10): C7H603 + C2H2 (Sirius)
[ADD] Vanillic acid unit

Gallic acid unit

Quinic ac. (7)

Loss from flavonols

Caffeic ac.; Comb. on (10): C7H802 + 2x CO (Sirius)
Comb., C6H603 (e.g., Phloroglucinol) + C202 (Sirius)
Comb. on (9): Coumaryl + 2x H20 (Sirius)

Comb., C7H605 (e.g., Gallic acid) + H20 (Sirius)
Loss from flavonols

Degrad. Catechin C ring after loss A or B-ring

Not matched

Loss of Catechin, gallic ac. remains

[ADD] Catechin unit

[ADD] Ellagic acid unit

[ADD] Flavonol subunit

Degrad. coumaryl subunit after gallic acid loss
Degrad. sugar core after coumaryl/ galloyl loss
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Table A-10 List of reported or proposed DOM MDs from MS1 studies (within-spectrum MDs or “mass spacings”,
as inrefs [1], [2], [4] and [5]) and MS2 studies (tandem MS MDs, as presented in refs [6]-[9]). Occurrence refers
to matches across 159 precursor peaks investigated. References: [1] Zhang et al., 2014; [2] Longnecker and
Kujawinski, 2016; [3] Cortés-Francisco and Caixach, 2015; [4] Kunenkov et al., 2009; [5] Kujawinski and Behn,
2006; [6] Witt et al., 2009; [7] Osterholz et al., 2015; [8] Hawkes et al., 2018; [9] Pohlabeln and Dittmar, 2015.

Formula Exact mass difference = Reference(s) Explanation Occur.
C4H.,0 1.979265 [1, 2] Acetic acid/ -H,0 and -CO; 2
H, 2.01565 [1-5] (De-)hydrogenation 2
C 12 [1-3] Glyoxylic acid/ -H,0 and -CO; 0
OH-, 13.979265 [2] 0O/H, exchange 3
CH, 14.01565 [1-5] (De-)methylation 3
0 15.994915 [1-5] (De-)hydroxylation/ Oxygen 5
CH,4 16.0313 [6] Methane 4
H,O 18.010565 [3,6-8,a.0.] Water 64
CH.,0 25.979265 [1] C=0 insertion 1
CHN 27.010899 [1] Formimino transfer 0
co 27.994915 [1-4] Formyl transfer/ Carbon Monooxide 44
C,H, 28.031300 [1-3] B-oxidation/ fatty acid synthesis 44
H.;NO 28.990164 [1] Nitrosylation

CHO 29.00274 [3] Formyl-group related 6
CH,0 30.010565 [1,3,4] Hydroxymethyl transfer 13
S 31.972072 [9] Sulfur 15
CH,0 32.026215 [7, 8] Methanol 43
2x H,0 36.021130 [7] Combination 14
C;H,0 42.010565 [1, 4] Hydroxypyruvic acid/ -H20 13
CsHg 42.04695 [3] Repeated (de-)methylation 13
CHNO 43.005814 [1] Carbamoyl- or isocyanide transfer 7
CO, 43.989830 [3,6-8,a.0.] Carbon dioxide/ Carboxyl group 96
C,H40 44.026215 [2, 3] Acetaldehyde analogon 85
C3H,0 54.010565 [4] Propynal analogon 0
C,0, 55.98983 [1] Glyoxylic acid/ -H20 11
CsHg 56.0626 [3] Repeated (de-)methylation 11
CO, + H,0 62.000395 [6-8] Combination 43
HNO; 62.995617 [3] Nitrate

SO, 63.961902 [9] Sulfur dioxide

C4H,0 68.026215 [2, 8] Vinyl Ketene

C3H,0, 70.005480 [4] Propiolic acid analogon

CO,+CO 71.984745 [6] Combination 31
C,Hs;NO, 73.016379 [1] Tryptophanase 1
CO; + CH,0 76.016045 [7] Combination 26
SO; 79.956817 [9] Sulfur trioxide 14
H,S03 81.972467 [9] Sulfurous acid 8
2x CO, 87.979660 [3,6-38] Combination 44
2x CO, + H,O | 105.990225 [6-8] Combination 26



Appendix

Table A—10: continued

Formula Exact mass difference Reference(s) Explanation Occur.
CO, + SO, 107.951732 [9] Combination 6
2x CO, + CO 115.974575 [6] Combination 18
2x CO, + CH,0 120.005875 [7] Combination 15
CO, + SO3 123.946647 [9] Combination 9
2x CO; + 2 H,0 124.000790 [6] Combination 12
3x CO, 131.969490 [6, 7] Combination 18
2x CO, + H,0 + CO 133.985140 [6] Combination 13
3x CO, + CHy 148.000790 [6] Combination 10
3x CO, + H,0 149.980055 [6, 7] Combination 14
C;H¢O4 154.026610 (4] Dihydroxyl-benzoic acid analogon 6
3x CO; + CH,0 163.995705 [7] Combination 7
3x CO; + 2 H,0 167.990620 [6] Combination 6
4x CO, 175.959320 [6] Combination 7
3x CO, + H,0 + CO 177.974970 [6] Combination 5
4x CO, + CHy 191.990620 [6] Combination 6
4x CO;, + H,0 193.969885 [6] Combination 4

XI
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Table A-11 Compilation of Orbitrap/ FT-ICR MS comparison studies for different natural organic matter (NOM)
samples taken from [1] (Cortés-Francisco et al., 2011); [2] (Pomerantz et al., 2011); [3] (Remucal et al., 2012);
[4] (Smith et al., 2012); [5] (Zhurov et al., 2013); [6] (Mangal et al., 2016); [7] (Hawkes et al., 2016); [8] This
study; n.s., not stated; * improved analyzer & high transient length.

Ref

1]

2]

[3]

(4]

[5]

6]

[7]

8]

Type of
sample(s)

Standard mix of
four ions and
IHSS samples

Petroleum

[HSS samples,
SRFA

Fraction of a bio-
oil produced by
fast pyrolysis

Resin and
maltene fraction
of 2 crude oils

THSS samples,
SRFA and PLFA

Mixture of a
dystrophic lake
sample and a
marine sample
Set of 17 SPE-
DOM samples
from a wide
range of
ecosystems

Instrument, ESI
mode, m/z range

LTQ Orbitrap/
Orbitrap
Exactive, n.s., n.s.
LTQ Orbitrap
XL, negative
mode, 150 — 1050

Orbitrap
Exactive,
negative mode,
(100) 290 — 600
LTQ Orbitrap
Discovery,
negative mode,
100 — 400
Orbitrap Elite*,
positive mode,
200 — 1000

Orbitrap Q
Exactive,
negative mode,
200 — 1000

LTQ Velos Pro
Orbitrap, negative
mode, 150 — 2000

Orbitrap Elite*,
negative mode,
200 — 650

Evaluation parameters

Mass accuracy (drift) and
precision, resolving
power

Mass resolution, mass
accuracy

Mass distribution, shared
formulae

Mass distribution, mass
resolution

Resolving power, mass
accuracy, spectral
dynamic range

Mass distribution

General performance,
mass distribution,
differentiation of
composition changes
Mass distribution,
sample-specific loss of
information, causes of
information loss,
reproducibility/ retrieval
of biogeochemical trends

Sample information

None

Heteroatom class distribution,
DBE distribution, cyclic/
acyclic ratio, PM degradation
scale

None

Heteroatom class distribution,
DBE distribution

Kendrick mass defect
analysis, heteroatom class
subsets, heteroatom class
distribution

Kendrick mass defect
analysis, average DBE,
average elemental
composition

Average H/C and m/z values,
critical mass differences,
Bray-Curtis dissimilarities

Ion abundance patterns, Van
Krevelen patterns, critical
mass differences, number of
formulae and molecular group
contribution, trends of
molecular indices (DBE,
NOSC, H/C, etc)

XII
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Table A-12 Properties of non-fragmented (CID 0) IPIMs (isolated precursor ion mixtures) at four masses (except
number of fragments (CID25); determined at CID 25), and significance of correlation between nominal mass (m/z
241,301, 361, 417) and CID energy (CID 15, 20, 25) with the respective metrics (p-value <0.05, significant), blue
and red indicate positive/ negative correlation. Lighter colors or grey are chosen when significance levels are >
0.05. Brackets are put around obvious correlations: number of atoms in heavier molecules is higher, and precursor
number sinks upon fragmentation.

Property

Precursors
Precursors ass.
Fragments(¢'P?9
H/Cwa

O/Cwa

#Cwa

#Hwa

#Owa

Almod,wa
DBEwa
DBE-Owa
NOSCwa

“In this case, equivalent to mass defect.

m/z241 m/z301 m/z361 m/z417

33

21
198
0.91
0.37
13.06
11.65
4.54
0.53
8.26
3.72
-0.07

37
30
321
0.94
0.45
15.21
14.14
6.51
0.47
9.17
2.66
0.04

43

34
390
0.98
0.48
17.58
17.03
8.14
0.42
10.11
1.97
0.07

44
40
491
0.99
0.53
19.61
19.26
10.02
0.39
11.01
0.99
0.14

p-value

m/7*
0.026

0.043
0.002
0.032
0.038
(0.020)
(0.000)
(0.003)
0.010
0.010
0.003
0.012

p-value
CID
(0.000)

(0.000)
0.003
0.000

0.957
0.004
0.004

0.000
0.000
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Table A-13 Overview of correlations (Pearson’s r; red, negative correlation; blue, positive correlation) between
key properties of the IPIM (representing the bandwidth of possible isomers behind a given exact precursor m/z)
at m/z 241 (precursor ions with molecular formula = 20). Shown are descriptors of ionization and fragmentation
behavior (i.e., initial intensity (Iabs, initial), fragmentation at different CID stages (Irel,loss) and number of
matches to non-indicative MDs reported for DOM (Table S-1) and their relation to the precursor’s m/z (here,
equivalent to mass defect) and molecular formula (numbers of #C, #H and #O atoms, their atomic H/C and O/C
ratios, the nominal oxidation state of carbons (NOSC) (Boye et al., 2017), number of oxygen-corrected double
bond equivalents (DBE-O) (Herzsprung et al., 2014), and the number of CO2 (0 — 4), H20 (0 -2), CO (0 - 1)
and C7TH604 (0 — 1) (Kunenkov et al., 2009) losses inferred from non-indicative MDs and their combinations
(Table S-1). Other molecular indices as double bond equivalent (DBE), aromaticity index (Almod) (Koch and
Dittmar, 2016) and number of CH2 losses (0 — 4) were tested but showed non-significant (ns) relationships in this
analysis. Explanation of p-value notation: p > 0.05, “ns”; 0.05 >p > 0.01, “*”; 0.01 > p > 0.001, “**”; p <0.001,

COskosk sk

Irel, 1oss, CID15 | Irel, loss, CID20 | rel, loss, CID25 | labs, initiat = Matches

m/z -0.59 ** -0.64 ** -0.68 **

#C -0.63 ** -0.74 *** -0.78 ***

#H -0.5* -0.54 * -0.59 **

#0 0.63 ** 0.77 *** 0.77 *** 0.62 **
H/C

o/C 0.68 ** 0.78 *** 0.74 *** 0.53 *
NOSC 0.61 ** 0.66 ** 0.69 ***

DBE-O

n CO; 0.52 * 0.65 ** 0.64 ** 0.53 * (.84 ***
n H.0 0.51 * 0.52 * 0.54 * 0.86 ***
n CO 0.69 *** | (.74 ***
n C7H6O4

Trel, 10ss, CID15 0.94 *** 0,73

Irel, toss, CID20 0.88 *** 0.5*
Lrel, 1oss, cID25 0.52 *
Labs, initial 0.81 ***
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Table A-14 Overview of correlations (Pearson’s r; red, negative correlation; blue, positive correlation) between
key properties of the IPIM (representing the bandwidth of possible isomers behind a given exact precursor m/z)
at m/z 301 (precursor ions with molecular formula = 27). Shown are descriptors of ionization and fragmentation
behavior (i.e., initial intensity (Iabs, initial), fragmentation at different CID stages (Irel,loss) and number of
matches to non-indicative MDs reported for DOM (Table S-1) and their relation to the precursor’s m/z (here,
equivalent to mass defect) and molecular formula (numbers of #C, #H and #O atoms, their atomic H/C and O/C
ratios, the nominal oxidation state of carbons (NOSC)(Boye et al., 2017), number of oxygen-corrected double
bond equivalents (DBE-O)(Herzsprung et al., 2014), and the number of CO2 (0 —4), H20 (0—-2), CO (0—1) and
C7H604 (0 — 1)(Kunenkov et al., 2009) losses inferred from non-indicative MDs and their combinations (Table
S-1). Other molecular indices as double bond equivalent (DBE), aromaticity index (Almod)(Koch and Dittmar,
2016) and number of CH2 losses (0 —4) were tested but showed non-significant (ns) relationships in this analysis.
Explanation of p-value notation: p > 0.05, “ns”; 0.05 > p > 0.01, “*”; 0.01 > p > 0.001, “**”; p <0.001, “***,

Irel, loss, CID15 Irel, loss, CID20 Irel, loss, CID25 Iabs, initial |~ VIatches

m/z -0.47 * -0.66 *** -0.43 *

#C -0.59 ** -0.85 *** -0.87 ***

#H -0.53 **

#0O 0.64 *** 0.9 *** 0.83 *** 0.54 **
H/C

o/C 0.64 *** 0.87 *** 0.77 *** 0.45 *
NOSC 0.48 * 0.73 *** 0.56 **

DBE-O -0.49 ** -0.64 *** -0.78 *** -0.41 *
n CO2 0.59 ** 0.62 *** 0.46 * 0.54 ** | (.85 ***
n H.0 0.48 * 0.49 ** 0.5 ** 0.71 ***
n CO 0.44 *

n C7HeO4

Irel, 10ss, CID15 (.83 *** 0.55 ** 0.52 **
Irel, toss, CID20 0.84 *** 0.56 **
Irel, loss, CID25 0.47 *
Labs, initial 0.81 ***
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Table A-15 Overview of correlations (Pearson’s r; red, negative correlation; blue, positive correlation) between
key properties of the IPIM (representing the bandwidth of possible isomers behind a given exact precursor m/z)
at m/z 361 (precursor ions with molecular formula = 30). Shown are descriptors of ionization and fragmentation
behavior (i.e., initial intensity (Iabs, initial), fragmentation at different CID stages (Irel,loss) and number of
matches to non-indicative MDs reported for DOM (Table S-1) and their relation to the precursor’s m/z (here,
equivalent to mass defect) and molecular formula (numbers of #C, #H and #O atoms, their atomic H/C and O/C
ratios, the nominal oxidation state of carbons (NOSC)(Boye et al., 2017), number of oxygen-corrected double
bond equivalents (DBE-O)(Herzsprung et al., 2014), and the number of CO2 (0 —4), H20 (0 -2), CO (0 —1) and
C7H604 (0 — 1)(Kunenkov et al., 2009) losses inferred from non-indicative MDs and their combinations (Table
S-1). Other molecular indices as double bond equivalent (DBE), aromaticity index (Almod)(Koch and Dittmar,
2016) and number of CH2 losses (0 —4) were tested but showed non-significant (ns) relationships in this analysis.
Explanation of p-value notation: p > 0.05, “ns”; 0.05 > p > 0.01, “*”; 0.01 > p > 0.001, “**”; p <0.001, “***,

Irel, loss, CID15 Irel, loss, CID20 Irel, loss, CID25 Iabs, initial Matches

m/z -0.58 *** -0.6 ***

#C -0.76 *** -0.88 *** -0.85 ***

#H -0.49 ** -0.47 **

#0O 0.84 *** 0.92 *** 0.81 *** 04 *
H/C

o/C 0.85 *** 0.9 *** 0.75 ***

NOSC 0.76 *** 0.74 *** 0.43 *

DBE-O -0.51 ** -0.64 *** -0.8 ***

n CO2 0.45 * 0.51 ** 0.43 * 0.71 *** | (.83 ***
n H.0 0.42 * 0.46 * 0.62 *** | (.79 ***
n CO 0.63 *** | (.6 ***
n C7HeO4

Irel, 10ss, CID15 0.92 *** 0.66 ***

Irel, toss, CID20 0.85 *** 0.45 *
Irel, loss, CID25 0.44 *
Labs, initial 0.92 ***
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Table A-16 Overview of correlations (Pearson’s r; red, negative correlation; blue, positive correlation) between
key properties of the IPIM (representing the bandwidth of possible isomers behind a given exact precursor m/z)
at m/z 417 (precursor ions with molecular formula = 34). Shown are descriptors of ionization and fragmentation
behavior (i.e., initial intensity (Iabs, initial), fragmentation at different CID stages (Irel,loss) and number of
matches to non-indicative MDs reported for DOM (Table S-1) and their relation to the precursor’s m/z (here,
equivalent to mass defect) and molecular formula (numbers of #C, #H and #O atoms, their atomic H/C and O/C
ratios, the nominal oxidation state of carbons (NOSC)(Boye et al., 2017), number of oxygen-corrected double
bond equivalents (DBE-O)(Herzsprung et al., 2014), and the number of CO2 (0 —4), H20 (0 -2), CO (0—1) and
C7H604 (0 — 1)(Kunenkov et al., 2009) losses inferred from non-indicative MDs and their combinations (Table
S-1). Other molecular indices as double bond equivalent (DBE), aromaticity index (Almod)(Koch and Dittmar,
2016) and number of CH2 losses (0 —4) were tested but showed non-significant (ns) relationships in this analysis.
Explanation of p-value notation: p > 0.05, “ns”; 0.05 > p > 0.01, “*”; 0.01 > p > 0.001, “**”; p <0.001, “***,

Irel, 10ss, cID15 | Irel, toss, CID20 | rel, loss, ciD25 | labs, initial = Matches

m/z -0.58 *** -0.67 *** -0.38 * -0.36 *
#C -0.64 *** -0.79 *** -0.78 *** -0.43 *
#H -0.49 ** -0.56 ***

#0O 0.79 *** 0.88 *** 0.82 *** 0.37 * 0.63 ***
H/C

o/C 0.8 *** 0.86 *** (0.75 *** 0.55 ***
NOSC 0.67 *** 0.77 *** 0.53 ** 0.4 *
DBE-O -0.42 * -0.49 ** -0.65 *** -0.35 *
n CO; 0,72 s 0.74 *** 0.61 *** 0.74 *** | (.89 ***
n H:0 0.51 ** 0.57 *** 0.56 *** 0.54 ** 0.67 ***
n CO 0,57 &% || (.53 &
n C7H6O4 0.84 *** | ()7 ***
Trel, 10ss, CID15 (0.89 *** 0.54 *** 0.44 * 0.69 ***
Irel, toss, c1D20 0.76 *** 0.46 ** | 0.69 ***
Irel, 1oss, CID25 0.52 **
Labs, initial 0.92 ***
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Figure A-1 Distribution of Orbitrap signals (formulae) for the samples of the subset used for detailed analyses
(compare Fig.1 and Fig. 2 in main text). Shown are specific signals (red, specific s.s.), signals also encountered
in the FT-ICR MS dataset but not in same samples (black, specific s.1.), and common signals (both datasets, and
exact same sample (grey). It is obvious that common signals are by far the most prominent fraction for all sample
types. In the higher mass range, unavoidable differences in tuning led to slight deviations in apparent sample
composition (black signals with higher intensities, especially in a, b, c). The effect was most pronounced for
samples with ion abundance maxima in the lower mass range and influenced multivariate separation of samples,
too (e.g., leading to an offset between mean average m/z as derived from FT-ICR MS and Orbitrap data,
Supplementary Figure 8; see also main text).
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Figure A-2 Error assessment of standard compound MDs (deviation between measured MD and exact MD as
predicted by molecular formula of precursor and product ions. Relative errors become large when the mass
difference is small (Kujawinski and Behn, 2006).
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Figure A-3 Comparison of matches to the two MD lists (indicative and non-indicative) in dependence of nominal
mass (m/z) and collision energy (CID), shown as Venn diagrams. ntotal designates the total number of MD
matches at each CID stage for each IPIM (nominal mass, isobar). Percentages show the relative amount of unique
or shared (overlap) matches between both lists. Note that Venn circles on top designate overlap in terms of absolute
number of MDs between lists. Not all MDs were found in DOM.
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Figure A-4 Post-gradient fitting on ordination obtained by Orbitrap (upper panels) and FT-ICR MS (lower panels)
for the molecular class data (Molecular groups/ Formula classes). Fitted gradients are based on percentage data
(b, d) or absolute numbers (a, c). Molecular classes: BC, black carbon; PP, polyphenol; HU, highly unsaturated,;
UA, unsaturated aliphatics; SUG, carbohydrate; PEP, peptide. CHNO includes all Nitrogen-containing formulae
(N1-4), and CHOS includes all Sulfur-containing formulae (S1-2). OTHER is the sum of CHOSP, CHNOS and

CHNOP formulae.
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Figure A-5 Instrumental offsets due to detection of non-common signals by FT-ICR MS (due to better resolution),
as shown by molecular class indices linked to N, S and P formulae, and based on the full dataset. The shown
indices exerted a trend towards lower values in the Orbitrap due to limitations in resolving power (panels d, ¢ and
f) as described in the main text. The differences in tuning lead to a slight mass shift in the Orbitrap which overlays
this general resolution effect (in panels a and b) and accounts for slightly higher numbers of simple CHNO and
CHOS formulae detected by the Orbitrap in samples characterized by recent inputs of fresh and degrading organic
matter.
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Figure A-6 Instrumental offsets due to detection of signals by Orbitrap in the higher mass range (due to differential
architecture, tuning and method setup), shown by selected chemical and molecular class indices, and based on the
full dataset. The shown indices exerted a trend towards higher values in the Orbitrap with a tendency to be more
pronounced for samples connected to recent inputs of fresh and degrading organic matter. The observed higher
number of compounds are related to unavoidable differences in instrumental response due to tuning (Orbitrap was
tuned with IHSS sample, FT-ICR MS with NELHA). The Orbitrap-detected signals of mainly aromatic CHO and
simple CHNO/ CHOS formulae in the higher mass range were also found by FT-ICR MS but not within the exact
same samples; this difference being mainly an effect of tuning and not FT-ICR MS capabilities.
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Figure A-7 Examples of chemical indices that showed no strong offsets between instruments, as based on the full
dataset.
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Figure A-8 Separation of the whole set of samples by coordinates 2 (13% explained variation) and 3 (6%) in a

PCoA and subsequent envfit analysis.
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Figure A-9 Separation of the subset of samples measured successfully for *C content by coordinates 2 (15%
explained variation) and 3 (5%) in a PCoA and subsequent envfit analysis.
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Figure A-10 Subsets of molecular formulae a — c) significantly more abundant in cluster 2 samples (see main text
for definition of cluster 2), d — f) non-significantly related to cluster 1 or 2 (i.e., similar in ion abundance in samples
of both clusters, thus “whole set”), and g — i) non-significantly related to blackwater-influenced samples from
both sites (i.e., similar in ion abundance in blackwater samples from both sites, thus general “blackwater”). See
specific set of formulae of cluster 1, Campina, and riparian Cuieiras samples in Figure 8. Panels a, d and f show
the average and max mass spectra of each formula subset. Panels b, e and h show the formula subsets in Van
Krevelen space (see formula classes and respective numbers of formulae in the legend in panels c, f and i). Panels
¢, f, and i show formula subsets in H/C vs. m/z space. Note the striking similarity of formula subsets related to
samples of cluster 2 (a — ¢) and “blackwater” samples (g — 1).
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Figure A-11 Radiocarbon-correlated formulae in SPE-DOM exported from whitesand areas in central Amazonia,
assessed for the whole sample set. Formula classes (CHO, CHNO, CHOS, rows) are shown in Van Krevelen (left
panels) and H/C vs. m/z space (right panels). Positive correlation with F14C values relates to seemingly older
DOM. The correlation pattern is strongly superposed by a site effect (Campina, blue, '*C-older DOM; Cuieiras,
red, *C-younger DOM) and thus required reanalysis for the two sites separately (Figure A-12; Figure A-13) a, b)
CHO formulae separated well into two clusters. ¢, d) A large cluster of CHNO formulae is correlated negatively
with F14C values. e, f) In contrast, a distinct cluster of CHOS formulae is correlated positively with F14C.
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Figure A-12 Radiocarbon-correlated formulae in SPE-DOM exported from the Campina site. Positive correlation
with F14C values relates to seemingly older DOM. Formula classes (CHO, CHNO, CHOS, rows) are shown in
Van Krevelen (left panels) and H/C vs. m/z space (right panels). a, b) CHO formulae; ¢, d) CHNO formulae; e, f)

CHOS formulae.
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Figure A-13 Radiocarbon-correlated formulae in SPE-DOM exported from the Cuieiras site. Positive correlation
with F14C values relates to seemingly older DOM. Formula classes (CHO, CHNO, CHOS, rows) are shown in
Van Krevelen (left panels) and H/C vs. m/z space (right panels). a, b) CHO formulae; ¢, d) CHNO formulae; e, f)

CHOS formulae.
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Figure A-14 Overlap of site-specific formulae sets (see legend, CHO formulae in blue and red, CHNO formulae
in black) with Rio Negro-specific formulae defined in a broad manner (see main text) as seen in Van Krevelen
space (left panels) and H/C vs. m/z space (right panels). Small grey diamonds are total sets of Rio Negro-specific
formulae. Rio Negro-specific formulae were extracted from a, b) Simon et al., (2019) and ¢, d) Gonsior et al.,
(2016). The black box denotes the area of most robust specific formulae in Van Krevelen space (H/C 0.4 — 0.8;
O/C 0.4 —0.8) and is also transferred to H/C vs. m/z space although not as specific (relatively wide mass range of

specific signals, m/z 200 — 700).
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Figure A-15 Behavior of formulae in the core area of Rio Negro-specific signals (H/C 0.4 — 0.8; O/C 0.4 — 0.8),
by number of formulae (a), percentage of formulae (b), relative ion abundance (c), and ion-abundance-weighted
average m/z of formulae (d) across a hypothetical hydrological gradient of Campina piezometers (sample set A),
Cuieiras lysimeters (B1), Cuieiras piezometers (B2), headwater streams (igarapés) of both whitesand sites (C),
Rio Negro samples of the mainstem and smaller tributaries close to Manaus (D1, Simon et al., 2019), and Rio
Negro mainstem and adjacent lakes close to Novo Airdo, 120 km NW of Manaus (D2, Gonsior et al., 2016).
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Figure A-16 Water isotope data from INPA’s meteorological station in Reserva Ducke, north of Manaus, over the
course of the year (data coverage: 08/15 — 02/17; n=19). Grey box denotes 2016; from 01/2016 — 01/2017. Water

is isotopically light during the wet season (February - May), and becomes heavy in the dry season, peaking from
July- September.
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Figure A-17 Match frequency of non-indicative MDs (Table A-10) a mass range from 2 — 193 m/z. Data for each
of the four IPIMs is presented (colors, see legend) along with total number of precursors “n(p)” and total number
of matches across these precursors “n(m)”. Small numbers below bars indicate absolute numbers of matches
(average over all precursors of the respective IPIM). Error bars are +1SD across all precursors. Match frequency
was then plotted vs. mass tolerance bin (x-axis), indicating how many % of matches were found in each bin,
starting from the exact MD (“exact”, exact mass to four digits). The tolerance bin was increasingly widened and
the number of additional (“novel”) matches — i.e., those not detected at narrower bin size — was monitored. The
plot shows that the majority of matches to non-indicative MDs were found within the applied tolerance window
(£ 0.0002 Da). It also shows that outside of this window, the matching frequency drops immediately close to zero,
indicating a low match rate in terms of detecting false positives, even when widening the tolerance bin to =0.001
Da. Note, the analysis of each precursor ion also included a number of MDs showing no matches within the +
0.0002 Da tolerance window (often the majority; however we only used precursors here that showed at least seven
MD matches which translates into a maximum of 47 negative “hits”, number of MDs in the non-indicative list =
54). Also for those MDs not matched within the applied tolerance window of + 0.0002 Da, we found no novel
(additional) matches in the widened tolerance bins (data included in the Figure) indicating that the MD approach
is selective to losses that make chemical sense: We would expect random matches if the calculated MDs were
derived from noise and not from an inherently structured biogeochemical signal. It also indicates that the peaks
of interest are adequately resolved.
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Figure A-18 Number of matches against lists of non-indicative MDs in DOM (ochre, Table A-10) and indicative
MDs exclusively observed in standard compound data (blue, Table 5-1) in relation to the precursor’s degradability
(% change in ion abundance) between CID 0 (non-fragmented) and CID 25. Degradability is a poor predictor of
match number but obviously a precursor needs to fragment to some degree in order to indicate positive matches.
All precursors across the four IPIMs (n=159) are shown, and best fit-curves are linear regressions.
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exclusively in standard compounds in this study (Table 5-1); Table 5-2 in the main text shows those MDs that

indicative” designates the list of reported MDs for DOM (Table A-10); “indicative” are those MDs found in
were part of both lists (“Non-indicative” in yellow color).

Figure A-19 Matching profiles of unknown precursors (molecular formulae given if assigned, otherwise, “no
reference”) for IPIMs at a) m/z 241, b) m/z 361, and ¢) m/z 417 (m/z 301, see Figure 5-3b in the main text). “Non-
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Figure A-20 Demonstrating the presence of a fragmentation sensitivity continuum in DOM precursor mixtures
(IPIMs). a — d): Half-life energy plotted vs. O/C ratio of formulae at m/z 241, 301, 361 and 417 (same order).
Half-life energy denotes the normalized collision energy at which initial ion abundance has decreased by 50%.
High values indicate low fragmentation sensitivity. Panel e¢) Comparison of continua across nominal masses and

for the standard compound set.
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Figure A-21 3D-Van-Krevelen plots of the matching frequency to a) non-indicative MDs (Table A-10) and b)
indicative MDs (Table 5-1). Matching patterns differ substantially, indicating that different factors determine the
matching frequency of a precursor. In a), the oxygen content of a formula is a major controlling factor, besides
initial intensity. In b), initial intensity is the most important factor. Also formulae with zero matches are shown.
Legend: refer to Figure 5-4 in the main text.
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Notes

Note A—1: Application of a method detection limit (MDL)

The used MDL approach (Riedel and Dittmar, 2014) approximates noise height by analyzing
the intensity (i.e., ion abundance) distribution in the signal region between 0.3 and 0.9 Da for
each nominal mass. DOM signal “islands” are usually stretched over a mass defect range from
-0.1 Da to +0.3 Da. Noise detection can be implemented on the sample data itself that way, by
this also saving instrument time. A problem encountered with the Orbitrap data were peaks
around 0.5 — 0.65 Da, being indicative of double-charged species. These signals were thus
excluded for noise assessment. We used only those nominal masses that contained more than
20 noise signals, and only those showing a normal distribution (of intensity data, assessed by
Student’s t-test; Riedel & Dittmar, 2014). Noise peak ensembles showing p-values > 0.05 in
the t-Test (rejecting the assumption of non-normality) also showed small deviation in a QQ-
plot assessment (deviation from the normality line). By applying this MDL approach to the
Orbitrap data, we found that the “20 peaks”- limit and the normality criterion were not fulfilled
by all nominal masses, especially at higher m/z. This is partly due to decreasing resolution with
m/z, but was also negatively influenced by the data acquisition mode. The default mode of data
acquisition on the Orbitrap Elite (“reduced profile mode”) influences mainly the noise peak
yield per nominal mass. This mode of data acquisition reduces file size and scan time and is
thus pivotal for high throughput data analysis with regular computing power (standard run with
100 scans, 22 kB file size in reduced vs. 800 kB in full mode; one standard scan, 1 sec in
reduced vs. 2.2 sec in full mode). However, this form of acquisition by intention rules out the
majority of the noise to improve signal detection, and thus hinders application of the MDL
approach. Future studies need to take this into account and should determine the MDL based
on full-profile data or at least compare reduced-profile data to it. Despite the named drawbacks,
the MDL levels of nominal masses fulfilling the normality criterion were used here for an
estimation of a linear regression over m/z and were extrapolated up to m/z 1000 for each sample
individually. Each sample was corrected with its own method detection limit (MDL)
approximation, set at a conservative confidence level of 99.8 %. For the samples under study,
MDL levels increased with m/z, while they were rather constant and generally lower for blank
samples with only ~ hundreds of signals.
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