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Summary

The Amazon River catchment is the largest river system in the world, responsible for ~20% of the global
freshwater discharge; it exports ~35 Tg organic carbon annually to the Atlantic Ocean. Dissolved organic
matter (DOM) in the Amazon River plays a crucial role in ecosystem processes, such as nutrient availability,
growth efficiency of aquatic organisms, the decomposition rate of plant debris, and ultimately, the carbon
cycle. Polydispersity, heterogeneity, and temporal dynamics of DOM have made its molecular
characterization a long-standing challenge. Previous studies on the origin and fate of organic matter in the
Amazon River included stable isotope and radioisotope analysis, quantification of targeted compounds,
optical spectrometry, mass spectrometry, 3C NMR spectroscopy, among others. However, a comprehensive
molecular understanding of the reactivity and bioavailability of Amazon River DOM, and an assessment of
its biotic and abiotic processing is lacking at present, especially in tributaries with different water types and
in major confluence zones.

This thesis provides a comprehensive molecular understanding of the processing of DOM molecules in the
Amazon River main stem (the Amazonas River), selected main tributaries (Solim&s, Negro and Tapaj&
rivers), as well as the confluences Solim@s / Negro (SN) and Amazonas / Tapaj& (AT). Ultrahigh resolution
negative and positive electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry
(ESI[H FT-ICR MS) provided complementary coverage of DOM molecules and demonstrated distinct
diversity and susceptibility of processing for molecules with nitrogen and sulfur heteroatoms (CHO, CHNO,
and CHOS). 800 MHz *H nuclear magnetic resonance spectroscopy (NMR) provided quantification of major
atomic environments typical of processed aqueous DOM, including aliphatic substructures which provide
only indirect signatures in mass spectra and optical spectra. Both MS and NMR spectra revealed clear
distinction of DOM composition and structures in different types of waters in the Amazon basin. DOM in
the Negro River contained more polyphenolic and other highly oxygenated compounds, whereas DOM in
Solim&s and Amazonas rivers contained more nitrogen and sulfur compounds (CHNO and CHOS). Less
oxygenated compounds (CHO and CHNO) prevailed in the Tapaj& river DOM. Large proportions of
polyphenolic compounds and other highly oxygenated compounds (CHO and CHNO) were removed at the
confluence of Solim@s and Negro rivers due to sorption to mineral particles, as well as biotic and abiotic
degradation of DOM molecules. Moreover, we found that heterotrophic bacterial production was stimulated
downstream of the confluence of Solim&s and Negro rivers and in the Tapaj& River, which had significant
correlation with DOM composition. Our mixing and incubation experiment conducted on the two sets of
endmember river waters (the Solim&s and Negro rivers; the Amazonas and Tapajé rivers) showed major
distinction due to different effects of mineral sorption and microbial degradation. Mixing experiments

showed a clear reversal of DOM molecular alterations within five days for SN and AT mixing experiments,
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indicating remarkably fast microbial processing of DOM promoted by tropical temperatures. However, NMR
spectra indicated large scale processing of about all DOM substructures in SN mixing, whereas primarily
alkyl groups were processed in AT mixing experiments. This implies considerable distinction of DOM
processing at SN and AT confluences, with less thorough alteration of molecules at the AT confluence.



Kurzfassung

Das Einzugsgebiet des Amazonas ist das grcf3e Flusssystem der Welt und fir ca. 20 % des weltweiten
SU3wassereintrags in die Ozeane verantwortlich; es exportiert jarlich ~35 Tg organischen Kohlenstoff in
den Atlantischen Ozean. Gel&Gte organische Substanz (DOM) im Amazonas ist an Kritischen
Okosystemprozessen beteiligt, wie z. B. der Né&orstoffverfigbarkeit, der Wachstumseffizienz von
Wasserorganismen, der Zersetzungsrate von Pflanzenresten und letztendlich dem Kohlenstoffkreislauf.
Polydispersit&, Heterogenit&a und zeitliche Dynamik von DOM machen seine molekulare Charakterisierung
seit vielen Jahren zu einer erheblichen Herausforderung. Frihere Studien zum Ursprung und Verbleib von
organischem Material im Amazonasbecken umfassten u.a. stabile Isotopen- und Radioisotopenanalysen,
Quantifizierung von Zielverbindungen, optische Spektrometrie, Massenspektrometrie, *C NMR
Spektroskopie. Allerdings fehlt bis heute ein umfassendes molekulares Versténdnis der Reaktivit& und
Bioverfigbarkeit von Amazon River DOM, sowie eine Bewertung seiner biotischen und abiotischen
Verarbeitung, insbesondere in Nebenfl(ssen mit unterschiedlichen Wassertypen und in grof®n
Zusammenflusszonen.

Diese Arbeit liefert ein umfassendes molekulares Versténdnis der Veranderungen von DOM-MolekUen im
Hauptstamm des Amazonas (Amazonas), ausgewé&nlten Hauptzuflissen (FlUsse Solim&s, Negro und
Tapaj&) sowie den Zusammenflissen Solim&s / Negro (SN) und Amazonas / Tapaj& (AT).
Ultrahochaufl&ende  negative  und  positive  Elektrospray-lonisations-Fourier-Transformations-
lonenzyklotronresonanz-Massenspektrometrie (ESI[ FT-ICR MS) lieferte eine komplement&e Abdeckung
von DOM Molekden und zeigte eine deutliche Diversit& der Verarbeitung fir MolekUe mit Stickstoff und
Schwefel Heteroatomen (CHO, CHNO, und CHOS). Die 800 MHz *H Kernresonanzspektroskopie (NMR)
ermdylichte die Quantifizierung der wichtigsten atomaren Umgebungen, die fUr molekular diversifiziertes
wé&sriges DOM typisch sind, einschlief3ich aliphatischer Substrukturen, die nur indirekte Signaturen in
Massenspektren und optischen Spektren liefern. Sowohl MS als auch NMR Spektren zeigten eine klare
Unterscheidung der DOM Zusammensetzung und Strukturen in verschiedenen Woassertypen im
Amazonasbecken. DOM im Fluss Negro enthielt mehr polyphenolische und andere stark sauerstoffhaltige
Verbindungen, w&rend DOM in den Flissen Solim&s und Amazonas mehr Stickstoff und Schwefel
Verbindungen (CHNO und CHOS) enthielt. Im DOM des Tapaj& Flusses herrschten weniger
sauerstoffhaltige Verbindungen (CHO und CHNO). Grof® Anteile polyphenolischer Verbindungen und
anderer stark sauerstoffhaltiger Verbindungen (CHO und CHNO) wurden am Zusammenfluss der Flisse
Solim@es und Negro aufgrund der Sorption an Mineralpartikel sowie des biotischen und abiotischen Abbaus
von DOM Molekden entfernt. Dartber hinaus fanden wir heraus, dass die heterotrophe Bakterienproduktion

stromabwaéts des Zusammenflusses der FIUsse Solim&es und Negro sowie im Fluss Tapaj& stimuliert wurde,
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was einen signifikanten Zusammenhang mit der DOM Zusammensetzung aufwies. Unser Misch- und
Inkubationsexperiment, das an den beiden Gruppen von Zusammenflssen (den Flissen Solim&s und Negro
sowie den Flissen Amazonas und Tapajé&) durchgefihrt wurde, zeigte grof® Unterschiede aufgrund
unterschiedlicher Auswirkungen der Mineralsorption und des mikrobiellen Abbaus. Mischexperimente
zeigten bei SN und AT Mischexperimenten eine deutliche Umkehrung der molekularen DOM
Ver&nderungen innerhalb von finf Tagen, was auf eine bemerkenswert schnelle mikrobielle Verarbeitung
von DOM hinweist, die durch tropische Temperaturen geférdert wird. Allerdings deuteten NMR-Spektren
darauf hin, dass nahezu alle DOM Unterstrukturen beim SN Mischen in grof®@m Maf&tab verarbeitet wurden,
wéarend bei AT Mischexperimenten hauptséchlich Alkylgruppen verarbeitet wurden. Dies impliziert einen
erheblichen Unterschied in der DOM Verarbeitung an SN und AT Konfluenzen, mit einer weniger

grindlichen Ver&nderung der MolekUe an der AT Konfluenz.
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1. General introduction

Freshwater dissolved organic matter (DOM) is very abundant in terrestrial ecosystems and ranges among
the most complex mixtures known on Earth (Einsiedl et al., 2007; Hertkorn et al., 2008). DOM plays
pivotal roles in local and global ecosystems as food and energy sources for heterotrophic microorganisms
and is an important compartment of dynamic carbon and nutrient cycling. The complex nature of DOM in
the composition is attributed to the different relative contributions of various DOM sources in combination
with the subsequent biogeochemical transformations. Owing to this complexity, the mechanistic and

molecular understanding of DOM processing in freshwater ecosystems is seriously underdeveloped.

The Amazon River catchment is the largest river system in the world, responsible for ~20 % of the global
freshwater discharge and exports ~35 Tg organic carbon (of which 60-70 % is dissolved) annually to the
Atlantic Ocean (Moreira-Turcq et al., 2003a). Considering the magnitude of the Amazon River basin, an
ecosystem-wide understanding of DOM molecular composition and structure is needed to comprehend the

various and probably distinct key biogeochemical processes in its key sections.

A pretreatment to increase sample concentration is typically necessary for most of the DOM analytical
measurements except for optical methods. Solid phase extraction (SPE) based on PPL sorbents has been
frequently used for this purpose (Dittmar et al., 2008; Hertkorn et al., 2016; Herzsprung et al., 2017a;
Raeke et al., 2016). Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry (MS) coupled
to electrospray ionization (ESI) enables the characterization of SPE-DOM with very high mass accuracy
and mass resolution to determine its chemical composition with excellent coverage of thousands of m/z
ions, each of which probably represents a mixture of different isomers (Hertkorn et al., 2008; Hertkorn et
al., 2013; Schmitt-Kopplin et al., 2019a). So far, the ESI source was largely operated in the negative ion
mode in most DOM studies because DOM mainly contains functional groups such as alcohols, carboxylic
acids, cyanides, nitrates, sulfonates, and phosphates, which can lose a proton in the negative ion mode (Liu
et al., 2021). However, the use of positive ESI mode can be very beneficial and complementary for DOM
studies, as nitrogen-containing compounds get better ionized in positive ESI mode (Hertkorn et al., 2008;
Koch and Dittmar, 2016; Kujawinski et al., 2004; Kujawinski et al., 2002).

While FT-ICR mass spectrometry has considerable selectivity depending on sample handling and
ionization method applied, NMR on the other hand allows for a successive acquisition of multiple
informative complementary NMR spectra (Hertkorn et al., 2002a; Simpson et al., 2002; Simpson et al.,
2011). 800 MHz one-dimensional *H NMR spectroscopy provided near-quantitative coverage of major
atomic environments in DOM composition with excellent S/N ratio and resolution, enabling quantification
of key DOM structural units including aliphatic and carboxyl-rich alicyclic molecules (CRAM),

oxygenated aliphatics including carbohydrates, olefins, and aromatics (Hertkorn et al., 2016; Li et al.,



2016). Higher dimensional NMR spectra of DOM provide improved detail information in determining
molecular structures, particularly from mixtures of rather sizable molecules like DOM (Hertkorn et al.,
2016; Powers et al., 2019).

1.1 DOM
1.1.1 Definition of DOM

Natural organic matter (NOM) is an exceedingly complex mixture of organic materials in natural
environments (e.g., water, soil, sediment, and atmosphere) generated through the combined action of biotic
and abiotic pathways. Present in soil and within all marine and freshwater sources, NOM constitutes one
of the Earth’s largest carbon reservoirs, comparable to atmospheric CO. (624 and 750 Tg, respectively)
(Carlson and Hansell, 2015). In addition, NOM is an exceedingly complex mixture of organic molecules
with a large diversity of heterogeneous molecular motifs, intermolecular interactions, and molecular
weights. In comparison with biomolecules, NOM has higher overall abundance on Earth, and a more
extensive molecular heterogeneity and polydispersity. The quantity and molecular diversity of NOM
exceeds that of all living matter by several orders of magnitude in all ecosystems. The composition and
chemical structure of polydisperse and molecularly heterogeneous NOM reflect the respective ecosystem

history, characteristics, and processes.

Dissolved organic matter (DOM) is operationally defined as a fraction of NOM which passes through a
certain filter (pore size: 0.1-1.0 pm, mostly 0.45 pm), and those materials retained on the surface of the
filter being particulate organic matter (POM) (Verdugo et al., 2004). Using this operationally but arbitrary
separation, DOM includes colloids and small particles (some living) and a wide range of hydrophilic and
hydrophobic molecules. In addition, the proportion of DOM and POM can change, for instance, when the
water samples for analysis are shaken, because of particle formation, or disruption (Pignatello, 2012). In
the main channel of the Amazon River, Quay et al. found that 20% of the total carbon was particulate
organic carbon, 30% was dissolved organic carbon, and 50% was dissolved inorganic carbon (Quay et al.,
1992).

1.1.2 Composition of DOM

1.1.2.1 Structures of DOM

DOM is an extremely complex mixture of organic compounds that collectively exhibits a nearly continuous
range of properties (size-reactivity continuum) (Amon and Benner, 1996a). Generally, high-molecular

weight (>1000 Da) and low-molecular weight (<1000 Da) fractions constitute around 25% and 75% of

total DOM, respectively (Benner and Amon, 2015). DOM is composed mainly of carbon, which is referred
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to as dissolved organic carbon (DOC), but also includes hydrogen, and oxygen, and minor contributions
from heteroatoms (e.g., nitrogen, sulfur, and phosphorus) (Hertkorn et al., 2008), as well as trace amounts
of various cations including calcium, potassium, magnesium, and metals including aluminum, iron, zinc,
and copper (Borggaard et al., 2019; Hirose, 2007; Philippe and Schaumann, 2014a). DOM constituents
consist of molecules such as aromatics, aliphatics, and derivatives of lignins, tannins, carbohydrates, amino
acids, peptides, lipids, carotenoids, terpenoids, and CRAM (Hertkorn et al., 2006), and their quantities vary
significantly in different water systems and at different times (Jafféet al., 2008; Lee et al., 2018; Repeta et
al., 2002; Xu and Guo, 2017).

Terrestrial polyphenols like lignin- and tannin-like compounds are rather refractory and remain largely
unaltered in water bodies for years (McDonald et al., 2004). Their coloration creates “blackwater” rivers,
such as the Negro River (Janzen, 1974). Additionally, lignin phenols are exclusively derived from vascular
plants and have been utilized to trace the transport of terrestrial DOM in rivers and oceans in many studies
(Bao et al., 2015; Hedges et al., 1994; Hernes, 2003). The structural changes of lignins during chemical
and biological degradation include preferential loss of methoxylated structural units and oxidative
degradation of lignin side chains (Argyropoulos and Sun, 1996; Janusz et al., 2017; Lanzalunga and Bietti,
2000). CRAM is comprised of a complex mixture of carboxylated and fused alicyclic structures and
incorporate major refractory components of terrestrial and marine DOM (Hertkorn et al., 2006). CRAM
show structural similarities to sterols and hopanoids, and are actively involved in ecosystem processes such

as complexation with metals, aggregation, and formation of marine gels (Hertkorn et al., 2006).

In contrast to apparently refractory compounds, other more labile fractions of DOM, like simple sugars
and amino acids are rapidly utilized and transformed by the biota for metabolism or growth (Moran and
Zepp, 1997). Carbohydrates make up one of the most abundant DOM pools, accounting for up to 50% of
the total DOM components in surface marine waters and less than 30% in deep marine waters (Benner et
al., 1992). Carbohydrates are constituted of polyhydroxy aldehydes and ketone, serving diverse functions
in DOM activities such as storage of energy, structural components, important component of coenzymes,
backbone of the genetic molecule, formation of mucilaginous aggregates (Biddanda and Benner, 1997).
Moreover, the proportions of certain neutral sugars, in particular glucose and the deoxysugars, can be used
as indicator of the diagenetic state of the extracted DOM (Engbrodt and Kattner, 2005). Amino acids
contain amide, amine, and carboxyl functional groups, along with aliphatic sidechains. Amino acids
actively participate in protein synthesis, neurotransmitter transport and biosynthesis and have been widely
applied as molecular indicators for bioavailable DOM in marine and groundwater systems (Benner and
Kaiser, 2010).

Lipids make up a small portion of DOM and play a significant role in the DOM pool like storing energy,

signaling, and acting as structural components of cell membranes. Lipids have been widely employed as



biomarkers for terrigenous and planktonic organic matter in various aquatic and sedimentary environments.
Lipids consist of structurally heterogeneous groups of hydrophilic and hydrophobic small molecules such
as fatty acids, glycerolipids, glycerophospholipids, sphingolipids, saccharolipids, polyketides, sterol lipids
and prenol lipids, and are chemically highly saturated, with high proportions of methylene carbon on
average, and less oxygenated than other main classes of biomolecules. Preferential degradation of
carbohydrates and proteinaceous compounds and preferential accumulation of lipid-derived alkyl

compounds with increasing age of DOM were found in several studies (OIk et al., 2019).

1.1.2.2 DOM composition in different ecosystems

The proportion of different constituents of DOM is commonly variable in different ecosystems.
Considerable variance is observed in structures among freshwater DOM of different origins such as rivers,
estuaries, lakes, and mangroves, and refer to e.g., lignins, tannins, lipids, and aromatics; especially highly
oxygenated tannins (O/C ratio: 0.67-1.0; H/C ratio: 0.6-0.8) are depleted in coastal DOM (Sleighter and
Hatcher, 2008). However, marine DOM was found to share ~1/3 of formulae with terrestrial DOM, which
might be attributed to the presence of refractory DOM or arise from isomers with different chemical
structures for the same formulae (Hertkorn et al., 2007a; Koch et al., 2005; Sleighter and Hatcher, 2008).
The averaged elemental ratios (H/C ratio: 1.01-1.09, O/C ratio: 0.53-0.56) in wetland DOM shift to more
oxygenated and less saturated compared in lake DOM (H/C ratio: 1.08-1.16, O/C ratio: 0.42-0.43) (Koch
etal., 2005). In general, soil DOM showed average O/C ratios of 0.28-0.47 (mean 0.40), average H/C ratios
of 1.30-1.74 (mean 1.50) and molecular weights of 380-417 Da (mean 395 Da) (Ohno et al., 2010).

The detailed general molecular characteristics of different DOM samples are summarized in Table 1.

Table 1 Molecular characteristics of DOM from different origin

DOM type Sources of DOM Characteristics of DOM Influencing factors of DOM
Main DOM structural
components consist of . .
Autochthonous material aliphatics, CRAM, DS (l)gl\ljll ﬁ;??;;:ﬁ:g?;;gg lS)palt;ild
includes self-maintenance carbohydrates, lipids, use coer and precipi tation'}ioss of
and metabolism of biota, peptides, and small amounts precipr e
. . DOM occurs by sorption on mineral
) and natural decay, whereas of aromatics (Sleighter and surfaces and microbial breakdown
River DOM allochthonous matter is Hatcher, 2008). Processed g v

leached from plants and
soils, as well from human
discharge (Kordel et al.,
1997).

riverine DOM was thought to
be relatively stable,
representing the degraded
remains of vascular plant
materials aged in soils
(Hedges et al., 1997).

(Singh et al., 2014). DOM presents
a more terrestrial character at higher
discharge rates, and more relevant
microbial imprint at lower discharge
rates (Raymond and Spencer, 2015).




Lake DOM

Besides its own
autochthonous OC
production, lakes and
wetlands receive
allochthonous input directly
from terrestrial sources and
via rivers and streams.

Lake DOM includes lipids,
peptides, carbohydrates, N-
and S-containing compounds,
lignin- and tannin-like
compounds (Goldberg et al.,
2015; Gonsior et al., 2013a;
Kellerman et al., 2014). The
oxidized aromatic compounds
are preferentially removed
during organic matter
mineralization (photo- or
biodegradation), while rather
saturated aliphatic and N-
containing compounds are
more likely to persist in
aquatic systems due to their
recalcitrant characteristics
(Goldberg et al., 2015).

Precipitation, inflow and outflow of
tributaries, water residence time and
temperature (Goldberg et al., 2015),
light, oxygen, microbial community
affect DOM. More proteins are
produced in spring or summer time,
a result of higher metabolic activity
following higher temperatures
(Goldberg et al., 2015). Due to the
prolonged water residence time,
lake DOM is more prone to
photochemistry, flocculation and
further sedimentation. There is an
impressive number of ubiquitous
features in different lake DOMs
(Kellerman et al., 2014).

Soil DOM

Nearly all soil DOM
derives from plant
polyphenols, metabolism
within food chains,
photosynthesis, including
recently photosynthates —
from leaf litter to root
exudates — and
decomposition and
metabolic by-products of
microbiologically
processed soil organic
matter (Bolan et al., 2011).

Soil DOM consists mainly of
low molecular weight
carboxylic acids, amino acids,
carbohydrates, and fulvic
acids (Bolan et al., 2011).
Carboxylic acids represent
less than 10% of total DOM in
most soil solutions and fulvic
acids are typically the most
abundant fractions of DOM
(Bolan et al., 2011).

pH, OC content, microbial activity,
temperature, and moisture (Bolan et
al., 2011), microbial community,
soil properties, root biomass (Roth
et al., 2014), and mineral particle
attachment (Kdgel-Knabner and
Amelung, 2021), spatial
heterogeneity and temporal
variability. Phenolic tannin
compounds may be more abundant
at a lower pH (Roth et al., 2014;
Roth et al., 2015). DOM in the
upper soil profile has a vegetation-
type signature, with lignin-derived
phenols and plant-derived
carbohydrates, while most subsoil
DOM is of microbial origin (Kaiser
and Kalbitz, 2012; Schmidt et al.,
2011).

Groundwater

DOM

Surface plant litter and soil
are important sources of
groundwater DOM column
(Einsiedl et al., 2007).
Lignin phenols, known
biomarkers of plant-derived
DOM, were substantially
removed by mineral
interaction (Shen et al.,
2015). Small and
hydrophilic carbohydrates
and amino acids eluted
faster to the groundwater.

Lower molecular weights
compared to surface DOM
(Shen et al., 2015). Depletion
of oxygen resulted in decrease
of aromatic molecules and
carbohydrates together with
increase of aliphatic
compounds (Einsiedl et al.,
2007). Contains small
portions of both bioavailable
and bacterial-derived DOM
(Shen et al., 2015).

Depending on metabolic rates and
contact time between water and
sediments, organic matter
mineralization proceeds via a set of
microbial mediated alternative
terminal electron-accepting
processes, which strongly influence
biogeochemical constituents and
metabolic rates in the subsurface.
Interactions between DOM and
minerals during infiltration
determine the selectivity of
compounds retention within the
soils (Hedges et al., 1994; Qualls
and Haines, 1992).




Sediment DOM in coastal
zones is a mix between
terrestrial-derived material
and marine-derived DOM
(Chen and Hur, 2015).
Freshwater sediments tend

DOM to present higher

concentrations of DOC and

is dominated by terrestrial-
derived and microbial

Sediment

Sediment DOM includes a
wide range of molecules, such
as lipids, lignins, proteins,
humic- and fulvic-like
compounds, unsaturated
hydrocarbons, condensed
aromatics, and carbohydrates
(Li et al., 2022). DOM
samples from different
systems carry a large number
of unique CHNO and CHOS
formulae, reinforcing the

DOM in the water column can form
aggregates and particles through
microbial and photochemical
processes, later sinking into the
sediments. Most of DOM
accumulated in deeper sediment
layers is believed to be overall
recalcitrant (Burdige and Komada,

main sources: the

transportation by river and

wind (insignificant with

respect to total amounts,
except in coastal regions of
marginal seas), production

by the decay of dead

organisms, excretion by
algae/plants and excretion
by marine animals (Kordel
et al., 1997). Euphotic zone

Marine is the principal site of

DOM marine organic matter

production. There are
complementary

mechanisms such as
extracellular release by
phytoplankton, grazer-
mediated release and
excretion, release via cell
lysis, solubilization of
detrital and sinking
particles, and release from
prokaryotes (Carlson and
Hansell, 2015).

Amino acids and proteins,
simple sugars, vitamins, fatty
acids, polysaccharides,
CRAM, lignin-like
compounds, and very complex
degradation products of
unknown origin, such as
humic substances and black
carbon (Koch et al., 2005).
Approximately 1/3 of the
formulae were common
between marine and terrestrial
DOM, which might be
attributed to the presence of
refractory DOM or arise from
isomers with different
chemical structures at the
same formulae (Koch et al.,
2005; Sleighter and Hatcher,
2008).

sources (Chen and Hur, heterogeneity of the sediments 2015).
2015). along a given gradient
(Schmidt et al., 2017; Wang et
al., 2013; Xu et al., 2016).
Most marine DOM has four

Marine DOM can be transformed
via biotic or abiotic pathways
(Flerus et al., 2012). Both light
availability for photosynthesis and
the penetration of UV radiation
within the marine environment are
influenced by abiotic photochemical
transformations

1.1.3 Function of DOM

DOM is major reactant in and a product of many diverse biogeochemical processes (Leenheer and Croué

2003). DOM provides organic substrates, nutrients, trace elements, and energy sources to microbes, acts
as electron donor and acceptor (Carlson and Hansell, 2015), and carries the dominant flux of carbon and

nutrients in many aquatic ecosystems (Battin et al., 2009; Bernhardt and Likens, 2002; Cole et al., 2007;




Fisher and Likens, 1973; Meyers and Lallier-Verges, 1999). DOM is involved in a wide range of
ecosystems services in aquatic ecosystems, such as e.g., soil aggregation and erosion control, acid-base
chemistry, mobilization and export of nutrients, bioavailability and ecotoxicology of heavy metals, and
photochemistry of natural waters (Bolan et al., 2011). DOM is responsible for sustaining an important part
of food webs, both via direct energy transfer and nutrient availability (Bolan et al., 2011; Carlson and
Hansell, 2015). Low-molecular-weight (<1000 Da) molecules can be transported across cell membranes,
whereas high-molecular-weight (>1000 Da) molecules usually require enzymatic cleavage prior to uptake
(Weiss et al., 1991). DOM has other important functions including 1) binding with other organic molecules
(e.g., lignin binding with cellulose, hemicellulose, or pectin; tannin binding with protein or pigments) as
structural components for plants or influencers for microbial metabolism (Dashtban et al., 2010; Kraus et
al., 2003); 2) binding with metallic ions (e.g., tannin or CRAM binding with iron) required for organism
growth. DOM is able to interact with different contaminants (such as heavy metals) modifying their
bioavailability and toxicity (Kungolos et al., 2006); 3) blocking light penetration thus protecting microbes
from absorbing harmful UV radiation and controlling primary production (Dong et al., 2021; H&der et al.,
2015; Nelson and Siegel, 2013; NUfez-Pons et al., 2018; Patel-Sorrentino et al., 2004; Sulzberger and
Durisch-Kaiser, 2009); 4) scavenging radicals that are harmful for organisms (Dong et al., 2021; Remucal
et al., 2020; Zhang and Parker, 2018); 5) controlling levels of dissolved oxygen, nitrogen, phosphorus,
sulfur (Ksionzek et al., 2016), numerous toxic and nutrient trace metals, acidity, and salinity (Leenheer and
Croué& 2003), and thus shaping the composition of microbial community (Blanchet et al., 2017; Killops
and Killops, 2013). Numerous experimental and field studies have proven the correlative relationships
between DOM quality, microbial community structure, and metabolic potential (Alonso-S&z et al., 2012;
Carlson and Hansell, 2015; Landa et al., 2013).

1.1.3.1 Ecological functions of DOM

The DOM fraction is an important active and bioavailable C source for microbial biomass, besides
sequestering and storing carbon in deep layers. In long-term studies, De Troyer et al. (De Troyer et al.,
2011), Fréherg et al. (Fréherg et al., 2003), and Hagedorn et al. (Hagedorn et al., 2004) found that organic
carbon from plant residues did not accumulate in the DOC pool; instead, it was mostly released as CO..
However, Uselman et al. (Uselman et al., 2007) found that during high rainfall and low temperatures, a
larger fraction of *C from plant litter was lost as DOC, translocated or leached, rather than released as
CO, probably favoring leaching more than microbial metabolism. Deng et al. (Deng et al., 2017) showed
that DOC leaching from the litter layer to topsoil in a subtropical forest was the major cause of rain-induced
soil CO; pulse; consequently, there is great concern with a potential DOC contribution to increasing CO»

release in tropical soils, due to the increase in DOC fluxes by accelerated microbial activity.



The functional groups in DOM, such as carboxylic and phenolic units, participate in many chemical
reactions in soil such as organic metal complexation, increasing the ion adsorption rate and metal
detoxification (Franchini et al., 2003; Roberts, 2006). These acidic groups participate in exchangeable Al
complexes in the soil solution, making it nontoxic to plants (Amaral et al., 2004; Franchini et al., 2003).
Therefore, in tropical soils, these organic acids can compete with other ions, such as phosphate ions, for
adsorption sites (Andrade et al., 2003; Jones, 1998).

Humic substances have a great potential to form water-soluble complexes with toxic metals and organics,
affecting the bioavailability of these toxicants and potentially increasing their transportation range (Killops
and Killops, 2013). Humic compounds have been recognized as an efficient transport for metals and

nutrients (Lipczynska-kochany, 2018).

Generally, DOM originating from plant residues is easily degradable and quickly decomposed rather than
leached through deeper soil horizons (Amery et al., 2007). The effects of soil pH on DOM mobility remain
uncertain. Nonetheless, Tipping and Woof (Tipping and Woof, 1990) reported reduced adsorption capacity
at high pH values with an increase in DOM mobilization. Consequently, small increases in the soil pH led

to higher amounts of mobilized soil organic matter.

DOM dynamics and processes are mainly affected by adsorption in the soil mineral phase; it is more
strongly adsorbed by Fe and Al oxides, higher specific surface area clays, and polyvalent cations. Moreover,
DOM is important in nutrient cycling and distribution in the profile, in phosphate availability, and in
complexation of Al and Fe, heavy metals, and pollutants. In tropical conditions, DOM is possibly strongly
adsorbed by Fe and Al oxides; however, fast production and changes of DOC can boost CO, emission.

1.1.3.2 Interactions of DOM with elements

Due to its high mobility, the DOM movement is significant to the cycling and distribution of nutrients,
such as N and P (Veum et al., 2009) and Fe and Al complexes (Fujii et al., 2009) in ecosystems. While N
cycling is controlled mainly by biological reactions, both abiotic and biotic processes control P and S

dynamics (Bolan et al., 2011).

The change in concentration of nitrogen and DOM caused changes in phytoplankton biomass and
community structure. The effects of nitrogen enrichment were depended on nutrient limitation status of the
boreal lake, whereas the effects of DOM enrichment were observed across lakes regardless of nutrient
limitation status, suggesting that increasing DOM may have widespread effects on aquatic systems
(Daggett et al., 2015).

Phosphate limitation greatly influenced both the amount and the composition of the secreted DOM



molecules by heterotrophic bacteria. Under phosphate limitation, the composition of the exo-metabolome
changed during bacterial growth, showing an increase in phenols and polyphenolic compounds, while
under phosphate surplus conditions the secreted DOM molecules were mainly peptides and highly

unsaturated compounds (Romano et al., 2014).

Dissolved organic sulfur constitutes a large sulfur reservoir that actively involved in biogeochemical cycles
(Ksionzek et al., 2016). Sulfur-containing compounds, such as dimethyl sulfide, dimethyl
sulfoniopropionate, carbonyl sulfide, dimethyl sulfoxide, dimethyl disulfide, carbon disulfide, methane
thiol, cysteine, glutathione, phytochelatins and methionine can be formed during photochemical
transformation of DOM (Mopper, 2002).

The levels of natural organic chlorine typically exceed levels of chloride in most soils and is therefore
clearly of high importance for continental chlorine cycling (Svensson et al., 2022). Formation of
chlorinated organic compounds may affect the degradation of soil organic matter and thus the carbon cycle
with implications for the ability of forest soils to sequester carbon, whilst the occurrence of potentially
toxic chlorinated organic compounds in groundwater aquifers is of concern with regard to water quality
(Clarke et al., 2009). Transformations of marine chloride to non-volatile organochlorine through biotic and
abiotic pathways were observed. The organochlorine was revealed to present primarily in concentrated
aliphatic forms consistent with lipid chlorination, along with a more diffuse aromatic fraction (Leri et al.,
2015). In addition, organochlorine that mainly contained one or two chloride atoms was observed during

chlorination along water treatment (Zhang et al., 2012).

Iron is an important micronutrient for plants and microorganisms in the ecosystem, and is found to be
strongly associated with DOM. The ferric iron could be stabilized by DOM as small iron oxide colloids
(able to pass a 0.45 m dialysis membrane), which affects its bioavailability. In addition, a positive
correlation of DOM and iron concentration was observed, and the coupling of DOM with iron fluxes could
imply that DOM exports was caused in part by increased iron reduction (Knorr, 2013). Reactive Fe and
organic carbon are intimately associated in soils and sediments. In acid forest soils, Al and Fe can form
relatively stable complexes with DOM and may thus be mobilized and transported in the soil profile
(Marschner and Kalbitz, 2003). The interaction of metal ions with organic matter is mainly affected by
redox potential and pH. The oxidation state of a metal ion and the availability of anions that may compete
with organic moieties for the metal are controlled by these factors. For example, lowering the acidity to
pH ~2 can release most of the humic-bound iron (Fe), because carboxylic group become protonated to
COOH making it difficult for metal ions to coordinate (Killops and Killops, 2013).

Previous studies have assumed that complexed DOM is stabilized against biodegradation due to toxic
effects from the metals, especially Al, but experimental data indicated that complexation of potentially

toxic metals by DOM would not necessarily reduce its biodegradability but instead could even enhance
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microbial activity by reducing the free metal ion concentrations and thus their toxicity (Marschner and
Kalbitz, 2003). Both inhibiting, enhancing and, null effects of Al additions on the mineralization of

different DOM fractions from forest floor solutions have been reported (Jandl and Sletten, 1999).

1.2 Dynamics of DOM in the Amazon Basin

1.2.1 General information of the Amazon Basin

Amazon is the world’s largest tropical rainforest ecosystem with a rich mosaic of different ecological
conditions and organic matter sources like big rivers, streams, standing waters, and ground waters. The
Amazon basin drains a vast and heterogeneous region of northern South America, encompassing large
areas of seven nations and important population centers such as Manaus, Porto Velho, Iquitos, Cusco, and
La Paz with very dissimilar environments, climates, and ecosystems (Gibbs, 1967b; Junk et al., 2006;
Mayorga and Aufdenkampe, 2002; Richey et al., 2002b; Salo et al., 1986). The Amazon River is 6771 km
long (Quay et al., 1992; Wissmar et al., 1981), 5 km in width, averages 20 m in depth (maximum 100 m)
and drains an area 6.3 x10° km?. The Amazon River is the largest river system in the world with respect
to both drainage area and volume of discharge (Gibbs, 1967b), responsible for ~20% of the global
freshwater discharge (~1.75 x10° m¥/s), exporting of 3.15 %108 Mg sediment and ~35 Tg organic carbon
annually to the Atlantic Ocean, playing a significant continental and global role in biogeochemical cycles
(Moreira-Turcq et al., 2003a). The climatic zones of the Amazon Basin extend from tropical rain forest to
arctic mountainous, and comprise one of the widest ranges found in any single river basin in the world
(Gibbs, 1967b). Mean annual temperatures range from the low temperature (<15<C) of the northern Andes
to the high temperatures (26-28<C) of the tropical rain forests. Despite the acceleration of human impact
in the form of deforestation, pasture and soya plantations, mining and oil extraction, dam construction, and
urbanization, larger tracts remain relatively pristine, and the main river channels remain largely unaffected
by engineering (Athayde et al., 2019; Castello et al., 2013; Confalonieri et al., 2014; Constantine et al.,
2014; Correa et al., 2008; Crespo-Lopez et al., 2021; Latrubesse et al., 2017; Lees et al., 2016; Richey et
al., 2002a; Sponsel, 1986; Swierk and Madigosky, 2014).

The Amazon originates in the Andean Cordillera, a region of high relief developed mainly in thinly bedded
sedimentary and volcanic rocks. The combination of steep slopes and weak rocks favors channel incision,
rapid mass wasting, and high sediment yields. After leaving the Andean foothills, the tributaries of the
Amazon cross the adjoining foreland basin where they deposit large volumes of sediment, and then
converge to flow along downward regions of low relief and gentle gradients, mantled with deep saprolite
and dense equatorial forest. Afterwards, the rivers in Amazon trough are bordered by a plain of about
90,000 km? between S&b Paulo de Oliveng and Obidos, including unconsolidated fluvial and lacustrine
sands, silts, and clays.

Heavy seasonal rainfall, concentrated in the Eastern Andes and the Northwest area of the Basin is
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responsible for annual floods (Benner et al., 1995; Davidson et al., 2012; Fassoni - Andrade et al., 2021).
Seasonal flooding is characteristic of the Amazon River and many other tropical rivers. In the Amazon
basin, the lowest flood stage occurs in August and September, while the highest flood stage occurs in April
and May, which commences in the southern portion of the basin and progresses northward (Espinoza et al.,
2022; Gibbs, 1967b). As large areas within the Amazon basin are mostly flat, water swells outside
riverbanks into floodplains in high-water-season and facilitates the deposition and mobilization of e.g.,
terrestrial materials, creating new water bodies, such as ponds and oxbox lakes.

The Amazon Basin is one of the most biodiverse areas in the world for most taxonomic groups (Zapata-
RDs et al., 2022). Diversity varies geographically, with some groups being more diverse in the Amazonian
lowlands, whereas others thrive in the Andes. Scientists have not been able to estimate, to the nearest order
of magnitude, the number of species in the Amazon. Although the Amazon includes one of the largest
forests in the world, it is also one of the least known biologically. Documenting its biodiversity is
challenging because of its immense size, heterogeneity, and limited access.

The diversity of geological, climatic, and biological characteristics throughout the Amazon basin generates
a strong gradient in erosion and weathering regimes, which in turn affects the quality of the water
transported by rivers (Bouchez et al., 2017).
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1.2.2 DOM in different Amazon waters

1.2.2.1 Classification by water colors

Clearwater

Figure 1 Clearwater, whitewater, and blackwater river colors.

The Amazon River connects with several major tributaries of distinct chemical characteristics along the
flow path. In the 1950s, Sioli developed a scientific classification of Amazon waters into three types
according to their appearance (Figure 1), determined by the geomorphological and pedologic conditions in
the headwaters, as well as physical and chemical transformations during transportation (Junk, 2001; Silva
et al., 2013). This classification has been supported by botanists and limnologists, who found
corresponding differences in the occurrence of tree species, aquatic macrophytes, and aquatic biota, such
as snails, bivalves, and other species (Junk et al., 2011). 1) “Blackwaters” that are relatively acidic (pH ~
5), low in total cations, and rich in DOM, such as the Negro, Juta ¥ Tef& and Coari rivers (Figure 2). It has
been suggested that drainage areas of black water systems are characterized by moist, acidic, hydric soils
that allow for the leaching of terrestrially derived plant matter, like lignins, tannins, and other plant
materials that also contribute to the chromophoric dissolved organic matter (CDOM) (Leenheer, 1980;
Raymond and Spencer, 2015). 2) “Whitewaters” that show a near-neutral pH and are relatively rich in total
cations and in suspended sediments, such as the Solim&s, Madeira, Jurug and Purus rivers (Figure 2). The
“white” color reflects a high mineral particle loads due to drainage and erosion of calcic sedimentary
deposits originating largely from the Andes mountains. 3) “Clearwaters” that exhibit low suspended
sediment loads, and high light transparency, such as the Tapaj&, Trombetas, and Xingu rivers (McClain
and Naiman, 2008) (Figure 2). “Clearwaters” drain kaolinite clays and contain high concentrations of iron
and aluminum oxides that may adsorb humic acids. “Clearwaters” are less light-limiting and can support
higher phytoplankton biomass, if the generally low nutrient levels are elevated (Costa et al., 2012; Richey
et al., 1990).

More recent studies indicated that the chemical composition of waters in the Amazon basin is far more

complex than envisioned by Sioli (R Ds-Villamizar et al., 2013), as many rivers and streams are actually
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"mixed waters” that do not fit into the three classical categories, resulting from the mixing of lower-order
tributaries with different physicochemical characteristics (Gibbs, 1967a; R bs-Villamizar et al., 2013). For
example, many of Amazon rivers have white water during most time of the year but have clear water in
low flow season. Also, some black water rivers become white in rainy season when they gain more
sediment from the surroundings. However, Sioli’s classification remains widely used because of its

simplicity.
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Figure 2 The distribution of major whitewater, blackwater, and clearwater rivers in the Amazon basin,

adapted from Junk et al.2011 (Junk et al., 2011).

Different water types in the Amazon basin have been shown to have distinct DOM compositions (Gonsior
et al., 2016; Quay et al., 1992). “Blackwaters” such as the Negro River are abundant in high molecular
weight and diverse hydrogen-deficient molecules, indicating substantial oxidative processing of ultimately
plant-derived polyphenols. In contrast, unique signatures found in “Whitewaters” were defined by
presumably labile sulfur- and nitrogen-containing molecules in the river system. “Clearwaters” such as the
Tapaj& River showed a lower organic molecular complexity, a higher average H/C elemental ratio, and a

lower average O/C elemental ratio compared to “Blackwaters” and “Whitewaters” (Gonsior et al., 2016).

13



Table 2 Distinct geophysical and chemical characteristics, as well as DOM composition of whitewater,

blackwater, and clearwater rivers in the Amazon basin.

Water
Geophysical and chemical characteristics DOM composition
types
drain from the Andes Mountains; have
relatively high concentration of nutrient-
rich sediments (Gonsior et al., 2016; Quay | comprised of diverse CHNO and CHOS
Whitewaters et al., 1992); the mainly alkaline earth molecules; low molecular weight, low
metals and carbonates determine the muddy H/C ratio (Gonsior et al., 2016)
coloration of whitewaters; relatively high
electrical conductivity; pH 6.6 + 0.2
o _ _ lower proportions of CHNO and CHOS
originate in the central-northern rainforest, o
) ) ) compounds, a large diversity of
have high concentration of humic . o
) ) _ polyphenolic-type compounds with high
substances, which determine the reddish-
Blackwaters _ _ O/C (0.5-0.8) and low H/C (0.4-0.7)
brown color (Gibbs, 1967a); poor in ) )
) ) ratios, extended and conjugated ©
suspended sediments and nutrients (Quay et ) o
systems, unique aromatic high molecular
al., 1992); pH4.5+ 0.9 ) )
weight compounds (Gonsior et al., 2016)
drain the neighboring Brazilian shield
region (craton, i.e., precambrian rocks); o o
. ) . more abundant in highly aliphatic, rather
Clearwaters | poor in sediments and organic matter (Quay
saturated CHO compounds
et al., 1992); transparent; larger pH range
between 5 and 7

1.2.2.2 Classification by water bodies

The Amazon River is a net heterotrophic ecosystem in which respiration far exceeds primary production
(Hedges et al., 1994), where most CO- outgassing originates from allochthonous carbon (Abril et al., 2014;
Mayorga et al., 2005; Richey et al., 2002a). Solar radiation exposure is limited due to high CDOM content
in black rivers and turbidity from high sediment loads in white rivers, whereas clear rivers show
comparatively higher primary production (Gagne-Maynard et al., 2017; Moreira-Turcq et al., 2003a).
Productivity in the white Andean streams is very low because of the turbidity associated with the high
suspended loads. The black rivers draining the forest also are rather unproductive presumably because of
their acidity (pH < 5) and high spectral absorbance. However, clear rivers become more turbid during
flooding season, leading to lower rate of primary production (Gagne-Maynard et al., 2017). DOM in

Amazon main channel is overall more processed and refractory than in the other water bodies in the
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Amazon basin (Aufdenkampe et al., 2007; Ward et al., 2013).

DOM in flooded forest had more catchment input compared to that in Amazon main stem. Water exchange
between main channels and flooded forest waters had significant impacts on their respective DOM
concentration and composition, especially during the rainy season as considerable input of DOM from
terrestrial sources enters rivers in large quantities. Aquatic and terrestrial macrophytes and flooded forests
in the floodplain are likely sources of labile organic carbon into the main channel. Moreover, bacterial, and
photochemical processing and mineralization as well as chemoselective sorption to minerals are the
defining processes determining DOM biogeochemistry in the Amazon catchments (Amon and Benner,
1996b; Armanious et al., 2014; Melo et al., 2019; Moreira-Turcq et al., 2003a; Péez et al., 2011).

DOM in lakes and wetlands arises partly from autochthonous primary production and also from
allochthonous input from catchment, river, and streams. The persistence of DOM by sorption, flocculation,
sedimentation, and burial is accompanied by the substantial processing of DOM and emission of
greenhouse gases (GHGs) (Abril et al., 2014; Constantine et al., 2014; Mayorga et al., 2005; Pé&ez et al.,
2011; Tranvik et al., 2009). DOM in lakes is more abundant in N-/P- containing compounds due to higher
contribution of algal biomass (Ward et al., 2015). Additionally, clear seasonal patterns in DOM
composition in lakes in Amazon floodplain systems through the flood pulse were observed, which affected
the amounts of autochthonous and allochthonous inputs and consequently the extent of humification,
molecular weight, and aromaticity of the DOM (Affonso et al., 2011; Melo et al., 2019). Besides flooding,
other factors like precipitation, inflow and outflow of tributaries and streams, water residence time (WRT),
light, nutrients, and temperature also lead to shifts of DOM composition in Amazon lakes (Kent et al.,
2004; Newton et al., 2006; Shade et al., 2007).

Stream DOM is least processed compared to DOM in the other water bodies. DOM from soils enters the
aquatic environment via headwater streams. Thereafter, it is gradually transformed, removed by
sedimentation, and mineralized. Production, transformation, and consumption of organic compounds are
strongly dependent on the source and character of DOM (e.g., initial DOM composition, N content, and
labile nature), as well as the microbial community (D’Andrilli et al., 2019). Although different stream
DOM samples differ in compositions due to specific environmental drivers and biogeochemical processes,
they were found to share several ubiquitous features. This could reflect that fast processing at tropical
temperature converges from e.g. distinct groundwaters and headwaters in small water bodies toward higher

order rivers (Vannote et al., 1980).

A comparison of water characteristics and DOM composition in different water bodies in the Amazon

Basin (e.g., river, flooded forest waters, lakes, and steams) is shown in Table 3.
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Table 3 Water characteristics and DOM composition in different water bodies in the Amazon basin.

Water types Water characteristics DOM composition
high abundance of refractory DOM
compounds like polyphenols and CRAM,;
DOM presents a more terrestrial character
high turbidity; bacterial biomass is higher ) ) )
) . . during flooded periods, which contrasts
Rivers than phytoplankton biomass; high levels of S
. . o . more microbial imprint in low-water-
microbial respiration (Wissmar et al., 1981) '
seasons due to increase of WRT (Bouwman
et al., 2013; Ellis et al., 2012; Moreira-
Turcq et al., 2003a)
lower turbidity than main stem; may high variability of DOM in hydrological
Flooded disturbed by anthropogenic factors (e.g., cycles (Coppola et al., 2019b); may have
oode

forest waters

deforestation) (Rios-Villamizar et al., 2016);
may have abundant vegetation (Puhakka et

al., 1992)

elevated amounts of black carbon due to
biomass burning (Colicchio et al., 2011;

Metcalfe et al., 2007)

phytoplankton biomass is higher than
bacterial biomass; high concentration of
nutrients, dissolved oxygen, and chlorophyll
a than in main channel of the Amazon River
(Wissmar et al., 1981); seasonal transport of

biolabile organic to Amazon River main

contain distinct DOM pools: a large pool of
more refractory DOM from C3
allochthonous plants sources (terrestrial
carbon from uplands, riverine inputs,

leached from flooded forests and soils),

Lakes . and a small pool of labile DOM
channel (Moreira - Turcq et al., 2013),
compounds derived from C4 macrophytes
which would be rapidly consumed (de Melo .
and phytoplankton, which are consumed
et al., 2020); receive a considerable input of ) )
and rapidly turned over by heterotrophic
allochthonous materials from the inundated ) )
bacteria (Mortillaro et al., 2016;
forest and river inflow during high-water- .
Waichman, 1996)
season
oligotrophic; shaded by canopy cover; low _ _ ) _ _
_ high proportion of soil-derived organic
rates of photosynthesis (Vannote et al.,
_ ) matter; characterized by presence of both
1980); almost the totality of carbon standing .
_ microbial-derived unsaturated compounds
Streams stock is allochthonous and composed by

microbial degraded dead leaves (Abelho,
2001; Tank et al., 2010); proximity to

terrestrial sources; shorter WRT; minimal

(H/C=1.0-1.5) and plant-derived
(poly)phenolic compounds (H/C< 1; O/C>
0.5) (Hawkes et al., 2018)

16




extent of transformation and high molecular

diversity in headwaters (Hawkes et al., 2018)

1.2.3 Allochthonous and autochthonous sources

The source of DOM in the Amazon waters is either allochthonous (i.e., produced in the terrestrial
environment and carried to the aquatic system) or autochthonous (i.e., produced within the water body)
(Cai et al., 1988). Allochthonous organic carbon may originate from natural sources or (minor in Amazon
basin) from man-make origin in terrestrial environments, including domestic and industrial wastes. Organic
matter from dead leaves, macrophytes, and planktonic organisms is carried by runoff into rivers and lakes,
where they are degraded by fungi and bacteria followed by the releasing of POM and DOM into the
surrounding waters (Vannote et al., 1980). The lignin and stable-carbon isotopic compositions of these
fractions indicate tree leaves and other nonwoody tissues from C3 land plants as predominant sources (Ertel
etal., 1986; Hedges et al., 2000). In view of the relatively unpolluted nature of the Amazon drainage basin,
the contribution of terrestrial organic carbon of man-made origin is insignificant on average. However,
many scientists suggested that damming, deforestation, climate change, and agricultural sources may
already influence DOM characteristics and water quality downstream in the Amazon basin (Dalmagro et
al., 2019; Howarth et al., 1996; Roebuck et al., 2020).

One of the world’s largest run-of-river dams, Santo Ant&nio, constructed on the Madeira River, had a larger
effect on the water chemistry and thermal structure of back-flooded tributaries than on the mainstem river
within the reservoir. The evidence of incursion of mainstem water into the back-flooded tributaries was
indicated by conductivity and dissolved inorganic carbon. The organic matter input and subsequent
mineralization increased in the lateral valleys after damming, as indicated by higher concentrations of total
organic carbon (TOC), DOC, biochemical oxygen demand (BOD), and partial pressure of CO; (pCO,)
(Arantes et al., 2023).

In contrast, autochthonous organic carbon is produced within the water body from sources like alive or
dead planktonic biomass. Additionally, the production of exudates and secretions by living organisms is
an important autochthonous input of DOM. Biota produce labile compounds by metabolic processes that
pass through their cell/body walls or are excreted into the surrounding water; those are often rapidly utilized
by heterotrophs. Higher aquatic primary productivity occurs principally in the Amazon floodplain lakes
(referred to as vazeas in the Portuguese language) (Saatchi et al., 2007; Sawakuchi et al., 2017) and in the
plume of the Amazon River (Cai et al., 1988; Smith Jr and Demaster, 1996) compared to the Amazon River
main channel. The extensive floodplain areas where “white rivers” deposit their nutrient-rich sediment
(vazeas) are very fertile and covered by highly productive terrestrial and aquatic herbaceous communities

(Junk et al., 2011). In contrast, the floodplains of “black rivers” (igapds) feature low fertility and scarce
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terrestrial/aquatic herbaceous plants.

Compared with the Amazon River main stem and the blackwater/whitewater tributaries, clearwater
tributaries such as the Tapaj& River have more abundant algal biomass and a higher rate of in situ primary
production (Moreira-Turcq et al., 2003a). Several studies have found very low chlorophyll a values in the
whitewater rivers and high chlorophyll a in clear waters (Abril et al., 2014; Gagne-Maynard et al., 2017).
In situ primary production of C4 grasses or algal material was identified as the key autochthonous source
of DOM in Tapaj& River (Quay et al., 1992; Ward et al., 2016). Membrane lipids are known products of
microbial degradation of phytoplankton and might serve as potential precursors of DOM (Harvey et al.,
2006). Phytoplankton blooms provide new molecules relevant to the DOM pool in Amazon plume waters
(Medeiros et al., 2015).

1.2.4 Factors regulating DOM properties

Longitudinal patterns of riverine DOM, in terms of both concentration and composition, are controlled by
numerous environmental drivers including connectivity with surrounding wetlands, lateral inputs from
tributaries, and shifts in dominant land cover. Once in the aquatic ecosystem, terrestrial DOM is exposed
to in-stream processing such as microbial and photochemical processing, and DOM-mineral interactions
that usually operate simultaneously and lead to the removal and the transformation of DOM during its
transport (Lundeen et al., 2014; Subdiaga et al., 2019).

Abrupt changes of environmental conditions, either in space (‘‘hot spots”, e.g., at interfaces connecting
soils, wetlands, sediments, and rivers) or time (‘ hot moments”, e.g., during algal blooms or flooding events,
or upon injection of the easily degradable substrate) influence the dynamics of carbon pools in natural
systems (Kuzyakov and Blagodatskaya, 2015; Mar m-Spiotta et al., 2014). Mixing phenomena in aqueous
media combine both spatial and temporal aspects in a unique way and occur in several settings in nature,
most prominent at river confluences or at the boundary of riverine and marine systems. In the case of
continental-scale rivers like the Amazon River, such aggregation occurs noticeably at confluences between
tributaries with distinct characteristics. For instance, non-conservative behaviour of DOM and intensified
biogeochemical processes at the junction of the Amazon’s major blackwater tributary, the Negro River,
and its parent, the Solim&es River were proved by many studies, likely due to the large gradients in pH,
conductivity, DOC, and particle load (Moreira-Turcq et al., 2003b; Simon et al., 2019).

1.2.4.1 Microbial processing

Allochthonous, terrestrially-derived DOC has been frequently believed to be largely recalcitrant in

freshwaters, merely being passively transported rather than transformed in the aquatic environment.
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However, DOM has been shown recently to represent an important source of bioavailable carbon, fueling
aquatic heterotrophic ecosystem processes, particularly in streams and rivers where the DOC

concentrations are high in headwaters (Billett et al., 2010).

DOM has a key role as the prime source of carbon and energy to sustain heterotrophic microbial
communities. Organic carbon is consumed and CO: is released during heterotrophic metabolism
(D’ Andrilli et al., 2019). The predominance of respiration over phytoplankton production in the Amazon
River indicated that the river system is net heterotrophic (Benner et al., 1995). This could be due to the
metabolic activity of heterotrophic microorganisms stimulated by adequate upstream loading of
terrestrially produced organics that support microbial growth, fine sediments with sufficient surface area
to promote attachment and growth, and shading of phytoplankton by suspended matter that reduces photo-

synthetic activity (Wissmar et al., 1981).

According to the size-reactivity model (Amon and Benner, 1996a; Benner and Amon, 2015), biological
degradation plays a dominant role in shaping the size spectrum of organic matter. The first step in DOM
biodegradation is the breakdown of high molecular weight macromolecules into either monomeric or
oligomeric low molecular weight DOM, the first being more labile and rapidly degrading into CO; or to
be used in methanogenesis, while the latter is more refractory and more readily accumulates (Conrad, 1999).
Compared to photochemical degradation, microbial degradation has been described as more selective and
generally has a general trend of both consumption and production of low molecular weight compounds
(i.e., 250-800 Da) (Reader et al., 2015). Biodegradation has been shown to selectively remove oxygenated
unsaturated compounds, producing oxygen-rich small molecules CO, and water (H.O) and organic
compounds with low O/C and high H/C ratios (Kim et al., 2006; Medeiros et al., 2015).

In the Amazon basin, blackwater and whitewater rivers supported similar bacterial abundances and rates
of bacterial production and respiration, but with an apparent distinction in the factors limiting microbial
growth and respiration: Organic carbon limited bacterial growth and respiration in whitewater rivers,
whereas carbon, nitrogen, and phosphorus were colimiting in the Negro River (Benner et al., 1995).
Clearwater river Tapaj& showed ~40% lower depth-integrated respiration rate compared to the turbid
Amazon mainstem. Substrate addition experiments indicated that the relatively low rates of bacterial
activity in Amazon River water were caused by carbon limitation (Amon and Benner, 1996b). Moreover,
high levels of microbial respiration were observed in the Amazon River and near its mouth, resulting in
the depletion of organic carbon substrates that are reactive on timescales faster than fluvial transport and
the persistence of less reactive DOC (Ward et al., 2015).

In surface waters, the complex mixture of DOM compounds represents the main substrate and energy
source for heterotrophic bacteria (Azam et al., 1983). The diversity and coupled functional attributes of the

inherently diverse natural bacterial communities observed in streams, lakes and higher order rivers define
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their potential to process different types of organic matter, and in general, such heterotrophic activity is a
major sink for the aquatic DOM pool (Guillemette et al., 2013; Tranvik et al., 2009). Multiple interactions
between heterotrophic bacteria and DOM shape the apparent composition of both key ecosystem
components. The availability and composition of organic substrates favor specific bacterial groups and in
this way shape bacterial community composition and community metabolism, and vice versa (Carlson and
Hansell, 2015; Guillemette et al., 2016; Kritzberg et al., 2006; Romera-Castillo et al., 2011). Previous
studies have shown that adding DOM of different quantities and qualities to natural microbial assemblages
yields significant differential responses among the major and minor groups of bacterioplankton (Alonso-
S&z et al., 2012; Landa et al., 2013; Nelson and Siegel, 2013). Moreover, bacteria do not only consume
and degrade DOM, but also produce and release an array of autochthonous organic compounds during cell
growth, division, and death (Kawasaki and Benner, 2006), thereby influencing the availability,
composition, and biogeochemical cycling of carbon in the biosphere (Battin et al., 2008; Osterholz et al.,
2016).

Bacterial production and respiration were carbon limited in the Amazon mainstem, indicating that the bulk
of relatively abundant DOM and POM were of limited bioavailability (Benner et al., 1995). Although
increased DOC concentration generally leads to an increase in the respiration response, the bioavailability
of the organic matter has an important influence. The terrestrially sourced organic matter was shown to be
highly labile and readily metabolized (Ide et al., 2017). In contrast, microbial-derived DOC seemed to be
more refractory, suggesting a prior transformation of the labile material in these samples (Cooper et al.,
2016; Ide et al., 2017). Compared to much of the bulk organic carbon mobilized at high water, terrestrial
derived lignin-like compounds were used inefficiently under these conditions (for example, a greater
proportion was remineralized to CO- than fixed into microbial biomass). Although bulk organic carbon
concentrations increase significantly with increasing discharge, most of these compounds are probably
fixed as microbial biomass rather than respired to CO; (reflected by low bulk respiration rates and high
bacterial abundance), whereas the degradation of lignins and tannins may provide a significant source of
the respired CO; during high-water conditions (Ward et al., 2013).

1.2.4.2 Photochemical processing

Although microbial degradation of DOM in aquatic environments is highly important for the understanding
of organic carbon cycling, most studies investigate transformations occurring along a natural gradient, in
which photochemical reactions play a critical role as well (Ciuraru et al., 2015; Gonsior et al., 2014;
Mostofa et al., 2007; Niu and Croué 2019; Wilske et al., 2020; Xie et al., 2004). Photochemical
degradation is one of the most significant abiotic reactions of NOM, and often produces oxygen-rich small

molecules like CO, CO,, and H,O alongside oxygenated and aliphatic DOM molecules. However, a
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previous study indicated that photochemical processes account for a relatively small fraction of carbon
mineralization in the Amazon River (Amon and Benner, 1996b). In situ ultraviolet-oxidation experiments
performed in the Amazon suggest that photo-oxidation accounts for roughly 0.05% of CO; outgassing rates,
while depth-integrated respiration has been suggested to be the primary source of CO- in the Amazon River
(Ward et al., 2013).

UV radiation will simultaneously stimulate and inhibit microbial activity in natural environments.
Photooxidation of DOM will break down natural DOM and release oxygenated aliphatic molecules, which
in turn could be respired by bacteria (Amador et al., 1989). In contrast, UV radiation may inhibit microbial
activity due to direct UV damage to the organism (Paul et al., 2012) and by toxic intermediates produced
during photooxidation of the natural DOM (Lund, 1994).

Photobleaching of DOM, a recognized process in aquatic environments, could be enhanced by the
forthcoming higher levels of UV-radiation. That is concerning because DOM acts as a screening filter for
aqueous microorganisms against excessive and potentially harmful UV-radiation (Brinkmann et al., 2003).
Thus, changing DOM molecular properties in aquatic environments could threaten its protection to several

microbial communities.

Photoproduction of small oxygenated molecules including photomineralization to CO; that are or resemble
biochemical metabolites will enhance microbial activity (Gonsior et al., 2014; Hertkorn et al., 2006;
Schmitt-Kopplin et al., 1998). Coupled photochemical and microbial DOM processing is context-
dependent and structure-selective, and is subject to synergy and competition (Huang et al., 2023). DOM
can be degraded by sunlight into a variety of photoproducts that stimulate the growth and activity of
microorganisms in aquatic environments. A number of laboratory studies using bacterial bioassay
approaches have shown that the photochemical breakdown of DOM can stimulate biomass production or
activity by 1.5- to 6-fold (Moran and Zepp, 1997). The biologically available photoproducts from DOM in
surface waters were proved to have important biological roles. For instance, in a continental shelf system,
full exposure of surface seawater to sunlight for one summer day can produce DOM photodegradation
products equivalent to >20% of the bacterial carbon demand (Moran and Zepp, 1997). Likewise, 30% of
the bacterial nitrogen demand can be met by photodegradation of the nitrogen components of DOM (Moran
and Zepp, 1997).

Previous studies have shown that UV exposure alters the molecular composition of DOM (Gonsior et al.,
2009; Kujawinski et al., 2009). The chemical composition of DOM dictates whether photochemical
degradation will produce bio-available or bio-resistant compounds (Carlson and Hansell, 2015). The
production of reactive oxygen species during photodegradation, for example, has been proposed as a

mechanism that forms partially oxidized DOM, further reducing its bioavailability (Baltar et al., 2013).
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Biologically refractory DOC has unusual high photoreactivity (Amon and Benner, 1996b). CDOM is more
sensitive to light-mediated degradation, due to its capability of absorbing more radiation (Altare and Vione,
2023; Moran and Zepp, 1997). Via absorption of sunlight, CDOM greatly influences the underwater light
field and subsequently affects photoecological processes, including primary production and microbial
activities (Moran and Zepp, 2000). “Clear waters” offer larger light transparency than the other types of
Amazon waters, and showed lower concentration of CDOM, the most readily photodegraded component
of DOM molecules. In contrast, CDOM is the most abundant DOM fraction in “Blackwaters”. In a previous
study, sunlight exposure over 27 h showed that at least 15% of Rio Negro DOM was photoreactive (Amon
and Benner, 1996b). The rate of photochemical consumption of DOC was ~7 fold greater than bacterial
DOC utilization in Rio Negro surface waters; however, integrated over the entire water column, microbial
remineralization was the dominant process for oxygen and DOC consumption (Amon and Benner, 1996b).
The suspended sediments and cations in “White waters” contribute to shielding from sunlight (R Ds-
Villamizar et al., 2020), and transform DOM through mineral particle adsorption and complexation
(Subdiaga et al., 2019), thereby affecting bioavailability as well (Schmitt-Kopplin et al., 1998).

Experiments relating the effect of light-induced DOM degradation and metal toxicity in aquatic
environments have been performed. It was expected that DOC concentrations would decrease with UVB
irradiation, and that metal toxicity would be enhanced following the decrease of DOC concentration.
However, significant effects have only been demonstrated in brown waters, while changes were less

evident in the clear-water samples (Winch et al., 2002).

The photo-transformation of DOM has caused the loss of lignin, the decrease in O/C ratio, and a
concomitant increase in saturation during photodegradation experiments (Gonsior et al., 2019; Seidel et al.,

2015), which can be explained by photochemical decarboxylation reactions (Amon and Benner, 1996b).

It has been proposed that combined photochemical and biological degradation processes preferentially
remove oxidized, aromatic compounds, whereas reduced, aliphatic and N-containing compounds persist in
aquatic systems, either because they are resistant to degradation or tightly cycled (Kellerman et al., 2015).
Therefore, DOM might be degraded along a gradient from aromatic to aliphatic compounds, and from a

high to a low nominal oxidation state of carbon.

Photochemical reactions in oxic environments contribute to oxygenation of DOM molecules, mainly by
introduction of hydroxyl and carboxy functional groups (Gonsior et al., 2014; Hertkorn et al., 2006;
Schmitt-Kopplin et al., 1998); heteroatoms N and S in DOM molecules introduce alternative selectivity in
photoprocessing of DOM molecules (Harir et al., 2022). In addition, polyols were found during photo-
transformation of DOM in oligotrophic surface ocean waters, which accounted for 2% of total molecular
signatures in *H NMR spectra (Gonsior et al., 2014). Under oxygen atmosphere, structures of lignic and

lipidic origin were most photolabile in comparison with carbohydrates, alkylbenzenes, or N-containing
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structures that accumulated in the system. Under nitrogen atmosphere the acids remained fairly stable
(Schmitt-Kopplin et al., 1998). Under UV/Vis irradiation, indirect photolysis reactions were suggested to
be the major pathway in DOM degradation (Schmitt-Kopplin et al., 1998; Stubbins et al., 2010). Aromatic
compounds were found to be most photoactive, with 90% being lost upon irradiation. The refractory
condensed aromatics were significantly attenuated whereas CRAM actually shifted towards more
refractory regions instead of getting removed (Stubbins et al., 2010). Besides, many photoproduced
oxygenated small molecules will readily integrate into biochemical pathways and foodwebs (Gonsior et
al., 2014; Huang et al., 2023), and transient particulate organic carbon, making traceability to specific

mechanisms difficult.

1.2.4.3 DOM-mineral interaction

Strong DOM-mineral interactions could alter the reactivity of organic molecules towards increased
resistance to degradation. The physical protection of organic matter at interior mineral surfaces provides
alternative pathways that foster the recalcitrance of DOM. Sorption results directly in the retention of DOM
and the subsequent decrease of its mobility and further degradation. However, complexation can result in
the formation of both soluble and insoluble DOM-metal complexes (enhanced and retarded movement,
respectively), thereby affecting movement and degradation in different ways (Bolan et al., 2011).

There are generally four types of interactions between organic matters and minerals: ligand exchange or
sorption of small molecules to mineral surfaces; sorption of large molecules such as proteins to several
mineral surface contact points; aggregation (i.e., chemical bonding or van der Waals attractions); and

occlusion, which offers the most substantial protection of organic matter (Kaiser and Guggenberger, 2003).

In general, more hydrophobic and/or N-containing molecules are preferentially adsorbed on sediments and
may have longer WRT in the Amazon basin (Ertel et al., 1986). Thus, nitrogen-rich DOM produced by
microbial degradation may be strongly adsorbed by minerals and exported by the water body in particulate
form (Hedges et al., 1986b).

The continual transfer of waters, nutrients, and sediments occurs through hyporheic zone, which has major
control on the residence time of organic matter compounds in freshwaters (Tank et al., 2010). Sediments
can accumulate nutrients over time and can also be an autochthonous DOC source (Chen and Hur, 2015;
Wang et al., 2014). Laboratory and field studies of organic matter adsorption by soil minerals indicate that
uptake can be extensive and highly selective for hydrophobic and nitrogen-containing constituents (Hedges
et al., 1986b). Dissolved nitrogen-rich degradation products may be so strongly adsorbed by fine-grained
minerals that they ultimately are exported largely in particulate form by soil erosion, as opposed to

redissolution.
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1.2.4.4 River mixing

DOM can undergo a variety of biogeochemical reactions in mixing regions (e.g., river plumes, estuaries)
that ultimately determine both the concentration and composition of DOM reaching the ocean (Raymond
and Spencer, 2015).

Solim&es (white water) and Negro (black water) combine in Manaus to form the Amazon River (turbid
water). Ertel et al. assigned 70% of degraded humic and fulvic acids fluxes at the Solim&s and Negro
Rivers (S+N) confluence to Negro inputs (Ertel et al., 1986; Johannsson et al., 2017). Madeira (dissolved
organic matter-DOC ~ 5.8 mg/L, particulate organic matter (POC) ~ 0.83 mg/L) joins the Amazon River
downstream at ~140 km east of Manaus (do Nascimento et al., 2015). Tapaj& River drains into the Amazon
River at the town of Santarem (~620 km from Manaus). The confluences of major Amazon Basin Rivers
can be regarded as effluents of entire aquatic ecosystems, and mixing causes abrupt changes in
environmental conditions including temperature, density, flow characteristics, pH, concentrations of ions
and (mineral and organic) particles, DOM composition and molecular structure (Simon et al., 2019). Steep
gradients develop for all these features in mixing zones, with distinct spatial and temporal evolution of
interdependent variables. Opportunities arise for many non-conservative effects upon riverine mixing,
making those places hot spots for organic matter processing and microbial metabolism, influencing the
dynamics of carbon pools in natural systems (Farjalla, 2014; McClain et al., 2003). Mixing of different
water types initiates complex biogeochemical processing, including alteration of aquatic microbial
communities and food webs (Lynch et al., 2019), DOM itself (Bianchi and Ward, 2019), and of river bulk

characteristics.

The Tapaj& River hosts higher proportions of cyanobacteria (~12%) compared to the Amazon River (~5%),
where actinobacteria and betaproteobacteria dominate the microbial community (Chen and Hur, 2015).
“Positive priming effect” was suggested to happen when algal-rich Tapaj& waters mix with turbid Amazon

main stem waters, accelerating the decomposition of more recalcitrant organic matter (Seidel et al., 2015).

Ecological models and biogeochemical characterization assume river mixing zones as hotspots of
microbial activity. Most studies report distinct non-conservative behavior of DOM after riverine mixing
affected by factors like phase partitioning (Moreira-Turcq et al., 2003b; Seidel et al., 2016), respiration
(Abril et al., 2014; Mayorga et al., 2005), trace metal complexation (Simon et al., 2019), and discharge
(Ward et al., 2018). However, the effects of the physical mixing of different Amazon basin riverine waters

on the composition and structure of its DOM at molecular resolution remain ill-constrained.
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1.2.4.5 Seasonal variation

Large-scale events such as flooding can have a major impact on the cycling of carbon and nutrients in these
aquatic ecosystems: 1) As the sediment in the river water settles out in lakes after the incursion,
transparency increases and phytoplankton blooms occur; 2) As the river level drops, lake water, and
associated plankton and vegetative production products drain into the river mainstream providing possible
organic energy supply for the white-water Amazon. Lowland drainage basins and floodplains are active
sources of carbon for the main channel of the river, especially during falling water (Quay et al., 1992). The
aquatic and terrestrial macrophytes and flooded forests in the floodplain are likely sources of labile organic

carbon input to the main channel (Quay et al., 1992).

The extent of DOM decomposition depends on the WRT of the aquatic ecosystem. In large rivers, WRT
varies spatially and seasonally, increasing in reservoirs and lakes compared to river channels, being higher
during low flow compared to high flow (Lambert et al., 2016).

Large amounts of saturated fatty acids were concomitantly recorded with high CO; in rivers during the
high water season (Mortillaro et al., 2012). Contrastingly, fatty acid markers that may be attributed in this
ecosystem to aquatic plants and cyanobacteria were correlated with higher O, chlorophyll a, and
phaeopigments in floodplains, due to a high primary production during low water season (Mortillaro et al.,
2012). Decreasing concentrations of unsaturated fatty acids, that characterize labile organic matter, were
recorded during high water season, from upstream to downstream, which was attributed to organic matter

retention and the extent of flooded forest in floodplains.

O is the preferential electron acceptor and is used for organic matter oxidation until its depletion. In aquatic
environments, the presence/absence of O in the water column depends on seasonal stratification (Glissman
et al., 2004; Huttunen et al., 2001). Whenever thermal stratification occurs in the water column, mixing
between the upper and the bottom layers is impeded and, therefore, O, does not reach to deeper levels.
Thus, the concentration of O close to the sediments is highly influenced by water column stratification
(Liikanen et al., 2002).

Bacterial growth efficiencies were consistently higher during high-water stages of the hydrograph when
river-varzea interactions were maximal, suggesting that varzea inputs of substrates of greater
bioavailability than the bulk of riverine materials and the changes in the quality of organic materials in the
river can lead to marked responses by the microbiota. Bacterial growth and respiration appear to be
supported by moderately labile (> 1 d) oligomeric substrates that are continuously supplied by lateral

exchange with the surrounding varzea (Benner et al., 1995).
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1.2.4.6 GHGSs emission

Just a few years ago, it was the common view that rivers passively transport soil-derived NOM to the sea,
but now it is largely acknowledged that most of the terrestrial organic carbon entering freshwater systems
is either respired locally or buried in sediments, and only a fraction of DOM is discharged into the ocean.
And it has become clear that inland waters process large amounts of organic carbon and must be considered

in strategies to mitigate climate change (Du et al., 2016; Xenopoulos et al., 2021).

Inland waters and wetlands globally are estimated to receive inputs of organic and inorganic carbon from
the terrestrial environment that are on the order of 5.7 Pg y, of which only about 0.9 Pg y* is transported
to oceans. Thus, rivers and wetlands act as temporary storage of carbon in sediments, and cycle carbon
back to the atmosphere in the form of CO, and CH,4 (Dalmagro et al., 2017). CO, and CHjy are the dominant
GHGs emitted from tropical rivers. Emission rates are governed by numerous factors including water depth,
temperature, dissolved gas concentration, and vegetative cover. More recent evidence suggests that the

magnitude of wet-dry cycles may have a significant effect on GHG emissions (Bass et al., 2014).

Under aerobic conditions, CO; is produced by the breakdown of organic material via heterotrophic
processes and concurrently consumed via autotrophic pathways, with the balance between the two being a
primary dictator of fluxes. Aerobic conditions in the sediment lead to the consumption of methane via
methanotrophic bacteria. CO, and CH. are also produced under anaerobic conditions via anaerobic
respiration and methanogenesis, respectively. In freshwater environments, anaerobic mineralization of
organic carbon has been estimated to account between 20 - 60% of total carbon mineralization rates (Boon
and Mitchell, 1995; Hamilton et al., 1995; Utsumi et al., 1998; Ward et al., 2017), from which up to 80%
of the anaerobic activity is carried on by methanogenic bacteria. These values exceed the methane

emissions from the ocean (Ward et al., 2017).

NOM occupies intermediate carbon oxidation states between fully oxidized CO; and fully reduced CH..
In addition, NOM is a substrate for microorganisms producing GHGs. In this process, NOM composition

and structure will change accordingly.

The balance between gross primary production and respiration rate is a key measure of the net metabolic
state of ecosystems (Gagne-Maynard et al., 2017). Amazon River outgasses nearly an equivalent amount
of CO; as the rainforest sequesters on an annual basis due to microbial decomposition of terrigenous and
aquatic organic matter (Richey et al., 2002b). Amazon mainstem waters are depleted in dissolved O, (50-
75% of equilibrium saturation values) and supersaturated by up to 24-fold in dissolved CO,. Amazon River
is a net heterotrophic ecosystem in which respiration far exceeds primary production (Hedges et al., 1994),
and most CO, outgassing originates from allochthonous carbon (Abril et al., 2014; Mayorga et al., 2005;

Richey et al., 2002b). Respiration of contemporary organic matter (less than five years old) originating on
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land and near rivers is the dominant source of excess carbon dioxide that drives outgassing in medium to
large rivers (Ward et al., 2013). Lignin and other terrestrially derived macromolecules contributed
significantly to carbon dioxide outgassing from inland waters (Ward et al., 2013). A small, rapidly cycling
pool of organic carbon of labile organic matter may be responsible for the large carbon fluxes from land to

water to atmosphere in the humid tropics (Devol et al., 1995; Mayorga et al., 2005).

Additionally, anaerobic processes and root respiration in floodplain waters can produce CO, without
commensurate O, depletion. The excess CO; in the Amazon River is perhaps introduced by lateral
exchange with the floodplain where anaerobic processes and root respiration can produce CO, without

commensurate O depletion (Devol et al., 1995).

About 20% of Amazon wetlands are permanently or seasonally inundated, and these aquatic habitats are a
major CH4 source (Melack et al., 2004). During high-water seasons, river levels swell significantly and
seasonally flood large areas of otherwise dry forest. Biomass begins to rot in oxygen-depleted water in
these wetlands and produces methane. Wetlands have a stock of organic matter that provides fuel for
respiration and allow this process to progress to the point where methanogenesis is the only remaining

option, thus increasing CH, production (Dalmagro et al., 2018).

It has been shown that CO, production from the sediments increases with temperature for both oxic and
anoxic conditions and that higher temperatures also enhance the transport of nutrients from the sediment
to the water column, accelerating the eutrophication process and promoting CH4 production in anoxic
sediments (Liikanen et al., 2002).

Theoretically, higher CO, concentration in the atmosphere positively feeds back the photosynthetic activity
of autotrophic organisms, increasing their consumption of CO. (Killops and Killops, 2013). However,
higher photosynthetic rates, ultimately, promote DOM production (Carlson and Hansell, 2015). Increased
availability of DOC could also lead to increased proportions of carbon mineralization and further GHGs
production (Conrad et al., 2020).

1.3 Structural characterization of Amazon DOM

Despite the importance of aquatic DOM and much work on DOM characterization, a comprehensive
understanding of the general chemical structures of DOM and the variations of these structures under
different environmental conditions remains elusive. Polydispersity, heterogeneity, and temporal dynamics

of DOM have made its molecular characterization a long-standing challenge (Hertkorn et al., 2008).

The chemically diverse DOM samples require multi-level complementary analytical approaches for their

comprehensive characterization; on the other hand, complementary analysis of DOM samples generates
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large data sets, and their joint assessment enables in-depth elucidation of DOM characteristics (Hertkorn
et al., 2007b). Common DOM characterization approaches are listed in Table 4.

Measurements of isotopic values (Sanderman et al., 2009; Zigah et al., 2012) on bulk DOM samples
provide information on a large portion of the DOM pool, but do not give detailed structural information.
In general, two main types of analytical methods have been applied for the molecular level characterization
of NOM: optical and organic structural spectroscopy (Dauwe and Middelburg, 1998). Optical spectroscopy
such as UV-vis absorption (Helms et al., 2008; Macdonald and Minor, 2013) and fluorescence (Miller and
McKnight, 2010; Murphy et al., 2008) relies on the presence and chemical environments of n- and n-
electrons and provides swift, sensitive, and low-cost determination of chromophoric component of NOM
and coarse distinction of NOM origin and evolution at bulk-resolution (Stedmon and Bro, 2008). Three-
dimensional excitation-emission matrix (EEM) fluorescence spectroscopy has been widely used to provide
distinctive “fingerprints” for NOM of various origins at however ill-defined relationships between spectra
and NOM molecular structures (Gonsior et al., 2013b; Rodriguez et al., 2014; Stubbins et al., 2014; Zhao
et al., 2017). On the other hand, structural analytical methods such as Fourier transform ion cyclotron
resonance mass spectrometry (FT-ICR MS) that allow for the assignment of thousands of molecular
formulas out of complex mixtures (Hertkorn et al., 2008; Herzsprung et al., 2016; Herzsprung et al., 20173;
Herzsprung et al., 2017b; Kamjunke et al., 2017; Koch et al., 2007; Valle et al., 2017), and nuclear magnetic
resonance (NMR) spectroscopy that allows for structural and quantitative analysis of key substructures in
extremely complex organic mixtures like NOM, exhibit better defined relationships between original data
and NOM structural features (Hertkorn et al., 2004; Hertkorn et al., 2002b; Perdue et al., 2007). Moreover,
joint assessment of FT-ICR MS and NMR data has enabled remarkable distinction of e.g., freshwater,
marine, atmospheric and extraterrestrial NOM (Hertkorn et al., 2013; Hertkorn et al., 2015; Schmitt-
Kopplin et al., 2010), and concepts to interconnect optical properties with NOM molecular features have
recently emerged (Kellerman et al., 2015; Zhang et al., 2014).
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Table 4 The characterization approaches of DOM.

Analytical

technique

Function

Advantages

Drawbacks

Elemental analysis

Elemental

composition and

Universality and the ease

No in-depth coverage of structural

_ of operation features
elemental ratios
Tracing the heritage of
. No in-depth resolution of
Isotope analysis Isotope abundance DOM and apparent ages o
(1) molecular diversity

UV-vis

spectroscopy

Functional groups,

chemical bonds

Facile sample preparation,
without special handling

and ease of operation

Highly selective towards sp?
carbon chemical environments;
highly influenced by solvent, pH,
temperature, and high electrolyte

concentration

FT-IR spectroscopy

Functional groups

High sensitivity; requires

little amounts of sample

some selectivity towards sp?
carbon chemical environments;
but appreciable coverage of
aliphatic units; low structural
resolution within functional

groups

Three-dimensional
EEM fluorescence

spectroscopy

Fluorescence
characteristic of
chromophores in

DOM; source and
structure of DOM

High sensitivity and non-

destructive method

Highly selective towards sp?
carbon chemical environment;
need to consider environmental
factors including temperature, pH,
metal ions, and oxidants to

diminish the quenching effect

FT-ICR mass

spectrometry

Molecular formulae

exceptional resolution: a

wide range of ionization

techniques (ESI, CI, PI,
DESI, FI, etc.) for

mixtures is available

=

nder specifically adapted

conditions

Selective in ionization; isomer
differentiation is a nontrivial task;
quantification is difficult, even for

identical molecules in mixtures
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most powerful tool for o o
relative insensitivity compared
structural analysis,
provides invaluable with other analytical techniques;
without any prior
information about the intricate physics and chemistry of
selection and non-
detailed molecular intra- and intermolecular
destructive, with little
and chemical interactions in complex mixtures
sample preparation;
structure of the may interfere with the direct
Nuclear magnetic quantitative, if the
measured relationship between chemical
resonance (NMR) experiment is carried out
compounds; provides . shift and molecular structure,
) appropriately; 2D o
short-range atomic . because of relaxation-induced
experiments are necessary
order of NMR-active variable line widths, may affect
. to overcome the problems ) ) o
isotopes (e.g., 'H, . quantification; near-identical
of signal overlap and
BC, PN, 3'P) chemical shifts do not necessarily
annotation of the signals | o )
. imply similar chemical structures
to chemical structures

Previous studies on the origin and fate of organic matter in the Amazon River included stable isotopic
(Mortillaro et al., 2011; Quay et al., 1992), and radioisotope analysis (Hedges et al., 1986b) to assess
sources and age of organic carbon. Quantification of targeted compounds involved humic substances (Ertel
et al., 1986), saccharides (Saliot et al., 2001), and amino acids (Hedges et al., 1994) among others.
Elemental analysis, optical spectroscopy (Martinez et al., 2015), mass spectrometry (Gonsior et al., 2016),
and *C NMR spectroscopy (Hedges et al., 1992) were applied to understand the composition of Amazon

organic matter.

Due to the individual capabilities and limitations of every characterization method, different studies detect
distinct components of DOM depending on the needs and methods employed, making the comparison
between studies often difficult. A comprehensive molecular understanding of the reactivity and
bioavailability of Amazon DOM is lacking at present, especially in tributaries with different water types

and in major confluence zones.

1.3.1 Biomarker analysis

Direct isolation and analysis of individual compounds and compound classes from filtered aqueous samples
can provide useful information on DOM composition in a biomarker sense, but does not allow
characterization of a quantitatively important portion of the DOM pool. The three most common
biochemical classes analyzed in this manner are hydrolysable carbohydrates, hydrolysable amino acids,

and lignin derived phenols. Hydrolysable carbohydrates have been used to provide comparative source and
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diagenetic information in sample sets (Goldberg et al., 2011; Kaiser and Benner, 2012). Hydrolysable
amino acids are often used to provide insights into the potential bioavailability of DOM and the extent of
degradation the DOM may have undergone (Duan and Bianchi, 2007; Yamashita and Tanoue, 2004), using
degradation indices based upon multivariate analysis of amino acid distributions within a large suite of
natural organic matter samples (Dauwe and Middelburg, 1998; Yamashita and Tanoue, 2003). Lignin-
derived phenols are used to indicate terrestrial inputs into DOM samples and the extent of degradation
these terrestrial inputs have undergone (Meyers-Schulte and Hedges, 1986; Osburn and Stedmon, 2011;
Woods et al., 2011).

Hedges et al. observed the greatest compositional differences in the Amazon River system were among the
coarse (>63 pm), fine (<63 pm), and ultrafiltered dissolved organic fractions (>1,000 Daltons) (Hedges et
al., 1994). All coarse particulate fractions exhibited aldose and amino acid compositions like those of
angiosperm tree leaves. Coarse particulate organic materials, although the least degraded of the three
fractions, had lost appreciable carbohydrates and had immobilized excess nitrogen of apparent bacterial
origin. Fine particulate materials had lower total aldose yields and glucose percentages than coarse
counterparts. Fine particles gave greater total yields of amino acids, characterized by high ratios of basic
vs. acidic components. Coexisting dissolved organic materials recovered by ultrafiltration yielded the
lowest amounts of aldoses, among which deoxy sugars were concentrated. Dissolved fractions gave
extremely low yields of amino acids in mixtures that were enriched in nonprotein components and in acidic
vs. basic molecules. These yield and composition patterns are consistent with a “regional chromatography”
model in which highly degraded leaf material is solubilized and then partitioned between soil minerals and
water during transport to the river, resulting in suspended fine particulate organic materials of soil origin

that are nitrogen-rich and coexisting dissolved organic substances that are nitrogen-poor.

Ertel found that all the aquatic humic and fulvic acids from nine mainstem and seven major tributary sites
in the Amazon River Basin had clearly recognizable lignin components at levels (8 and 3% of the carbon)
suggesting a predominantly allochthonous source (Ertel et al., 1986). Compositional characteristics of
processed lignins were dominated by diagenetic transformations, which included preferential loss of
methoxylated structural units and oxidative degradation of lignin side chains. Fulvic acids showed
consistently lower lignin levels, lower lignin phenol methoxylation, higher acid / aldehyde ratios, and
higher C/N ratios than coexisting humic acids, all indicative of greater aerobic degradation of the fulvic

acid fraction.

Hedges et al. reported lignin compositions of typical plant tissues in the Amazon basin and found that POM
has distinct lignin compositions in different grain-size fractions (Hedges et al., 1986a). Particulate organic
matter transported in the coarse size fraction of the mainstem, and its major tributaries is composed of

recently formed and well-preserved tree leaf debris along with some wood. Organic matter in the fine size
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fraction was comparatively old, degraded, and rich in immobilized nitrogen and derives primarily from

soils.

Feng et al. characterized lignin phenols in soils, river POM, and DOM across a 4 km elevation gradient in
the Madre de Dios River system, Peru, as well as in marine sediments to investigate the source-to-sink
evolution of lignin (Feng et al., 2016). They found more oxidized lignin in organic horizons relative to
mineral horizons in soils. The oxidized lignin signature was maintained during transfer into rivers, and
lignin was a relatively constant fraction of bulk organic carbon in soils and riverine POM. Lignin in DOM
became increasingly oxidized downstream, indicating active transformation of dissolved lignin during
transport, especially in the dry season. In contrast, POM accumulated undegraded lignin downstream

during the wet season, suggesting that terrestrial input exceeded in-river degradation.

1.3.2 Elemental analysis

The determination of the elemental compositions and relevant elemental ratios provides the most

fundamental bulk information for DOM characterization (K&del et al., 1997).

Based on studies of the Amazon and other major rivers, more than half of organic matter in transport occurs
either as highly oxidized, nitrogen-poor (atomic C/N = 15-85) dissolved humic substances or nitrogen-rich
(C/N = 10-13) organic matter associated with fine mineral grains (Ertel et al., 1986; Hedges et al., 1986a;
Meybeck, 1982). An additional major dissolved component is too hydrophilic to be isolated onto resins
together with dissolved humic substances and is as yet poorly characterized. Fresh plant debris appears to

be a relatively small component of the total organic matter mixture (Hedges et al., 1986a).

Higher plants generally have greatly considerably higher C/N ratios compared to microalgae. The C/N
ratio of the more labile fraction of DOM decreased with depth, driven by a switch in the dominant source
of DOM from phytoplankton to heterotrophic biomass (Zakem and Levine, 2019). For the Amazon River,
seasonal shifts in particulate C/N ratios indicated a greater abundance of algal and microbial-derived POC
during low and falling water compared to a larger abundance of higher plant tissue during rising and high
water. Fine POM from the Amazon mainstem was characterized by uniformly high organic nitrogen levels
(atomic C/N = 11) and low concentrations of highly oxidized lignin, all of which are typical of soil organic
matter (Ward et al., 2015).

Moreover, C/N values are also affected by remineralization and sorption processes along the river
continuum. For example, nitrogenous compounds such as amino acids generally sorb to the particulate
phase to a greater extent than carbon-rich compounds (Ward et al., 2015). Dissolved fulvic acids from the

Amazon River system are less hydrophobic and more nitrogenpoor (atomic C/N, 40 to 85) than the
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corresponding humic acids (C/N, 15 to 60) (Ertel et al., 1986). Laboratory and field studies of organic
matter adsorption by soil minerals indicate that uptake can be extensive and highly selective for
hydrophobic and nitrogen-containing constituents (Ertel et al., 1986). Thus, fulvic acids should be adsorbed
less strongly and pass more rapidly through the soil than humic acids of the same source. This model
suggests that the hydrophilic fraction of the total dissolved organic material (which cannot be isolated on
resin) may have an even shorter residence time in the Amazon basin than the coexisting fulvic acid.
Dissolved nitrogen-rich degradation products may be so strongly adsorbed by fine grained minerals that

they ultimately are exported largely in particulate form by soil erosion, as opposed to redissolution.

R Ds-Villamizar et al. reported that the total N and total P allowed to distinguish the three classical water
types (white, black and clear) and other water bodies with intermediate position (R bs-Villamizar et al.,
2013). Additionally, the distribution of alkali and alkaline-earth metals and major anions is especially
useful for the distinction of whitewater, blackwater and clearwater categories. Higher variability is shown
by water bodies that not fit inside these three classic categories. Therefore, many rivers and streams have
to be considered as “mixed waters” resulting from the influence of lower order tributaries with different

physico-chemical properties of their waters (R Ds-Villamizar et al., 2013).

Gledhill et al. determined elemental stoichiometries of aluminum, iron, copper, nickel, zinc, cobalt, and
manganese associated with a fraction of the DOM pool isolated by solid-phase extraction at ambient pH
from the Amazon plume (Gledhill et al., 2022). The biogeochemistry of the trace metals bound to the SPE
extracted DOM component in the Amazon plume was found to be determined by the chemical nature of
the trace metals and not by that of the DOM (Gledhill et al., 2022).

1.3.3 Isotope analysis and radiocarbon analysis

Isotope analysis identifies the isotope signatures in the chemical compounds and can be used to trace the
sources and understand the dynamic cycling processes in DOM studies. The two major isotopes used in
DOM studies are °C and *°N, whose ratios may be altered by biological and geophysical processes (Guo
and Sun, 2009). Carbon has three natural isotopes *2C, *C and **C, with the abundance of 98.89 %, 1.11 %
and 101 %, respectively. 5'*C isotope is widely used in DOM studies for trace its origin based on the
assumption that DOM from different origin has a distinct §'*C isotope value. A general trend is observed
for DOM with different sources: the value ranges from -35%o to -25%o for terrestrial derived DOM; it is in
the range of -18%o and -8%o for marsh macrophytes; and intermediate for the marine phytoplankton (Guo
and Sun, 2009). The variation in the values is mainly attributed to the isotope fractionation during carbon
metabolism in the plants in which §*3C commonly becomes progressively enriched but also depends on the
isotope composition in different source materials. Nitrogen has two natural isotopes *N and °N, with the

abundance of 99.63 % and 0.37 %, respectively. '° N isotope is used for tracing and distinguishing nitrogen

33



sources and monitoring certain nitrogen-dependent biogeochemical processes such as nitrification and
microbial processes. Generally, the 3°N values range from -10%o to 20%o in different DOM samples (Guo
and Sun, 2009). The radioactive “C with a half-life of 57302440 years is used to determine the apparent
age in organic materials by radiocarbon dating method. It serves as a proxy for DOM ages with the time
scale of ~50,000 years based on the assumption that negligible exchange of organic carbon is involved in

the studied ecosystem.

Previous studies, using isotopic and elemental analyses, revealed that there are apparently two distinct
DOM pools in the Amazon rivers system: a large pool of more refractory DOM from C3 allochthonous
plants sources (terrestrial carbon from uplands, riverine inputs, leached from flooded forests and soils), and
a small pool of labile DOM compounds derived from C4 macrophytes and phytoplankton, which are
consumed and rapidly turned over by heterotrophic bacteria (Ertel et al., 1986; Hedges et al., 1986b; Keil
et al., 1997; Mayorga et al., 2005; Mortillaro et al., 2016; Waichman, 1996).

S13C-DOC values are generally slightly lower than §3C-POC values, with limited natural variation
(Aufdenkampe et al., 2007; Ellis et al., 2012; Hedges et al., 1994; Mayorga et al., 2005). Variance in §'*C-
DOC is smaller than that of 3*3C-POC, possibly consistent with a limited contribution of in situ aquatic
primary production and the advanced degradation status of the river-transported DOM pool (Hedges et al.,
1994; Quay et al., 1992), which is also generally more recent in origin (Marwick et al., 2015; Mayorga et
al., 2005). Variability in §**C-DOC/POC in tributaries and along downstream gradients of the Amazon
River has typically been attributed to differences in plant inputs from forests, and floodplains (Ward et al.,
2015). The stable isotopic composition of POC and DOC indicated a replacement of highland forest-
derived organic carbon with lowland and floodplain-derived organic carbon from Obidos to the mouth
(Ward et al., 2015). Likewise, lignin phenol signatures showed an increase in the degradation state of

vascular plant-derived organic carbon from Obidos to the mouth (Ward et al., 2015).

During low water season, when the connectivity with the river mainstem was restricted, 5*C and §'°N
signatures of suspended POM from open floodplain lakes (Vazea) of the central Brazilian Amazon basin
showed a major contribution of autochthonous material from phytoplankton and C3 aquatic plants, and the
C4 aquatic phanerogam contribution appeared to be weak, although these plants were the most abundant
macrophyte in the V&azea. Moreover, the fatty acid compositions of suspended POM from the Amazon
River exhibited significant seasonal differences, suggesting a seasonal contribution of autochthonous

material produced in VV&zea to the Amazon River (Mortillaro et al., 2011).

A small range of 3*3C-DOC variation was observed throughout the hydrological cycle upstream of the
confluence of the Negro River (-29.2 to -29.5%o0) and the Solim&es River (-28.7 to -29.0%o), Whereas a
much larger one (-28.0 to -34.6%0) was found in the lower reach of the river, as the proportion of open

lakes increased downstream in the floodplains. The low variability in the upper reaches suggests
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homogeneous DOC sources from upland soils and flooded forest, while lower 5**C-DOC values recorded
in the lower reach mainstem at high and falling waters can be attributed to a greater export of plankton-
derived **C-depleted DOC from flooded lakes (Albé&ic et al., 2018). Higher 5*C-DOC values measured
in the Rio Madeira and the associated flooded lakes (—26.5 to —28.8%o) may reflect the imprint from upland

headwaters and a weaker density of flooded forest in the watershed (Albé&ic et al., 2018).

Mayorga et al. analyzed A¥*C in the CO; from the Amazon and showed that most of it originated from
rapid recycling of young organic carbon (Mayorga et al., 2005). The organic matter respired in the Amazon
River has been shown to be relatively young, with a radiocarbon age of less than five years (Ward et al.,
2013). However, the entire pool of lignin and related phenolic compounds in the Amazon River could

completely overturn in only 2-3 weeks (Ward et al., 2013).

Dissolved humic and fulvic acids and particulate organic materials transported by the Amazon River all
contain bomb-produced AXC (“bomb” carbon derived from atmospheric testing of thermonuclear devices
after 1954 (Nydal and L&vseth, 1983), indicating the relatively rapid turnover of the parent carbon pools.
However, the A¥C contents of the coexisting carbon forms are measurably different and may reflect

varying degrees of retention by soils in the drainage basin.

The proportion of black carbon like polycyclic aromatic structures decreases downstream in the Amazon
River but show marked spatial variability in abundance. AC values of dissolved black carbon molecular
markers in the Amazon River implied dynamic sources and cycling in a manner that is incongruent with
bulk DOC. Moreover, the dissolved black carbon flux from the Amazon River was estimated to be
composed of predominately young dark black carbon (Coppola et al., 2019a).

1.3.4 Optical spectroscopy

The application of UV-visible spectroscopy provides the rough estimates of DOM concentration, sources,
and certain functional groups. It boasts the advantages of low cost, ease of use and satisfactory reliability
at high sensitivity, rendering it one of the most widely used techniques in DOM characterization. But it is
highly selective to the chromophoric DOM instead of the overall DOM pool, and can be easily affected by
ionic strength and pH changes (Minor et al., 2014). Fluorescence spectroscopy measures the fluorescence
properties of DOM samples. Similar to UV-visible spectroscopy, it is efficient as well as powerful to collect
DOM information like rough quantification of the concentration, characterization of certain functional
groups and monitoring the reactivity, but only works on chromophoric DOM (Minor et al., 2014).
Excitation-emission matrix (EEM) fluorescence spectroscopy, as one of the most widely applied technique
in the structure assessment of DOM, acquires a range of emission spectra from the excitation spectra. EEM

spectra provide rich information in terms of fluorescence indices and fluorescence peaks (Yu et al., 2020).
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Optical (absorbance and fluorescence) analysis revealed a clear seasonal pattern in DOM composition
through the flood pulse in the Amazon River, which affected the amounts of autochthonous and
allochthonous inputs and consequently the extent of humification, molecular weight, and aromaticity of
the DOM (Melo et al., 2019). Bacterial community composition was tightly coupled to DOM fluorescence,
which was also driven by differences across the hydrological cycle. DOM concentration tended to be

relatively stable throughout the year, whereas DOM composition showed clear changes (Melo et al., 2019).

The Amazon River is a major source of terrestrially derived DOM to the Atlantic Ocean. Cao et al. reported
that the distribution and dynamics of optically active fraction of DOM were largely controlled by physical
mixing along the Amazon River-ocean continuum, with the exception of the protein-like component whose
distribution was driven by factors other than dilution (Cao et al., 2016). The on-board water incubation
experiments with photochemical and microbial alterations revealed that photochemistry was primarily
responsible for the remineralization of the optically active fraction of DOM whereas the contribution of

microbial transformation to this fraction was minor (Cao et al., 2016).

Patel-Sorrentino et al. measured the concentration of TOC and the fluorescence intensity before and after
UV-visible irradiation on the waters from sampling sites along the Negro River for a given time. The results
demonstrated that when photodegradation happened, the dominant reactions involved O, and reactive
oxygen species, and the fluorescent sites were among the first to be altered. Fluorescence and complexing
site densities increased after a short irradiation time and decreased after long irradiation times, indicating
that a change of the macromolecular structure activates previously inactive fluorophores and complexing

sites prior to photodegradation (Patel-Sorrentino et al., 2004).

1.3.5 Mass spectrometry

Mass spectrometry (MS) generates ions from inorganic/organic compounds with appropriate methods and
separates those ions according to the mass-to-charge ratio (m/z) and detects them qualitatively and
guantitatively by their m/z and abundance. The application of MS in DOM studies provides the information
on molecular weights and chemical composition that can be further interpreted into different groups of
compounds (Kujawinski et al., 2002; Mopper et al., 2007; Nebbioso and Piccolo, 2013). Structural
analytical methods such as FT-ICR MS allow for the assignment of thousands of molecular formulae out
of complex mixtures and are direct experimental evidence of the immense complexity of DOM (Hertkorn
et al., 2008; Hertkorn et al., 2016; Hertkorn et al., 2013; Herzsprung et al., 2016; Herzsprung et al., 2017a;
Herzsprung et al., 2017b; Kamjunke et al., 2017; Koch et al., 2007; Valle et al., 2017).

Medeiros et al. investigated the molecular composition and transformations of DOM in the Amazon River-

ocean continuum using ultrahigh resolution mass spectrometry and geochemical and biological tracers
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(Medeiros et al., 2015). They found that the composition of terrigenous Amazon DOM s surprisingly
stable in the adjacent coastal shelf even under different discharge regimes. Alterations in DOM
composition are observed in the plume associated with the addition of new organic compounds by
phytoplankton and with bacterial and photochemical transformations. Their study further showed that
changes in the plume's DOM composition were due to photochemistry and bacterial degradation as well

as the addition of DOM compounds by phytoplankton (Medeiros et al., 2015).

Seidel et al. molecularly characterized Amazon River DOM via ultrahigh-resolution FT-ICR MS,
determined DOM stable carbon isotopes, bacterial abundance and production, phytoplankton biomass and
composition®2, The incubation experiments with turbid water from close to the river mouth suggested that
photo- and bio-alteration leave significant molecular and carbon isotopic imprints on the terrigenous DOM.
Nonetheless, quantitative removal by bio- and photo-degradation appeared to proceed at a relatively slow
pace because no significant dissolved organic carbon decrease was found within the five days of the
incubation (Seidel et al., 2015). However, 9-30% of DOC was lost after the five-day incubation with less
turbid water from the intermediate and outer plume, suggesting that the introduction of reactive algal DOM
in the intermediate plume may thus have primed the microbial degradation of terrigenous DOM (Bianchi,
2011; Seidel et al., 2015). Additionally, sorption of terrigenous DOM to sinking particles acts as an
important DOC sink in the Amazon plume (Seidel et al., 2015).

FT-ICR MS combined with EEM fluorescence spectroscopy and parallel factor analysis (PARAFAC) of
Amazon River waters revealed a large proportion of ubiquitous DOM molecular compositions but also
unique area-specific molecular signatures (Gonsior et al., 2016). Unique to the DOM of the Rio Negro area
was the large abundance of high molecular weight, diverse hydrogen-deficient and highly oxidized
molecular ions deviating from known lignin or tannin compositions, indicating substantial oxidative
processing of these ultimately plant-derived polyphenols indicative of these black waters. In contrast,
unique signatures in the Madeira/Jamari area were defined by presumably labile sulfur- and nitrogen-
containing molecules in this white-water river system. Waters from the Tapajos main stem did not show
any substantial unique molecular signatures relative to those present in the Rio Madeira and Rio Negro,
which implied a lower organic molecular complexity in this clear water tributary, even after mixing with

the main stem of the Amazon River (Gonsior et al., 2016).

1.3.6 NMR spectroscopy

Nuclear magnetic resonance (NMR) spectra provide isotope-specific, stand-alone de novo perception of
extended atomic environments in organic molecules or mixtures of those; the most suitable isotopes in
DOM research are H, 3C, **N and P (Deron et al., 2002; Gigliotti et al., 2002; Hatcher et al., 1980;

Hertkorn et al., 2016). The information concerning close range atomic order in molecules is complementary
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to other organic structural spectroscopy that represent molecules (mass spectrometry) (Hertkorn et al., 2006;
Hertkorn et al., 2016; Hertkorn et al., 2013), functional groups (infrared spectroscopy) (Chen et al., 2019;
Gigliotti et al., 2002; Wu et al., 2022) and small atomic units (XANES and other X-ray based methods)
(Fan et al., 2014; Karlsson et al., 2005; Xia et al., 2022). NMR has been widely used for DOM structural
characterization with both qualitative identification and quantitative measurement of the functional groups.
NMR spectra are in particular suited to detect and analyze aliphatic and alkyl systems, which leave
commonly inconspicuous signatures in other analytical methods. Different types of NMR spectra are
available, and among them solution-state and solid-state NMR are extensively utilized. Generally, solid-
state NMR is performed on the solid samples like sediments and soils, while solution-state NMR is applied
to liquid samples such as the extracted DOM, some NMR spectroscopy is even possible for DOM samples
at natural conditions without pretreatment?®, Solution-state NMR offers the advantage over solid-state
NMR to allow multidimensional NMR spectroscopy with higher resolution for in-depth structural
elucidation of relationships between groups of atomic nuclei (Hertkorn et al., 2015; Hertkorn et al., 2002a;
Hertkorn et al., 2007b; Koch et al., 2008; Mopper et al., 2007; Simpson et al., 2011).

800 MHz *H NMR spectroscopy provided the quantification of major atomic environments in DOM
composition with excellent S/N ratio and resolution, enabling quantification of key DOM structural units
including CRAM, oxygenated aliphatics including carbohydrates, olefins, and aromatics (Hertkorn et al.,
2016; Hertkorn et al., 2013; Powers et al., 2019; Simpson et al., 2011). Moreover, 1D NMR showed better
coverage of purely aliphatic structures not resolvable in mass spectra. NMR offers valuable constraints of
hydrogen and carbon atomic environments not available by FT mass spectra and is important for providing

structural information and obtaining credible conclusions.

Supportive of *H NMR, *C NMR provides a wider range of chemical shifts with reduced spectral overlaps
and allows for the observation of ketone and carboxylate functional groups and other quaternary carbon
atoms that are not directly accessible by *H NMR spectroscopy (Simpson et al., 2011). Furthermore, DEPT
(distortionless enhancement by polarization transfer) experiment by *C NMR spectroscopy enables to
differentiate different carbon multiplicities (CH, CH,, and CHs). However, a certain disadvantage of $*C
NMR spectra at low sample availability is the low sensitivity due to only 1.1% *3C carbon nuclide at natural

abundance and low gyromagnetic ratio of 3C (~ 1/4 of H).

A 2D NMR spectrum is obtained with two Fourier transformations on a matrix of data, and cross peaks
that correlate information on one axis with data on the other are generated in a 2D spectrum. 2D NMR
experiments detect networks of spin-spin couplings and spatial proximity, necessary to overcome the
problems of signal overlap and enabling annotation of the NMR resonances to chemical structures
(Simpson et al., 2011).

NMR spectroscopy of terrigenous humic substances isolated from the Amazon River system indicated high
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aromaticity and lignin-derived methoxy carbon, as well as aliphatic and carboxyl carbon (Hedges et al.,
1992). In contrast, NMR spectroscopic analyses of marine humic substances isolated from the Pacific
Ocean indicated an abundance of carboxylated aliphatic molecules with a highly branched structure and
low unsaturated carbon (Hedges et al., 1992). Based on these observations, riverine dissolved humic
substances appear to comprise only a small fraction of seawater humic substances and therefore must be

efficiently and rapidly removed from the ocean.
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1.4 Scope of this work

Polydispersity, heterogeneity, and temporal dynamics of DOM have made its molecular characterization a
long-standing challenge. FT-ICR mass spectrometry of DOM allows for an unprecedented resolution of
thousands of molecular formulae direct out of the DOM mixture, however with considerable selectivity
depending on sample handling and ionization method applied (Flerus et al., 2012; Hertkorn et al., 2013;
Koch et al., 2005; Kujawinski et al., 2002; Kujawinski et al., 2009). High-field NMR spectroscopy on the
other hand allows for quantification of major atomic environments in DOM molecules with excellent S/N
ratio and resolution, enabling quantification of key DOM structural units including aliphatic and carboxyl-
rich alicyclic molecules (CRAM), oxygenated aliphatics including carbohydrates, olefins, and aromatics
(Hertkorn et al., 2007b; Simpson et al., 2002; Simpson et al., 2011). A main objective of the thesis is to
provide a comprehensive coverage of molecular evolution of Amazon DOM processing using

complementary ESI[{ mass spectrometry and NMR spectroscopy.

Repeated attempts have been made to describe the origin and fate of particulate and dissolved organic
matter throughout the Amazon River and its tributaries using a variety of methodologies (Mortillaro et al.,
2011; Quay et al., 1992). As highlighted in the prior chapters, due to the inherent complexity of DOM,
comprehensive molecular understanding of the reactivity, bioavailability, and processing of DOM in the
Amazon River is lacking at present, especially in tributaries with different water types and in major
confluence zones. Thus, this thesis aims to gain better understanding of Amazon basin DOM processing.
The study here is to reveal effects of major processes on the compositional space and structural
characteristics of black, white, and clear water systems. A particular emphasis is laid on revealing major
compositional and structural changes of DOM at the confluences of the Solim&s and Negro Rivers (S+N),

and the Amazon and Tapaj& Rivers (A+T).

Many studies reported distinct non-conservative behavior of DOM after riverine mixing affected by factors
like phase partitioning (Amon and Benner, 1996a; Sleighter and Hatcher, 2007), respiration (Benner and
Amon, 2015; Philippe and Schaumann, 2014b), trace metal complexation (Schmitt-Kopplin et al., 2019b),
and discharge (Borggaard et al., 2019). Ecological models and biogeochemical characterization assume
river mixing zones as hotspots of microbial activity. However, DOM degradation pathways are still poorly
addressed in river networks with molecular precision, preventing an accurate estimate of carbon sources
and sinks. Moreover, the effects of physical mixing of different Amazon basin riverine waters on the
composition and structure of its DOM at molecular resolution remain ill-constrained. Another major goal
of this work is to understand how DOM molecular features change following controlled mixing and

incubation of the endmember river waters with different biogeochemical characteristics. This thesis also
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aims to investigate the biotic and abiotic factors that lead to the DOM changes after water mixing and

incubation.
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2. Material and methods
2.1 Sampling and site locations

The Amazon River main stem originates in Andean mountains springs and for most of its flow path
meanders across the lowland of Amazon tropical rainforest until its mouth in Atlantic Ocean, while
collecting major tributaries on its way. The main stem of the Amazon River is named Ucayali while flowing
in Peru and when it crosses Brazil's boundary it changes the name to Solim&s. Downstream of the
confluence with the Negro River in Manaus (Amazonas state, Brazil) it changes the name again to Amazon
River and keeps this name until its mouth on Atlantic Ocean in Brazil's coast. There are many large
tributaries with different water characteristics. Three fundamental types of water were already described by
Alfred Russel Wallace in 1853 in his trip to the Amazon basin, and these were called as white, clear and
blackwaters (McClain and Naiman, 2008). The color varies depending on whether dissolved organic matter
(black water) or suspended sediment (white water) is predominant (Moreira-Turcq et al., 2003b). The clear
water rivers are transparent and supply a high phytoplankton production (Richey et al., 1990). Both white
and clear waters have more aquatic plants and floating meadows than black waters. In contrast, the black
water Negro River is nearly devoid of such vegetation. Solim&es contributed the most carbon to the Amazon
River, about 500 kg C s during the sampling high water period (Moreira-Turcq et al., 2003b). Madeira is
the largest and Negro is the second largest tributary in Amazon watershed. These two rivers together
contribute more than 30% of discharge of the Amazon River main stem. Madeira is a primary tributary of

Amazon in terms of sediment input.

We collected water samples at 31 sites in the Amazon River main stem eastwards, including Solim&es
(white water), Negro (black water), Amazon (turbid water), and Tapaj (clear water) between April 2™
and May 25" in 2014, during a high-water period with extremely high discharge volume. The localities
accessed were located near Manacapuru and Manaquery in Solim&es, Castanheira and Santa Maria in Negro,
Manaus, Urucaraand Obidos in Amazon River and Alter do ChZo and Aramanai in the Tapajé River.
Detail sampling information see Figure 3, Table 5. We obtained water samples by boat just below the
surface, typically 10 L per sample. Solid phase extraction (SPE) of the water samples was done at the field
immediately after sampling. The water column DOM was extracted by a previously described SPE method
using 1g cartridges of PPL resin (Dittmar et al., 2008). The eluates were stored in the freezer (-20°C) until

mass spectrometry analysis and nuclear magnetic resonance spectroscopy analysis.
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Figure 3 Maps of the sampling sites in the Amazon River. “SM” (grey) was sampled in the Solimées River
upstream and close to the Negro-Solimées River mixing zone. “MZ” (black) was sampled at the very mixing
zone. “AIR/A2R” (dark red) were sampled in the Amazon River upstream of the Madeira River inflow,
while the other Amazon River samples (red) were sampled after the Madeira River inflow. “AM3Ra” and

“AMYRa” (magenta) were sampled two months later than the other water samples in the Amazon River.

Table 5 Description of the sampling sites and sampling information. “SM” (grey) was sampled in the
Solimdes River close to the mixing zone of the Negro River and the Solimées River. “MZ” (black) was
sampled at the mixing zone of the Negro River and the Solim&s River. “A1R/A2R " (dark red) were sampled
in the Amazon River upstream of the Madeira River inflow, while the other Amazon River samples (red)
were sampled after the Madeira River inflow. “AM3Ra” and “AM9Ra” (magenta) were sampled two
months later than the other water samples in the Amazon River. The order of the rows in the table from top

to bottom represents the order of sampling point locations in each river from upstream to downstream.

River Sample = Longitude (W) | Latitude (°S) | Water type
Solimées (S) S1R -60.6845 -3.3414 white
Solimées S2R -60.1116 -3.3209 white
Solimées S3R -60.0957 -3.3136 white

Solimées close to

SN mixing zone SM -59.8949 -3.1647 turbid
Negro (N) NIR -60.8198 -2.5740 black
Negro N2R -60.6865 -2.7267 black
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Negro N3R -60.5509 -2.8719 black

Negro N4R -60.5583 -2.9440 black

Negro N5R -60.1810 -3.0958 black

Negro N6R -60.0902 -3.1242 black

Negro NaM -59.9126 -3.1292 black

SN mixing zone MZ -59.8958 -3.1301 turbid

Amazon River (4) before AlR -60.1596 -2.7933 turbid
Madeira River inflow

Amazon River before A2R -58.7621 -3.2992 turbid
Madeira River inflow

Amazon River after AMIR -58.5192 -3.1802 turbid
Madeira River inflow

Amazon River AM2R -58.5513 -3.1492 turbid

Amazon River AM3Ra -58.1626 -2.9750 turbid

Amazon River (out of the
river main stem because of | AM4R -58.2533 -2.9530 turbid
too much water)
Amazon River (sampled
downstream of the Uatuma | AMS5R -57.5167 -2.3797 turbid
River inflow)

Amazon River AMO6R -57.4771 -2.4972 turbid

Amazon River AM7R -57.2811 -2.4676 turbid

Amazon River AMSR -57.2811 -2.4676 turbid

Amazon River AMO9Ra -56.3486 -2.2473 turbid

Amazon River AMI10R -55.7717 -2.0033 turbid

Amazon River AMI11R -55.4316 -2.0180 turbid

Amazon River AMI12R -54.7185 -2.4041 turbid

Amazon River ATIR -54.4518 -2.4916 turbid

Tapajoés TI1R -55.1013 -2.9714 clear

Tapajoés T2R -54.9001 -2.4315 clear

Tapajoés T3R -54.8332 -2.2742 clear

Tapajos T4R -54.7219 -2.4056 clear
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2.2 Sample processing of mixing experiment

The four endmember samples S (S3R), N (NaM), A (AM12), and T (T4R) were used for laboratory mixing
and incubation experiments (Table 6). Mixing and incubation experiments with unfiltered endmembers
were conducted on the bank or ship directly after sampling by mixing variable ratios of different waters
(80:20, 60:40, 50:50, 40:60, 20:80, total volume 500 mL) in Pyrex bottle followed by one day (1d) and five
days (5d) dark incubation at in situ temperature (30°C) and SPE in the field. We also made a mixture of

identical volumes of S and N, and let it stand in dark for 30 min, named S50N50_30min.

Moreover, the endmember samples S and N were separated into “filtered water” and “filtered suspended
solids” based on the treatment of the endmember samples before mixing. The waters and suspended solids
were isolated by filtration of identical volumes of water from each river, using 0.2 uM Whatman GF/F glass
fiber (precombusted at 450°C). The mixture of filtered Negro water and filtered Solim&s suspended solids
was named FNSS; the mixture of filtered Solim&es water and filtered Negro suspended solids was named
FSSN; the mixture of filtered Solim&es water and filtered Negro water was named FSFN. FNSS and FSSN
were left to sit in the dark for one day at in situ temperature (30°C) and/or on ice (0°C).

Table 6 Description of samples in mixing and incubation experiments.

Sample Water mixture Incubation time
FSFN 50% Solim&es + 50% Negro 0 minutes
S50N50_30min 50% Solim@es + 50% Negro 30 minutes
S20N80_1d 20% Solim@es + 80% Negro one day
S40N60_1d 40% Solimd&es + 60% Negro one day
S50N50_1d 50% Solim&es + 50% Negro one day
S60N40_1d 60% Solim&s +40% Negro one day
S80N20_1d 80% Solim&es + 20% Negro one day
FSSN_B-1d Solim&es filtered water + Negro filtered suspended solids one day
FSSN_S-1d Solim@es filtered water + Negro filtered suspended solids one day
FNSS_B-1d Negro filtered water + Solim&es filtered suspended solids one day
FNSS_S-1d Negro filtered water + Solim&es filtered suspended solids one day
S20N80_5d 20% Solim@es + 80% Negro five days
S40N60_5d 40% Solim&s + 60% Negro five days
S50N50 5d 1 50% Solim&es + 50% Negro five days
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S50N50_5d_2 50% Solim&es + 50% Negro five days
S50N50_5d_3 50% Solim&es + 50% Negro five days
S60N40_5d 60% Solim&es + 40% Negro five days
S80N20_5d 80% Solim&es + 20% Negro five days
A20T80_1d 20% Amazon + 80% Tapaj& one day
A40T60_1d 40% Amazon + 60% Tapaj& one day
A50T50_1d 50% Amazon + 50% Tapaj& one day
A60T40_1d 60% Amazon + 40% Tapaj& one day
A80T20_1d 80% Amazon + 20% Tapaj& one day
A20T80_5d 20% Amazon + 80% Tapaj& five days
A40T60_5d 40% Amazon + 60% Tapaj& five days
A50T50_5d 50% Amazon + 50% Tapaj& five days
A60T40_5d 60% Amazon + 40% Tapaj& five days
A80T20_5d 80% Amazon + 20% Tapaj& five days

2.3 FT-ICR mass spectrometry

Negative and positive electrospray ionization (ESI[]) Fourier transform ion cyclotron resonance mass
spectra (FT-ICR MS) were acquired using a 12T Bruker Solarix mass spectrometer (Bruker Daltonics,
Bremen, Germany) and an Apollo Il electrospray ionization (ESI) source (Hertkorn et al., 2016). Nebulizer
gas pressure, drying gas pressure and the source heater temperature were 138 kPa, 103 kPa and 200 °C,
respectively. The spectra were acquired with a time domain of 4 MW. For each sample, 500 broadband
scans were accumulated in ESI[—] FT-ICR mass spectra, while 300 broadband scans were accumulated in
ESI[+] FT-ICR mass spectra. All spectra were first externally calibrated on clusters of arginine in MeOH
(0.57 mmol/L) and internally calibrated using appropriate reference mass lists of common natural organic
matter molecules, reaching accuracy values lower than 500 ppb. Data processing was done using Compass
Data Analysis 4.1 (Bruker, Bremen, Germany) and formula assignment by an in-house made software
(NetCalc) (Tziotis et al., 2011). The molecular formula assignments were based on the following elements:
*Ho-200, **Co-100, **Q0-80, 3*So-3, **No-sas well as the **Cy. and S.1 isotopomers. The generated formulae were
validated by setting sensible chemical constraints [N rule, O/C ratio < 1, H/C ratio < 2n+2 (CyHan+2)].
Restriction on nitrogen atoms < 4 and sulfur atoms < 2 were applied based on previous studies (Hertkorn et
al., 2013; Schmitt-Kopplin et al., 2010). Final elemental formulae were generated and categorized into

groups containing CHO, CHNO, CHOS, and CHNOS molecular series, which were used to reconstruct the
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group-selective mass spectra. The intensity of mass peaks was normalized (total amplitude of assigned mass
peaks = 100% for single sample). The average H/C, O/C, N/C, S/C atomic ratios, DBE/C (Double bond
equivalent per carbon), mass-to-charge ratios (m/z) were computed from the intensity-weighted average of
molecular formulae (Hertkorn et al., 2016).

2.4 'H NMR spectroscopy

All 'H NMR spectra were acquired with a Bruker Advance 111 NMR spectroscopy operating at 800.35 MHz
(Bo = 18.8 Tesla) at 283 K from redissolved solids in CD3;0D (99.95% 2H; Merck) with Bruker standard
pulse sequences using 3.0 mm Bruker MATCH tubes. The reference *H NMR chemical shift of HD.COD
was 3.3 ppm. *H NMR spectra were recorded under solvent suppression with presaturation and 1 ms spin-
lock (noesyprld), 5 s acquisition time, 5 s relaxation delay (d1), typically 1024 scans, and 1 Hz exponential
line broadening. *H NMR section integrals were obtained by using the software AMIX at 0.01 ppm
resolution, with exclusions of HDO and HD,COD NMR resonances.

Difference *H NMR spectra used full data point resolution (1.5><10“ ppm) and were computed from area
normalized NMR spectra (6n: 0.5-10.0 ppm), with exclusion of methanol (6n: 3.2-3.4 ppm) and water
section chemical shifts (3n: 4.8-5.5 ppm) by Bruker AMIX software; data tables were imported into EXCEL
tables, and difference NMR spectra were computed in EXCEL and exported to Adobe Illustrator. Vertical
axes denote fraction of NMR resonance amplitude with respect to total *H NMR integral (100%).

2.5 Water characterization

Water conductivity (Cond.), temperature (Temp.) and dissolved oxygen (DO) were measured in situ with
portable instruments (Hanna Instruments, Metrohm electrode and PRO-ODO YSI). For the inorganic
dissolved nutrients, the water was sampled with polypropylene bottles, filtered in silica filters (GF/F,
Whatman) and placed in amber bottles conditioned in freezer to be analyzed in the laboratory. Ammonium
(NH4") concentrations were determined by colorimetric analysis with flux injection (FIA, FiaStar 5000).
Nitrate (NOs) and nitrite (NO,) were measured using nitrate reduction and phosphate (POs*) using
molybdenum analytical method (Valderrama, 1981). The dissolved organic carbon (DOC) was determined
by persulfate digestion analyzed using high-temperature catalytic oxidation method (Sievers InnovOx
analyzer, GE) (Gonsior et al., 2019). The total organic carbon (TOC) used the same analytical method as
DOC without the water filtration.
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The dissolved inorganic carbon (DIC) of water was determined by the acidified headspace method (Aberg
and Wallin, 2014). During the field work, 25 mL glass vials were closed with a rubber stopper and prefilled
with 0.3 L of concentrated H3PO, to acidify the sample to pH ~2. After that, 12.5 mL of water samples
without bubbles were injected into the vial with a 0.6 mm needle. Three vials were closed in the field to
sample the atmospheric air used in the calculations. Back in the laboratory, the headspace samples were
measured by gas chromatography (7890A, Agilent Technologies, USA). Because the water was inoculated
in a closed acidified ecosystem, all the DIC was transferred to CO,. The CO- headspace was measured and
the CO, that remained in the water sample was equilibrated with the headspace (Henri's Law). DIC was the
sum of both CO, concentration subtracted by the CO, in the atmosphere (Aberg and Wallin, 2014).

2.6 Dark carbon fixation (DCF) and heterotrophic bacterial production (HBP)

DCF was estimated by the incorporation of H**COs" in a known time similar to photosynthesis, but in dark
conditions (Nielsen, 1965; Santoro et al., 2013). We took care to start the incubations at night, 4 hours after
the sunset, to wait the photosynthesis be negligible avoiding dark carbon incorporation by photo-system Il
(Nielsen, 1960). The incubations were performed by the addition of 10 pL of NaH*COs (Perkin Elmer,
specific activity of 52.5 mCi mmol) in 50 mL of river water in five dark (amber) bottles. The incubations
were stopped after four hours with Formalin at final concentration of 3.7%. Two controls were prepared
containing Formalin (3.7 % at final concentration) before adding the 4CO, to take out the artifacts’ values.
In lab, the samples were filtered twice inside a fume hood with Sartorius filtration kit. The first filtration
was with silica filters GF/F (Whatman) and the second with cellulose acetate filters (0.2 um pore, Sartorius
Stedim Biotech). Both filters were washed with 1M HCI and dried to ensure the elimination of the non-
assimilated *CO,. Filters were placed in scintillation vials with scintillation liquid (Optiphase HiSafe,
PerkinElmer) in dark conditions to be analyzed in radiocarbon assay in scintillation counter 24h later to

avoid chemiluminescence. Finally, DCF was computed as:
DCF (l.gC L-lh-l) = (Net DPMsample - Net DPMcomrol) xDPMadded_l X105 ><DI(: xt-l

where DCF was the biomass production or carbon assimilation, DPM was the radioactivity measured by
decay per minute of the sample, control and the added into incubations, 1.05 was the isotope discrimination

factor, DIC was the dissolved inorganic carbon and t was time (Peterson, 1980).

HBP was determined by the measurement of protein synthesis rates using radio-labelled *H-leucine (D. C.
Smith, 1992). This method measures the leucine incorporated by the bacteria in a known time after its

addition. The methodology had some adjustments for the Amazon waters conditions according to previous
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studies (Benner et al., 1995; Farjalla, 2014). Lower leucine concentration and less time was important to
not overestimate the bacterial production. 150 pi of 3H-leucine with a final radioactivity of 10 Ci mmol*
and a leucine final concentration of 20 nM was added to 1.5 mL of river water into five Eppendorf tubes.
The temperature was constant and similar to river water during the incubations that were performed in dark
conditions. Formalin was added at final concentration of 3.7% to stop the incubation after 45 minutes. In
addition, two controls were prepared with the same concentration of formalin before the leucine addition.

At the end, the samples were placed in styrofoam containers to be analyzed in the laboratory.

In the lab, the bacterial protein was extracted using cold trichloroacetic acid (TCA) and ethanol. This
method consists in the protein precipitation discarding the lighter non-incorporated radio-labelled leucine
in the supernatant. Finally, the pellet was resuspended in the scintillation liquid (Optiphase HiSafe,
PerkinElmer) with vortex and placed in dark for 24h after being analyzed in the radioassay with the

scintillation counter. To compute the bacterial carbon production, we used the equation:
HBP (gC Lh?) = LI (pmols Leu L*ht) x131.2 x0.073* x0.86* x<ID

where HBP was bacterial production, LI was the leucine incorporated and ID was the isotope dilution. 131.2
was the molecular weight of leucine, 0.073 was the proportion of leucine in total protein and 0.086 was the
ratio of cellular carbon to protein (Simon and Azam, 1989).

2.7 Statistical analysis

PCA was performed using Simca-P (version 11.5, UmetricsAB, Umed Sweden) to identify the dominant
modes of variability in DOM composition of AZ-DOM. FT-ICR mass spectra were arranged with the
samples as observations and the normalized peak amplitudes of the assigned FT-ICR mass peaks as the
response variables. *H NMR spectra were arranged with the samples as observations and the NMR
resonances as the response variables (800 MHz *H NMR, CD3s0D, area-normalized from 0.5-10.0 ppm;
0.01 ppm bucket resolution; with the exclusion of residual water and methanol NMR resonances). Before
multivariate statistics were performed, the response variables were centered and scaled to unit variance.

The based weight was computed as 1/sqrt (standard deviation of the response variables).

HCA  was performed using the  Hierarchical  Clustering  Explorer 3.0 (HCE;
http://www.cs.umd.edu/hcil/multi-cluster/). Average Linkage (UPGMA) method was used to cluster the
dataset and Euclidean distance was used as the similarity/distance measure. Based on the HCA, we used

the “profile search” tool from HCE 3.0, choosing a search method (model-based), a distance measure
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(Spearman's r) and a threshold (0.9).

Spearman correlation analysis (p < 0.05, r> > 0.5) was performed using the R statistical platform with
between normalized intensities of mass peaks in A-DOM samples downstream of the Madeira inflow (from
AMI1R to AM10R) and the fluvial distance of the sampling sites from sampling site AM1R. We used the
same method to find significant correlation between AZ-DOM composition based on ESI[{ FT-ICR mass
spectra and water/bacterial parameters.

Non-metric multidimensional scaling (NMDS) is particularly useful if the analyzed species (molecular
formulae) are not linearly responding to environmental gradients (Ramette, 2007). We performed NMDS
using the R statistical platform with the package vegan to determine correlations of environmental variables
with DOM molecular composition in the Amazon River continuum. The environmental data used for
NMDS included pH, dissolved oxygen (DO), conductivity (Cond.), temperature (Temp.), DOC, POC, TOC,
as well as inorganic nutrients such as ammonium (NH4*), nitrate (NO3z), nitrite (NOy?), and phosphate
(PO4*). These physicochemical variables were centered and scaled for ordination. All NMDS models were
run on Bray-Curtis distance matrixes and their statistical significance was tested with 999 permutations.
We applied NMDS analysis for the DOM samples with the data of bacterial production and carbon fixation.
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3. Results

3.1 Article 1: Comprehensive assessment of dissolved organic matter processing
in the Amazon River and its major tributaries revealed by positive and negative

electrospray mass spectrometry and NMR spectroscopy

Title: Comprehensive assessment of dissolved organic matter processing in the Amazon River and its major
tributaries revealed by positive and negative electrospray mass spectrometry and NMR spectroscopy

Journal: Science of The Total Environment, VVolume 857, Part 3
DOI: 10.1016/j.scitotenv.2022.159620

Authors: Siyu Li, Mourad Harir, Philippe Schmitt-Kopplin, Michael Gonsior, Alex Enrich-Prast, David

Bastviken, Juliana Valle, Fausto Machado-Silva, Norbert Hertkorn

Content: Rivers are natural biogeochemical systems shaping the fates of dissolved organic matter (DOM)
from leaving soils to reaching the oceans. This study focuses on Amazon basin DOM processing employing
negative and positive electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry
(ESI[H FT-ICR MS) and nuclear magnetic resonance spectroscopy (NMR) to reveal effects of major
processes on the compositional space and structural characteristics of black, white and clear water systems.
These include non-conservative mixing at the confluences of (1) Solim&s and the Negro River, (2) the
Amazon River and the Madeira River, and (3) in-stream processing of Amazon River DOM between the
Madeira River and the Tapaj& River. The Negro River (black water) supplies more highly oxygenated and
high molecular weight compounds, whereas the Solim&s and Madeira Rivers (white water) contribute
more CHNO and CHOS molecules to the Amazon River main stem. Aliphatic CHO and abundant CHNO
compounds prevail in Tapajos River DOM (clear water), likely originating from primary production.
Sorption onto particles and heterotrophic microbial degradation are probably the principal mechanisms for

the observed changes in DOM composition in the Amazon River and its tributaries.

Contributions: David Bastviken, Alex Enrich-Prast, Michael Gonsior, Philippe Schmitt-Kopplin, and
Norbert Hertkorn designed research. Mourad Harir, Philippe Schmitt-Kopplin, Juliana Valle, Fausto
Machado-Silva, David Bastviken, Michael Gonsior, and Norbert Hertkorn participated in the sampling.
Siyu Li and Mourad Harir acquired FT-ICR mass spectra. Siyu Li and Norbert Hertkorn acquired NMR
spectra. Fausto Machado-Silva conducted HBP and DCF measurements. Data interpretation was performed
by all authors. Siyu Li wrote the first draft of the manuscript. All authors provided significant contributions

to the final manuscript. About 60% of the work was done by Siyu Li.
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3.2 Article 2: Distinct non-conservative behavior of dissolved organic matter

after mixing Solim@s/Negro and Amazon/Tapaj& River waters

Title: Distinct non-conservative behavior of dissolved organic matter after mixing Solim&s/Negro and

Amazon/Tapaj& River waters
Journal: ACS ES&T water
DOI: 10.1021/acsestwater.2c00621

Authors: Siyu Li, Mourad Harir, Philippe Schmitt-Kopplin, Fausto Machado-Silva, Michael Gonsior,
David Bastviken, Alex Enrich-Prast, Juliana Valle, Norbert Hertkorn

Content: Positive and negative electrospray ionization FT-ICR mass spectra and *H NMR revealed major
compositional and structural changes of dissolved organic matter (DOM) after mixing two sets of river
waters in Amazon confluences: the Solim&s and Negro Rivers (S+N), and the Amazon and Tapaj& Rivers
(A+T). We also studied the effects of water mixing ratios and incubation time on composition and structure
of DOM molecules. NMR spectra demonstrated large-scale structural transformations in case of S+N
mixing, with gain of pure and functionalized aliphatic units, and loss of all other structures after one-day
incubation. A+T mixing resulted in comparatively minor structural alterations, with major gain of small
aliphatic biomolecular binding motifs. Remarkably, structural alterations from mixing to one-day
incubation were in essence reversed from one-day to five-day incubation for both S+N and A+T mixing
experiments. Heterotrophic bacterial production (HBP) in endmembers S, N, and S+N mixtures remained
near 0.03 pgC Lth?! whereas HBP in A, T, A+T were about five times higher. High rates of dark carbon
fixation (DCF) took place at S+N mixing in particular. In-depth biogeochemical characterization revealed
major distinction of DOM biogeochemical changes and temporal evolution at these key confluence sites

within the Amazon basin.
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spectra. Fausto Machado-Silva conducted HBP and DCF measurements. Data interpretation was performed
by all authors. Siyu Li wrote the first draft of the manuscript. All authors provided significant contributions

to the final manuscript. About 60% of the work was done by Siyu Li.
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4. General discussion and outlook
4.1 Molecular insights into DOM in the Amazon River and its tributaries

Terrestrial aquatic systems - such as rivers, lakes and wetlands - act as transporters, storages and reactors
of organic matter (Battin et al., 2009; Aufdenkampe et al., 2011; Abril et al., 2014). The Amazon River is
particularly important because its large freshwater discharge contributes over 200,000 m3 s (Ward et al.,
2015) and it exports 22-27 Tg of DOC annually (Richey et al., 1990). The mainstem of the Amazon River
experiences peak discharge during May/June and minimal discharge in November/December (Richey et al.,
1990). Low light penetration due to high turbidity and high concentrations of light-absorbing chromophoric
DOM are limiting phytoplankton production within the Amazon River system (Rai and Hill, 1984; Wissmar
et al., 1981). Most of the river organic matter is therefore derived from land plants with additional
autochthonous organic matter inputs from adjacent floodplains and floodplain lakes (Moreira-Turcq et al.,
2013).

Dissolved organic matter (DOM) forms a highly complex mixture of thousands of individual molecules
interacting with other coexisting solutes and non-dissolved constituents (Kujawinski, 2011; Gonsior et al.,
2016). Our joint molecular characterization of SPE-DOM in the Amazon main stem and tributaries by
ESI[H FT-ICR MS and *H NMR provided improved resolution of the alterations of DOM along the
Amazon River, and demonstrated distinct reactivity for CHO, CHNO, and CHOS molecules. The molecular
features of Amazon DOM can serve as biogeochemical tracers and provide compelling information on their
source, reactivity, and processing. ESI[—] FT-ICR MS preferentially detected high-mass oxygen-rich CHO
compounds, whereas ESI[+] FT-ICR MS primarily detected aliphatic CHNO compounds (Hertkorn et al.,
2013). Our previous study on the SPE-DOM in Amazon main stem and tributaries showed that nearly half
of CHO and CHNO m/z ions were found in both ESI modes at near-average H/C and O/C ratios,

representing a large number of isomeric molecules that as a whole were resistant to rapid alteration.

We found a group of more saturated CHO compounds was unique to the Tapajé& River SPE-DOM, likely
resulting from abundant algal biomass and higher primary production in Tapaj& (Moreira-Turcq et al.,
2003a), in line with previous work that had in situ primary production of C4 grasses or algal material
identified as the key autochthonous source of DOM in Tapaj& River (Quay et al., 1992; Ward et al., 2016).
Membrane lipids are known products of microbial degradation of phytoplankton and might serve as
potential precursors of DOM (Harvey et al., 2006). Phytoplankton blooms provide new molecules relevant

to the DOM pool in Amazon plume waters (Medeiros et al., 2015).

CHNO molecules represent important potentially biolabile components of DOM that indicate land cover,
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microbial processing, and possibly abiotic nitrogen incorporation (Bernhardt and Likens, 2002; Sleighter

et al., 2014). ESI[-] FT-ICR MS primarily ionizes carboxyl-carrying DOM molecules (like e.g., CRAM,

carboxyl-rich alicyclic molecules (Hertkorn et al., 2006), which are abundant in common freshwater DOM
as observed e.g., by 3C NMR spectra and titration (Ritchie and Perdue, 2003). ESI[+] FT-ICR MS directly
detects N-containing molecules which not necessarily carry carboxylic groups. The complementary of
detection of N-containing molecules by ESI[+] and ESI[-] MS is helpful to reveal so far exclusive structural
features of CHNO compounds in the Amazon River DOM and allows compositional and structural
distinction related to origin and processing of DOM. The abundance of less oxygenated CHNO compounds
that mostly ionized in ESI[+] FT-ICR MS was highest in the Amazon River SPE-DOM downstream of the
Madeira inflow and then declined rapidly; these more aliphatic compounds likely had a shorter residence
time, in agreement with higher general biogeochemical processing of heteroatom-containing molecules
(Ksionzek et al., 2016). Gonsior et al. (2016) and Simon et al. (2019) found differences in higher m/z
molecular formulae and in numbers of CHNO formulae in the Negro waters (Gonsior et al., 2016; Simon
et al., 2019). Our study has a better coverage of the m/z range and the quantity of N-containing compounds
compared to the two previous studies. The differences in different studies could be explained by several
aspects. First, our study used ESI[ FT-ICR MS and provided better coverage of molecular signitures.
Second, the number of CHNO compounds would be affected by season. Gonsior et al. (2016) took their
samples in May 2013, after the end of the rain season (‘‘hot and wet”, daily precipitation events) and the
beginning maximum of the flood pulse (Vidal et al., 2015). The start of the flood peak will presumably
differ largely from its end (initial disturbance vs ongoing/ending disturbance), for example in terms of
dissolved constituents leached from rewetted soils. Simon et al. (2019) took samples during the dry period
(“hot and humid”, non-daily precipitation), at the end of the maximum of the flood peak (July 2014) and
its lowest extent (October 2013), when connectivity between floodplains and mainstem gradually decreases
and upstream flushing of soils by daily precipitation events is reduced. In comparison, the samples from
this study were taken between April 2nd and May 25th in 2014, during a high-water period with extremely

high discharge volume.

Higher content of S-containing compounds was found in the Solim&es River SPE-DOM and in the Amazon
River SPE-DOM downstream of the Madeira inflow, which may have resulted from incorporation of sulfur
into organic matter by dissimilatory sulfate-reducing bacteria and/or by abiotic sulfurization reactions under
anoxic conditions in sediment-rich waters like Solim&s and Madeira (Luek et al., 2017; Sinninghe Damste
and De Leeuw, 1990; Schmidt et al., 2009), but anthropogenic sources cannot be excluded (Latrubesse et
al., 2017). Furthermore, DOM sulfurization processes are likely to be more intense under more anaerobic

conditions during low-water periods relative to the high-water period we sampled.
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Unlike mass spectrometry, which has intrinsic limitations like structure-dependent ionization efficiency
(Hertkorn et al., 2008), *H NMR more comprehensively covered all structures containing non-exchangeable
hydrogen atoms, although the huge diversity of hydrogen atomic environments in DOM produced a
considerable overlap of NMR resonances. The Negro River SPE-DOM showed a higher degree of
oxygenation relative to the Solim@s/Amazon/Tapaj&-DOM in a very extensive range of aliphatic and
aromatic carbon chemical environments. These molecular features were transferred to the Amazon River
and became strongly attenuated ~150 km downstream. Moreover, the Amazon River SPE-DOM
downstream of the Madeira River inflow and the Uatum&aRiver inflow showed higher relative abundance
of pure and functionalized aliphatic protons, presumably indicative of higher proportions of more
microbially processed terrestrial DOM (Lechtenfeld et al., 2015; Schmidt et al., 2009).

Our study provides an unprecedented level of detailed molecular information about the different types of
waters in the Amazon basin. The blackwater Negro River SPE-DOM showed higher average m/z ratios and
higher aromaticity compared to DOM of other rivers, in agreement with previous studies (Gonsior et al.,
2016; Ertel et al., 1986). High molecular weight aromatic structures probably represent the polar fraction
of lignin and tannin degradation products, e.g., through biotic and abiotic oxidation (Johannsson et al., 2017;
Waggoner et al., 2015). Moreover, *H NMR revealed higher proportions of =CH and CuH units (54> 5.2
ppm) and remotely (OCCH) and directly oxygenated (OCH) aliphatic molecules (6x > 2.4 ppm) in the
Negro River DOM. Low retention of organic matter in bleached soils of the Negro basin (Fritsch et al.,
2009; Bardy et al., 2011; Quesada et al., 2011) could explain apparently fresher and more aromatic riverine
DOM in blackwater catchments. The SPE-DOM in the whitewater Solim&s and Amazon Rivers showed
higher average N/C and S/C ratios and had larger contribution of moderately unsaturated and saturated
compounds. Suspended particles from whitewater Amazonian rivers can be enriched in nitrogenous
compounds (Aufdenkampe et al., 2001) and may transport more sorbed organic compounds in general
(Kleber et al., 2007), as opposed to the low amount of suspended sediment carried by the Rio Negro.
Moreover, >90% of the sediment load of the Rio Negro is composed of kaolinite clay minerals with low
adsorption capacity (Irion etal., 1991). The clearwater Tapaj& River SPE-DOM showed higher proportions
of CHNO compounds, and of methylene- and alkyl-rich aliphatic structures than the other endmember
DOM, in line with higher proportions of primary production, and microbial processing. *H NMR spectra of
the Tapaj& River SPE-DOM showed a distinct visual appearance owing to a few sharp and abundant
resonances representing aliphatic molecules with limited branching, acetic acid (34 ~ 1.88 ppm), and formic
acid (5u ~ 8.08 ppm), with an overall *H NMR integral below ~2%. The strong contribution of small
aliphatic molecules may originate from general proximity of its DOM molecules to the structural space of

biomolecules and metabolites, including some biodegradation of fresh materials as suggested by Roth et al.
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(Roth et al., 2019).

4.2 DOM dynamics after riverine mixing

Abrupt changes of environmental conditions, either in space (‘‘hot spots”, e.g., at interfaces connecting
soils, wetlands, sediments and rivers) or time (‘*hot moments”, e.g., during algal blooms or flooding events,
or upon injection of easily degradable substrate) influence the dynamics of carbon pools in natural systems
(Mar n-Spiotta et al., 2014; Kuzyakov and Blagodatskaya, 2015; Ward et al., 2017). For example, mixing
zones such as river confluences and river plumes are hypothesized to be hotspots for organic matter cycling
due to processes such as “priming effects,” whereby the decomposition of less reactive organic matter is
stimulated by the presence of highly reactive material such as algal exudates (Bianchi, 2011; Bianchi et al.,
2015). Mixing phenomena in aqueous media combine both spatial and temporal aspects in a unique way
and occur in several settings in nature, most prominent at river confluences or at the boundary of riverine
and marine systems (Simon et al., 2019). Although there is a solid body of literature on biogeochemical
processes and their effects on elementary mass balances at aquatic boundaries, most of this work has been
conducted in estuaries. There is relatively little known about how physical mixing of different riverine
water bodies and disequilibria that may evolve during this mixing process and its influence on DOM

molecular composition.

Solim&es-Negro confluence ranks among the largest on Earth and provides non-conservative mixing and
exemplary spatial and temporal DOM processing on grand-scale. High DOC with large proportions of
hydroxyl and phenolic sites in Negro water (Duarte et al., 2016; Gonsior et al., 2016) and abundant sediment
load in Solim&@s water (Aucour et al., 2003; Moreira-Turcq et al., 2003b; Subdiaga et al., 2019) present
favorable conditions for structure-selective sorption of organic matter on mineral surfaces (Aufdenkampe
et al., 2001; Moreira-Turcq et al., 2003b; Subdiaga et al., 2019). Abiotic reactions such as photochemical
processing (oxidation and mineralization) and metal-dependent complexation, coagulation and redox
chemistry will have significant impact on the DOM composition in the Amazon River (Schmitt-Kopplin et
al., 1998; Aucour et al., 2003). Structure-selective sorption of DOM on mineral surfaces (Subdiaga et al.,
2019; Li et al.,2023) has removed substantial proportions of polyphenols present in Negro waters together
with minerals present in Solim@es waters. This removal of light absorbing and light scattering ingredients
in the Solim&s-Negro mixing zone opens previously unavailable opportunities for photo-processing of
DOM molecules. However, many photoproduced oxygenated small molecules will readily integrate in
biochemical pathways and foodwebs (Gonsior et al., 2014; Huang et al.,2023) and transient particulate

organic carbon, making traceability to specific mechanisms difficult.
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We observed conservative behavior of DOC concentration downstream of the Solim&s-Negro confluence.
This is a surprising finding, since DOC is generally described as reactive in the confluence zone of the
Negro and Solim&s (Aucour et al., 2003; Leenheer et al., 1980; Moreira-Turcq et al., 2003; Aufdenkampe
et al., 2001; Ertel et al., 1986; Merschel et al., 2007). However, the conservative mixing of DOC
concentration was in line with two previous studies (Simon et al., 2019; Merschel et al., 2017), which
suggest that organic nanoparticulate or colloidal matter did not readily coagulate to form larger aggregates
during mixing (Aufdenkampe et al., 2001; Péez et al., 2011; Merschel et al., 2017). Another reason
suggested by Simon et al. is an occupation of mineral sorption sites by DOM molecules (Simon et al., 2019).
The largely conservative DOC behavior is supported by artificial sorption experiments conducted by Pé&ez
et al. (2011). The authors found that the hydrophobic fraction (sorbed to XAD-8 resin, ‘‘HPO” fraction) of
Rio Negro DOC, besides sorption of ~80% of DOC (initial ca. 18 mg C/L) to fresh synthetic goethite, was
not fractionated in terms of aromaticity during the process, even under large excess of DOC. Contrastingly,
the aromaticity of the relatively hydrophilic fraction (XAD-8 effluent sorbed onto XAD-4 resin,
“transphilic”, ‘“TPH” fraction) decreased upon sorption. Similar high levels of DOC were sorbed.
Altogether, this indicated a preferential sorption of relatively hydrophilic aromatic compounds onto
sediment at high DOC loads. A second sorption experiment with an isolated organic matter fraction from
the Amazon— Curuai floodplain and organic-free natural sediment from the Curuai Vazea Lake showed
much lower sorption (5-20% DOC), however, initial DOC levels were also lower in these experiments (ca.
4.2 mg C/L). The authors did not observe any fractionation in terms of aromaticity in these second
experiments either. Under the natural confluence settings, with DOC concentrations in the range of the
second experiment and mineral surfaces in Rio Solim&es already conditioned with organic matter, sorption
or fractionation of new DOM (i.e., Rio Negro DOM) may be even further reduced. We conducted artificial
sorption experiment and found that the molecular characteristics of the Solim&s River water SPE-DOM
was nearly identical to the SPE-DOM from the mixture of the Solim&s River water and the filtered mineral
particles from the Negro River. Likewise, the molecular characteristics of the Negro River water SPE-DOM
were nearly identical to the SPE-DOM from the mixture of the Negro River water and the filtered mineral
particles from the Solim&es River. These results strongly supported Pé&ez’s finding and proved that the

mineral surfaces and DOM in the Solim&s and/or Negro Rivers were in equilibrium before mixing.

We found considerable decrease of dissolved oxygen (~30%) and POC (~90%) concentrations and
concomitant enhanced microbial activities just downstream of Solim&s-Negro confluence, in agreement
with the previous report for mixing zones in the Amazon basin (Farjalla, 2014). The large depletion of POC
at Solim&s-Negro mixing zone, in addition to large number of molecular signatures associated with POC

in the Amazon River downstream suggest that the DOC-POC transition may have significant effects on
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DOM composition, especially at confluences (Subdiaga et al., 2019; Moreira-Turcq et al., 2003b).

Previous studies suggested overall low aquatic bacterial metabolism for the Amazon waters, but
confluences could be hot spot areas of high bacterial metabolism, which are associated with changes in
organic matter quality (Farjalla et al., 2014). Large proportions of polyphenolic compounds in the Negro
DOM were removed from the DOM pool when Negro met Solim&s. The less oxygenated, lower molecular
weight CHO/CHNO compounds associated with higher HBP might be preferentially assimilated and
converted into new bacterial biomass. Furthermore, we found for the first time that DCF contributed to
microbial biomass production to the same or even higher extent than heterotrophic processes just
downstream of the Solim&es-Negro mixing zone, suggesting that the inorganic carbon pathway may be as
important as organic carbon degradation when river waters with distinct characteristics converge. In
addition, abiotic reactions such as photochemical processing (oxidation and mineralization) and metal
complexation could also have important impact on changes of DOM composition in the Amazon River

downstream (Amon and Benner, 1996b; Aucour et al., 2003).

The Tapaj& River hosts higher proportions of cyanobacteria (~12%) compared to the Amazon River (~5%),
where actinobacteria and betaproteobacteria dominate the microbial community (Doherty et al., 2017).
“Positive priming effect” was suggested to happen when algal-rich Tapaj& waters mix with turbid Amazon
main stem waters, accelerating the decomposition of more recalcitrant organic matter (Seidel et al., 2015).
The molecular transformation of CHO, CHNO, and CHOS molecules towards lower m/z, lower O/C ratios
with concomitant higher H/C ratios in A+T SPE-DOM during the five-day incubation is consistent with a
simple notion of DOM degradation from larger to smaller molecules, which was expressed in the familiar
size-reactivity continuum model (Benner et al., 2015), but here expands to relatively small DOM molecules
and/or metabolites. Biodegradation might explain the strong contribution of small molecules, but recent
findings suggest that contributions of low molecular weight constituents in FT-ICRMS data may be related
to “‘fresh” or freshly decomposing material (Roth et al., 2016). Moreover, *H NMR spectra indicated
polyphenolic molecules were largely removed in A+T SPE-DOM after five-day incubation, suggesting
rapid processing of terrestrial organic matter (e.g., leached from litter decay processes) that had been largely
hydrologically mobilized in aquatic-terrestrial transition zones (Bertassoli et al., 2017; Melo et al., 2019).
This conforms to a study showing that the breakdown of vascular plant-derived organic matter to CO-

increased six-fold at Amazon-Tapaj& confluence compared to that in the Amazon River (Ward et al., 2016).

Most studies report distinct non-conservative behavior of DOM after riverine mixing affected by factors
like phase partitioning (Seidel et al., 2016; Moreira-Turcq et al., 2003), respiration (Mayorga et al., 2005;
Abril et al., 2014), trace metal complexation (Simon et al., 2019), and discharge (Ward et al., 2018).
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However, the effects of physical mixing of different Amazon basin riverine waters on the composition and
structure of its DOM at molecular resolution remain ill-constrained. We observed distinct structural
evolution after mixing the two sets of waters: the Solim&s and Negro Rivers (S+N) and the Amazon and
Tapaj& Rivers (A+T). In A+T, a suite of labile lipid-like molecules with prominent alkyl- and methylene-
rich carboxylic acids of limited structural diversity, and few oxygenated aliphatic and aromatic structural
motifs had been produced after one-day incubation and largely disappeared after five-day incubation. In
comparison, the structural changes after one-day incubation of S+N DOM comprised a much larger
structural diversity of molecules, covering the entire range of aliphatic (CCCH, OCCH, OCH units) and
Csp2H units (aromatics and olefins) with a smooth distribution of all structural motifs (atomic environments),
implying a more thorough diversification of atomic environments in S+N compared with A+T following
mixing and incubation. This probably reflects an overall larger distinction of DOM molecules in original
Solim&es and Negro waters compared with Amazon and Tapaj& waters, originating from the high relative
abundance of highly oxygenated aromatic structures in Negro waters (Ertel et al., 1986; Johannsson et al.,
2017).

The structural evolution from one-day to five-day incubation was approximately a reversal of the structural
changes from original samples to one-day incubation for both S+N and A+T mixing experiments: A+T
samples diversified their pure and remotely oxygenated aliphatic molecular structures and lost methylene-
and alkyl-rich aliphatic molecules with simple branching motifs. For S+N, the evolution of all aliphatic
units from one-day to five-day incubation appeared as very congruent reversal compared with evolution
from the average of S+N samples to one-day incubation. This fast “recovery” behavior of DOM processing
after temporal mixing reflected remarkably fast DOM processing for both S+N and A+T, and has likely
been promoted by tropical temperatures (~30°C).

Most studies report non-conservative effects upon riverine mixing (i.e., deviating from simple dilution),
which affect phase partitioning and are frequently linked to distinct changes in DOM composition (Aucour
et al., 2003; Leenheer et al., 1980; Moreira-Turcq et al., 2003; Aufdenkampe et al., 2001; Ertel et al., 1986;
Merschel et al., 2007). A study by Simon and coworkers observed a conservative behavior of SPE-DOM
in the natural and experimental mixing of Solim&s and Negro River waters based on negative ionization
mode FT-ICR MS (Simon et al., 2019), opposing the presumed non-conservative behavior of DOM in our
results. Simon et al. sampled during the dry period, while the samples from this study were taken during a
maximum flood pulse. The different sampling season presumably affects composition and structure of
dissolved constituents leached from rewetted soils and may influence the endmember water characteristics
and microbial community (McClain et al., 2008). Moreover, Simon and coworkers mixed samples under

continuous shaking, while we mixed initially and then let the sample settle. The differences in sample
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treatment may affect DOM composition, for instance through sorption and desorption between DOM and
particles. Besides, the combination of SPE and ESI[-] FT-ICR MS favors observance of carboxylic acids
and does not cover the entire spectrum of dissolved organic molecules (Hawkes et al., 2016; Raeke et al.,
2016; Li et al., 2017). Our joint use of both complementary electrospray modes FT-ICR MS and *H NMR
methods and the exhaustive analysis provide valuable DOM molecular information with improved detail.

Ward et al. (2019) conducted experimental mixing on the Amazon and Tapaj& Rivers waters and observed
that regardless of what water was used, respiration rates are directly linked to the velocity at which samples
are rotated. It was hypothesized that this linkage between velocity and aquatic metabolism occurs as a result
of interactions between suspended particles, dissolved constituents, and free-living and particle bound
microbes considering that the presence of particles have been shown to play an important role in microbial
activity and priming effects. The amplified and diversified microbial activity as tributaries mixed would
result in enhanced respiration rates, and likely the fast processing of organic carbon. Moreover, the
desorption of nitrogen-rich molecules as Amazon River suspended sediments are diluted, providing both
nutrients and reactive substrates that could drive priming effects (Ward et al., 2019; Aufdenkampe et al.,
2001).

4.3 Environmental implications

Aguatic ecosystems represent conduits in the global carbon cycle that connect the terrestrial biosphere with
the oceans and atmosphere (Cole et al., 2007; Aufdenkampe et al., 2011). On a global scale, roughly 75%
of the 5.7 Pg C transported by rivers annually is emitted to the atmosphere (Wehrli, 2013), with the majority
of this evasive flux occurring in the tropics (Raymond et al., 2013). Microbial degradation (Ward et al.,
2013) and photochemical oxidation (Opsahl and Benner, 1998) are the primary pathways for the conversion
of terrestrially derived organic carbon to carbon dioxide in the aquatic environment (Battin et al., 2008).
The relative importance of these processes is controlled in part by biogeochemical parameters derived from
the surrounding watershed along with physical river properties. For example, in the blackwater Rio Negro,
roughly 15% of the DOC has been shown to be photoreactive (Amon and Benner, 1996). However, a large
fraction of Amazon Rivers is sediment rich and deep relative to light penetration depths, resulting in a
minimal contribution of photooxidation to basin scale CO, production (less than 1%) relative to depth-

integrated respiration (Remington et al., 2011).

In the Amazon River, the presence of large lowland tributaries and productive floodplains provides ample
opportunities for “priming effect” to occur within the basin, effectively reducing the amount of organic

carbon that would have otherwise been delivered to the ocean. For example, roughly 95% of the terrestrially
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derived carbon that enters the Amazon River is outgassed to CO», meaning that less than 5% of the organic
carbon mobilized by the system is transported to the ocean (Richey et al., 1992; Ward et al., 2013). While
active floodplains may be important with respect to the priming of terrestrially derived organic carbon, they
also maintain high levels of in situ organic carbon along river continuums (Ward et al., 2015).

Multistep processing of DOM along the flow path and mixing zones of many ungauged Amazon River
tributaries implies that the carbon atoms that are eventually delivered to the Atlantic Ocean have repeatedly
changed their atomic environments on their journey (Roth et al., 2019). However, general congruence of
biochemical pathways across all organisms, and similarities of fundamental abiotic processing regimes in
the extended tropical ecosystem of the Amazon basin will rather realign thermodynamic and kinetic
boundary conditions at locations of exceptional importance, leading to thorough redirection for synthesis
and degradation of DOM molecules. This is more likely than an unspecific continual entropy-driven
diversification of DOM molecules from land to sea. Overall, DOM evolution in the Amazon Basin will
diversity beyond trajectories of simple synthesis and degradation as described in the standard river

continuum concept (Vannone et al., 1980), and/or small river catchments (Kamjunke et al., 2019).

According to the “regional chromatography” hypothesis (Ertel et al., 1986; Devol et al., 2001), the majority
of reactive components within the DOC pool are effectively removed before reaching higher-order
confluences such as the S+N confluence. The process could also lead to occupancy of sorption sites at
minerals, rendering both educts (minerals and DOM) non-reactive (in line with findings by Pé&ez et al.
(2011)). Hence, we hypothesized that the individual endmember SPE-DOM had reached a steady state
under given biogeochemical conditions. However, the assemblages of biogeochemically distinct river
waters initiated rapid and widespread molecular alteration of DOM upon mixing, in part by fast abiotic
reactions. This averaged physiochemical properties and reassembled microbial community composition,
with potentially considerable effects on DOM processing and mineralization, as well as the composition
and reactivity of remaining organic molecules (Schmidt et al., 2011). Pronounced changes in DOM
composition during incubation suggest substantial diagenetic modification of organic matter, even if the
complete mineralization of DOM may not be significant (Valle et al., 2017; Einsiedl et al., 2007).
Nevertheless, continuous oxidation of the residual DOM molecules is likely to generate oxygen-rich CO;
and H2O molecules in the river confluence and subsequent river channels, contributing to a nominal

reduction of leftover DOM molecules even in case of oxidative processing (Einsiedl et al., 2007).

More than 80% of river length of the Amazon River system is connected to the smallest streams (first and
second order streams; McClain and Elsenbeer, 2001). It seems certain that the role of smaller tributaries

and lower order confluences will be underestimated when only large confluences are considered; the non-
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conservative processes might already have taken place further upstream or even directly at the soil/water
interface (Guinoiseau et al., 2017; Ward et al., 2017).

Rivers provide a direct link between terrestrial and marine carbon cycles. However, very little terrestrial
DOM appears to accumulate in the global ocean (Eadie et al., 1978; Meyers-Schulte et al., 1986; Opsahl et
al., 1997). Incubation experiments with turbid water from close to the river mouth suggested that photo-
and bio-alteration leave significant molecular and carbon isotopic imprints on the terrigenous DOM.
Nonetheless, quantitative removal by bio- and photo-degradation appeared to proceed at a relatively slow
pace because no significant dissolved organic carbon decrease was found within the five days of the
incubation (Seidel et al., 2015). However, 9-30% of DOC was lost after the five-day incubation with less
turbid water from intermediate and outer plume, suggesting that the introduction of reactive algal DOM in
the intermediate plume may thus have primed the microbial degradation of terrigenous DOM (Seidel et al.,
2015; Bianchi et al., 2011). Sorption of terrigenous DOM to sinking particles acts as an important DOC
sink in the Amazon plume (Seidel et al., 2015). These results, along with our results, demonstrate that the
DOM along the Amazon River-to-ocean continuum was not in a steady state as suggested by “regional
chromatography” hypothesis. Moreover, river confluences and less turbid offshore plume are likely
important carbon sinks in the Amazon River due to biotic processes (e.g., photo-degradation and bio-

degradation) and abiotic processes (e.g., sorption to particles).

The higher heterotrophic bacterial activity in A+T compared with S+N suggested that the molecular
changes in A+T SPE-DOM during incubation referred more to bioavailable alkyl-rich molecules than in
case of S+N that were more oxygenated on average. Moreover, DCF rates noticeably increased in both
mixing experiments and amounted up to ~95% of the total heterotrophic bacterial production after the
mixing, indicating that non-photosynthetic carbon fixation can represent a substantial contribution to an
autochthonous source of organic matter in river confluences (Jiao et al., 2010). DCF had been reported to
contribute approximately 80% of the total heterotrophic bacterial production in Swedish boreal lake
sediments (Santoro et al., 2013). Moreover, it has been shown that the heterotrophic metabolism of bacteria
is suddenly intensified after input of organic matter (Baltar et al., 2019). The water-particle interface in river
confluences could be sites of intensive biogeochemical activity, creating steep chemical gradients that
provide a microenvironment with high chemolithotrophic rate (Jorcin et al., 2015). The simultaneous
presence of oxidized and reduced organic molecules supplies energy and substrates needed to support DCF

by chemoautotrophic microbes.
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4.4 Conclusion

Complementary ESI[{ mass spectrometry and NMR spectroscopy provided comprehensive coverage of
molecular evolution of DOM for exemplary processes in the Amazon basin, and distinct reactivity for CHO,
CHNO and CHOS molecules. The Negro River (black water) supplies more highly oxygenated and high
molecular weight compounds, whereas the Solim&s and Madeira Rivers (white water) contribute more
CHNO and CHOS molecules to the Amazon River main stem. Aliphatic CHO and abundant CHNO
compounds prevail in Tapajos River DOM (clear water), likely originating from primary production.
Sorption onto particles and heterotrophic microbial degradation are probably the principal mechanisms for

the observed changes in DOM composition in the Amazon River and its tributaries.

NMR spectra demonstrated large-scale structural transformations in case of the Solim&s and Negro Rivers
(S+N) mixing, with gain of pure and functionalized aliphatic units, and loss of all other structures after one-
day incubation. The Amazon and Tapaj& Rivers (A+T) mixing resulted in comparatively minor structural
alterations, with major gain of small aliphatic biomolecular binding motifs. Remarkably, structural
alterations from mixing to one-day incubation were in essence reversed from one-day to five-day incubation
for both S+N and A+T mixing experiments. In-depth biogeochemical characterization revealed major
distinction of DOM biogeochemical changes and temporal evolution at these key confluence sites within
the Amazon basin.

Relevant molecular resolution concerning fate, transport, and transformation of DOM in natural and
engineered systems is not attained without use of complementary high-resolution structure-selective
analytical and biogeochemical methods. So far elusive structural features of CHNO compounds in Amazon
DOM, and DOM in other ecosystems/biomes, will become better constrained by comparative analysis of
CHO and CHNO compounds in ESI[+] and ESI[—] mass spectra for individual samples and processes. Joint
ESI[ mass spectrometry should become commonplace for further studies of DOM processing in
ecosystems because strong ionization selectivity in ESI[—] mass spectra provides conceptual assessments
with serious intrinsic limitations. NMR spectra offers valuable constraints of hydrogen and carbon atomic
environments not available by FT mass spectra and is important for providing structural information and
obtaining credible conclusions.

Ecological models and biogeochemical characterization have established river mixing zones as hotspots of
microbial activity, but molecular DOM degradation pathways are still poorly addressed in river networks,
preventing an accurate estimate of carbon sources and sinks. We observed extensive but molecularly
distinct structural alterations of DOM upon mixing and follow-up incubation of Solim&s/Negro on one
hand and Tapaj&/Amazon waters on the other hand. Molecular distinction of DOM structural evolution
will apply in essence to all river confluences, and educated modelling eventually has to take these

mechanistic details of DOM processing into account.
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1. Introduction

The Amazon River catchment is the largest river system in the world,
responsible for ~20 % of the global freshwater discharge and exports of
~35 Tg organic carbon (of which 60-70 % is dissolved) annually to the
world's oceans (Moreira-Turcq et al., 2003a). The river system is the
ultimate driver of aquatic life in the region and a key connector between
terrestrial organic carbon and its mineralization (Battin et al., 2009; Cole
et al., 2007). Riverine dissolved organic matter in the Amazon River and
its tributaries (AZ-DOM) is involved in critical ecosystem processes,
such as nutrient availability, growth efficiency of aquatic organisms, de-
composition rate of plant debris, and ultimately, the carbon cycle (Drake
et al., 2021; Santos-Junior et al., 2020). Therefore, ecosystem-wide under-
standing of dissolved organic matter (DOM) molecular composition and
structures is needed to comprehend key biogeochemical processes in the
Amazon basin.

Previous studies on the origin and fate of organic matter (OM) in the
Amazon River included stable isotope (Mortillaro et al., 2011; Quay et al.,
1992) and radioisotope analysis (Hedges et al., 1986) to assess sources
and age of organic carbon. Quantification of targeted compounds involved
humic substances (Ertel et al., 1986), saccharides (Saliot et al., 2001) and
amino acids (Hedges et al., 1994), among others. Optical spectroscopy
(Martinez et al., 2015), mass spectrometry (Gonsior et al., 2016) and '°C
NMR spectroscopy (Hedges et al., 1992) were applied to understand the
composition of its OM. Incubation experiments measured the rates of
primary production (Gagne-Maynard et al., 2017), biological (Benner
et al., 1995) and photo-degradation (Amado et al., 2006; Amon and
Benner, 1996) in the Amazon River. However, comprehensive molecular
understanding of AZ-DOM reactivity and bioavailability, and assessment
of its biotic and abiotic processing is lacking at present, especially in tribu-
taries with different water types and in major confluence zones.

Many ungauged tributaries with specific biogeochemical characteristics
enter the Amazon River which have long been classified into three types
according to their appearance: “Blackwaters” that are relatively acidic
(pH ~ 5), low in total cations and rich in DOM, such as the Negro River,
“Whitewaters” that show a near-neutral pH and are relatively rich in total
cations and in suspended sediments, such as Solimoées and Madeira River,
and “Clearwaters” which exhibit low suspended sediment loads, and high
light transparency, such as Tapajés River (McClain and Naiman, 2008).
Different water types in the Amazon basin have been shown to have distinct
DOM compositions (Gonsior et al., 2016). Solimoes and Negro combine
in Manaus to form the Amazon River (turbid water). Madeira (DOC
~5.8 mg/L, POC ~ 0.83 mg/L) joins the Amazon River downstream at
~140 km east of Manaus (do Nascimento etal., 2015). Tapaj6s River drains
into the Amazon River at the town of Santarem (~620 km from Manaus).
Mixing of different water types initiates complex biogeochemical process-
ing, including alteration of aquatic microbial communities and food webs
(Lynch et al., 2019), DOM itself (Bianchi and Ward, 2019), and of river
bulk characteristics.

Amazon River is a net heterotrophic ecosystem in which respiration far
exceeds primary production (Hedges etal., 1994), and most CO, outgassing
originates from allochthonous carbon (Abril et al., 2014; Mayorga et al.,
2005; Richey et al., 2002). Clear rivers show comparatively higher primary
production, as solar radiation exposure decreases due to high aromatic
DOM content in black rivers and turbidity from high sediment loads in
white rivers (Moreira-Turcq et al., 2003a). Bacterial and photochemical
processing and mineralization as well as chemoselective sorption to
minerals are the defining processes determining OM biogeochemistry in
the Amazon catchments (Amon and Benner, 1996; Armanious et al.,
2014; Moreira-Turcq et al., 2003b; Pérez et al., 2011; Shen, 1999).

Polydispersity, heterogeneity, and temporal dynamics of DOM have
made its molecular characterization a long-standing challenge. This study
employs complementary negative and positive electrospray ionization ESI
[+] FT-ICR MS to determine chemical composition out of the AZ-DOM
with excellent coverage of CHO, CHNO, and CHOS molecules (Hertkorn
etal., 2016, 2013). 800 MHz 'H NMR spectroscopy provided quantification
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of major atomic environments in DOM molecules with excellent S/N ratio
and resolution, enabling quantification of key DOM structural units includ-
ing aliphatic and carboxyl-rich alicyclic molecules (CRAM), oxygenated
aliphatics including carbohydrates, olefins, and aromatics (Hertkorn etal.,
2013, 2016; Powers et al., 2019; Simpson et al., 2011). Bulk characteriza-
tion of Amazon waters in conjunction with selected incubation experiments
further contributed to dissecting relevant aspects of DOM processing.

2. Material and methods
2.1. Sampling and site locations

We collected water samples at 31 sites in the Amazon River main stem
eastwards, including Solimoes (white water), Negro (black water), Amazon
(turbid water), and Tapajos (clear water) (Figs. 1, S1 and Table S1) between
April 2™ and May 25™ in 2014, during a high-water period with very high
discharge volume. Sampling coordinates and information, as well as isolated
DOM by PPL-based solid phase extraction (SPE-DOM; Dittmar et al., 2008)
of the water samples are described in the Supplementary information (SI).

2.2. FT-ICR mass spectrometry

Negative and positive electrospray ionization (ESI[ =+ ]) Fourier trans-
form ion cyclotron resonance mass spectra (FT-ICR MS) were acquired
using a 12 T Bruker Solarix mass spectrometer (Bruker Daltonics, Bremen,
Germany) and an Apollo I electrospray ionization (ESI) source (Hertkorn
et al., 2016). Data processing used Compass Data Analysis 4.1 (Bruker,
Bremen, Germany) and formula assignment used an in-house made
software (NetCalc) (Tziotis et al., 2011); further details are described in
SI. Intensity-weighted average bulk parameters such as m/z and atomic
ratios (e.g., 0/C, H/C, S/C, N/C) were computed from ESI[+ ] FT-ICR MS
of AZ-DOM (Tables 1, S3, S4). A modified aromaticity index (Al q) was
computed by considering only half of the oxygen being present in carbonyl
functional groups by the equation: Al,,q = (1 + C — 0.50 — S — 0.5H) /
(C = 0.50 — S — N — P) (Koch and Dittmar, 2006). The total intensity of
m/z ions in each sample that had Al,,.4 > 0.5, an indicator of aromatic
structures, was computed and shown in Tables. 1, S3, 4.

2.3. "H NMR spectroscopy

800 MHz 'H NMR spectra of AZ-DOM were acquired with a Bruker
Avance III NMR spectrometer operating at 800.35 MHz (B, = 18.8 Tesla)
at 283 K from redissolved solids in CD;0D as described in SI.

2.4. Water characterization

Water conductivity (Cond.), temperature (Temp.) and dissolved oxygen
(DO) were measured in situ with a portable instrument (Hanna Instru-
ments, Metrohm electrode and PRO-ODO YSI). Inorganic nutrients, DOC,
particulate organic carbon (POC), dissolved inorganic carbon (DIC), and
pH were determined by standard procedures as described in SI.

2.5. Dark carbon fixation (DCF) and heterotrophic bacterial production (HBP)

DCF and HBP are important microbial processes that supply fresh bio-
material to both DOC and POC. DCF was determined by the incorporation
of *CO, in a known time, and HBP was determined by the measurement
of protein incorporation of radio-labelled *H-Leucine as described in SL

2.6. Statistical analysis

Data mining and the application of multivariate statistics served to analyze
these complex sets of complementary data. Principal component analysis
(PCA) was performed using Simca-P (version 11.5, UmetricsAB, Ume3,
Sweden). Hierarchical Cluster Analysis (HCA) was performed using Hierarchi-
cal Clustering Explorer 3.0. Spearman correlation analysis (p < 0.05, r* > 0.5)
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Fig. 1. Maps A, B and own photographs C of the sampling sites in the Amazon River. MZ (black) was sampled at the mixing zone of the Solimdes River (grey) and the Negro
River (brown). AIR/A2R (dark red) were sampled in the Amazon River upstream of the Madeira River inflow, while the other Amazon River samples (red) were sampled
downstream of the Madeira River inflow. AM3Ra and AM9Ra (magenta) were sampled two months later than the other water samples. The enlarged view of panel B is

shown in Fig. S1.

was performed using the R statistical platform. Non-metric multidimensional
scaling (NMDS) analysis was performed using the R statistical platform with
the package vegan to determine correlations of environmental variables
with DOM molecular composition in the Amazon River continuum. Expanded
descriptions of the statistical analyses are included in SI.

3. Results
3.1. High diversity of AZ-DOM revealed by ESI[+ ] FT-ICR MS and 'H NMR

ESI[ =] FT-ICR MS of all AZ-DOM samples showed distinct distributions
of thousands of negative/positive molecular signatures covering the m/z
range 150-950, indicating considerable ionization selectivity but high com-
plementarity (Figs. 2, $2) (Hertkorn et al., 2008, 2013). Overall, ESI[—]
FT-ICR MS preferentially detected high-mass oxygen-rich CHO compounds,
whereas ESI[+] FT-ICR MS primarily detected aliphatic CHNO com-
pounds. Nearly half of CHO and CHNO molecular compositions were

Table 1

found in both ESI[+ ] modes at near-average H/C and O/C atomic ratios
for which the count of feasible isomeric molecules is maximal (Hertkorn
et al., 2007). Moreover, CHOS compounds were better ionized in ESI[—]
than in ESI[ + ], and CHNOS compounds were almost absent. All 'H NMR
spectra of AZ-DOM showed smooth bulk envelopes (Fig. S3), reflecting
superpositions of millions of atomic environments typical of processed
aqueous DOM (Hertkorn et al., 2013).

3.2. Decreased abundance of oxygen-rich aromatic DOM molecules downstream
of the Solimoes-Negro mixing zone

DOC and nitrate (NO; ) concentrations were higher in Negro, whereas
POC, DIC, and nitrite (NO2 ) concentrations, as well as discharge, conduc-
tivity, and pH were higher in Solimées (Table $2). DOC and DIC concentra-
tions in Amazon River ranged between those in Solimées and Negro,
consistent with previous studies, whereas ~90 % of POC was lost at the
Solimoes-Negro (SN)-confluence, much larger than described in previous

ESI[ + ] FT-ICR MS derived counts of mass peaks and intensity-weighted average bulk parameters for all assigned masses occurring in AZ-DOM. This table shows value ranges
for DOM in Negro, Solimoes, Amazon, and Tapajés main stem, respectively; values for each sample see Tables S3-54.

FT-ICR Sample Total counts of CHO % CHNO% CHOS % CHNOS% m/z DBE/C H/C o/C N/C x 1072 S/C X 107° Al > 0.5%
MS mass peaks
ESI[-] Negro 3781-4519 73.2-76.9 21.8-252 1.35-1.73 0.00-0.03 477.1-498.3 0.52-0.53 1.04-1.06 0.53-0.55 0.3-0.4 20.7-40.4 14.3-16.7
Solimées 4759-5043 59.5-63.6 31.0-32.4 5.33-7.20 0.00-0.04 460.2-482.5 0.52-0.53 1.06-1.07 0.54-0.55 0.6-0.8 93.7-112.3 13.7-15.7
Amazon 4120-5010 63.0-70.3 26.7-30.7 3.05-6.31 0.00-0.34 467.9-488.9 0.51-0.52 1.05-1.07 0.53-0.55 0.5-0.7 43.4-100.5 13.2-15.4
Tapajés  5276-5898 57.9-62.4 32.1-35.3 3.87-6.93 0.04-2.24 446.6-472.1 0.49-0.52 1.08-1.11 0.51-0.53 0.7-0.8 82.7-120.7 12.0-14.6
NaM 3781 76.9 21.8 1.35 0.00 498.3 0.53 1.04 0.54 0.3 17.2 16.6
SM 4408 65.7 29.0 5.08 0.16 479.9 0.52 1.06 0.54 0.6 78.7 14.9
MZ 4424 73.4 24.8 179 0.00 4924 0.52 1.05 0.53 0.3 22.8 15.5
ESI[+] Negro 4824-5973 28.4-309 68.9-71.4 0.05-0.15 0.00-0.04 438.4-454.8 0.39-0.40 1.32-1.36 0.40-0.43 3.5-3.8 2.5-5.3 2.0-2.8
Solimdes 3817-4967 29.5-31.3 68.5-70.2 0.08-0.18 0.00-0.18 425.2-439.2 0.38-0.40 1.34-1.37 0.36-0.41 3.7-3.9 2.3-5.0 25-33
Amazon 3477-6160 27.7-346 65.1-71.6 0.03-0.61 0.00-1.45 380.89-422.8 0.39-0.41 1.32-1.38 0.36-0.42 3.5-4.3 2.3-16.9 2.4-5.0
Tapajés  3564-4709 29.6-32.3 67.5-70.3 0.07-0.19 0.02-0.24 386.67-397.6 0.39-0.40 1.35-1.37 0.38-0.39 3.9-4.1 2.8-5.6 3.5-4.5
NaM 5428 289 70.9 0.15 0.02 4392 0.39 1.36 0.39 3.7 3.4 26
SM 5172 285 71.0 0.19 0.27 4132 0.38 1.38 0.37 4.0 6.2 3.1
MZ 5808 28.6 71.2 017 0.03 437.7 0.38 1.38 0.39 3.8 5.0 21
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Fig. 2. ESI[ + ] FT-ICR mass spectra and comparison of their identified molecular compositions exemplified with the Amazon River sample A1R. The A ESI[ -] and B ESI[ +]
FT-ICR MS spectra showed distinct distributions of mass peaks across a wide mass range (m/z 150-950), as well as signatures at nominal mass 398 confirming relevant
ionization selectivity. Respective assignments of molecular compositions are provided for CHO (blue), CHNO (orange), and CHOS (green) molecules. Van Krevelen and
mass-edited m/z diagrams of C the molecular formulae identified only in ESI[ —] FT-ICR MS; D the molecular formulae identified in both ESI[+ ] FT-ICR MS; E the
molecular formulae identified only in ESI[ + ] FT-ICR MS. Numbers show counts of assigned formulae.

studies (Moreira-Turcq et al., 2003b). Furthermore, dissolved oxygen (DO)
at Solimoes-Negro confluence and the Amazon upstream was ~30 % lower
than in Solimoes and Negro (Table S2), a larger change than previously
shown (Quay et al., 1995).

Comparison of MS-derived average parameters revealed cumulative al-
terations of molecular compositions (Tables 1, $3, S4). The ESI[+] FT-ICR
MS-derived average N/C and S/C atomic ratios were higher in S-DOM than
in N-DOM. All MS-derived bulk parameters of DOM close to Solimoes-
Negro mixing zone (MZ) and A-DOM ranged between those of the N-DOM
and S-DOM just upstream of the very mixing zone (NaM and SM). The
more downstream A-DOM showed declined average CHO%, O/C and m/z
ratios compared to MZ.

"H NMR derived section integrals showed higher content of aromatic
(CyH; 85 ~ 7.0-10.0 ppm) and olefinic units (= CH; 8, ~ 5.3-7.0 ppm)
in N-DOM, while pure aliphatic protons (CCCH units, 8;; ~ 0.5-1.25 ppm)
were more abundant in S-DOM (Tables 2, S5); direct oxygenated units
(OCH; 8,; ~ 3.5-4.9 ppm) and remotely oxygenated aliphatic units
(OCCH; 8y ~ 1.9-3.2 ppm) showed near equal relative abundance in the
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N-DOM and S-DOM just upstream of Solimdes-Negro mixing zone. 'H
NMR section integrals of key substructures in MZ, AIR, and A2R were
more similar to N-DOM, while that of more downstream A-DOM were closer
to S-DOM. 'H NMR section integrals of aromatic, olefinic, and oxygenated
protons showed declining trend from A1R to AMIR, in line with our FT-
ICR MS results showing declining average O/C, DBE/C, and m/z ratios,
whereas H/C ratios and relative abundance of the total aliphatics
(OCCCH, (CH,),, CCCHg; 8, ~ 0.5-1.9 ppm) increased in this reach
(Tables S3-S5), suggesting increase of aliphaticity.

We performed unsupervised multivariate statistics on ESI[ +] FT-ICR MS
and "H NMR derived compositional and structural features to analyze the al-
teration of the DOM composition upstream and downstream of Solimoes-
Negro confluence. In both ESI[ +] FT-ICR MS-based PCA, the first principal
components (PC1) showed clear separation as follows: N-DOM ~ MZ <
A1R/A2R < S-DOM ~ more downstream A-DOM < AMIR (Fig. 3A, B).
Van Krevelen and mass-edited H/C diagrams illustrate PCA loadings and
show key molecular features differentiating AZ-DOM. The molecular compo-
sition with positive/negative loading vector corresponds to higher/lower
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Table 2

'H NMR section integrals (percent of non-exchangeable protons) and key substructures of AZ-DOM (CD,0D, exclusion of | water, and methanol). This table shows
value ranges for DOM in Negro, Solimoes, Amazon, and Tapajés main stem, respectively; values for each sample see Table S5. The fundamental substructures include
aromatics C,H, 8y ~ 7.0-10.0 ppm; olefins = CH, and O,CH units, 8; ~ 5.3-7.0 ppm; oxygenated aliphatics OCH units, 8 ~ 3.2-4.9 ppm; “acetate-analogue” and CRAM,
8y ~ 1.9-3.2 ppm; functionalized aliphatics, 8y ~ 1.35-1.9 ppm; polyethylene group, 8y ~ 1.25-1.35 ppm; pure aliphatics, 8y ~ 0.5-1.25 ppm.

8 (‘H) [ppm] 10.0-7.0 7.0-5.3 4.9-3.2 3.2-19 1.9-1.35 1.35-1.25 1.25-0.5 1.9-0.5
Key substructures C,.H (%) HC=C, HCO, (%) HCO (%) HCCO (%) HC-CO (%) (CH,), (%) HCCC (%) Total aliphatic section (%)
Negro 5.0-5.7 5.7-6.9 29.9-33.8 27.1-28.0 13.1-14.6 3.6-4.2 9.8-12.2 27.0-30.4
Solimoes 46-56 4356 31.1-33.1 25.7-27.1 14.1-14.8 3.9-47 12.2-14.0 30.4-33.3
Amazon 45-53 3.4-6.0 28.2-32.8 26.5-29.1 14.1-15.9 4.0-4.8 11.5-147 297-34.2
Tapajés 4.8-49 4.0-6.7 27.3-32.8 26.0-28.1 14.2-15.2 4.7-5.4 11.9-15.5 30.8-35.1
NaM 55 57 30.2 276 14.6 42 122 310
SM 49 4.0 29.5 272 15.1 5.0 14.3 344
MZ 5.1 5.8 30.9 275 14.7 4.4 11.5 30.6
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Fig. 3. PCA of AZ-DOM upstream/downstream of the Solimdes-Negro mixing zone based on all assigned molecular formulae in ESI[ + ] FT-ICR MS and 'H NMR spectra. The
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right panel of C shows loading vectors pl/p2 of PC1/PC2, with fundamental substructures within the 'H NMR spectra indicated.
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principal components, respectively. ESI[ =] FT-ICR MS-based PCA showed
large-scale loss of high molecular weight, more oxygenated and more unsat-
urated CHO and CHNO DOM molecules at Solimbes-Negro confluence. A
large proportion of attenuated CHO compounds had Al,,,,q4 > 0.5 (Koch
and Dittmar, 2006), which is an indicator of aromatic structures. The
declined CHNO compounds had lower average Al ,q than the CHO
compounds, but were highly oxygenated and ionized in both ESI[+]
modes. Highly oxygenated CHOS compounds were more abundant in
S-DOM/A-DOM than in N-DOM and covered large areas in van Krevelen
diagrams, indicative of considerable molecular diversity. For the inter-
pretation of other principal components see Fig. S4. Moreover, HCA
separated AZ-DOM alike PCA (Fig. S5). A1R and MZ clustered together
with N-DOM in ESI[ -] due to higher abundance of polyphenolic CHO-
compounds, whereas MZ clustered together with N-DOM in ESI[ +]
because of more oxygen-rich CHNO compounds (m/z 500-750). A-DOM
and S-DOM clustered together with higher content of oxygenated CHO/
CHOS compounds and less oxygenated CHNO compounds (m/z 300-550).
"H NMR based-PCA showed the structural differences of AZ-DOM
proximate to Solimoes-Negro mixing zone that were elucidated by NMR
loading plots (Fig. 3C). N-DOM showed lower PC1 because of more protons
bound to sp>-hybridized carbon, as well as OCH units, at the expense of
lower relative abundance in pure and remotely oxygenated substituted ali-
phatic units. Moreover, S-DOM, N1R, and AM5R (sampled just downstream
of the Uatuma River inflow; black water) showed higher second principal
components (PC2) due to higher content of polycarboxylated aromatic
compounds or certain heterocyclic structures, as well as OCH units.
AMSR was separated in "H NMR based-PCA (Fig. 3C) but not in FT-ICR
MS-based PCA (Fig. 3A, B), possibly because the abundant aromatic or
heterocyclic structures in AM5SR contained few ionizable substituents.

3.3. Madeira inflow supplies oxygen-poor CHO molecules and heteroatom-
containing compounds to the Amazon River

The Madeira River is an important tributary that supplies a large
amount of sediment to the Amazon River. A-DOM just downstream of
Madeira (AM1R) showed the highest content of CHNO/CHOS compounds
and the lowest average m/z in A-DOM (Tables $S3-54), and was separated
in ESI[+] FT-ICR MS-based PCA (Fig. 3A, B). Furthermore, AMIR was
separated in ESI[ — ] FT-ICR MS-based HCA (Fig. S6-a4) due to higher abun-
dance in oxygenated CHO/CHNO/CHOS compounds (m/z 250-550), and
in ESI[+] FT-ICR MS-based HCA (Fig. S6-b3) due to higher abundance
in less oxygenated and more saturated CHO/CHNO compounds (m/z
250-550). Moreover, AM4R (sampled out of the river main stem where
water overflowed the bank) showed distinction due to high content of
unsaturated CHO/CHNO compounds, which likely originated from
adjacent floodplains. In addition, A1R and A2R clustered together due to
higher abundance of polyphenolic and some oxygenated aliphatic CHO
compounds (m/z 400-900) (Fig. S6-al), and some oxygenated CHNO com-
pounds (m/z 400-750) (Fig. S6-b1).

AMIR showed higher 'H NMR section integrals of pure and functional-
ized aliphatic compounds but lower integrals of aromatic, olefinic, and
OCH units, compared to other A-DOM (Table S5, Fig. S7). These molecular
features caused the distinction of AM1R in NMR-derived PCA (Fig. 3C),
opposite to N-DOM. Moreover, AM4R showed higher abundance of OCH
units than the other upstream A-DOM (Table S5, Fig. S7).

3.4. Changes of DOM composition along the Amazon River

The m/z ions of each A-DOM in ESI[ —] or ESI[ +] FT-ICR MS showed
similar patterns in van Krevelen and mass-edited H/C diagrams alike AIR
(Fig. 2), ~70 % of which were common in all A-DOM (Fig. S8-a3, b3).
ESI[ +] FT-ICR MS-derived bulk parameters and PCA indicated non-linear
trends of DOM composition along the Amazon River (Tables S3-S4,
Fig. 4A, B). AM1R was outside the 95 % confidence interval of ESI[ -]
MS-based PCA (Fig. 4A). AM2R was more similar to A-DOM just down-
stream of Solimoes-Negro confluence (Fig. 4A, B). Moreover, AM12R,

97

Science of the Total Environment 857 (2023) 159620

AM3Ra, and AM9Ra showed higher PC1 with higher abundance in poly-
phenolic and highly oxygenated CHO compounds (Fig. 4A), as well as
higher abundance of less oxygenated CHO/CHNO compounds (Fig. 4B).
For the interpretation of PC2 see Fig. S9.

'H NMR section integrals of A-DOM showed non-continuous trends as
well, except that the relative abundance of purely aliphatic CCCH units in-
creased from A1R to AM1R and from AM6R to AM10R (Table S5). AIR and
A2R showed higher PC1 in 'H NMR-based PCA (Fig. 4C), which refers to
more abundant functionalized units including alkylated and oxygen-rich
aromatic molecules, conjugated double bonds, and various oxygen-rich
aliphatics. A-DOM from AM6R to AM10R showed declining PC1 in
'H NMR-based PCA (Fig. 4C) that were not observed in ESI[ +] FT-ICR
MS-based PCA (Fig. 4A, B). Furthermore, PC2 separated AM1R from due
to higher content of remotely oxygenated and branched aliphatic protons.

Spearman correlation analysis was performed on MS-derived molecular
compositions of A-DOM from AMIR to AM10R (Fig. S9). Molecular signa-
tures showing positive/negative correlation with distance from AM1R
had similar m/z but distinct O/C ratios. In both ESI[—] and ESI[ +] MS-
based analyses, less oxygenated CHO/CHO compounds became depleted
downstream (Fig. S10-a2, b2) whereas more oxygenated CHO/CHNO com-
pounds accumulated downstream (Fig. $10-a2, b2).

3.5. The comparison of S/N/A/T-DOM

The common mass peaks in S/N/A/T-DOM showed similar patterns
(Fig. $8), with CHO, 4_;5, CHNOg_g, and CHOg ;S compounds being most
abundant (Fig. S11), indicating that AZ-DOM molecules were overall
higher oxygenated compared to other riverine DOM (Bae et al., 2011). S-
DOM contained ~600 oxygenated CHNO/CHOS compounds not observed
in N-DOM (Fig. S12A), while N-DOM contained CHO and CHNO com-
pounds with m/z > 450 not observed in S-DOM (Fig. S12B). Moreover,
124 m/z ions unique to MZ were not found in S-DOM/N-DOM, most of
which were CHNO compounds of higher aliphaticity (Fig. S12C). The
counts of molecular formulae in each T-DOM in ESI[ —] MS were approxi-
mately 38 %/27 %/18 % higher than in S/N/A-DOM, respectively. Molec-
ular formulae unique to T-DOM represented less oxygenated CHO/CHNO
compounds in a wide m/zrange 300-800 (Fig. S13A), and were positioned
in van Krevelen space like abundant mass peaks in exudates from phyto-
plankton (Medeiros et al., 2015). Meanwhile, counts of molecular formulae
in T-DOM from ESI[ +] MS were ~20 % lower than in S/N/A-DOM. The
ions absent in T-DOM were attributed to CHNO compounds with m/z >
600 (Fig. S13B). Overall, S-DOM had highest content of S-containing com-
pounds and T-DOM had highest content of N-containing compounds
(Tables 1, $3, S4). Additionally, T-DOM had lowest average m/z and O/C,
and highest average H/C ratios, consistent with previous studies (Seidel
et al., 2016), and indicative of earlier stages of DOM processing.

'H NMR spectra of N-DOM were distinct and showed higher levels of
oxygenation in all aliphatic and aromatic substructures (Fig. $3). "H NMR
spectra of S-DOM and T-DOM showed lower proportions of aromatic
units and higher content of aliphatic units than A-DOM and N-DOM
(Fig. S3).

T-DOM was distinct in ESI[ —] FT-ICR MS-based PCA by PC1 due to
higher content of more saturated, less oxygenated CHO/CHOS com-
pounds and highly unsaturated CHNO/CHOS compounds (Fig. S14A).
However, the distinction of T-DOM did not appear in ESI[ +] FT-ICR MS-
based PCA (Fig. S14B). Additionally, upstream T-DOM and upstream
S-DOM were separated out by PC2 in ESI[ —] and ESI[+] FT-ICR MS-based
PCA, respectively, due to higher content of less oxygenated compounds
(Fig. S15).

"H NMR-based PCA (Fig. S16A) showed similar separation in PC1 direc-
tion alike ESI[+] FT-ICR MS-based PCA. The 'H NMR loading spectra
showed that the main differences between S/N/A/T-DOM resided in the
overall unsaturation and oxygenation, covering the entire aromatic and
aliphatic units (Fig. S16B). T4R (very close to Amazon) was outside the
95 % confidence interval because of its huge 'H NMR resonances represent-
ing purely aliphatic protons.
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Fig. 4. PCA of A-DOM based on all assigned molecular formulae in ESI[ + ] FT-ICR MS and '"H NMR spectra. The upper panels show the distribution of A-DOM in PCA scatter
plots based on A ESI[ —] and B ESI[ + ] FT-ICR MS, respectively. The lower panels of A and B shows the van Krevelen and mass-edited H/C diagrams corresponding to lower/
higher PC1, with the color code representing elemental composition (i.e., CHO (blue), CHNO (orange), and CHOS (green)). Molecular compositions positioned below the red
lines in the van Krevelen diagrams have Alnoq < 0.5 (Koch and Dittmar, 2006). Numbers show counts of assigned formulae. The right panel of C shows loading vectors p1/p2

of PC1/PC2, with fundamental substructures within the NMR spectra indicated.

3.6. Factors

qulating AZ-DOM ¢

Microbial metabolic processes are suitable biological parameters to un-
derstand microbial roles on organic matter decomposition and ecosystem
functions (Kamjunke et al., 2015). For instance, HBP refers to assimilatory
metabolism consuming preferentially labile DOM like proteins (Seidel
et al., 2015). DCF is inorganic light independent C-uptake, mostly per-
formed by chemosynthetic microorganisms, using redox reactions energetic
yields to recycle inorganic carbon (Santoro et al., 2013). DCF in A1R was
~15 times higher than in sites upstream of this very mixing zone and A2R
(Table S6). Moreover, HBP in A2R was ~6 times of A1R and was >20
times compared to in Negro and Solimées (Table S6). The rate of DCF was
~4 times higher than HBP in A1R, whereas was only 4 % of HBP in A2R.
These results suggested that the incorporation of inorganic carbon and
labile organic carbon could be highly variable and DCF may play an unex-
pectedly important role for microorganisms at Solimoes-Negro mixing zone.
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We performed ESI[ +] FT-ICR MS and 'H NMR-based NMDS analysis to
elucidate the factors influencing the molecular composition of AZ-DOM
(Fig. S17; Table, S7). DOC, POC, DIC, and conductivity differentiated S-
DOM and N-DOM, showing that the distinct water characteristics of the
two end-member rivers likely result in its SPE-DOM composition. In addition,
DOC concentration and pH were the major factors differentiating upstream
A-DOM (A1R and A2R) from downstream A-DOM in ESI[ -] MS-based
NMDS, whereas the other parameters did not show significant correlations
(Fig. S17, Table S7). However, pH did not separate downstream A-DOM, sug-
gesting that pH did not have strong effects on DOM composition downstream
of the Amazon River (Fig. S17). Inorganic nutrient concentrations did not
show significant correlations with AZ-DOM composition (Table S7), likely
because of their very low abundances (mostly <1 pM; Table S2). Further-
more, we performed the same NMDS method on the samples for which
HBP and DCF were measured (Fig. 5, Table S8) and HBP was found to be
associated with the separation of T-DOM from other AZ-DOM.
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Fig. 5. NMDS analysis using DOM composition in the four Amazon main stem and tributaries based on A, B all assigned molecular formulae in ESI[ + ] FT-ICR MS, aswellasC
'H NMR data at 0.01 ppm bucket resolution fitted with geochemical and biological data.

As DOC, POC, pH, and HBP showed more significant impacts on AZ-
DOM composition in NMDS results (Tables S7-S8), we further tested their
effects on ESI[ +] FT-ICR MS-based molecular patterns by Spearman corre-
lation analysis (Fig. S18). Higher POC was significantly correlated with
higher abundance of polyphenolic CHO compounds and highly unsaturated
CHNO compounds. In addition, pH showed positive correlation with com-
positions of smaller molecular weight (m/z 200-400), less oxygenated
CHO/CHNO and highly oxygenated CHNO/CHOS compounds. The molec-
ular composition that correlated with lower pH included polyphenolic CHO
compounds and highly unsaturated oxygen-rich CHO/CHNO compounds,
which have potential to inhibit microbial decomposition (Freeman et al.,
2001). Moreover, HBP was positively correlated with more oxygen-poor
compounds of lower molecular weight (Fig. S18).

4. Discussion

Solid phase extraction (SPE) with PPL resin (Dittmar et al., 2008) iso-
lates the highest diversity of functionalized small organic molecules from
freshwater and marine DOM with appreciable yield (Li et al., 2017). SPE
of polydisperse and molecularly heterogeneous aqueous DOM is a dynamic
process of sorption, desorption and resorption of individual molecules
propagating through the PPL column (Li et al., 2016). We have followed
strict guidelines during SPE with PPL resin (Li et al., 2016) and regard
ecosystem characteristics of actual DOM molecules as well represented in
our samples; slight variance of SPE selectivity may induce very minor but
not relevant additional distinction.

Our joint molecular characterization of SPE-DOM in the Amazon
main stem and tributaries by ESI[ +] FT-ICR MS and 'H NMR provided
improved resolution of the alterations of DOM along the Amazon River,
and demonstrated distinct reactivity for CHO, CHNO, and CHOS mole-
cules. The molecular features of AZ-DOM can serve as biogeochemical
tracers and provide compelling information on their source, reactivity,
and processing.

A group of more saturated CHO compounds was unique to T-DOM,
likely resulting from abundant algal biomass and higher primary produc-
tion in Tapajés (Moreira-Turcq et al., 2003a), in line with previous work
that had in situ primary production of C4 grasses or algal material identified
as the key autochthonous source of DOM in Tapajés River (Quay et al.,
1992; Ward et al., 2016). Membrane lipids are known products of microbial
degradation of phytoplankton and might serve as potential precursors of
DOM (Harvey et al., 2006). Phytoplankton blooms provide new molecules
relevant to the DOM pool in Amazon plume waters (Medeiros et al., 2015).
Several studies have found very low chlorophyll a values in the white water
rivers and high chlorophyll a in clear waters (Gagne-Maynard et al., 2017;
Abril et al., 2014).

High abundance of highly oxygenated and highly unsaturated CHNO
compounds, which ionized in both ESI[ +] FT-ICR MS was observed in all
the S/N/A/T-DOM. Detection of CHNO molecules differs in ESI[ —] and
ESI[+] MS methods because the former primarily ionizes carboxyl-
carrying DOM molecules (like e.g. CRAM, carboxyl-rich alicyclic molecules
(Hertkorn et al., 2006)), which are abundant in common freshwater DOM
as observed e.g. by '>C NMR spectra and titration (Ritchie and Perdue,
2003). ESI[ +] directly detects nitrogen containing molecules which not
necessarily carry carboxylic groups. The complementary of “active” detec-
tion of N-containing molecules by ESI[ +] and “passive” observance in
ESI[ -1 MS allows compositional and structural distinction related to origin
and processing of DOM. Hence, CHNO molecular compositions observed in
both ESI[+] might originate from different (distributions of) isomers of
identical compositions, with some probable emphasis on more recalcitrant
nitrogen-containing CRAM. Moreover, the abundance of less oxygenated
CHNO compounds that mostly ionized in ESI[ + ] FT-ICR MS was highest
in AM1R and then declined rapidly; these more aliphatic compounds likely
had a shorter residence time, in agreement with higher general biogeo-
chemical processing of heteroatom-containing molecules (Ksionzek et al.,
2016).

The higher content of S-containing compounds in S-DOM and AM1R
may have resulted from incorporation of sulfur into organic matter by
dissimilatory sulfate-reducing bacteria and/or by abiotic sulfurization
reactions under anoxic conditions in sediment-rich waters like Solimées
and Madeira (Luek et al., 2017; Sinninghe Damste and De Leeuw, 1990;
Schmidt et al., 2009), but anthropogenic sources cannot be excluded
(Latrubesse et al., 2017). Furthermore, DOM sulfurization processes are
likely to be more intense under more anaerobic conditions during low-
water periods relative to the high-water period we sampled.

Unlike mass spectrometry, which has intrinsic limitations like structure-
dependent ionization efficiency (Hertkorn et al., 2008), 'H NMR more com-
prehensively covered all structures containing non-exchangeable hydrogen
atoms, although the huge diversity of hydrogen atomic environments in
DOM produced a considerable overlap of NMR resonances. N-DOM showed
a higher degree of oxygenation relative to S/A/T-DOM in a very extensive
range of aliphatic and aromatic carbon chemical environments. These mo-
lecular features were transferred to the Amazon River and became strongly
attenuated ~150 km downstream. Moreover, A-DOM downstream of the
Madeira River inflow and the Uatuma River inflow showed higher relative
abundance of pure and functionalized aliphatic protons compared to A-
DOM just upstream of these confluences, presumably indicative of higher
proportions of more microbially processed terrestrial DOM (Lechtenfeld
et al., 2015; Schmidt et al., 2009).

Solimoes-Negro confluence ranks among the largest on Earth and pro-
vides non-conservative mixing and exemplary spatial and temporal DOM
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processing on grand-scale. High DOC with large proportion of hydroxyl and
phenolic sites in Negro water (Duarte et al., 2016; Gonsior et al., 2016) and
abundant sediment load in Solimoes water (Aucour et al., 2003; Moreira-
Turcq et al., 2003b; Subdiaga et al., 2019) present favorable conditions for
structure-selective sorption of OM on mineral surfaces (Aufdenkampe
et al., 2001; Moreira-Turcq et al., 2003b; Subdiaga et al., 2019). Large pro-
portions of polyphenolic compounds in N-DOM were removed from the
DOM pool when Negro met Solimbes. Many molecular formulae with near
average H/C and O/C ratios prevailed in the Amazon River downstream,
representing a large number of isomeric molecules that as a whole were re-
sistant torapid alteration. Continual lateral input of processed terrestrial and
autochthonous organic matter from tributaries and floodplains probably
contributed to this dynamic equilibrium of DOM synthesis and degradation.

Considerable decrease of DO (~30 %) and POC (—~90 %) concentrations
and concomitant increase of HBP and DCF just downstream of Solimoes-
Negro confluence reflected high microbial activity following mixing, as
previously reported for mixing zones in the Amazon basin (Farjalla,
2014). The large depletion of POC at Solimoes-Negro mixing zone, in addi-
tion to the large number of molecular signatures associated with POC in the
Amazon River downstream (Fig. S18) suggest that the DOC-POC transition
may have significant effects on DOM composition, especially at conflu-
ences. The POC/DOC concentration ratios were ~2 upstream of the
Solimoes-Negro mixing zone (both Negro and Solimées), while the ratios
were ~0.2 downstream of Solimoes-Negro mixing zone (Amazon). The
loss of POC was probably associated with sedimentation processes, struc-
ture selective sorption of DOM molecules to minerals (Subdiaga et al.,
2019), favored by a decrease in water velocity and an increase in the
depth, as well as OM degradation (Moreira-Turcq et al., 2003b).

However, changes in AZ-DOM composition not only resulted from
abiotic processes but were likely associated with considerable bacterial ac-
tivity, as proved by high HBP rates. Previous studies suggested overall low
aquatic bacterial metabolism for the Amazon waters, but confluences could
be hot spot areas of high bacterial metabolism, which are associated with
changes in organic matter quality (Farjalla, 2014). The less oxygenated,
lower molecular weight CHO/CHNO compounds associated with higher
HBP might be preferentially assimilated and converted into new bacterial
biomass. Furthermore, we found for the first time that DCF contributed to
microbial biomass production to the same or even higher extent than
heterotrophic processes just downstream of the Solimées-Negro mixing
zone, suggesting that the inorganic carbon pathway may be as important
as organic carbon degradation when river waters with distinct characteris-
tics converge. In addition, abiotic reactions such as photochemical process-
ing (oxidation and mineralization) and metal complexation could also have
important impact on changes of DOM composition in the Amazon River
(Amon and Benner, 1996; Aucour et al., 2003).

The inherent complexity of DOM requires multiple analytical dimen-
sions to understand its molecular processing within the carbon cycle. DOM
analysis has been conducted by ESI[—] FT-ICR MS with certain preference
for selective ionization of polar acidic functional groups (e.g., carboxylic
acids), but poor propensity to ionize CHNO compounds lacking carboxyl
and/or hydroxyl groups. Moreover, CHNO molecules represent important
potentially biolabile components of DOM that indicate land cover, microbial
processing, and possibly abiotic nitrogen incorporation (Bernhardt and
Likens, 2002; Sleighter et al., 2014). The use of both negative and positive
ESI modes for DOM research is highly complementary and beneficial, espe-
cially for DOM containing higher proportions of N-containing compounds
resulting from higher microbial activity, such as in river confluences, highly
autochthonous samples, permafrost thaw, and anthropogenically impacted
streams (Spencer et al., 2019; Wagner et al., 2015). Furthermore, high-
field proton NMR spectra, despite limited resolution because of massive
intrinsic averaging, provided highly complementary quantitative DOM
structural information, and enabled clear classification of AZ-DOM. Oxygen-
ated SPE-DOM molecules were more efficiently ionized in ESI[ —] FT-ICR
MS, unsaturated and nitrogen-containing compounds were better ionized
in ESI[+ ] FT-ICR MS, whereas 1D NMR showed better coverage of purely
aliphatic structures not resolvable in mass spectra.

Science of the Total Environment 857 (2023) 159620
5. Conclusion

Complementary ESI[+] mass spectrometry and NMR spectroscopy
provided comprehensive coverage of molecular evolution of DOM for
exemplary processes in the Amazon basin, and distinct reactivity for
CHO, CHNO and CHOS molecules.

So far elusive structural features of CHNO compounds in Amazon DOM,
and DOM in other ecosystems/biomes, will become better constrained by
comparative analysis of CHO and CHNO compounds in ESI[ +] and ESI[ -]
mass spectra for individual samples and processes.

Joint ESI[+] mass spectrometry should become commonplace for
further studies of DOM processing in ecosystems because strong ionization
selectivity in ESI[— ] mass spectra provides conceptual assessments with
serious intrinsic limitations. NMR spectra offer valuable constraints of
hydrogen and carbon atomic environments not available by FT mass spec-
tra and are important for providing structural information and obtaining
credible conclusions.
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ABSTRACT: Positive and negative electrospray ionization Fourier
transform ion cyclotron resonance mass spectrometry and 'H
NMR revealed major compositional and structural changes of
dissolved organic matter (DOM) after mixing two sets of river
waters in Amazon confluences: the Solimdes and Negro Rivers (S +
N) and the Amazon and Tapajos Rivers (A + T). We also studied
the effects of water mixing ratios and incubation time on the
composition and structure of DOM molecules. NMR spectra
demonstrated large-scale structural transformations in the case of
+ N mixing, with gain of pure and functionalized aliphatic units and
loss of all other structures after 1d incubation. A + T mixing
resulted in comparatively minor structural alterations, with a major
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gain of small aliphatic biomolecular binding motifs. Remarkably, structural alterations from mixing to 1d incubation were in essence
reversed from 1d to Sd incubation for both S + N and A + T mixing experiments. Heterotrophic bacterial production (HBP) in
endmembers S, N, and S + N mixtures remained near 0.03 ugC L' h7!, whereas HBP in A, T, and A + T were about five times
higher. High rates of dark carbon fixation took place at S + N mixing in particular. In-depth biogeochemical characterization revealed
major distinctions between DOM biogeochemical changes and temporal evolution at these key confluence sites within the Amazon

basin.

KEYWORDS: FT-ICR MS, NMR, mixing zones, transport, transformation, decomposition, biogeochemical cycling

H INTRODUCTION

The Amazon basin is the largest tropical drainage basin in the
world, covering an area of approximately 7,000,000 km?.! The
Amazon River transports ~36.1 Tg C yr~! of organic carbon
(of which 60—70% is dissolved) to the Atlantic Ocean.” The
Amazon River originates in the Andes cordillera, from where it
carries large amounts of sediment. Along its flow path, it
connects with several major tributaries of distinct chemical
characteristics: “Blackwaters” that are relatively acidic (pH ~
5), low in total cations, and rich in dissolved organic matter
(DOM), such as the Negro River; “Whitewaters” that show a
near-neutral pH and are relatively rich in total cations and
suspended sediments, such as the Solimdes and Madeira River,
and “Clearwaters” that are characterized by low suspended
sediment loads, and high light transparency, such as the
Tapajos River.”* DOM cycling varies greatly in those chemical
environments.” “Clearwaters” offer greater light transparency
than the other types of Amazon waters and showed lower
concentration of chromophoric dissolved organic matter
(CDOM), the most readily photodegraded component of
DOM molecules. In contrast, CDOM is the most abundant
DOM fraction in “Blackwaters”. In a previous study, sunlight
exposure over 27 h showed that at least 15% of Rio Negro
© 2023 The Authors. Published by

American Chemical Society
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DOM was photoreactive.” The suspended sediments and
cations in “Whitewaters” contribute to shielding from sun-
light,” and transform DOM through mineral particle
adsorption and complexation,® thereby affecting bioavailability
as well.” The confluences of major Amazon basin rivers can be
regarded as effluents of entire aquatic ecosystems, and mixing
causes abrupt changes in environmental conditions including
the temperature, density, flow characteristics, pH, concen-
tration of ions and (mineral and organic) particles, DOM
composition, and molecular structure.'”'" Steep gradients
develop for all these features in mixing zones, with distinct
spatial and temporal evolution of interdependent variables.
Opportunities arise for many non-conservative effects upon
riverine mixing, making those places hot spots for organic
matter processing and microbial metabolism influencing the
dynamics of carbon pools in natural systems.'”"?
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DOM is a highly complex mixture of thousands to millions
of individual molecules and is ubiquitous in terrestrial and
aquatic ecosystems.”'**~'° DOM is an integral component of
food webs, acting as both metabolic waste and substrate to
heterotrophs, involving critical ecosystem processes such as
nutrient availability and growth efficiency of aquatic organisms,
and ultimately the cycling of carbon and other elements.'”"*
Several abiotic processes, such as photochemistry, redox
chemistry, mineral sorption, and desorption, affect the
composition and structure of DOM molecules.*”'* Photo-
chemical reactions in oxic environments contribute to
oxygenation of DOM molecules, mainly by introduction of
hydroxyl and carboxy functional groups;w_'l heteroatoms N
and S in DOM molecules introduce alternative selectivity in
photoprocessing of DOM molecules.”’ Photoproduction of
small oxygenated molecules, including photomineralization to
CO,, that are or resemble biochemical metabolites™ will
enhance microbial activity.”* Coupled photochemical and
microbial DOM processing is context-dependent, structure-
selective, and subject to synergy and competition.”®

Most studies report distinct non-conservative behavior of
DOM after riverine mixin& affected by factors like phase
partitioning,""l(’ respiration,‘ﬁ"28 trace metal complexation,10
and discharge.lg However, the effects of physical mixing of
different Amazon basin riverine waters on the composition and
structure of its DOM at molecular resolution remain ill-
constrained. We used ultrahigh-resolution negative and
positive mode electrospray ionization (ESI[iﬁ) Fourier
transform ion cyclotron resonance mass spectrometry (FT-
ICR MS), as well as 'H nuclear magnetic resonance
spectroscopy (NMR) to study the composition and reactivity
of DOM. We investigated the mixing of water samples from
two major Amazon mixing zones, i.e,, Solimbes and Negro
Rivers (S + N), and Amazon and Tapajos rivers (A + T). We
conducted controlled mixing and incubation experiments with
different mixing ratios and times of incubation after mixing,
followed by biogeochemical and molecular characterization of
the original and cultured samples to study the temporal
evolution of DOM molecular composition and structure. We
also measured the heterotrophic bacterial production (HBP)
and dark carbon fixation (DCF) to assess microbial activities
before and after the water mixing. We investigated how DOM
molecular features change following mixing of the endmember
river waters with different biogeochemical characteristics and
investigated the factors that lead to the changes.

B MATERIALS AND METHODS

Sample Collection. We collected water samples at 17 sites
in the Amazon basin eastward between April 2nd and May
25th in 2014 during an exceptional high-water period (Figure
1, Table S1). We obtained water samples by boat just below
the surface and collected 10 L of each sample. Solid-phase
extraction (SPE) was carried out in the field immediately after
sampling using 1 g cartridges of PPL resin.’’ The SPE-
extracted DOM (SPE-DOM) in methanol was stored in the
freezer (—20 °C) until FT-ICR MS and 'H NMR analyses. For
more sampling and experimental details, see Supporting
Information.

Sample Processing. The four endmember samples S, N,
A, and T were used for laboratory mixing and incubation
experiments (Table S2). Mixing and incubation experiments
with unfiltered endmembers were conducted on the bank or
ship directly after sampling by mixing variable ratios of
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Figure 1. Surface water sampling locations. Samples Solimdes (S) and
Negro (N), Amazon River (A), and Tapajos River (T) refer to
endmembers used for laboratory mixing and incubation experiments;
all the other samples belong to the regional sample set.

different waters (80:20, 60:40, 50:50, 40:60, and 20:80, total
volume S00 mL) in Pyrex bottles, followed by one day (1d)
and five days (Sd) dark incubation at in situ temperature (30
°C) and SPE in the field. We also made a mixture of identical
volumes of S and N and let it stand in dark for 30 min, named
SSONSO_30min.

Moreover, the endmember samples S and N were separated
into “filtered water” and “filtered suspended solids” based on
the treatment of the endmember samples before mixing
(Tables S1 and S2). The waters and suspended solids were
isolated by filtration of identical volumes of water from each
river using 0.2 uM Whatman GF/F glass fiber filter
(precombusted at 450 °C). The mixture of filtered Negro
water and filtered Solimdes suspended solids was named
FNSS; the mixture of filtered Solimdes water and filtered
Negro suspended solids was named FSSN; the mixture of
filtered Solimdes water and filtered Negro water was named
FSFEN. FNSS and ESSN were left to sit in the dark for 1 day at
in situ temperature (30 °C) and/or on ice (0 °C).

Water Analysis. Water parameters were measured on part
of the samples (Table S5). Water conductivity, temperature,
and dissolved oxygen were measured in situ with a portable
instrument (Hanna Instruments, Metrohm electrode, and
PRO-ODO YSI). Dissolved and particulate organic carbon,
inorganic nutrients, and pH were determined by standard
procedures, as described in Supporting Information.

FT-ICR MS Analysis. ESI[+] FT-ICR mass spectra of SPE-
DOM were acquired using a 12 T Bruker Solarix mass
spectrometer (Bruker Daltonics, Bremen, Germany) and an
Apollo II ESI source.'” Data processing used Compass Data
Analysis 5.0 (Bruker, Bremen, Germany) and formula
assignment used an in-house software (NetCalc);*" and
further details are described in Supporting Information.

'H NMR Analysis. 800 MHz 'H NMR spectra of SPE-
DOM were acquired with a Bruker ADVANCE III NMR
spectrometer operating at 800.35 MHz (By = 18.8 tesla) at 283
K from redissolved dried SPE-DOM in CD;OD, as described
in the Supporting Information. '"H NMR spectra enabled
quantification of key structural units in SPE-DOM, including
pure and oxygenated aliphatics, carboxyl-rich alicyclic mole-
cules,” olefins, and aromatics.

Microbial Analysis. Microbial activity was measured in
part of the samples (Table S10). Heterotrophic bacterial
production (HBP) refers to the assimilatory metabolism
consuming preferentially labile DOM while refractory DOM
is mostly respired®> and was determined by the measurement
of protein incorporation of radio-labeled *H-Leucine. Dark

https://doi.org/10.1021/acsestwater.2c00621
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Figure 2. PCA of assigned SPE-DOM molecular formulae in unmixed and mixed S + N waters pre- and post-incubation, according to sample
analysis methods (A) ESI[-] and (B) ESI[+] FT-ICR mass spectrometry and (C) 'H NMR spectroscopy. a2/b2/c2 depict an enlarged view of
samples in the purple rectangles in al/bl/cl. Loading vectors are shown in Figure S2.

carbon fixation (DCF) is inorganic light-independent C-
uptake, mostly performed by chemosynthetic microorganisms
using redox reactions with energetic yields to recycle inorganic
carbon,” and was determined by the incorporation of “CO,.
More details of HBP and DCF measurements are described in
Supporting Information.

Statistical Analysis. Principal component analysis (PCA)
was performed using Simca-P (version 11.5, UmetricsAB,
Umed, Sweden). Hierarchical cluster analysis (HCA) used
Hierarchical Clustering Explorer 3.0. Details are described in
Supporting Information.

B RESULTS

Changes in DOM Molecular Composition after S + N
Mixing in FT-ICR MS. Mass spectra of Solimdes (S) and
Negro River (N) SPE-DOM showed skewed near-Gaussian
distributions for thousands of mass peaks ranging from m/z
150 950 (Flgure S1), indicative of high molecular diver-
sity.” S However, mass spectra of S + N SPE-DOM
developed recognizable patterns of putative microbial-derived
signatures, showed a large-scale shift to lower m/z in ESI[+]
mass spectra (Figure S1), and had a considerably lower
number of assigned molecular formulae in ESI[+] mass spectra
(Tables S3 and S4). The average m/z of S + N SPE-DOM was
significantly lower than that of S and N SPE-DOM, while its
average atomic ratios (e.g, O/C, H/C, S/C, and N/C) varied
more slightly after mixing (Tables S3 and $4).

To assess major variation in DOM, we performed PCA on
its assigned molecular formulae (Figure 2A,B). S60N40_5d
and SS0NSO_Sd were separated by the first principal
component (PC1) of ESI[—] and ESI[+] MS-based PCA
because of the distinct abundance of less oxygenated
compounds, in accordance with HCA (see Figure S3 and its
footnote). The second principal component (PC2) of ESI[—]
MS-based PCA placed S + N between S and other unmixed
samples, whereas PC2 of ESI[+] MS-based PCA showed clear
separation of river SPE-DOM and incubated S + N SPE-DOM
due to the decrease of high molecular weight CHO and
CHNO compounds. However, the mixing ratio of endmem-
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bers (S and N) did not show a link to the PCA distribution of
incubated S + N. Moreover, the original samples other than S
and N showed higher PC2 in ESI[—] MS-based PCA and were
placed between endmembers (S and N) and incubated with S
+ N in PC2 of ESI[+] MS-based PCA. Furthermore, the 1d-
and Sd-incubated samples were not distinct in PCA and HCA
(Figures 2A,B and S3), suggesting that S + N SPE-DOM
composition did not record a continuous trend in temporal
evolution.

We observed a remarkable loss of molecular signatures after
S + N mixing, with around half of molecular formulae
disappearing immediately after mixing (Figure S4). Addition-
ally, no unique molecular formulae were found in 0d-/1d-/5d-
incubated SPE-DOM that were not present in S and N
endmembers of SPE-DOM. Hence, no new molecular
formulae appeared between 1d and 5d of incubation, which
may reflect fast DOM transformation within 1d.

Changes in DOM Molecular Composition after S + N
Mixing in '"H NMR Spectra. 'H NMR spectra of S and N
SPE-DOM showed smooth bulk envelopes, reflecting super-
positions of millions of carbon atomic environments typical of
processed aqueous DOM,'® whereas S + N SPE-DOM showed
a large number of addmonal superimposed small resonances
(Figure S5). Although, 'H NMR section integrals of half
incubated S + N SPE-DOM were placed approximately in the
middle of endmember samples S and N (Table S6), the other
half showed a higher abundance of pure and functionalized
aliphatic protons (6y ~ 0.5-2.35 ppm), at the expense of
oxygenated aliphatic and unsaturated protons (8, > 3.1 ppm)
(Figures 2C and S2C and Table S6). The incubated S + N
samples were separated in PC2 of '"H NMR-PCA due to the
different content of aromatic protons (S > 6.6 ppm) (Figures
2C and S2C).

Difference 'H NMR spectra of endmember S and N SPE-
DOM revealed a higher abundance of pure aliphatics (CCCH
units), a lower relative abundance of aromatic (C, H, especially
polyphenols), direct (OCH), and remotely oxygenated
(OCCH) units in S, compared with N SPE-DOM (Figures
S6A and S7A). Furthermore, more extensively oxygenated

https://doi.org/10.1021/acsestwater.2c00621
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aliphatic and aromatic CH units were more abundant in S than
in N SPE-DOM. The river samples Al and A2 downstream of
the S + N confluence showed an increase of methylene and
alkyl protons (8 ~ 1.2 ppm), as well as branched and
functionalized aliphatics, including simple carboxylic acids (6
~ 1.2—-2.1 ppm), polyols (8y ~ 3.2—3.6 ppm), and a decline of
highly oxygenated aliphatics (& > 3.6 ppm) and Cg,,H units
(8 > 6 ppm) (Figure S8).

After mixing S and N for 30 min, visible increases of
branched purely aliphatic molecules (8: 1.3—1.5 ppm), some
carboxylic acids (8} ~ 2.0—2.4 ppm, methyl ethers (&: 3.6—
3.75 ppm) and olefins (6y ~ 5.6—6.5 ppm) were observed
(Figures S6B and S7B). After 1d, a very substantial increase of
pure and functionalized aliphatics (CCCH and OCCH units,
indicative of carboxylic acids), equivalent to ~50% 'H NMR
section integral, had occurred across the board (Figures SA,
S6C); the relative abundance of oxygenated aliphatic units
(OCH units) decreased, while a suite of alkyl and carboxylated
aromatic molecules increased (Figures SA, S6C, and S7C).
From 1d to Sd, a remarkable reversal of DOM processing had,
in essence, restored the initial status of (S + N) SPE-DOM,
with an increase in pure and functionalized aliphatics (5y ~
0.5—2.4 ppm), loss of methoxy ethers and esters (5y ~ 3.4—
4.0 ppm), and about all other directly and remotely oxygenated
aliphatic molecules (8 > 2.4 ppm) (Figure S6E). Hence,
much of the initially produced aliphatic molecules were labile
under the given conditions and became either consumed or
reoxidized within four days.

Effects of Particles in S + N Mixing and 1d
Incubation. The clustering in ESI[—] MS-based HCA
indicated that the contact between water and suspended
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particles had negligible effects on DOM composition (Figure
3A). FSFN showed a higher similarity to N than to §,
conforming to the higher concentration of DOC (dissolved
organic carbon) in Negro (9.96 mg/L) than in Solimdes (4.56
mg/L; Table SS). ESI[+] MS-based HCA separated S and N,
FSFN, 1d incubated S + N into three clusters, with distinction
of FSSN samples alike ESI[—] derived HCA (Figure 3),
suggesting that degradation of some more saturated, lower
molecular weight CHNO compounds and synthesis of lower
mass (m/z < 450) CHO compounds with average H/C and
O/C ratios occurred during 1d incubation (Figure 3b2).

Changes in DOM Molecular Composition after A + T
Mixing in FT-ICR MS. ESI[+] FT-ICR mass spectra of A + T
SPE-DOM developed intense mass peaks superimposed to the
bulk signature (Figure S9), indicative of efficient production of
specific molecular signatures in parallel with large-scale
transformation of DOM molecules. The average m/z, average
O/C ratio, and count of molecular formulae substantially
declined, whereas the average H/C ratio increased after the 5d-
incubation (Tables S7 and S8).

In both ESI[—] and ESI[+] MS-based PCA (Figure 4), PC1
showed a clear trend: Amazon < Tapajos < ld-incubated A +
T < Sd-incubated A + T, due to increased abundance in
compounds with a lower O/C ratio, a lower m/z, and a
modified aromaticity index (Al4)*” less than 0.5. Moreover,
1d-incubated A + T < Sd-incubated A + T were separated by
PC2 and had different abundances in high molecular weight
CHO and CHNO molecules. The molecular patterns indicated
extensive transformation from more oxygenated, high mole-
cular weight, higher aromaticity compounds to less oxygenated,
low molecular weight, higher aliphaticity compounds during

https://doi.org/10.1021/acsestwater.2c00621
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Figure 4. PCA of assigned SPE-DOM molecular formulae in unmixed and mixed A + T waters pre- and post-incubation. Panels (A,B,E) show PCA
scatter plots. Panels (C,D) show correlation patterns of PC1 and PC2 loading vectors (p1 and p2) in van Krevelen and mass-edited H/C diagrams,
with the color code representing CHO (blue), CHNO (orange), and CHOS (green) molecular classes. The numbers show counts of compounds.
The molecular formulae positioned below the purple line in the van Krevelen diagrams have a modified aromaticity index (Al,,3)*” higher than 0.5.
Panel F shows the correlation patterns of p1 and p2 in '"H NMR space, with fundamental molecular structures indicated.

Sd-incubation. Additionally, A was separated from other
Amazon samples and showed high similarity to Tapajos
samples in ESI[+] MS-based PCA. Moreover, the mixing ratio
of endmembers (A and T) did not show a link to the PCA

result of mixing S + N.
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distribution of incubated A + T, which was consistent with the

HCA clearly separated unmixed and mixed A + T samples
(Figure S10), in line with PCA results. 1118 oxygen-rich and

https://doi.org/10.102 1/acsestwater.2c00621
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polyphenolic CHO/CHNO compounds decreased, whereas
1228 more aliphatic and more saturated CHO/CHNO
compounds increased in relative abundance after the 1d-/5d-
incubation. KMD/z* diagrams revealed extended CH,-based
homologous series for CHO compounds that increased/
decreased during incubation and shorter ones for CHNO
compounds (Figure S10).

We found that nearly half of the molecular formulae
disappeared after A + T mixing and 1d-incubation, in line with
S + N mixing (Figure S11). The count of molecular formulae
that disappeared and newly appeared after A + T mixing were
about equal (~3000). Furthermore, ~1000 molecular
signatures remained after 1d and disappeared after Sd (Figure
S11a4,b4).

Changes in DOM Molecular Composition after A + T
Mixing in 'H NMR. Incubation caused the emergence of
sharp '"H NMR resonances of putative biotic origin, which
contributed ~3% to the total '"H NMR integral in 1d incubated
A + T SPE-DOM and ~1% in 5d incubated A + T SPE-DOM
(Figure S12). The 1d incubation produced strong 'H NMR
resonances containing methylene-rich aliphatic molecules (5
~ 125 ppm), an admixture of aliphatic branching (8, ~ 1.3—
1.5 ppm) that is probably associated with carboxylic acids
RCOOH (HOOC-CHa-CHf; 8y ~ 2.3-2.45 ppm; 1.6—1.75
ppm), olefins (6 ~ 5.2-5.5 ppm/5.8 + 0.1 fm), and
carboxylated benzene derivatives (65 > 7.3 ppm)™" (Figures
S13B and S14B).

The abundance of purely aliphatic protons (CCCH units; 6y
~ 0.5—1.9 ppm) largely increased within 1d from 34% to 42%
at the expense of about all other units (Table S9). The
carboxylic acids with supposedly more “simple” aliphatic
branching motifs that were produced within 1d declined
between 1d and 5d (Figure S13D). So, temporal evolution
SPE-DOM from 1d to 5d of S + N and A + T shared aspects of
synthesis after 1d and receding to the original state after 5d.
However, alterations within A + T concerned a rather limited
suite of methylene-rich molecules in comparison with S + N
which concerned an overall change in different molecular
structures.

PC1 and PC2 in '"H NMR-based PCA explained ~77% of
the total variance (Figure 4E) and showed similar separation
compared to ESI[—] MS-based PCA (Figure 4A). The mixing
ratios of endmembers did not show an impact on the
molecular composition of incubated A + T SPE-DOM from
'H NMR-based PCA.

Changes in Microbial Activity after S+ Nand A + T
Mixing. We measured the rates of two microbial metabolic
processes in unmixed and mixed waters. HBP refers to
assimilatory metabolism consuming preferentially labile DOM-
like proteins,’> and DCF refers to light-independent inorganic
carbon uptake mostly performed by chemosynthetic micro-
organisms,'B HBP in endmembers S, N, and in the S + N
mixing zone, as well as in the one-hour incubated equal volume
S + N mixtures, remained nearly constant around 0.03 ygC L™
h™! (Table $10). However, HBP in Al and A2 downstream of
the S + N confluence showed over 100 times higher HBP rates.
The HBP rates in endmembers A, T, and in the A + T mixing
zone were around 0.15 #gC L™ h™', approximately five times
higher than in the S + N mixing zone, in line with previous
research that showed high rates of microbial respiration and
bacterial growth in the Amazon-Tapajos confluence.”*’

The rates of DCF were much higher than HBP in all the
water samples, with ~200 times higher in S + N confluence
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and ~10 times higher in A + T confluence. DCF rates were
two times higher in N (1.66 ygC L™ h™") compared to S (0.76
ugC L™ h™') and increased ~10 times in the S + N mixing
zone. DCF rates in A and T were ~0.45 pgC L™ h™' and
increased ~4 times in the A + T mixing zone.

Our measurements of HBP and DCF in the Amazon River
are consistent with rates observed in other aquatic systems
worldwide (Table S11). Our observations of biomass
production ranging from nanograms to milligrams of carbon
per hour are similar to those reported in previous studies
conducted in the Amazon and other aquatic systems. Earlier
studies in the Amazon have reported HBP varying from 0.1 to
7 ugC L' h7, indicating hi$her values during high
waters'>*'~* and in mixing zones."” We observed our highest
HBP in the Amazon River downstream of the confluence of
the Tapajos River, which has been associated with increased
rates of phytoplankton productivity, including labile organic
compounds for microbial growth.”> On the other hand, we
observed the highest DCF in the Amazon River after the
confluence of the Negro and Solimoes Rivers, where we
observed a high concentration of DIC of approximately 1300
uM and high assimilatory ratios. The mixing zone is often
reported as a hotspot for microbial processes due to the mixing
of microbial communities and river compounds, " creating
opportunities for high rates of carbon assimilation via distinct
processes, including chemosynthesis using the energetic yields
of oxidation of reduced compounds.*” Although our survey
represents all available measurements in the Amazon River, we
found other studies in different aquatic systems where rates
vary from nanograms of carbon per hour in lakes.**~4¢ High
rates of DCF were observed in karstic systems,” ~*’ which
could be related to the high concentration of inorganic carbon
and reduced compounds in soil and groundwater, creating
opportunities for microbial growth using the energetic yields of
redox reactions to promote chemosynthesis since HBP was
observed at lower rates in these systems.’”*" In river estuaries,
turbulent mixing promotes an increase in DCE'***% and
HBP,”*™° which could also be associated with reduced
compounds from bottom sediments meeting oxic surface
waters.

B DISCUSSION

Molecular Characteristics of Endmembers. Blackwater
N DOM showed higher average m/z ratios (Tables S3 and S4)
and higher aromaticity (Table S6 and Figure SS) compared to
DOM of other rivers, in agreement with previous studies.””
Ertel et al. assigned 70% of degraded humic and fulvic acid
fluxes at the S + N confluence to Negro inputs.”** High
molecular weight aromatic structures probably represent the
polar fraction of lignin and tannin degradation products, e.g,
through biotic and abiotic oxidation.”** N DOM showed
higher proportions of =CH and C,H units (8 > 5.2 ppm) and
remotely (OCCH) and directly oxygenated (OCH) aliphatic
molecules (8 > 2.4 ppm) (Table S6 and Figure S5).

S and A SPE-DOM showed higher average N/C and S/C
ratios and had a larger contribution of moderately unsaturated
and saturated compounds (Tables S3 and S4). Nitrogen-
containing compounds could be preferentially sorbed and
transported by the sediment-rich waters.”

Clearwater T SPE-DOM showed higher proportions of
CHNO compounds and methylene- and alkyl-rich aliphatic
structures (Figure S13 and Table S9) than other endmember
DOM (Tables S7 and $8), in line with higher proportions of

https://doi.org/10.1021/acsestwater.2c00621
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Figure 5. Different 'H NMR spectra of (A) (S + N)/2 minus SS0NS0_1d and (B) (A + T)/2 minus ASOTS0_1d, with annotations of key
substructures, demonstrate the fundamental distinction in molecular evolution of S + N and A + T after 1d-incubation (cf. text). Incubation of S +
N caused alterations across all atomic environments, whereas incubation of A + T referred primarily to a limited set of basic methylene- and alkyl-
rich aliphatic molecules (cf. text). Yellow-shaded &;; denotes a significant crossover of aliphatic molecules which were consumed (blue shade) or
produced (green shade) after 1d, denoting a higher molecular diversity and degree of functionalization in newly produced S + N molecules

compared with those of A + T.

primary production and microbial processing.“ 'H NMR
spectra of T SPE-DOM showed a distinct visual appearance,
owing to a few sharp and abundant resonances representing
aliphatic molecules with limited branching, acetic acid (6 ~
1.88 ppm) and formic acid (8;; ~ 8.08 ppm), with an overall
'H NMR integral below ~2% (Figure S12). The strong
contribution of small aliphatic molecules in T DOM may
originate from the general proximity of its DOM molecules to
the structural space of biomolecules and metabolites,''
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including some biodegradation of fresh materials, as suggested
by Roth et al.%!

The endmember samples S, N, A, and T showed distinct
characteristics, including the intensity distribution of H/C, O/
C, N/C, S/C ratios, m/z, aliphaticity, and aromaticity, in line
with previous reports.'”'” Furthermore, 'H NMR spectra
showed the main distinction in relative abundance of methoxy-
related substructures in the order S > N (Figure S6A) and A >
T (Figures S13A and S14A). The main distinction between §

https://doi.org/10.102 1/acsestwater.2c00621
ACS EST Water 2023, 3, 2083-2095



ACS ES&T Water

pubs.acs.org/estwater

and N SPE-DOM largely covered methyl ethers (5 ~ 3.6—3.8
ppm), whereas the difference between A and T SPE-DOM
covered methyl esters and methyl ethers (5y ~ 3.6—4.1
ppm).” This may imply distinct initial abundance and
processing of more “ether-rich” lignins and more “ester-rich”
tannins,*” but the scavenging of reactive DOM molecules by
methanol®® cannot be excluded.

Distinct Structural Evolution after S + Nand A + T
Mixing. In A + T, a suite of labile lipid-like molecules with
prominent alkyl- and methylene-rich carboxylic acids of limited
structural diversity and few oxygenated aliphatic and aromatic
structural motifs had been produced after 1d and largely
disappeared after Sd of incubation. In comparison, the
structural changes after 1d incubation of S + N DOM
comprised a much larger structural diversity of molecules,
covering the entire range of aliphatic (CCCH, OCCH, and
OCH units) and C,,H units (aromatics and olefins) with a
smooth distribution of all structural motifs (atomic environ-
ments), implying a more thorough diversification of atomic
environments in S + N compared with A + T following mixing
and incubation. This probably reflects an overall larger
distinction of DOM molecules in original S and N waters
compared with A and T waters, originating from the high
relative abundance of highly oxygenated aromatic structures in
N waters (Table S6). Gain was observed for a very wide range
of pure and functionalized aliphatic units (5y ~ 0.5—2.36
ppm), and loss was observed for all other atomic environments
in the case of S + N incubation (Figure SA). While the rather
high proportions of the above-mentioned methylene- and
alkyl-rich molecules produced after 1d in the case of A + T
incubation may have masked other alterations on visual
inspection of '"H NMR spectra, appreciable distinction
between 1d incubation for A + T versus S + N also applied
for less intense 'H NMR resonances. The crossover points for
difference spectra “endmember minus 1d incubation” was
displaced from 6;; ~ 2.36 ppm (S + N) to &; ~ 1.67 ppm (A +
T), implying that less oxygenated aliphatic molecules were
preferentially degraded after 1d incubation in the case of A +
T. The structural evolution from 1d to 5d incubation was in
essence a reversal of the structural changes from original
samples to 1d incubation for both S + N and A + T mixing
experiments: A + T samples diversified their pure and remotely
oxygenated aliphatic molecular structures (6 ~ 0.5—3 ppm)
and lost methylene- and alkyl-rich aliphatic molecules with
simple branching motifs (Figure S12); at day S, A + T DOM
comprised higher proportions of pure aliphatic molecules (5
~ 0.8—1.7 ppm) and lower shares of methoxy groups (& ~
3.5—4.1 ppm) than the average of A + T (Figure S12C). For S
+ N, the evolution from 1d to Sd incubation appeared as a very
congruent reversal compared with the evolution from average
S + N to 1d incubation for all aliphatic units (5 ~ 0.5—S ppm
(Figure S6). The distinction between the average of S + N and
Sd incubation were very minor, like the small increase of alkyls
C,Hy,.e1 (6 ~ 0.5—1.0 ppm) and methoxy groups (8 ~ 3.4—
3.7 ppm) (Figure S6D,E). This remarkably fast processing of
DOM for both mixing experiments has likely been promoted
by tropical temperatures (~30 °C).

The large-scale depletion of high molecular weight
compounds after mixing was significant for both S + N and
A + T, especially for nitrogen-containing compounds that were
better ionized in ESI[+] MS (Figure SI and Table S7). This
shift of mass was also pronounced for FSFN and
SS0NS0_30min, suggesting an immediate change following
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mixing. Unlike A + T SPE-DOM that showed continuous
molecular changes over 5d (Figure 4), S + N SPE-DOM
changed immediately after mixing but showed no further
continuous trends over Sd (Figure 2). This sudden change in
DOM properties probably results from the abiotic, preferential
sorption of hydrophilic, poly}phenql-rich Negro DOM by
Solimdes suspended particles.”**** Additionally, the large
depletion of POC (particulate organic carbon) at Solimdes-
Negro mixing zone suggested that the DOC-POC transition
significantly affected the DOM composition in the confluence
(Table S5). Coagulation heterogeneity, including the coating
of minerals with specific DOM fractions and microbes,"® likely
contributed to the observed heterogeneity in S + N DOM
(Figure 2).

We observed conservative behavior of DOC concentration
downstream of the S + N confluence, in line with two previous
studies,'”®” which suggest that organic nanoparticulate or
colloidal matter did not readily coagulate to form larger
aggregates during mixing.(" Another reason suggested by
Simon et al. is the occupation of mineral sorption sites by
DOM molecules.'’

The abundant m/z ions in incubated A + T SPE-DOM
occupied van Krevelen positions congruent with the abundant
mass peaks in phytoplankton and microbial exudates (Figure
§1022,b2).°* The Tapajés River hosts higher proportions of
cyanobacteria (~12%) compared to the Amazon River (~5%),
where actinobacteria and betaproteobacteria dominate the
microbial community.”® “Positive priming effect’” was sug-
gested to happen when algal-rich Tapajos waters mix with
turbid Amazon main stem waters, accelerating the decom-
position of more recalcitrant organic matter.*” The molecular
transformation of CHO, CHNO, and CHOS molecules toward
lower m/z and lower O/C ratios with concomitantly higher H/
C ratios in A + T SPE-DOM during 5d incubation is consistent
with a simple notion of DOM degradation from larger to
smaller molecules, which was expressed in the familiar size-
reactivity continuum model,”" but here, it expands to relatively
small DOM molecules and/or metabolites. Moreover, 'H
NMR spectra indicated that polyphenolic molecules were
largely removed in A + T SPE-DOM after 5d (Figure S12B
and Table S9), suggesting rapid processing of terrestrial
organic matter (e.g., leached from litter decay processes) that
had been largely hﬁyﬁrologicaﬂy mobilized in aquatic—terrestrial
transition zones.”””® This conforms to a study showing that
the breakdown of vascular plant-derived organic matter to CO,
increased six-fold at the Amazon-Tapajos confluence compared
to that in the Amazon River.”’

Non-conservative DOM Behavior after Mixing. A
study by Simon and co-workers observed a conservative
behavior of SPE-DOM in the natural and experimental mixing
of Solimdes and Negro river waters based on negative
ionization mode FT-ICR MS,"’ opposing the often-presumed
non-conservative behavior of DOM and our results. In our
study, the mixing ratios of both endmembers (S + N and A +
T) did not show linear correlations with DOM composition
based on ESI[+] FT-ICR MS and '"H NMR spectra. Simon et
al. sampled during the dry period, while the samples from this
study were taken during a maximum flood pulse. The different
sampling season presumably affects composition and structure
of dissolved constituents leached from rewetted soils and may
influence the endmember water characteristics and microbial
community.” Moreover, Simon and co-workers mixed samples
under continuous shaking, while we mixed initially and then let
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the sample settle, incubated for 1d and/or 5d. The differences
in sample treatment may affect DOM composition, for
instance through sorption and desorption between DOM
and particles. Besides, the combination of SPE and ESI[—] FT-
ICR MS favors observance of carboxylic acids and does not
cover the entire spectrum of dissolved organic molecules.””™ "’
Our joint use of both complementary electrospray modes FT-
ICR MS and 'H NMR methods and the exhaustive analysis
provide valuable DOM molecular information with improved
detail. ESI[—] FT-ICR MS preferentially detected high-mass
oxygen-rich CHO compounds, whereas ESI[+] FT-ICR MS
primarily detected aliphatic CHNO compounds.** Our
previous study on the SPE-DOM in Amazon main stem and
tributaries showed that nearly half of CHO and CHNO m/z
ions were found in both ESI modes at near-average H/C and
0/C ratios."" Moreover, 800 MHz 'H NMR spectra provided
near-quantitative data of major atomic environments in DOM
molecules with excellent S/N ratio and resolution, supplying
relevant information about the fate of aliphatic and aromatic
moieties that are poorly ionized in ESI mass spectrometry.”

Effects of Biotic and Abiotic Factors on DOM
Transformation. Abiotic reactions, such as photochemical
processing (oxidation and mineralization) and metal-depend-
ent complexation, coagulation, and redox chemistry, will have
significant impact on the DOM composition in the Amazon
River.”"®" Structure-selective sorption of DOM on mineral
surfaces”' " has removed substantial proportions of polyphe-
nols present in N waters together with minerals present in S
waters. This removal of light absorbing and light scattering
ingredients in the S + N mixing zone opens previously
unavailable opportunities for photo-processing of DOM
molecules. However, many photoproduced oxygenated small
molecules will readily integrate in biochemical pathways,
foodwebs,”>** and transient particulate organic carbon, making
traceability to specific mechanisms difficult.

Multistep processing of DOM along the flow path and
mixing zones of many ungauged Amazon River tributaries
implies that the carbon atoms that are eventually delivered to
the Atlantic Ocean have repeatedly changed their atomic
environments on their journeylf’l However, general congruence
of biochemical pathways across all organisms, and similarities
of fundamental abiotic processing regimes in the extended
tropical ecosystem of the Amazon basin will rather realign
thermodynamic and kinetic boundary conditions at locations
of exceptional importance, leading to thorough redirection for
the synthesis and degradation of DOM molecules. This is more
likely than an unspecific continual entropy-driven diversifica-
tion of DOM molecules from land to sea. Overall DOM
evolution in the Amazon Basin will diversify beyond simple
trajectories of synthesis and degradation, as described in the
standard river continuum concept’” and/or small river
catchments.” Nevertheless, we expect that a certain set of
rather unreactive and difficult to observe aliphatic molecules
with structural features resisting expedient biotic and abiotic
degradation might become selectively enriched along the
Amazon River flow path. Plausible structural features comprise
fused and bridged polycycloalkyls with structural oxygen and
nitrogen atoms connected to more than a single carbon atom,
overall distant from common biomolecular binding motifs that
are subject to expedient enzymatic degradation.

Environmental Implications. According to the “regional
chromatography” hypothesis,””*' the majority of reactive
components within the DOC pool are attenuated by minerals
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before reaching higher-order confluences, such as the S + N
confluence. We hypothesized that individual S, N, A, and T
Amazon DOM had reached a steady state under given
biogeochemical conditions. However, the assemblages of
biogeochemically distinct river waters initiated rapid and
widespread molecular alteration of DOM upon mixing, in part
by fast abiotic reactions. This averaged physiochemical
properties and reassembled microbial community composition,
with potentially considerable effects on DOM processing and
mineralization, as well as the composition and reactivity of
o . 82 .
remaining organic molecules.”~ Pronounced changes in DOM
composition during incubation suggest substantial diagenetic
modification of organic matter, even if the complete
mineralization of DOM may not be signiﬁcant.“’“ Never-
theless, continuous oxidation of the residual DOM molecules
is likely to generate oxygen-rich CO, and H,O molecules in
the river confluence and subsequent river channels, contribu-
ting to a nominal reduction of leftover DOM molecules even in
the case of oxidative processing.*

Rivers provide a direct link between terrestrial and marine
carbon cycles. However, very little terrestrial DOM appears to
accumulate in the global ocean.*™*" Incubation experiments
with turbid water from close to the river mouth suggested that
photo- and bio-alteration leave significant molecular and
carbon isotopic imprints on the terrigenous DOM. Nonethe-
less, quantitative removal by bio- and photo-degradation
appeared to proceed at a relatively slow pace because no
significant decrease of dissolved organic matter was found
within five days of the incubation.** However, 9—30% of DOC
was lost after the five-day incubation with less turbid water
from the intermediate and outer plume, suggesting that the
introduction of reactive algal DOM in the intermediate plume
may thus have primed the microbial degradation of terrigenous
DOM.**  Additionally, sorption of terrigenous DOM to
sinking particles acts as an important DOC sink in the Amazon
plume.L These results, along with our results, demonstrate
that the DOM along the Amazon River-to-ocean continuum
was not in a steady state as suggested by the “regional
chromatography” hypothesis. Moreover, river confluences and
a less turbid offshore plume are likely important carbon sinks
in the Amazon River due to biotic processes (e.g.,
biodegradation) and abiotic processes (e.g, photodegradation
and sorption to particles).

The higher heterotrophic bacterial activity in A + T
compared with S + N (Table S10) suggested that the
molecular changes in A + T SPE-DOM during Sd-incubation
referred more to bioavailable alkyl-rich molecules than in the
case of S + N, which were more oxygenated on average.
Moreover, DCF rates noticeably increased in both mixing
experiments and amounted up to ~95% of the total HBP after
the mixing. The results indicate that non-photosynthetic
carbon fixation can represent a substantial contribution to an
autochthonous source of organic matter in river confluences.®
DCF had been reported to contribute approximately 80% of
the total HBP in Swedish boreal lake sediments.** Moreover, it
has been shown that the heterotrophic metabolism of bacteria
is suddenly intensified after the input of organic matter.”” The
water—particle interface in river confluences could be sites of
intensive biogeochemical activity, creating steep chemical
gradients that provide a microenvironment with a high
chemolithotrophic rate.”’ The simultaneous presence of
oxidized and reduced organic molecules supplies energy and
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substrates needed to support DCF by chemoautotrophic
microbes.

Bl CONCLUSIONS

Ecological models and biogeochemical characterization have
established river mixing zones as hotspots of microbial activity,
but molecular DOM degradation pathways are still poorly
addressed in river networks, preventing an accurate estimate of
carbon sources and sinks. We observed extensive but
molecularly distinct structural alterations of DOM upon
mixing and follow-up incubation of Solimdes/Negro on the
one hand and Tapajos/Amazon waters on the other hand.
Molecular distinction of DOM structural evolution will apply
in essence to all river conflucences, and educated modeling
eventually has to take these mechanistic details of DOM
processing into account.

Relevant molecular resolution concerning the fate, transport,
and transformation of DOM in natural and engineered systems
is not attained without the use of complementary high-
resolution structure-selective analytical and biogeochemical
methods. Characterization of molecularly heterogeneous and
polydisperse DOM by complementary structural spectroscopy
like, e.g,, [+]ESI mass spectrometry and NMR spectroscopy
provides distinct aspects of its composition and structure. In
this study, [+]ESI mass spectra provided relevant coverage of
CHNO molecules, 'H NMR spectra demonstrated major
distinctions in the structural evolution of DOM in the two S +
N and A + T mixing zones, not visible in mass spectra. Joint
use of structural and classical biogeochemical analysis of DOM
molecular evolution will clearly diversify our perception and
help us appreciate the specificity of DOM processing according
to sampling points. Unifying these informative findings will
remain a challenge for integrative modeling studies of the
global carbon and other element cycles.
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Alfred Russel Wallace in 1853 in his trip to the Amazon basin, and these were called as white, clear and
blackwaters (McClain and Naiman, 2008). The color varies depending on whether dissolved organic matter
(black water) or suspended sediment (white water) is predominant (Moreira-Turcq et al., 2003). The clear
water rivers are transparent and supply a high phytoplankton production (Richey et al., 1990). Both white
and clear waters have more aquatic plants and floating meadows than black waters. In contrast, the black
water Negro River is nearly devoid of such vegetation. Solimdes contributed the most carbon to the Amazon
River, about 500 kg C s during the sampling high water period (Moreira-Turcq et al., 2003). Madeira is
the largest and Negro is the second largest tributary in Amazon watershed. These two rivers together
contribute more than 30% of discharge of the Amazon River main stem. Madeira is a primary tributary of
Amazon in terms of sediment input.

We collected water samples at 31 sites in the Amazon River main stem eastwards, including Solimdes
(white water), Negro (black water), Amazon (turbid water), and Tapajos (clear water) between April 2°¢
and May 25" in 2014, during a high-water period with extremely high discharge volume. The localities
accessed were located near Manacapuru and Manaquery in Solimdes, Castanheira and Santa Maria in Negro,
Manaus, Urucara and Obidos in Amazon River and Alter do Chio and Aramanai in the Tapajos River.
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Detail sampling information see Table S1. We obtained water samples by boat just below the surface,
typically 10 L per sample. Solid phase extraction (SPE) of the water samples was done at the field
immediately after sampling. The water column DOM was extracted by a previously described SPE method
using 1g cartridges of PPL resin (Dittmar et al., 2008). The eluates were stored in the freezer (-20°C) until
mass spectrometry analysis and nuclear magnetic resonance spectroscopy analysis.

2. FT-ICR mass spectrometry

Negative and positive electrospray ionization (ESI[£]) Fourier transform ion cyclotron resonance mass
spectra (FT-ICR MS) were acquired using a 12T Bruker Solarix mass spectrometer (Bruker Daltonics,
Bremen, Germany) and an Apollo II electrospray ionization (ESI) source (Hertkorn et al., 2016). Nebulizer
gas pressure, drying gas pressure and the source heater temperature were 138 kPa, 103 kPa and 200 °C,
respectively. The spectra were acquired with a time domain of 4 MW. For each sample, 500 broadband
scans were accumulated in ESI[-] FT-ICR mass spectra, while 300 broadband scans were accumulated in
ESI[+] FT-ICR mass spectra. All spectra were first externally calibrated on clusters of arginine in MeOH
(0.57 mmol/L) and internally calibrated using appropriate reference mass lists of common natural organic
matter molecules, reaching accuracy values lower than 500 ppb. Data processing was done using Compass
Data Analysis 4.1 (Bruker, Bremen, Germany) and formula assignment by an in-house made software
(NetCalc) (Tziotis et al., 2011). The molecular formula assignments were based on the following elements:
"Ho-200, **Co-100, *O0-50, >2So:3, *No.3as well as the *Co.1 and 3*So.; isotopomers. The generated formulae were
validated by setting sensible chemical constraints [N rule, O/C ratio < 1, H/C ratio < 2n+ 2 (CuHxn+2)].
Restriction on nitrogen atoms < 4 and sulfur atoms < 2 were applied based on previous studies (Hertkorn et
al., 2013; Schmitt-Kopplin et al., 2010). Final elemental formulae were generated and categorized into
groups containing CHO, CHNO, CHOS, and CHNOS molecular series, which were used to reconstruct the
group-selective mass spectra. The intensity of mass peaks was normalized (total amplitude of assigned mass
peaks = 100% for single sample). The average H/C, O/C, N/C, S/C atomic ratios, DBE/C (Double bond
equivalent per carbon), mass-to-charge ratios (m/=) were computed from the intensity-weighted average of
molecular formulae (Hertkorn et al., 2016).

3. TH NMR spectroscopy

All "H NMR spectra were acquired with a Bruker Advance III NMR spectroscopy operating at 800.35
MHz (Bo = 18.8 Tesla) at 283 K from redissolved solids in CD;OD (99.95% *H; Merck) with Bruker
standard pulse sequences using 3.0 mm Bruker MATCH tubes. The reference "H NMR chemical shift of
HD,COD was 3.3 ppm. 'H NMR spectra were recorded under solvent suppression with presaturation and
1 ms spin-lock (noesyprld), 5 s acquisition time, 5 s relaxation delay (d1), typically 1024 scans, and 1 Hz
exponential line broadening. "H NMR section integrals were obtained by using the software AMIX at 0.01
ppm resolution, with exclusions of HDO and HD,COD NMR resonances.

4. Water characterization

Water conductivity (Cond.), temperature (Temp.) and dissolved oxygen (DO) were measured in situ
with portable instruments (Hanna Instruments, Metrohm electrode and PRO-ODO YSI). For the inorganic
dissolved nutrients, the water was sampled with polypropylene bottles, filtered in silica filters (GF/F,
Whatman) and placed in amber bottles conditioned in freezer to be analyzed in the laboratory. Ammonium
(NHy") concentrations were determined by colorimetric analysis with flux injection (FIA, FiaStar 5000).
Nitrate (NOs) and nitrite (NO»") were measured using nitrate reduction and phosphate (PO4») using
molybdenum analytical method (Valderrama, 1981). The dissolved organic carbon (DOC) was determined
by persulfate digestion analyzed using high-temperature catalytic oxidation method (Sievers InnovOx
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analyzer, GE) (Gonsior et al., 2019). The total organic carbon (TOC) used the same analytical method as
DOC without the water filtration.

The dissolved inorganic carbon (DIC) of water was determined by the acidified headspace method
(Aberg and Wallin, 2014). During the field work, 25 mL glass vials were closed with a rubber stopper and
prefilled with 0.3 pL of concentrated HsPOs to acidify the sample to pH ~2. After that, 12.5 mL of water
samples without bubbles were injected into the vial with a 0.6 mm needle. Three vials were closed in the
field to sample the atmospheric air used in the calculations. Back in the laboratory, the headspace samples
were measured by gas chromatography (7890A, Agilent Technologies, USA). Because the water was
inoculated in a closed acidified ecosystem, all the DIC was transferred to CO,. The CO, headspace was
measured and the CO that remained in the water sample was equilibrated with the headspace (Henri's Law).
DIC was the sum of both CO, concentration subtracted by the CO- in the atmosphere (Aberg and Wallin,
2014).

5. Dark Carbon Fixation (DCF) and Heterotrophic Bacterial Production (HBP)

DCF was estimated by the incorporation of H*CO5™ in a known time similar to photosynthesis, but in
dark conditions (Nielsen, 1965; Santoro et al., 2013). We took care to start the incubations at night, 4 hours
after the sunset, to wait the photosynthesis be negligible avoiding dark carbon incorporation by photo-
system II (Nielsen, 1960). The incubations were performed by the addition of 10 pL of NaH*CO; (Perkin
Elmer, specific activity of 52.5 mCi mmol?) in 50 mL of river water in five dark (amber) bottles. The
incubations were stopped after four hours with Formalin at final concentration of 3.7%. Two controls were
prepared containing Formalin (3.7 % at final concentration) before adding the *CO to take out the artifacts
values. In lab, the samples were filtered twice inside a fume hood with Sartorius filtration kit. The first
filtration was with silica filters GF/F (Whatman) and the second with cellulose acetate filters (0.2 um pore,
Sartorius Stedim Biotech). Both filters were washed with 1M HCI and dried to ensure the elimination of
the non-assimilated **CO,. Filters were placed in scintillation vials with scintillation liquid (Optiphase
HiSafe, PerkinElmer) in dark conditions to be analyzed in radiocarbon assay in scintillation counter 24h
later to avoid chemiluminescence. Finally, DCF was computed as:

DCF (ugC Lh™") = (Net DPMiupte - Net DPMconrot) X DPMadgea™ X 1.05 x DIC x t*

where DCF was the biomass production or carbon assimilation, DPM was the radioactivity measured by
decay per minute of the sample, control and the added into incubations, 1.05 was the isotope discrimination
factor, DIC was the dissolved inorganic carbon and t was time (Peterson, 1980).

HBP was determined by the measurement of protein synthesis rates using radio-labelled *H-leucine (D.
C. Smith, 1992). This method measures the leucine incorporated by the bacteria in a known time after its
addition. The methodology had some adjustments for the Amazon waters conditions according to previous
studies (Benner et al., 1995; Farjalla, 2014). Lower leucine concentration and less time was important to
not overestimate the bacterial production. 150 uL of *H-leucine with a final radioactivity of 10 Ci mmol™
and a leucine final concentration of 20 nM was added to 1.5 mL of river water into five Eppendorf tubes.
The temperature was constant and similar to river water during the incubations that were performed in dark
conditions. Formalin was added at final concentration of 3.7% to stop the incubation after 45 minutes. In
addition, two controls were prepared with the same concentration of formalin before the leucine addition.
At the end, the samples were placed in styrofoam containers to be analyzed in the laboratory.

In the lab, the bacterial protein was extracted using cold trichloroacetic acid (TCA) and ethanol. This
method consists in the protein precipitation discarding the lighter non-incorporated radio-labelled leucine
in the supernatant. Finally, the pellet was resuspended in the scintillation liquid (Optiphase HiSafe,
PerkinElmer) with vortex and placed in dark for 24h after being analyzed in the radioassay with the
scintillation counter. To compute the bacterial carbon production, we used the equation:
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HBP (ugC Lh") = LI (umols Leu L'h") x 131.2 x 0.073" x 0.86™ x ID

where HBP was bacterial production, LI was the leucine incorporated and ID was the isotope dilution.
131.2 was the molecular weight of leucine, 0.073 was the proportion of leucine in total protein and 0.086
was the ratio of cellular carbon to protein (Simon and Azam, 1989).

6. Statistical Analysis

PCA was performed using Simca-P (version 11.5, UmetricsAB, Umed, Sweden) to identify the
dominant modes of variability in DOM composition of AZ-DOM. FT-ICR mass spectra were arranged with
the samples as observations and the normalized peak amplitudes of the assigned FT-ICR mass peaks as the
response variables. "H NMR spectra were arranged with the samples as observations and the NMR
resonances as the response variables (800 MHz '"H NMR, CD;OD, area-normalized from 0.5-10.0 ppm;
0.01 ppm bucket resolution; with the exclusion of residual water and methanol NMR resonances). Before
multivariate statistics were performed, the response variables were centered and scaled to unit variance.
The based weight was computed as 1/sqrt (standard deviation of the response variables).

HCA was performed wusing the Hierarchical Clustering Explorer 3.0 (HCE;
http://www.cs.umd.edu/hcil/multi-cluster/). Average Linkage (UPGMA) method was used to cluster the
dataset and Euclidean distance was used as the similarity/distance measure. Based on the HCA, we used
the “profile search” tool from HCE 3.0, choosing a search method (model-based), a distance measure
(Spearman's r) and a threshold (0.9).

Spearman correlation analysis (p < 0.05, r> > 0.5) was performed using the R statistical platform with
between normalized intensities of mass peaks in A-DOM samples downstream of the Madeira inflow (from
AMIR to AM10R) and the fluvial distance of the sampling sites from sampling site AM1R. We used the
same method to find significant correlation between AZ-DOM composition based on ESI[+] FT-ICR mass
spectra and water/bacterial parameters.

Non-metric multidimensional scaling (NMDS) is particularly useful if the analyzed species (molecular
formulae) are not linearly responding to environmental gradients (Ramette, 2007). We performed NMDS
using the R statistical platform with the package vegan to determine correlations of environmental variables
with DOM molecular composition in the Amazon River continuum. The environmental data used for
NMDS included pH, dissolved oxygen (DO), conductivity (Cond.), temperature (Temp.), DOC, POC, TOC,
as well as inorganic nutrients such as ammonium (NH;"), nitrate (NO53'), nitrite (NO5'), and phosphate
(PO4*). These physicochemical variables were centered and scaled for ordination. All NMDS models were
run on Bray-Curtis distance matrixes and their statistical significance was tested with 999 permutations.
We applied NMDS analysis for the DOM samples with the data of bacterial production and carbon fixation.
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Fig. S1. Maps of the sampling sites in the Amazon River. “SM” (grey) was sampled in the Solimdes River upstream and close to the Negro-Solimdes River
mixing zone. “MZ” (black) was sampled at the very mixing zone. “A1R/A2R" (dark red) were sampled in the Amazon River upstream of the Madeira River
inflow, while the other Amazon River samples (red) were sampled after the Madeira River inflow. “AM3Ra” and “AM9Ra” (magenta) were sampled two
months later than the other water samples in the Amazon River.
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Table S1. Description of the sampling sites and sampling information. “SM” (grey) was sampled in the
Solimdes River close to the mixing zone of the Negro River and the Solimdes River. “MZ” (black) was sampled
at the mixing zone of the Negro River and the Solimdes River. “A1R/A2R” (dark red) were sampled in the
Amazon River upstream of the Madeira River inflow, while the other Amazon River samples (red) were sampled
after the Madeira River inflow. “AM3Ra” and “AM9Ra” (magenta) were sampled two months later than the
other water samples in the Amazon River. The order of the rows in the table from top to bottom represents the
order of sampling point locations in each river from upstream to downstream.

- Longitude = Latitude = Water
River Sample W) ©S) type
Solimédes (S) SIR -60.6845 -3.3414 white
Solimoes S2R -60.1116 -3.3209 white
Solimoes S3R -60.0957 -3.3136 white
Sso\la“::l?i;:gl[;;:: SM -59.8949 | -3.1647  turbid
Negro (N) NIR -60.8198 -2.5740 black
Negro N2R -60.6865 -2.7267 black
Negro N3R -60.5509 -2.8719 black
Negro N4R -60.5583 -2.9440 black
Negro N5R -60.1810 -3.0958 black
Negro N6R -60.0902 -3.1242 black
Negro NaM -59.9126 -3.1292 black
SN mixing zone MZ -59.8958 -3.1301 turbid
Aﬁ‘;ﬁ’;‘:‘;‘::ﬁﬂg‘;{‘:‘e AIR -60.1596 | -2.7933  turbid
Amaton %l“‘: ‘l’;’fl‘;‘: Mndicten | A2R 587621 | -32992 | turbid
Amumpn River sfise Mudelcy AMIR 585192 | -3.1802  turbid
River inflow
Amazon River AM2R -58.5513 -3.1492 turbid
Amazon River AM3Ra -58.1626 -2.9750 turbid
Amazon River (out of the |
river main stem because of too | AM4R -58.2533 -2.9530 turbid
much water)
Amazon River (sampled
downstream of the Uatuma AMSR -57.5167 -2.3797 turbid
River inflow)
Amazon River AMG6R -57.4771 -2.4972 turbid
Amazon River AM7R | 572811 | -24676 turbid
Amazon River AMSR | -57.2811 -2.4676 turbid
Amazon River AMO9Ra -56.3486 -2.2473 turbid
Amazon River AMI0R -55.7717 -2.0033 turbid
Amazon River AMIIR -55.4316 -2.0180 turbid
Amazon River AMI2R -54.7185 -2.4041 turbid
Amazon River | ATIR -54.4518 -2.4916 turbid
Tapajés | TIR 551013 | 29714  clear
Tapajés 1 T2R 549001 | -2.4315 clear
Tapajés 1 T3R 548332 | 22742 clear
Tapajos \ T4R | 547219 | -24056  clear
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19

21
22

Table S2. Water parameters in the Amazon River. The environmental parameters include pH, dissolved oxygen (DO) concentration, conductivity (Cond.),
temperature (Temp.), DOC, POC, TOC, as well as inorganic nutrients concentrations such as ammonium (NH"), nitrate (NOs"), nitrite (NO>') and phosphate

(POS™).
Sample TeWP- |y | Depth  Secci. Dischaige Velocity | Width = DOC | TOC | POC | Cond. | DO | DIC NH; NOy NO: PO
C) m  (m)  (mY) (k) m_ (mgl) (mgL) (mgL) (us/cm) (mg/A) (uM) (uM) (uM) (M) (uM)
SIR | 310  7.10 3093 0.2 128235 1643 269186 524 | 17.90 1138 969 60 | 2111 042 | 026 0.0 0.10
S2R | 298 697 3093 02 128235 1643 2691.86 544 1603 1059 1090 = 56 | 2000 0.79 | 0.10 021 0.2
NIR | 300 473 3508 15 28580 0302 | 269842 423 | 2250 1254 | 126 59 | 500 0.68 041 009 0.10
N2R | 299 (488 3508 L5 28580 0302 269842 634 193 1279 164 53 | 500 086 091 008 0.1
N3R | 305 473 NA NA NA NA NA 996 2250 NA 16.9 47 | NA 068 041 009 0.10
N4R 303 495 35.08 X 28580 0.302 2698.42 3.26 16.80 13.54 11.3 6.4 451 097 | 276 @ 021 | 0.24
NSR | 299 48 NA | NA NA NA | NA | 785 | 2183 | NA 57.9 60 | NA 064 022 006 0.15
AIR | 288 635 3647 02 146136 1472 | 271675 536 = 680 144 849 45 1300 0.53 094 008 024
A2R | 285 645 4586 02 = 251599  1.858 | 295331 485 582  0.90 = 793 39 1000 063 069 005 0.69
AM4R 288 655 NA | NA NA NA NA 468 | 617 @ 149 624 39  NA 08l 076 006 0.5
AM5R 291 665 NA NA NA NA NA 284 | 307 | 023 | 351 61  NA 069 035 003 O0.l1
AM6R | 287 (639 NA NA NA NA NA 521 601 080 574 37 | NA 077 | 062 010 025
AM7R | 290 641 NA NA NA NA NA 532 | 623 091 584 40 | NA NA | 051 010 032
AMSR = 290 641 NA | NA NA NA NA 377 | 422 | 045 | 581 37 | NA 069 054 006 0.17
AMIOR 275 649 NA | NA NA NA NA 416 439 023 564 50 | NA 088 059 015 022
AMIIR 291 654 NA NA NA NA NA 468 487 019 508 49 | NA 073|071 012 011
ATIR 278 679 NA | NA NA NA NA 363 402 | 039 350 72 | NA | 047 | 155 004 0.5
TIR | 269 568 NA | NA NA NA NA 311 | 334 NA 36.9 58 | NA | 042 | 057 010  0.12
TR 295 661 955 35 20736 0709 291485 348 @ 352 017 @ 342 78 1000 041 | 047 002 0.1l
T3R | 299 682 955 | 35 20736 0709 291485 551 641 085 610 60 | 681 232 033 013 0.10
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23

25
26
27
28

Table S3. ESI[-] FT-ICR MS derived counts of mass peaks and intensity-weighted average bulk parameters for all assigned molecular compositions
present in AZ-DOM. The bottom four rows show the range of values for the main stem river DOM samples in each area (i.e., Negro, Solimdes, Amazon,

Tapajos). FT-ICR MS derived bulk par

comprise perc

of counts of CHO, CHNO, CHOS, and CHNOS molecular series, computed experimental

m/= (charge-to-mass ratio of singly charged ions), DBE/C (doublee bond equivalency per carbon of non-charged molecules), H/C (ratio of hydrogen to carbon
atoms of non-charged molecules), O/C (ratio of oxygen to carbon atoms of non-charged molecules), N/C (ratio of nitrogen to carbon atoms of non-charged
molecules), and S/C (ratio of sulfur to carbon atoms of non-charged molecules).

total
Sample m:;‘:sof CHO% CHNO% CHOS% CHNOS% m/4 DBE/C H/C O/C N/C S/Csx 10 AI";;:O'S
peaks
SIR | 4759 63.6 31.0 5.34 0.04 479.7 0.516 1071 | 0.540 = 0.006 96.8 13.7
S2R | 4906 62.1 315 6.14 0.29 482.5 0.521 1.061 = 0546 = 0.006 93.7 14.3
S3R | 5043 59.5 324 7.20 091 | 4602 0526 1.057 | 0550 | 0.008 112.3 15.7
SM | 4408 65.7 29.0 5.08 0.16 479.9 0.521 1.061 | 0542 0.006 78.7 14.9
NIR | 4167 73.9 244 1.73 0.00 . 498.0 0530 1035 | 0549 = 0.003 = 308 16.0
N2R | 3889 74.0 243 1.62 0.03 477.1 0.524 1051 | 0551 = 0.004 26.6 143
N3R | 4519 73.2 25.2 1.62 0.02 483.8 | 0522 1.053 | 0537 | 0.003 28.1 15.7
N4R | 4349 73.9 24.5 1.63 0.02 490.4 0.526 1.044 | 0541 = 0.003 20.7 16.2
NSR | 4428 73.7 24.6 1.69 0.00 | 4850 0517 1.063 | 0530 = 0.003 404 15.0
N6R 4233 74.4 239 1.68 0.02 496.5 0.529 1.038 | 0539 = 0.003 228 16.7
~_NaM 3781 76.9 21.8 1.35 0.00 498.3 0.528 1.038 | 0.538 = 0.003 172 16.6
MZ 4424 73.4 24.8 1.79 0.00 4923 0.521 1.054 | 0534 0.003 228 15.5
AIR | 4675 68.7 27.7 3.55 0.00 | 488.9 0.522 1.054 | 0.541 = 0.005 433 154
AR | 4468 69.0 273 3.65 0.00 485.1 0.516 1.068 = 0.538 ' 0.005 642 142
AMIR | 4120 63.8 304 5.51 0.29 467.9 0516 1075 0540 = 0.007 100.5 13.9
AM2R | 4522 67.2 28.6 4.07 0.07 482.9 0514 1.072 | 0.535 | 0.005 585 13.8
AM3Ra | 4350 67.7 273 4.99 0.02 . 483.7 | 0521 1.058 0542 0.005 67.0 14.7
AM4R 415 65.0 29.9 5.07 0.05 474.7 0.516 1071 0544 0.006 648 13.2
AMSR 4444 66.0 29.8 3.98 0.18 474.3 0518 1.066 = 0.543 = 0.006 486 14.0
AMG6R 4519 65.1 303 4.62 0.04 479.6 0.524 1.051 | 0544 0.006 64.8 14.7
AM7R | 4426 65.3 29.7 4.88 0.16 480.1 0.519 1.064  0.544 = 0.006 70.7 13.6
AMSR | 4395 64.9 30.2 4.82 0.14 . 4817 0.523 1.057 | 0547 0.006 78.7 13.2
AMO9Ra | 4890 64.9 29.9 5.11 0.14 480.3 0519 1.064 | 0547 ' 0.006 673 14.2
AMI0OR | 4473 64.1 30.2 5.59 0.16 | 4785 0518 1.067 | 0549 = 0.006 908 144
AMIIR | 4515 64.2 30.7 4.94 0.20 476.1 0.515 1.071 | 0535 | 0.006 80.8 13.5
AMI2R | 4787 65.0 30.2 4.72 0.00 480.2 0.521 1061 0541 = 0.006 544 15.8
ATIR | 3870 68.2 29.5 2.27 0.03 479.8 0.520 1062 0546 = 0.006 393 13.6
TIR | 5276 62.4 33.8 3.77 0.04 472.1 0518 1.067 | 0547 = 0.007 827 12.0
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29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

5858
5813
5898

4759-
5043
3781-
4519

4120-
5010
5276-
5898

60.9
58.7
579
59.5-
63.6
73.2-
76.9
63.0-
70.3
57.9-
62.4

353
32.1
344

31.0-324

21.8-252

26.7-30.7

32.1-353

3.81
6.93
6.51

5.33-7.20

1.35-1.73

3.05-6.31

3.87-6.93

0.09
224
122

0.00-0.04

0.00-0.03

0.00-0.34

0.04-2.24

466.3

| 446.6
462.4

460.2-
4825
477.1-
498.3
467.9-
488.9
446.6-
472.1
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0.525
0519
0.497
0.52-
0.53
0.52-
0.53
0.51-
0.52
0.49-
0.52

1.052
1.064

1109

1.06-

| 107

1.04-
1.06
1.05-
1.07
1.08-
L.11

0.543
0.546

0513

0.54-

| 055

0.53-
0.55
0.53-
0.55
0.51-
0.53

0.008
0.007

0.008

0.006-
0.008
0.003-
0.004
0.005-
0.007
0.007-
0.008

989
1207

942
(93.7-
112.3)
172-
40.4)
(434-
100.5)
(827-
120.7)

12.3
14.6
14.5

13.7-15.7

14.3-16.7

13.2-154
12.0-14.6



45
47

49

Table S4. ESI[+] FT-ICR MS derived counts of mass peaks and intensity-weighted average bulk parameters for all assigned molecular compositions
present in AZ-DOM. The bottom four rows show the range of values for the main stem river DOM samples in each area (i.e., Negro, Solimdes, Amazon,
Tapajos). FT-ICR MS derived bulk parameters comprise percentages of counts of CHO, CHNO, CHOS, and CHNOS molecular series, computed average
experimental m/z (charge-to-mass ratio of singly charged ions), DBE/C (double bond equivalency per carbon of non-charged molecules), H/C (ratio of hydrogen
to carbon atoms of non-charged molecules), O/C (ratio of oxygen to carbon atoms of non-charged molecules), N/C (ratio of nitrogen to carbon atoms of non-
charged molecules), and S/C (ratio of sulfur to carbon atoms of non-charged molecules).

total
Sample “;';‘;“ CHO% CHNO% CHOS% CHNOS% m/; DBE/C H/C O/C NC & S/Cx105 AI“;;‘:"'S
peaks
SIR 3817 313 685 | 018 0.00 4252 | 0385 | 1.366 0363  0.037 50 | 33
SR 4161 29.9 69.9 017 002 4253 | 0382 1374 0376 0.038 33 25
S3R | 4967 | 295 702 | 008 | 018 4392 | 0398 1341 0409 0039 23 | 27
SM 5172 28.5 710 0.19 027 4132 | 0382 1379 0373 0.040 62 31
NIR | 5973 30.9 68.9 012 | 000 4548 | 0399 | 1333 0423 0.035 36 24
NR | 5342 30.1 69.7 0.13 0.00 4460 | 0405 1325 0428 0.036 53 28
N3R | 4824 29.0 708 012 | 004 4384 | 0385 1365 0393 0.038 30 | 20
N4R 5466 28.4 714 015 002 4453 | 0389 1355 0397 0.037 3.1 23
N5R 5575 28.8 710 013 004 4488 | 0388 1357 0401 0.037 3.1 20
N6R 5727 30.0 69.9 0.05 003 4425 | 0393 1347 0395 0.036 25 27
NaM | 5428 28.9 70.9 015 002 4392 | 0389 1357 0393 0037 34 26
MZ 5808 28.6 712 0.17 0.03 4377 | 0379 1378 0391 0.038 5.0 2.1
AIR 5159 30.0 69.7 0.12 0.17 4223 | 0388 1365 0390 0.039 32 24
AR 4949 29.6 70.1 020 004 417.1 | 0387 1370 0.383 0.041 44 25
AMIR | 5081 277 716 020 | 049 4072 0385 1376 0376 0.043 58 | 30
AM2R | 5377 29.2 70.1 0.19 048 419.1 | 0387 1368 0.386 0.040 55 26
AM3Ra | 3763 34.6 65.1 005 | 019 3964 | 0394 | 1359 0391 0.039 4.6 32
AM4R | 5471 323 67.1 027 035 4159 | 0411 1317 0405 0.035 75 46
AMSR | 5748 | 294 69.4 0.28 0.94 4073 | 0403 1335 0412 0.037 95 | 50
AM6R | 6112 28.4 69.8 0.61 113 4227 | 0393 1361 0386 0.037 133 39
AM7R | 6160 29.7 68.7 045 119 4228 | 0412 1320 0404 0.037 132 40
AMBR | 5654 | 282 | 704 046 094 | 4187 0405 1330 0414 003 106 29
AMO9Ra | 3477 312 68.7 009 | 003 3809 | 0408 | 1.325 0.420 0.041 32 37
AMIOR | 6060 30.4 67.6 053 | 145 4048 | 0392 1358 0404 0.037 169 | 46
AMIIR | 5845 30.1 683 0.46 113 4154 | 0385 1379 0359 0.037 14.1 41
AMI2R | 3943 32.0 68.0 0.03 005 3950 0390 1368 0380 0.040 23 37
ATIR | 5809 302 | 694 0.10 029 4107 | 0404 1335 0403 0.039 7.4 45

Page 13 of 34

130



50

TIR
T2R
3R
T4R

4709
4365
4189
3564
3817-
4967
4824-
5973
3477-
6160
3564-
4709

30.5
29.6
29.8
323
29.5-
313
28.4-
309
27.7-
34.6
29.6-
323

69.3
703
69.8
67.5

68.5-70.2
68.9-71.4
65.1-71.6

67.5-70.3

0.13
0.07
0.19
0.14

0.08-0.18

0.05-0.15

0.03-0.61

0.07-0.19

0.08 397.6
0.02 390.0
0.24 3894
006 | 3867
425.2-
0.00-0.18 4392 |
438.4-
0.00-0.04 4548
380.89-
0.00-1.45 4228
386.67-
0.02-0.24 3976
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0039
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51  Table S5."H NMR section integrals (percent of non-exchangeable protons) and key substructures
52 of AZ-DOM samples (CD;OD, exclusion of residual water, and methanol). The bottom four rows
53  show the range of values for the main stem river DOM samples in each area (i.e., Negro, Solimdes,
54  Amazon, Tapajoés). The fundamental substructures from lower to higher field (from left to right):
55  aromatic (C,H), du~ 7.0-10.0 ppm; olefins and dioxygenated aliphatic units (=CH, O.CH), du~ 5.3-
56 7.0 ppm; oxygenated aliphatic units (OCH), including “carbohydrate-like” and methoxy (H3CO), &u~
57  3.2-4.9 ppm; remotely functionalized aliphatic units (OCCH), including “acetyl” derivatives and
58 CRAM (HOOC-CHo-R), 8y~ 1.9-3.2 ppm; functionalized aliphatics 8g~ 1.35-1.9 ppm; branched alkyl
59  groups (CuHan-1), 8u~ 1.25-1.35 ppm; pure aliphatic units (CCCH) 8g~ 0.5-1.25 ppm.
5 (‘*H) [ppm] 10.0-7.0 | 7.0 53 | 4.9-3.2 3.2-1.9 1.9-1.35 | 1.35-1.25 | 12505 | 1.9-05
total
Key substructures | CxH (%) O‘fgg(—f% | OCH (%) | OCCH (%) | OCCCH (%) | (CH2 (%) | CCCH (%) aslgltlf:::f

(%)

S1R 3.1 4.3 31.1 26.1 14.7 4.7 14.0 333

S2R | 46 | 56 | 315 | 271 14.8 4.1 12.2 311

S3R | 56 52 33.1 25.7 14.1 39 124 304

SM | 49 4.0 | 295 | 272 15.1 5.0 143 344

NIR | 54 6.6 338 27.1 13.1 3.6 104 27.0

N2R | 5.0 6.9 | 331 | 27.6 13.8 3.8 9.8 27.3

NSR 57 5.8 30.6 275 14.2 4.2 12.0 30.4

N6R | 57 6.5 29.9 28.0 14.4 4.1 114 29.9

NaM | =55 57 30.2 276 14.6 4.2 122 31.0

MZ [ =51 5.8 30.9 275 14.7 4.4 11.5 30.6

AIR | 53 6.0 31.5 274 14.1 4.0 11.5 29.7

A2R | 52 55 30.6 28.0 14.5 4.2 120 30.7

AMIR | 45 4.7 28.2 29.1 15.9 4.7 129 335

AM2R 5.3 55 30.5 278 14.7 4.3 12.1 31.0

AMB3Ra 53 4.3 | 318 26.8 14.2 4.2 135 31:9

AMA4R 4.7 5l 30.8 282 14.9 4.3 120 31.1

AMSR | 49 4.4 31.7 26.8 14.5 4.8 13.0 323

AM6R | 438 5.1 32.6 272 14.4 4.1 11.8 30.3

AM7R | 48 5.0 325 273 14.4 4.1 11.8 304

AMSR | 46 4.8 31.7 274 14.8 4.7 12.0 31.5

AM9Ra | 49 4.6 | 288 283 15.2 4.6 13.6 33.5

AMIOR | 48 34 31.0 26.6 14.8 4.7 14.7 342

AMIIR 49 51 ) 328 265 14.6 4.3 11.9 30.7

AMI2R | 48 4.6 30.0 274 15:1 4.6 134 3331

ATIR | 49 3.8 325 258 14.5 4.6 138 33.0

TIR 4.9 52 32.8 263 14.2 4.7 11.9 30.8

T2R | 49 40 | 297 | 265 | 148 5.1 14.8 34.8

T3R | 48 4.7 28.9 281 | 152 5.0 133 335

T4R | 48 6.7 | 273 | 260 14.2 54 155 35.1

S 4.6-5.6 43-56 | 31.1-33.1 25.7-27.1 14.1-14.8 3.94.7 12.2-14.0 :;(;4_;

N 5.0-5.7 5.7-6.9 | 29.9-33.8  27.1-28.0 13.1-14.6 3.64.2 9.8-12.2 2323-

A 4.5-5.3 34-6.0 | 282-328 26.5-29.1 14.1-159 4.04.8 11.5-14.7 23?‘72-

X 4.8-4.9 4.0-6.7 | 27.3-32.8 26.0-28.1 14.2-152 4.7-5.4 11.9-15.5 ?_,7,%81-

60
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Fig. S3. 'H NMR spectra of four consolidated AZ-DOM, including N-DOM, A-DOM, S-DOM and T-
DOM. (A) Area normalized 'H NMR spectra (800 MHz, CD;OD; 8y = 0.5-10.0 ppm with exclusion of residual
water and methanol NMR resonances) of four DOM, with (B) vertical expansion of Cq:H units. For adequate
representation and good S/N ratio in "H NMR spectra, we have used consolidated samples as follows: S-DOM
=SIR + S2R + S3R; N-DOM = NIR + N2R + N3R + N4R + N5R + N6R; A-DOM = AIR + A2R + AMIR +
AM2R + AM4R + AM5R + AM6R + AM7R + AM8R+ AMI10R + AM11R + AMI2R; T-DOM =TIR + T2R
+ T3R; cf. Table S1.
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Fig. S4. PCA of AZ-DOM molecular composition proximate to SN mixing zone based on all assigned molecular formulae in ESI[+] FT-ICR MS spectra. The
upper left panels show the distribution of AZ-DOM in PCA scatter plot based on (A) ESI[-] and (B) ESI[+]FT-ICR mass spectra, respectively. PC1 is discussed in Fig.
3. The lower left panel depict van Krevelen and mass-edited H/C diagrams corresponding to lower/higher second principal component (PC2), based on PCA loading
vectors, with the color representing elemental compositions with the assigned CHO (blue), CHNO (orange), and CHOS (green) molecular series. The most right panel
show the van Krevelen and mass-edited H/C diagrams corresponding to lower/higher third principal component (PC3) in PCA based on ESI[+] FT-ICR MS. Molecular
composition positioned below the red line in the van Krevelen diagrams show the compounds with modified aromaticity index (Aluos) higher than 0.5 (Koch and
Dittmar, 2006). The numbers show counts of compounds. PC2 in ESI[+] FT-ICR MS-based PCA explained 13.6%/16.6% of the total variances and showed a similar
distribution to PC1 (Fig. 3). PC2 in ESI[-] FT-ICR MS-based PCA separated N-DOM from other AZ-DOM (Fig. S4-A), while PC2 in ESI[+] FT-ICR MS-based PCA
separated A-DOM from S-DOM and N-DOM (Fig. S4-B).
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Fig. S5. HCA of AZ-DOM composition proximate to the mixing zone of Solimoes and Negro (SN) based
on all assigned molecular formulae in ESI[+] FT-ICR MS spectra. Van Krevelen and mass-edited H/C
diagrams show CHO (blue), CHNO (orange), and CHOS (green) molecules that were relatively more abundant
in clusters al, a2, bl, and b2, respectively. The sizes of bubbles represent the normalized intensity of AZ-DOM
in each cluster. The pie plots depict percentages of the counts of different molecular series. Molecular
composition positioned below the red line in the van Krevelen diagrams show the compounds with modified
aromaticity index (Almoa) higher than 0.5 (Koch and Dittmar, 2006). The numbers show counts of compounds.
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Fig. S6. HCA of A-DOM composition proximate to the Madeira River inflow to the Amazon River base
on all assigned molecular formulae in (A) ESI[-] and (B) ESI[+] FT-ICR MS spectra. Van Krevelen and
mass-edited H/C diagrams show CHO (blue) and CHNO (orange) and CHOS (green) molecules that were
relatively more abundant in clusters al/bl (A1R and A2R), clusters a2/b2 (AM2R), clusters a3/b4 (AM4R), and
clusters a4/b3 (AMIR) compared to the A-DOM in all the other clusters, respectively. The sizes of bubbles
represent the normalized intensity of AZ-DOM in each cluster. The numbers in van Krevelen diagrams show
counts of identified molecular compositions. The pie plots show the percentages of the counts of different
molecular series. Molecular composition positioned below the red line in the van Krevelen diagrams show the
molecules with modified aromaticity index (Almoa) higher than 0.5 (Koch and Dittmar, 2006). The numbers
show counts of assigned molecular compositions.
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Fig. S7. '"H NMR spectra of A-DOM proximate to the Madeira River inflow to the Amazon River. (A)
Area normalized "H NMR spectra (800 MHz, CD;0D; 8y = 0.5-10.0 ppm with exclusion of residual water and
methanol NMR resonances) of four DOM, with (B) vertical expansion.
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Fig. S8. ESI[+] FT-ICR mass spectra and molecular composition of the common /% ions in A-DOM. The
(A) ESI[-] and (C) ESI[+] FT-ICR MS spectra showed the dissimilar distribution of mass peaks across a wide
mass range (m/= 150-950). (B, D) van Krevelen and mass-edited m/= diagrams. Respective assignments of
molecular compositions are provided for CHO (blue), CHNO (orange), and CHOS (green) molecules. The
inserted numbers show counts of assigned formulae.
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Fig. S9. PCA of A-DOM composition based on all assigned molecular formulae in ESI[+] FT-ICR MS spectra. The upper left panel show the distribution of AZ-DOM in
PCA scatter plot based on (A) ESI[-] and (B) ESI[+] FT-ICR MS, respectively. The lower left panel show the van Krevelen and mass-edited H/C diagrams corresponding to
lower/higher PC2, based on PCA loading vectors, with the color representing elemental compositions with the assigned CHO (blue), CHNO (orange), and CHOS (green)
molecular series. Molecular composition positioned below the red line in the van Krevelen diagrams show the molecules with modified aromaticity index (Al cq) higher than
0.5 (Koch and Dittmar, 2006). The numbers show counts of assigned molecular composition. AM9Ra and AM2R showed lower PC2 in ESI[-] FT-ICR MS-based PCA due to
the higher relative abundance of less unsaturated CHO compounds with a large m/= range and higher content of low-mass CHNO/CHOS molecules (Fig. S9A). Higher PC2 of
upstream A-DOM in ESI[+] FT-ICR MS-based PCA arose from higher content of high-mass CHO and CHNO molecules (Fig. S9B).
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Fig. S10. Mass peaks identified in ESI[-] and ESI[+]FT-ICR mass spectra, of which the normalized
intensity have increased/declined trend along the Amazon River (along fluvial flow from AMIR to
AMI11R). The increased/declined compounds were computed by significant correlation between normalized
intensities of mass peaks and the distances of the sampling point from AMIR (p < 0.05, > 0.5). Van Krevelen
and mass-edited H/C diagrams depict CHO (blue) and CHNO (orange) molecular series. Molecular composition
positioned below the red line in the van Krevelen diagrams show the compounds with modified aromaticity
index (Almod) higher than 0.5 (Koch and Dittmar, 2006). The numbers show counts of assigned molecular
compositions.
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133 Fig. S11. Frequency distribution of counts of oxygen atoms per molecules in S-DOM, N-DOM, A-DOM, and T-DOM from (A) ESI[-] and (B) ESI[+] FT-ICR MS. The
134 color shows the count of nitrogen and sulfur atoms. S-DOM, N-DOM, A-DOM, and T-DOM are exemplified with representative samples SIR, NIR, AIR, and TIR.
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Fig. S12. Van Krevelen and mass edited H/C diagrams of the molecular formulae that were (A) unique
in S-DOM compared to N-DOM, (B) unique in N-DOM compared to S-DOM, and (C) unique in MZ
compared to N-DOM and S-DOM. The colors in the diagrams depict CHO (blue), CHNO (orange) and CHOS
(green) molecular series. The numbers show counts of assigned molecular compositions. There were no
molecular formulae assigned in ESI[-] FT-ICR MS that were unique in N-DOM and MZ.
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Fig. S13. Van Krevelen and mass edited H/C diagrams of the molecular formulae that were (A) unique
in T-DOM and (B) were not present in T-DOM. The colors in the diagrams depict CHO (blue), CHNO
(orange), and CHOS (green) molecular series. The numbers show counts of assigned molecular compositions.
There were no molecular formulae assigned in ESI[+] FT-ICR MS that were unique in T-DOM, and there were
no molecular formulae assigned in ESI[-] FT-ICR MS that were not in T-DOM.
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Fig. S14. PCA of AZ-DOM composition in the four Amazon main stem and tributaries based on all assigned molecular formulae in ESI[+] FT-ICR MS. The upper
panel show the distribution of AZ-DOM in PCA scatter plot based on (A) ESI[-] and (B) ESI[+] FT-ICR mass spectra, respectively. The lower panel depict van Krevelen and
mass-edited H/C diagrams corresponding to lower/higher PC1, based on PCA loading vectors, with the color representing elemental compositions with the assigned CHO (blue),
CHNO (orange), and CHOS (green) molecular series. Molecular composition positioned below the red line in the van Krevelen diagrams show the compounds with modified
aromaticity index (Alumoa) higher than 0.5 (Koch and Dittmar, 2006). The numbers show counts of assigned molecular compositions.
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Fig. S15. PCA of AZ-DOM composition in the four Amazon main stem and tributaries based on all assigned molecular formulae in ESI[+] FT-ICR MS spectra. The
upper panel show the distribution of AZ-DOM in PCA scatter plot based on (A) ESI[-] and (B) ESI[+] FT-ICR mass spectra, respectively. The lower panel depict van Krevelen
and mass-edited H/C diagrams corresponding to lower/higher PC2, based on PCA loading vectors, with the color representing elemental compositions with the assigned CHO
(blue), CHNO (orange), and CHOS (green) molecular series. Molecular composition positioned below the red line in the van Krevelen diagrams show the compounds with
modified aromaticity index (Almea) higher than 0.5 (Koch and Dittmar, 2006). The numbers show counts of assigned molecular compositions.
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161  Fig. S16. PCA of AZ-DOM composition in the four Amazon main stem and tributaries based on "H NMR spectra (800 MHz 'H NMR, CD:OD, area-normalized
162 from 0.5-10.0 ppm; 0.01 ppm bucket resolution; with exclusion of residual water and methanol NMR resonances). Panel B show loading vectors p1 of PC1 and
163 loading vectors p2 of PC2. The fundamental substructures of the NMR sections are indicated.

Page 28 of 34

145



164  Table S6. Heterotrophic bacterial production (HBP) and dark carbon fixation (DCF) in the river waters.
165  SD, Standard Deviation; n, number of replicates. Sample information see Table S1.

DCF (mean) DCF (SD) HBP (mean) HBP (SD)

Salnple “gc L-lh-l ch L—lh-l DCF (ll) ugc L-lh—l ugc L-lh-l HBP (ll)
SIR 0.3085 0.0255 5 1.1933 0.1028 5
S2R 0.8649 | 0.7165 5 0.9041 0.3810 5
NIR | 0.8141 0.2439 6 0.0800 | 0.0200 5
N4R 0.7715 | 0.0450 5 0.0946 | 0.0247 5
AlR 13.2677 1.5780 5 3.5606 0.7900 5
A2R 0.6946 0.8074 5 17.2304 2.3757 5
T2R 2.6292 1.6979 4 18.9508 0.7343 3
T3R 0.4395 | 0.2414 4 16.7442 0.8419 3

166
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Fig. S17. NMDS analysis using AZ-DOM composition in the four Amazon main stem and tributaries based on all assigned molecular formulae in (A, B) ESI[+]
FT-ICR mass spectra, as well as (C) "H NMR spectra in 0.01 ppm bucket resolution fitted with water parameters, rates of bacterial production and carbon
fixation shown as vectors. The environmental parameters used for NMDS included pH, dissolved oxygen (DO) concentration, conductivity (Cond.), temperature
(Temp.), DOC, POC, TOC, as well as inorganic nutrients cc ions such as ium (NHy"), nitrate (NOy), nitrite (NO>’) and phosphate (POSY). Grey lines
represent variables with their relative lengths corresponding to their influence on each AZ-DOM.
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Table S7. Statistical significance of the correlation of environmental parameters on the DOM molecular
composition in Amazon basin (corresponds to Fig. S17) based on ESI[+] FT-ICR MS and 'H NMR in
NMDS model. The environmental and bulk parameters were fitted to NMDS ordination (Bray-Curtis distance
matrix) of normalized intensity on FT-ICR MS and ‘H NMR (0.01 ppm bucket resolution). The significance of
the p-values was tested with 999 permutations. Factors printed in bold are significant with p< 0.05.

ESI-FT-ICR MS ESI+FT-ICR MS IH NMR
Parameter T P-value | Parameter T P-value | Parameter i P-value
pH 0.7271 0.004 TOC 0.7841 0.001 pH 0.3896 | 0.049
Cond. 0.3765 0.026 POC 0.8178 0.001 DO 0.3416 0.074
POC 0.3694 0.032 Temp. 0.4667 0.008 POC 0.33 0.078
TOC 0.3472 0.044 pPH 0.4616 0.012 TOC 0.3352 | 0.087
DO 0.2687 0.083 Cond. 0.3647 0.027 DOC 0.3061 0.099
NOsz” 0.2189 0.161 NO;y 0.2706 0.092 NH4 0.2802 | 0.129
NHy™ 0.1943 0.229 DOC 0.2208 0.172 Temp. 0.0868 0.564
PO, * 0.1347 | 0276 NO, 0.2022 | 0.197 PO,* 0.0817 | 0.578
DOC 0.1059 0414 DO 0.1269 0.382 NOy 0.0689 0.636
Temp. 0.0567 0.653 POs* 0.0856 0.469 NOs 0.0359 0.784
NO» 0.0246 | 0862 NHye | 0.0252 | 0.799 Cond. | 00102 | 0.943

Table S8. Statistical significance of the correlation of environmental parameters, bacterial production
and carbon fixation on the DOM molecular composition in Amazon basin (corresponds to Fig. 5) based
on ESI[+] FT-ICR MS and 'H NMR in NMDS model. The environmental and bulk parameters were fitted to
NMDS ordination (Bray-Curtis distance matrix) of normalized intensity on FT-ICR MS and 'H NMR (0.01
ppm bucket resolution). The significance of the p-values was tested with 999 permutations. Factors printed in
bold are significant with p <0.05.

ESI[-] FT-ICR MS ESI[+] FT-ICR MS 'H NMR
Parameter r’ P-value | Parameter r P-value | Parameter r’ P-value
NH,* 0.8681 0.009 pH 0.9806 0.001 pH 0.7499 0.052
Depth 0.7465 0.031 POC 0.8841 0.001 HBP 0.5443 0.147
pH 0.6831 0.032 TOC 0.8630 0.003 Depth 0.5017 0.158
HBP 0.5953 0.063 DIC 0.8985 0.003 TOC 0.5550 0.17
TOC 0.5253 0.097 HBP 0.8753 0.013 NO»" 0.4977 0.176
Secci. 0.5272 0.112 Cond. 0.7462 0.015 Width 0.4421 0.23
POC 0.4854 0.121 Width 0.7953 0.023 DO 0.4145 0.241
Width 0.4731 0.123 Velocity 0.6197 0.054 POC 0.4350 0.271
DIC 0.4213 0.196 Secci. 0.4868 0.123 PO, > 0.3415 0.299
Velocity 0.3261 0.309 Depth 0.3892 0.201 DOC 0.3075 0.425
NO;~ 0.2851 0.333 Temp 0.3628 0.257 Cond. 0.2921 0.441
Cond. 0.2717 0.409 NO;~ 0.2573 0.434 NH; ™ 0.2764 0.462
DO 0.2239 0.464 Discharge 0.2279 0.458 NO;~ 0.25 0.493
Discharge 0.2146 0.487 DOC 0.2252 0.483 Secci. 0.2117 0.545
PO, 0.1365 0.632 NO,- 0.2059 0.498 Velocity 0.1652 0.591
NO,"~ 0.0404 0.883 NH4™ 0.1895 0.534 DIC 0.1178 0.727
DOC 0.0429 0.897 PO, > 0.0637 0.874 Discharge 0.0689 0.838
Temp. 0.0293 0.898 DCF 0.0415 0.901 Temp 0.0542 0.865
DCF 0.03 0.905 DO 0.0226 0.935 DCF 0.0654 0.908
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188  Fig. S18. Spearman correlation analysis using AZ-DOM composition in the four Amazon main stem and tributaries based on all assigned molecular
189 formulae in ESI[+] FT-ICR MS with DOC, POC, pH, and heterotrophic bacterial fixation (HBP) rate. The van Krevelen and mass-edited H/C diagrams
190  show the mass peaks, of which the relative intensities have significant negative/positive correlation (p < 0.05, r’ > 0.5), with the color representing elemental
191 compositions with the assigned CHO (blue), CHNO (orange). and CHOS (green) molecular series and the size of each bubble representing the absolute value
192 of correlation coefficient r. The pie plots show the percentages of the counts of different molecular series. Molecular composition positioned below the red line
193 in the van Krevelen diagrams show the compounds with modified aromaticity index (Almq) higher than 0.5 (Koch and Dittmar, 2006). Numbers show counts
194 of compounds.
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Figure S2. Loading vectors in PCA of SPE-DOM in unmixed and mixed S+N water pre- and post-
incubation based on all assigned molecular formulae in (A, B) ESI[+] FT-ICR mass spectra and
(C) 'H NMR spectra . The scatter plots of the very PCA see Figure 2. Panels A and B show
correlation patterns of PC1 and PC2 loading vectors (pl and p2) in van Krevelen and mass-edited
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S+N water pre- and post- incubation. Van Krevelen, mass-edited H/C, and KMD/z* diagrams¢
show CHO (blue), CHNO (orange), and CHOS (green) molecular classes that were relatively more
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below the purple line in the van Krevelen diagrams have modified aromaticity index (Almoa)'’
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Figure S4. Common and unique molecular signatures in SPE-DOM in the unmixed and mixed
S+N water pre- and post- incubation. The numbers show counts of compounds. Van Krevelen and
mass-edited H/C diagrams show CHO (blue), CHNO (orange), CHOS (green), and CHNOS (red)
n/z ions that were shared before and after incubation (al and bl); unique in original water but
were not in incubated water (a2 and b2). Not any single compound unique to incubated water did
not present in original water. Bubble areas represent the normalized intensity of DOM. The pie
plots depict percentages of the counts of different molecular classes. Molecular composition
positioned below the purple line in the van Krevelen diagrams shows the compounds with a
modified aromaticity index (Almoa) higher than 0.5'°. Panel C shows the normalized intensity of
molecular signatures that were degraded during the incubation process (a2 and b2) in DOM of the
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Figure S5. 'H NMR spectra of SPE-DOM in the unmixed and mixed S+N water pre- and post-
incubation. The '"H NMR spectra are exemplified with samples S, N, FSFN, S50N50_30min,
S50N50 1d, FSSN_B 1d,FNSS B 1d, and SSON50 5d 1. 'HNMR spectra are area normalized
(800 MHz, CD30D; 6H = 0.5-10.0 ppm with the exclusion of residual water and methanol NMR
resonances). The 'H NMR spectra referred to average abundance are edited by each normalized
spectra subtract the average SPectra (C). .....ouiuiuiuitiiiiii e 17
Table S6. 'H NMR section integrals (percent of non-exchangeable protons, 800 MHz; CD;OD,
exclusion of residual water, and methanol)) and key substructures of SPE-DOM in the unmixed
and mixed S+N water pre- and post- incubation. The fundamental substructures include aromatics
CaxH, 8u ~ 7.0-10.0 ppm; olefins du ~ 5.3-7.0 ppm; oxygenated aliphatic units (OCH) and
“carbohydrate-like” and methoxy OCH3 units du~ 3.2-4.9 ppm; branched aliphatic units (CH2)n,
“acetate-analogue” and CRAM 6y ~ 1.9-3.2 ppm; functionalized aliphatics éu ~ 1.35-1.9 ppm;
polyethylene group 6u ~ 1.25-1.35 ppm, OCCH units; pure aliphatics 6u~ 0.5-1.25 ppm, CCCH
TS e B S e S N TR TS 18
Figure S6. Difference '"H NMR spectra (800 MHz, CD;0D) of Solimdes and Negro SPE-DOM
according to status of incubation. (A) Solimdes minus Negro, with Solimdes (S), Negro (N), and
Solimdes minus Negro (S-N). (B) difference 'H NMR spectrum after 30 minutes of incubation,
with S, N, averaged Solimdes and Negro ((S+N)/2), S50N50 30min, and (S+N)/2 minus
S50N50_30min. (C) difference 'H NMR spectrum after one day of incubation, with S, N, (S+N)/2,
S50N50_1d, and (S+N)/2 minus S50N50 _1d. (D) difference '"H NMR spectrum after five days of
incubation, with S, N, (S+N)/2, S50N50_5d, and (S+N)/2 minus S50N50_5d. (E) difference 'H
NMR spectrum of one day minus five days of incubation, with SSONS0 1d, SSON50_5d, and
(SSONSO0_ 1d minus SSONS0 S5A). .. eeunrniiii it 19
Figure S7. Difference 'H NMR spectra (800 MHz, CD30D) of Solimdes and Negro SPE-DOM
according to status of incubation, section of unsaturated Csp2H protons 6x ~ 5.5-10 ppm in Figure
S6. (A) Solimdes minus Negro, with Solimdes (S), Negro (N), and Solimdes minus Negro (S-N).
(B) difference after 30 minutes of incubation, with S, N, averaged Solimdes and Negro ((S+N)/2),
S50N50_30min, and (S+N)/2 minus SSON50 30min. (C) difference after one day of incubation,
with S, N, (S+N)/2, S50N50 _1d, and (S+N)/2 minus S50N50 1d. (D) difference 'H NMR
spectrum after five days of incubation, with S, N, (S+N)/2, SS50N50_5d, and (S+N)/2 minus
S50N50 5d. (E) difference 'H NMR spectrum one day minus five days of incubation, with
S50NS50_1d, SSON50_5d, and (SSONS0_1d minus SSON50 5d). ...oenvniviiiiniiiiiiiiiiiinnn 20
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Figure S8. Difference 'H NMR spectra (800 MHz, CD;OD) of Solimdes and Negro river waters,
entire section éu ~ 0.5-10 ppm), and proximate Amazon SPE-DOM samples A1 and A2 (sampling
locations see Figure 1 and Table S1). (A) (averaged Solimdes and Negro) river minus proximate
downstream Amazon River sampling points Al (orange, dotted line) and A2 (pink, dotted line),
with Solimdes (S, grey), Negro (N, black), and averaged Solimoes and Negro ((S+N)/2, dotted
green line). (B) same spectra, section of unsaturated CsgpoH protons (dm ~ 5.5-10 ppm).

Figure S9. (A) ESI[-] and (B) ESI[+] FT-ICR mass spectra of SPE-DOM in unmixed and mixed
A+T water pre- and post- incubation. The FT-ICR mass spectra are exemplified with samples A4,
T, ASOT50_1d, and AS0T50_5d. The ESI[-] and ESI [+] FT-ICR mass spectra in (al) and (bl)
show the regular shaped signal distribution over a wide mass range (m/z 150-950), as well as
distinct signatures at nominal neutral mass 400. Respective assignments of molecular
compositions are provided for CHO (blue) and CHNO (orange) molecules. ................c...... 22
Table S7. ESI[-] FT-ICR MS derived counts of mass peaks and intensity-weighted average bulk
parameters for all assigned molecular compositions present in unmixed and mixed A+T water pre-
and post- incubation. FT-ICR MS derived bulk parameters comprise percentages of counts of
CHO, CHNO, CHOS, and CHNOS molecular classes, computed experimental /=, DBE/C, H/C,
D OV T BT (O ¥ 15 1 T 23
Table S8. ESI[+] FT-ICR MS derived counts of mass peaks and intensity-weighted average bulk
parameters for all assigned molecular compositions present in unmixed and mixed A+T water pre-
and post- incubation. FT-ICR MS derived bulk parameters comprise percentages of counts of
CHO, CHNO, CHOS, and CHNOS molecular classes, computed experimental m/z, DBE/C, H/C,
B {11 T BT @0 o2 o . RSO 24
Figure S10. HCA of assigned SPE-DOM molecular formulae in the unmixed and mixed A+T
water pre- and post-incubation. Van Krevelen, mass-edited H/C, and KMD/z* diagrams!6 show
CHO (blue), CHNO (orange), and CHOS (green) molecular classes that were relatively more
abundant in clusters al/a2, b1/b2, respectively. The pie plots depict percentages of the counts of
different molecular classes. The numbers show counts of compounds. The molecular formulae
positioned below the purple line in the van Krevelen diagrams have modified aromaticity index
(Aod) "8 NBEEHATIOUS, rrmomrssnvasssmsentosmssmmon i s R s SRS 25
Figure S11. Common and unique molecular signatures in unmixed and mixed A+T water pre- and
post- incubation. The numbers show counts of compounds. Van Krevelen and mass-edited H/C
diagrams show CHO (blue), CHNO (orange), CHOS (green), and CHNOS (red) m/= ions that were
shared before and after incubation (al and b1l); unique in original water but were not in incubated
water (a2 and b2); unique in incubated water but were not in original water (a3 and b3); unique in
one-day incubated water (1d) but were not present in five-day incubated water (5d) (a4 and b4).
There was no compound unique to 5d and not present 1d. The pie plots depict percentages of the
counts of different molecular classes. The numbers show counts of compounds. The molecular
formulae positioned below the purple line in the van Krevelen diagrams have modified aromaticity
index (Alpoa)™ higher than 0.5. ..ottt 26
Figure S12. 'H NMR spectra of SPE-DOM in unmixed and mixed A+T water pre- and post-
incubation. The 'H NMR spectra are exemplified with sample 4, 7, AS0T50 1d, and AS0T50 5d.
'"H NMR spectra are entire region normalized (800 MHz, CD;OD; 8 = 0.5-10.0 ppm with
exclusion of residual water and methanol NMR resonances). The 'H NMR spectra referred to
average abundance in the four DOM are edited by each normalized spectra subtract the average
spectra of the four DOM (C). ... uuuuititiiiit et e e e e e e e e e e 27
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Table S9. 'H NMR section integrals (percent of non-exchangeable protons, 800 MHz; CD30D,
exclusion of residual water, and methanol)) and key substructures of SPE-DOM in unmixed and
mixed A+T water pre- and post- incubation. The fundamental substructures include aromatics
CaxH, 8u ~ 7.0-10.0 ppm; olefins du ~ 5.3-7.0 ppm; oxygenated aliphatic units (OCH) and
“carbohydrate-like” and methoxy OCH3 units du~ 3.2-4.9 ppm; branched aliphatic units (CH>)x,
“acetate-analogue” and CRAM 6y ~ 1.9-3.2 ppm; functionalized aliphatics éu ~ 1.35-1.9 ppm;
polyethylene group 6u ~ 1.25-1.35 ppm, OCCH units; pure aliphatics 6~ 0.5-1.25 ppm, CCCH
UV st st A 38 83 B o S S B B AT A AR S SR 28
Figure S13. Difference 'H NMR spectra (800 MHz, CDs0OD) of Amazon and Tapajds river SPE-
DOM according to status of incubation (full vertical expansion cf. Figure S14). (A) Amazon minus
Tapajos river, with Amazon (A), Tapajos (T), and Amazon minus Tapajos (A-T). (B) difference
'H NMR spectrum after one day of incubation, with A, T, averaged Amazon and Tapajos
((A+T)/2), A50T50 _1d, and (A+T)/2 minus A50T50 1d. (C) difference 'H NMR spectrum after
five days of incubation, with A, T, (A+T)/2, A50T50 5d, and (A+T)/2 minus AS0T50 5d. (D)
difference 'H NMR spectrum one day minus five days of incubation, with A50T50 1d,
AS50T50_5d, and (ASOTS0_1d minus ASOTS0 5d). ..ovneneniniiniieiiiiieeen e 29
Figure S14. Difference 'H NMR spectra (800 MHz, CD;0OD) of Amazon and Tapajos river SPE-
DOM according to status of incubation. (A) Amazon minus Tapajos river, with Amazon (A),
Tapajos (T), and Amazon minus Tapajos (A-T). (B) difference 'H NMR spectrum after one day
of incubation, with A, T, averaged Amazon and Tapajos ((A+T)/2), A50T50 1d, and (A+T)/2
minus A50T50_1d. (C) difference 'H NMR spectrum after five days of incubation, with A, T,
(A+T)/2, A50T50_5d, and (A+T)/2 minus AS0T50_5d. (D) difference 'H NMR spectrum one day
minus five days of incubation, with A50T50 1d, AS50T50 5d, and (AS0T50 1d minus
ASOTS0 SA). ottt e et 30
Table S10. HBP and DCF in unmixed and mixed S+N and A+T waters pre- and post- incubation.
SD, Standard Deviation; n, number of replicates; N.A., not available. .........................c.... 31
Table S11. Ranges of heterotrophic bacterial production (HBP) and dark carbon fixation (DCF)
in this study and in the Amazon River other aquatic SyStems. ..........c.coevviiiieririninieneninnn. 32

Details of Material and Methods

1. Sample collection

The Amazon River main stem originate in Andean mountains springs and for most of its flow path
meanders across the lowland of Amazon tropical rainforest until its mouth in Atlantic Ocean, while
collecting major tributaries on its way. The main stem of the Amazon River is named Ucayali
while flowing in Peru and when it crosses Brazil's boundary it changes the name to Solimdes.
Downstream of the confluence with the Negro River in Manaus (Amazonas state, Brazil) it
changes the name again to Amazon and keeps this name until its mouth on Atlantic Ocean in
Brazil's coast. There are many large tributaries with different water characteristics. Three
fundamental types of water were already described by Alfred Russel Wallace in 1853 in his trip to
the Amazon basin, and these were called as white, clear and blackwaters'. The color varies
depending on whether dissolved organic matter (black water) or suspended sediment (white water)
is predominant®>. The clear water rivers are transparent and supply a high phytoplankton
production®. Both white and clear waters have more aquatic plants and floating meadows than
black waters. In contrast, the black water Negro River is nearly devoid of such vegetation.
Solimdes contributed the most carbon to the Amazon River, about 500 kg C s™! during the sampling
high water period”. Madeira is the largest and Negro is the second largest tributary in Amazon
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watershed. These two rivers together contribute more than 30% of discharge of the Amazon River
main stem. Madeira is a primary tributary of Amazon in terms of sediment input. Sampling
location coordinates and information of the water samples is described in Tables S1, S2.

2. FT-ICR MS analysis

Negative and positive electrospray ionization (ESI[£]) Fourier transform ion cyclotron resonance
mass spectra (FT-ICR MS) were acquired using a 12T Bruker Solarix mass spectrometer (Bruker
Daltonics, Bremen, Germany) and an Apollo II electrospray ionization (ESI) source*. Nebulizer
gas pressure, drying gas pressure and the source heater temperature were 138 kPa, 103 kPa and
200 °C, respectively. The spectra were acquired with a time domain of 4 MW. For each sample,
500 broadband scans were accumulated in ESI[-] FT-ICR mass spectra, while 300 broadband scans
were accumulated in ESI[+] FT-ICR mass spectra. All spectra were first externally calibrated on
clusters of arginine in MeOH (0.57 mmol/L) and internally calibrated using appropriate reference
mass lists of common natural organic matter molecules, reaching accuracy values lower than 500
ppb. Data processing was done using Compass Data Analysis 5.0 (Bruker, Bremen, Germany) and
formula assignment by an in-house made software (NetCalc)®. The molecular formula assignments
were based on the following elements: "Ho200, *Co.100, *O0.50, >*S03, 1*No3 as well as the *Co4
and 3%So.; isotopomers. The generated formulae were validated by setting sensible chemical
constraints (N rule, O/C < 1, H/C < 2n+2 (CyHa2n-+2)). Restriction on nitrogen atoms< 4 and sulfur
atoms< 2 were applied based on previous studies®’. Final elemental formulae were generated and
categorized into groups containing CHO, CHNO, CHOS, and CHNOS molecular series, which
were used to reconstruct the group-selective mass spectra. The intensity of mass peaks was
normalized (total mass peak amplitude of assigned mass peaks = 100% for single sample). The
average H/C, O/C, N/C, S/C atomic ratios, DBE/C (Double bond equivalent per carbon), mass-to-
charge ratios (m/=) were computed from the intensity-weighted average of molecular formulae®.
3. 'H NMR analysis

All 'H NMR spectra were acquired with a Bruker Advance IIl NMR spectrometer operating at
800.35 MHz (Bo = 18.8 Tesla) at 283 K from redissolved dried DOM in CD3;OD (99.95% 2H;
Merck) with Bruker standard pulse sequences using 3.0 mm Bruker MATCH tubes. The reference
'"H NMR chemical shift of HD,COD was 3.3 ppm. 'H NMR spectra were recorded under solvent
suppression with presaturation and 1 ms spin-lock (noesyprld), 5 s acquisition time, 5 s relaxation
delay (d1), typically 1024 scans and 1 Hz exponential line broadening. 'H NMR section integrals
were obtained by using the software AMIX at 0.01 ppm resolution, with exclusions of HDO and
HD>COD NMR resonances.

Difference 'H NMR spectra used full data point resolution (1.5x10"* ppm) and were computed
from area normalized NMR spectra (8u: 0.5-10.0 ppm), with exclusion of methanol (du: 3.2-3.4
ppm) and water section chemical shifts (ou: 4.8-5.5 ppm) by Bruker AMIX software; data tables
were imported into EXCEL tables, and difference NMR spectra were computed in EXCEL and
exported to Adobe Illustrator. Vertical axes denote fraction of NMR resonance amplitude with
respect to total 'H NMR integral (100%).

4. Water analysis

Water conductivity (Cond.), temperature (Temp.) and dissolved oxygen (DO) were measured in
situ with portable instruments (Hanna Instruments, Metrohm electrode and PRO-ODO YSI). For
the inorganic dissolved nutrients, the water was sampled with polypropylene bottles, filtered in
silica filters (GF/F, Whatman) and placed in amber bottles conditioned in freezer to be analyzed
in the laboratory. Ammonium (NH4") concentrations were determined by colorimetric analysis
with flux injection (FIA, FiaStar 5000). Nitrate (NOs") and nitrite (NO,") were measured using
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nitrate reduction and phosphate (PO4*") using molybdenum analytical method®. The dissolved
organic carbon (DOC) was determined by persulfate digestion analyzed using high-temperature
catalytic oxidation method (Sievers InnovOx analyzer, GE)°. The total organic carbon (TOC) used
the same analytical method as DOC without water filtration.

5. Microbial analysis

HBP was estimated by the measurement of protein synthesis rates using *H-leucine!®, previously
tested in the Amazon River mixing zones!!. We added 150 pL of Leucine[*H] (at the final
concentration of 20 nM with the specific radioactivity of 10 Ci mmol™, Perkin Elmer) to 1.5 mL
of river water in five replicates and two controls. We used formalin at a final concentration of 3.7%
to stop the incubation after 45 minutes and to fix two controls before the leucine addition. In the
laboratory, the bacterial protein was extracted using cold trichloroacetic acid (TCA) and ethanol
protocol’?, The precipitated protein pellet was re-suspended in the scintillation liquid
(OptiphaseHiSafe, PerkinElmer) and leucine incorporation was calculated as the net decay per
minute based in controls and the concentration factor calculated based on the leucine added!%.
Then, we calculate HBP converting leucine incorporation in carbon assimilation using the
molecular weight of leucine, the proportion of leucine in total protein, the ratio of cellular carbon
to protein, and the intracellular isotope dilution of Leucine!?.

DCF is a proxy of chemosynthesis that was estimated by the incorporation of dissolved inorganic
carbon ("C-DIC) as done for radiotracer photosynthesis measurements, but under dark
conditions!®. The incubations were performed by the addition of 10 puL of NaH!“COs (Perkin
Elmer, the specific activity of 52.5 mCi mmol™) in 50 mL of river water in amber bottles at each
sampling site using five replicates and two controls. The incubations were stopped after 4 hours
by adding formaldehyde to the final concentration of 3.7 %. In the laboratory, samples extracted
using filtration in glass fiber filters (GF/F, Whatman) and cellulose acetate filters (0.2 pum pore,
Sartorius Stedim Biotech), washed twice and placed with hydrochloric acid (HCI) 1 M to remove
traces of inorganic carbon. Finally, filters activity were counted using scintillation liquid
(OptiphaseHiSafe, PerkinElmer) and scintillation counter 24 h later (Tricarb 2800, Perkin Elmer).
We estimated dissolved inorganic carbon (DIC) in the water using the acidified headspace
method!* using 12 mL of water sample into small, sealed glass vials (25 mL) prefilled with 50 uL
phosphoric acid (20%), which was empirically tested to lower the pH (~2). In the laboratory,
samples were analyzed for CO> using gas chromatography (Agilent Technologies, USA, 7890A)
with a 1.8 m x 3.175 mm Porapak Q 80/100 column from Supelco, a methanizer converting CO2
to methane and determination by a flame ionization detector (FID) by manual injection. The CO»
concentration measured in the headspace is then recalculated to DIC because the lowered pH (~2)
drives the DIC into CO» with partitioning between the water and gas phases according to Henry’s
law. Then, DCF the fraction of assimilated C was calculated as the sum of both filters times the
total DIC levels present. Then, DCF was calculated as the DIC incorporation per time for each
sample based on the net decay per minute based on controls and the isotopic discrimination
factor!3.

6. Statistical analysis

Principal component analysis (PCA) was performed using Simca-P (version 11.5, UmetricsAB,
Umead, Sweden) to identify the dominant modes of variability in DOM composition of AZ-DOM.
FT-ICR Mass spectra were arranged with the samples as observations and the peak areas of the
assigned FT-ICR mass peaks as the response variables. 'H NMR spectra were arranged with the
samples as observations and the NMR resonances as the response variables (800 MHz 'H NMR,
CD;0D, area-normalized from 0.5-10.0 ppm; 0.01 ppm bucket resolution; with the exclusion of
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residual water and methanol NMR resonances). Before multivariate statistics were performed, the
response variables were centered and scaled to unit variance. The based weight was computed as
1/sqrt (standard deviation of the response variables).

Hierarchical Cluster Analysis (HCA) was performed using the Hierarchical Clustering Explorer
3.0 (HCE; http://www.cs.umd.edw/hcil/multi-cluster/). Average Linkage (UPGMA) method was
used to cluster the dataset and Euclidean distance was used as the similarity/distance measure.
Based on the HCA, we used the “profile search” tool from HCE 3.0, choosing a search method
(model-based), a distance measure (Pearson's r) and a threshold (0.9).

Table S1. Description of sample information.

Sample River Description Longitude (°W) | Latitude (°S) = Water type |
S Solimdes used for incubation -60.0957 -3.3136 white
SM Solimdes SRS E AR -59.8949 -3.1647 turbid
mixing zone
N Negro used for incubation -60.0902 -3.1242 black
NaM Negro Negro after Manaus -59.9126 -3.1292 black
MZ | SN mixing zone SN mixing zone -59.8958 -3.1301 turbid
Al Amazon FARSKORREV I GRIS YRR -60.1596 -2.7933 turbid
inflow
A2 Amazon before Madeira River -58.7621 -3.2992 turbid
inflow
AM1 Amazon after Madeira River inflow -58.5192 -3.1802 turbid
AM2 Amazon after Madeira River inflow -58.5513 -3.1492 turbid
Adl Amazon Amazon downstream -55.7717 -2.0033 turbid
Ad2 | Amazon | Amazondownstream | -554316 | -2.0180 | turbid
A Amazon used for incubation -54.7185 -2.4041 turbid
a small river branch in
At Amazon Amazon after Tapajos -54.4518 -2.4916 turbid
inflow
T1 Tapajos Tapajos upstream -55.1013 -2.9714 clear
T2 Tapajos Tapajos downstream -54.9001 -2.4315 clear
T3 Tapajos Tapajos downstream -54.8332 -2.2742 clear
T Tapajos used for incubation -54.7219 -2.4056 clear
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Table S2. Description of samples in mixing and incubation experiments.

Sample water mixture incubation time
FSFN 50% Solimdes + 50% Negro 0 minutes
S50N50_30min 50% Solimdes + 50% Negro 30 minutes
S20N80 1d 20% Solimdes + 80% Negro one day
S40N60 1d 40% Solimdes + 60% Negro one day
S50N50 1d 50% Solimdes + 50% Negro one day
S60N40_1d 60% Solimdes +40% Negro one day
S80N20 1d 80% Solimdes +20% Negro one day
one day at in situ
FSSN B-1d Solimdes filtered water + Negro filtered suspended solids temperature
(30 °C)
FSSN_S-1d Solimdes filtered water + Negro filtered suspended solids one (d: Zé’;l e
one day at in situ
FNSS B-1d Negro filtered water + Solimdes filtered suspended solids temperature
(30 °C)
FNSS S-1d Negro filtered water + Solimdes filtered suspended solids Aane (d; Zé’;l 8
S20N80 5d 20% Solimoes + 80% Negro five days
S40N60_5d 40% Solimoes + 60% Negro five days
S50N50 5d 1 50% Solimdes + 50% Negro five days
S50N50 5d 2 50% Solimdes + 50% Negro five days
S50N50_5d 3 50% Solimdes + 50% Negro five days
S60N40_5d 60% Solimdes + 40% Negro five days
S80N20_5d 80% Solimoes + 20% Negro five days
A20T80 1d 20% Amazon + 80% Tapajos one day
A40T60 1d 40% Amazon + 60% Tapajos one day
A50T50 1d 50% Amazon + 50% Tapajos one day
A60T40 1d 60% Amazon + 40% Tapajos one day
A80T20 1d 80% Amazon + 20% Tapajos one day
A20T80 5d 20% Amazon + 80% Tapajos five days
A40T60 5d 40% Amazon + 60% Tapajos five days
A50T50_5d 50% Amazon + 50% Tapajds five days
A60T40_5d 60% Amazon + 40% Tapajos five days
A80T20_5d 80% Amazon + 20% Tapajos five days
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Figure S1. (A) ESI[-] and (B) ESI[+] FT-ICR mass spectra of SPE-DOM in unmixed and mixed
S+N water pre- and post- incubation. The FT-ICR mass spectra are exemplified with samples S,
N, FSFN, S50N50_30min, SSON50_1d, FSSN_B_1d,FNSS B_1d, and SS0N50_5d_1. The ESI[-
] and ESI [+] FT-ICR mass spectra in (al) and (bl) show the regular shaped signal distribution
over a wide mass range (m/z 150-950), as well as distinct signatures at nominal neutral mass 400.
Respective assignments of molecular compositions are provided for CHO (blue), CHNO (orange),
and few CHNOS (black) molecules (a2).
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Table S3. ESI[-] FT-ICR MS derived counts of mass peaks and intensity-weighted average bulk parameters for all assigned molecular
compositions present in SPE-DOM in unmixed and mixed S+N water pre- and post- incubation. FT-ICR MS derived bulk parameters
comprise percentages of counts of CHO, CHNO, CHOS, and CHNOS molecular classes, computed experimental m/=, DBE/C, H/C,
N/C, and S/C ratios.

Sample total counts of mass peaks CHO% CHNO% CHOS% CHNOS% m/ DBE/C H/C O/C N/Cx102  S/Cx10?
s 5043 59.5 324 72 1.0 460.2 0.53 1.06 0.55 0.76 1.12
SM 4408 65.7 29.0 5.1 0.2 479.9 0.52 1.06 0.54 0.60 0.79
N 4233 744 239 1.7 0.0 496.5 0.53 1.04 0.54 0.31 0.23
NaM 3781 76.9 218 14 0.0 498.3 0.53 1.04 0.54 0.29 0.17
Mz 4424 734 248 1.8 0.0 492.3 0.52 1.05 0.53 0.33 0.23
Al 4675 68.7 277 36 0.0 4889 052  1.05 0.54 0.45 043
A2 4468 69.0 273 3.7 0.0 485.1 0.52 1.07 0.54 047 0.64
AMI 4120 63.8 304 55 0.3 467.9 0.52 1.08 0.54 0.74 1.01
AM2 4522 67.2 28.6 4.1 0.1 482.9 0.51 1.07 0.54 0.55 0.59
FSFN 3719 74.3 23.7 2.0 0.0 488.5 0.53 1.04 0.55 0.40 043
S50N50_30min 2284 78.9 19.6 15 0.0 4779 045 119 043 0.35 0.86
S20N80_1d 3777 758 23.0 1.2 0.0 492.7 0.53 1.04 0.54 0.33 033
S40N60_1d 3886 73.5 246 20 0.0 487.3 0.53 1.04 0.55 0.37 0.53
S50N50_1d 4188 70.9 26.8 23 0.0 485.3 0.53 1.04 055 0.43 0.35
S60N40_1d 4157 70.6 26.1 33 0.0 484.8 0.53 1.04 0.55 045 0.51
S80N20_1d 4205 69.1 274 35 0.0 479.1 0.52 1.05 0.54 0.48 0.53
FSSN B_1d 4017 66.7 284 49 0.0 4708 051  1.08 0.54 0.57 1.18
FSSN_S_1d 3707 674 28.6 3.9 0.1 469.5 0.52 1.07 0.55 0.58 0.75
FNSS B_1d 3689 759 227 14 0.0 489.6 0.52 1.05 0.55 0.31 0.34
FNSS S 1d 3699 76.2 22.1 1.8 0.0 4924 052 1.05 0.54 0.30 0.64
S20N80_5d 4251 71.1 264 25 0.1 483.8 0.52 1.05 0.53 0.39 0.35
S40N60_5d 4260 69.6 27.1 33 0.0 4775 052 1.05 0.53 0.44 042
S50N50_5d_1 1719 93.6 54 1.1 0.0 439.6 0.51 1.08 041 0.90 0.93
S50N50_5d 2 4229 66.4 274 6.2 0.1 455.7 0.54 1.03 0.56 0.51 0.87
S50N50_5d_3 1555 94.0 44 1.7 0.0 431.8 0.51 1.07 042 0.87 217
S60N40_5d 2599 77.0 20.6 24 0.1 477.1 043  1.23 041 043 0.70
S80N20_5d 4301 67.5 28.1 44 0.0 482.6 0.53 1.05 0.54 0.51 0.61

Footnote: 1) FSFN and S50N50_30min show much less numerous assigned mass peaks, higher %CHO and lower %CHNO molecules; 2) Small
decrease of average m/z at 5d; 3) Some decline of O/C ratio at 5d; 4) The average S/C ratio was higher in FSSN_B_1d, showing that more S-
containing molecules in the mixture of filtered Solimdes River water and suspended solids from the Negro River after incubation at in situ
temperature; 5) The lower S/C ratio in FSSN_S_1d than in FSSN_B_1d was likely because the production of S-containing molecules was slowed
down under lower processing.
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Table S4. ESI[+] FT-ICR MS derived counts of mass peaks and intensity-weighted average bulk parameters for all assigned molecular
compositions present in SPE-DOM in unmixed and mixed S+N water pre- and post- incubation. FT-ICR MS derived bulk parameters
comprise percentages of counts of CHO, CHNO, CHOS, and CHNOS molecular classes, computed experimental m/=, DBE/C, H/C,
N/C, and S/C ratios.

Sample total counts of mass peaks ~CHO% CHNO% CHOS% CHNOS% m/~ DBE/C H/C O/C N/Cx10? s/Cx107
S 4967 29.5 70.2 0.1 0.2 439.2 0.40 1.34 041 3.89 0.02
SM 5172 28.5 71.0 0.2 03 413.2 0.38 1.38 037 4.05 0.06
N 5727 30.0 69.9 0.1 0.0 4425 0.39 1.35 040 3.63 0.03
NaM 5428 28.9 70.9 0.2 0.0 439.2 0.39 1.36 039 3.66 0.03
Mz 5808 28.6 71.2 0.2 0.0 437.7 0.38 1.38 039 3.76 0.05
Al 5159 30.0 69.7 0.1 0.2 4223 0.39 137  0.39 3.95 0.03
A2 4949 296 70.1 0.2 0.0 417.1  0.39 1.37 038 4.11 0.04
AMI1 5081 277 71.6 0.2 0.5 407.2 0.39 1.38 0.38 4.25 0.06
AM2 5377 29.2 70.1 0.2 0.5 419.1  0.39 1.37 039 4.03 0.06
FSFN 3272 352 64.7 0.1 0.0 392.9 0.39 1.36 0.38 3.78 0.06
S50N50 30min 3759 35.1 64.8 0.1 0.1 400.0 0.40 1.35 040 3.51 0.11
S20N80_1d 2385 39.5 60.3 0.2 0.0 382.6 0.38 1.39 036 3.44 0.21
S40N60_1d 2876 393 60.3 0.4 0.0 384.9 0.38 1.38  0.38 3.45 0.34
S50N50 1d 3378 46.1 53.6 0.3 0.0 385.0 0.40 1.32.| 031 1.85 0.10
S60N40_1d 2732 375 62.4 0.2 0.0 378.8 0.38 1.38 037 3.57 0.18
S80N20 1d 3084 394 60.4 0.2 0.0 386.7 0.39 1.37 0.38 3.49 0.13
FSSN B 1d 3837 347 64.9 0.2 0.2 396.5 0.41 1.33 041 3.62 0.13
FSSN S 1d 3827 404 59.3 0.2 0.1 391.0 043 129 041 2.98 0.12
FNSS B- 1d 3343 393 60.6 0.1 0.0 405.9 0.41 132 042 3.23 0.16
FNSS S 1d 3355 384 61.4 0.2 0.0 400.8 0.40 134 04 3:25 0.13
S20N80_5d 3424 379 61.9 0.2 0.1 401.2 0.38 1.38  0.38 3.42 0.11
S40N60 5d 3058 37.7 62.1 0.2 0.0 388.2 0.37 14 0.37 3.43 0.12
S50N50 5d 1 3692 36.6 63.3 0.1 0.0 403.1 0.40 1.34 041 3.39 0.08
S50N50 5d 2 3831 434 56.4 0.2 0.1 401.0 043 1.28 042 2.66 0.08
S50N50 5d 3 2771 42.7 57:2 0.0 0.0 388.5 0.38 137 | 027 2.90 0.03
S60N40_5d 3238 348 63.6 15 0.1 393.0 0.35 143 029 3.11 1.40
S80N20 5d 2820 356 61.9 23 0.1 3783  0.39 1.37 037 3.70 241

Footnote: 1) Strong decrease of counts: original > 1d, 5d; 2) Strong increase of %CHO, decrease of %CHNO and some decrease of N/C
ratio from original to 1d, 5d; 3) Decrease of m/z from original to 1d, 5d; 4) Increase of S/C ratio and %CHOS.
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Figure S2. Loading vectors in PCA of SPE-DOM in unmixed and mixed S+N water pre- and post-
incubation based on all assigned molecular formulae in (A, B) ESI[+] FT-ICR mass spectra and
(C) 'H NMR spectra . The scatter plots of the very PCA see Figure 2. Panels A and B show

correlation patterns of PC1 and PC2 loading vectors

(pl and p2) in van Krevelen and mass-edited

H/C diagrams, with the color code representing CHO (blue), CHNO (orange), and CHOS (green)
molecular classes. The numbers show counts of compounds. The molecular formulae positioned
below the purple line in the van Krevelen diagrams have modified aromaticity index (Almod)'®
higher than 0.5. Panel C show correlation patterns of pl and p2 in 'H NMR space, with

fundamental molecular structures indicated.
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Table S5. Water parameters in unmixed and mixed S+N and A+T waters pre- and post- incubation.

o Temp. oH DOC | POC | TOC | Cond. | DO | NH,” NOs | NOy | PO
(°C) (mg/L)  (mgl) (mgl) (mgl) (mgL) @M | (M) M) @M)

S 280 7.0 @ 456 | 1394 | 18.50 84 6.4 042 026 0.10 0.10

N 290 47 | 996 | 1254 | 22.50 17 6.2 0.68 = 041  0.09 0.10

Al 288 | 64 536 1.44 6.80 85 4.5 0.53 | 094  0.08 024
A2 285 | 64 485 0.90 5.82 79 3.9 0.63 | 0.69 0.05 0.69
Adl 275 | 65 | 416 0.23 439 56 5.0 0.88 059 | 0.15 022
Ad2 20.1 | 65 | 468 0.19 4.87 51 49 073 | 071 | 0.12 | 0.1l

A 299 68 | 551 0.90 6.41 69 6.0 232 033 0.3  0.10

At 27.8 | 6.8  3.63 0.39 4.02 35 72 047 | 155 | 0.04 015

Tl 269 | 57 | 311 0.23 3.34 37 5.8 042 | 057 | 0.0  0.12

T2 295 | 6.6 348 0.17 3.52 34 7.8 041 047 | 0.02 0.11

T3 299 68 | 551 0.85 6.41 61 6.0 232 033 0.3  0.10

T 292 | 6.6 7.3 0.17 7.20 55 4.7 236 071 0.2  0.14
S20N80 1d | 272 | 679 NA. | NA | NA. 256 N.A. | 059 052 008 0.1
S40N60 1d | 280  7.04 NA. | NA | NA. 348 NA. | 062 | 049  0.10 0.3
S60N40 1d | 281 | 725 NA. | NA | NA. 494 N.A. | 056 044  0.10 0.1
S80N20 1d | N.A. | 743  NA.  NA  NA. 606 NA. | 062 049 007 0.2
S20N80 5d | 29.1 648 NA. | NA. | NA. 252 NA. | 135 075 0.3 0.1
S40N60 5d | 29.1 | 674 NA. | NA. | NA. 409 NA. | 123 069 0.3 0.1
S60N40 5 | 287 | 78 @ NA. | NA | NA. 576 NA. | 122 | 071 | 0.12 | 0.13
S80N20 5d | 29.1 | 7.18  NA. | NA | NA. 689 NA. | 094 069 0.2  0.12
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Figure S3. HCA of assigned SPE-DOM molecular formulae in part of the unmixed and mixed
S+N water pre- and post- incubation. Van Krevelen, mass-edited H/C, and KMD/z* diagrams*¢
show CHO (blue), CHNO (orange), and CHOS (green) molecular classes that were relatively more
abundant in clusters al/a2/a3, bl/b2/b3, respectively. Bubble areas represent the normalized
intensities of SPE-DOM in each cluster. The pie plots depict percentages of the counts of different
molecular classes. The numbers show counts of compounds. The molecular formulae positioned
below the purple line in the van Krevelen diagrams have modified aromaticity index (Almoa)*’
higher than 0.5.

Footnote: 1) ESI[+] MS-derived HCA separated samples in clusters a3 and b3 owing to their higher
abundance in less oxygenated CHO compounds, in line with the PCA results (Figure 2AB); 2)
ESI[+] MS-derived HCA separated river water samples (b2) and experimentally mixed water
samples (b1,b3). SPE-DOM in river waters were more abundant in some CHNO ions (m/z 450-
700) than SPE-DOM in mixed waters.
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m/z ions that were shared before and after incubation (al and bl); unique in original water but
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Figure S4. Footnote: 1) Two sets of overlapping CHO molecules with good coverage of the compositional
space with (A) average H/C rand O/C ratios (m/= ~350~570) and (B) more unsaturated and highly
oxygenated lignin-like molecules (m/z ~350~620); 2) A set of more unsaturated, low mass (m/= < 380)
CHO molecules and another set of more saturated CHNO molecules with limited range of oxygenation and
mass; 3) Interspersed set of CHNO, CHOS, CHNOS molecules with high chemodiversity covering large
areas in van Krevelen diagrams; 4) Two sets of considerably unsaturated CHO molecules with distinct
oxygenation.
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Figure S5. 'H NMR spectra of SPE-DOM in the unmixed and mixed S+N water pre- and post-
incubation. The 'H NMR spectra are exemplified with samples S, N, FSFN, S50N50 30min,
S50N50 1d, FSSN B 1d, FNSS B 1d, and S50N50_5d 1. 'HNMR spectra are area normalized
(800 MHz, CD;0D; 6H = 0.5-10.0 ppm with the exclusion of residual water and methanol NMR
resonances). The 'H NMR spectra referred to average abundance are edited by each normalized
spectra subtract the average spectra (C).
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Table S6. 'H NMR section integrals (percent of non-exchangeable protons, 800 MHz; CD;OD, exclusion of residual water, and methanol)) and key
substructures of SPE-DOM in the unmixed and mixed S+N water pre- and post- incubation. The fundamental substructures include aromatics Ca:H,
8~ 7.0-10.0 ppm; olefins 85~ 5.3-7.0 ppm; oxygenated aliphatic units (OCH) and “carbohydrate-like” and methoxy OCH3 units 8x~ 3.2-4.9 ppm;
branched aliphatic units (CH>)s, “acetate-analogue” and CRAM 8x~ 1.9-3.2 ppm; functionalized aliphatics 5s~ 1.35-1.9 ppm; polyethylene group
Sm~ 1.25-1.35 ppm, OCCH units; pure aliphatics g~ 0.5-1.25 ppm, CCCH units.

& (*H) [ppm] 10.0-7.0 7.0:5:3 4.9-32 3.2-1.9 1.9-1.35 1.35-1.25 1.25-0.5 1.9-0.5
C=CH, total
key substructures CaH (%) 0,CH (%) OCH (%) OCCH (%) OCCCH (%) (CH2)a (%) CCCH; (%) aliphatic
0CH (%) section (%)

S 5.8 4.6 303 28.0 14.5 4.0 12.8 313

SM 5.1 3.5 26.6 29.6 155 5.1 14.6 353

N 5.9 5.8 268 30.7 14.8 4.2 11.8 308
NaM 5.5 52 26.5 309 15.0 4.5 124 319
MZ 5.9 43 246 29.0 16.8 55 13.8 36.2

Al 4.6 4.1 25.1 31.7 163 4.9 133 345

A2 5.4 48 274 304 15.1 44 124 319
AM1 4.8 4.5 27.7 30.9 153 4.5 12.3 321
AM2 5.0 4.8 28.6 304 15.0 4.3 11.8 312
FSFN 5.6 48 28.6 30.0 144 4.2 123 31.0
S50N50 30min 57 517 29.2 29.7 144 39 115 298
S20N80 1d 4.8 2. 248 28.1 143 9.0 16.2 39.6
S40N60 1d 4.7 29 289 29.5 144 6.3 13.2 34.0
S50N50 1d 4.0 29 257 26.9 18.7 6.0 19.7 445
S60N40 1d 4.2 23 27.0 28.0 14.3 9.3 14.9 385
S80N20 1d 4.7 1§ 274 26.1 143 9.9 16.5 40.7
FSSN B 1Id 5:1 39 29.1 28.8 15.1 49 13:1 33.1
FSSN S 1d 5.0 3.6 30.2 284 14.7 4.6 13.5 328
FNSS B 1d 5.6 53 29.9 29.6 14.1 42 11.3 29.6
FNSS S 1d 5.7 54 309 29.5 13.7 4.0 10.9 28.6
S20N80 5d 4.5 37 26.7 279 15.0 6.6 15.6 37.2
S40N60 5d 43 3.6 269 298 153 5.7 145 354
S50N50 5d 1 55 5.0 303 288 14.0 4.0 12.5 304
S50NS50 5d 2 6.4 59 29.0 29.1 14.1 38 TET 29.6
S50N50 5d 3 6.9 22 17.2 259 17.8 6.9 23.1 47.8
S60N40 5d 3.9 1.9 15.0 255 19.0 127 220 53.7
S80ON20 5d 3.9 2.2 28.8 28.0 147 7.0 15.5 37.1

Footnote: 1) Nearly unchanged Ca:H; 2) Considerable decrease of olefins =CH: 3) uneven evolution in general.

Page 18 of 34

169



0.000010
0.000008
0.000006
0.000004
0.000002

-0.000002

0.000010
0.000008
0.000006
0.000004
0.000002

-0.000002

0.000010
0.000008 R
0.000006 720 ) — f
0.000004 g N~ =

0.000002

-0 000002

—8 —N = (S+N)/2 ——S50N50_1d (S+N)/2 minus S50N50_1d e

-0.00008

0.000010 D 000012

0000008 m J 0.00010

0.000006 ,/””‘ N g
0.000004 /4"(/ =

° WW‘Y; — i 000006

0.00004

o o =

8 —N - (S+N)2 — S50N50_5d — (S+N)/2 minus S50NS0_5d

+ P——
~— S50N50_1d — S50N50_5d — S50N50_1d minus S50N50_5d

-0.00004
10 95 9.0 85 80 7.5 7.0 6.5 6.0 55 50 45 40 35 3.0 25 20 1.5 1.0 05
S("H) [ppm]

Figure S6. Difference '"H NMR spectra (800 MHz, CD30D) of Solimdes and Negro SPE-DOM
according to status of incubation. (A) Solimdes minus Negro, with Solimdes (S), Negro (N), and
Solimdes minus Negro (S-N). (B) difference 'H NMR spectrum after 30 minutes of incubation,
with S, N, averaged Solimdes and Negro ((S+N)/2), SSON50 30min, and (S+N)/2 minus
S50N50_30min. (C) difference 'H NMR spectrum after one day of incubation, with S, N, (S+N)/2,
S50N50_1d, and (S+N)/2 minus SSON50_1d. (D) difference 'H NMR spectrum after five days of
incubation, with S, N, (S+N)/2, S50N50_5d, and (S+N)/2 minus S50N50_5d. (E) difference 'H
NMR spectrum of one day minus five days of incubation, with SSON50 1d, S50N50 5d, and

(S50N50_1d minus SS0NS50_5d).
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Figure S7. Difference '"H NMR spectra (800 MHz, CD30D) of Solimdes and Negro SPE-DOM
according to status of incubation, section of unsaturated Csp2H protons 8u ~ 5.5-10 ppm in Figure
S6. (A) Solimdes minus Negro, with Solimdes (S), Negro (N), and Solimdes minus Negro (S-N).
(B) difference after 30 minutes of incubation, with S, N, averaged Solimdes and Negro ((S+N)/2),
S50N50 30min, and (S+N)/2 minus SSON50 30min. (C) difference after one day of incubation,
with S, N, (S+N)/2, S50N50 1d, and (S+N)/2 minus S50N50 1d. (D) difference 'H NMR
spectrum after five days of incubation, with S, N, (S+N)/2, SSON50_5d, and (S+N)/2 minus
S50N50 5d. (E) difference 'H NMR spectrum one day minus five days of incubation, with
S50N50_1d, SS0N50_5d, and (SSON50_1d minus S50N50_5d).
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Figure S8. Difference 'H NMR spectra (800 MHz, CD3;OD) of Solimdes and Negro river waters,

entire section éu ~ 0.5-10 ppm), and proximate Amazon SPE-DOM samples Al and A2 (sampling

locations see Figure 1 and Table S1). (A) (averaged Solimdes and Negro) river minus proximate

downstream Amazon River sampling points Al (orange, dotted line) and A2 (pink, dotted line),

with Solimdes (S, grey), Negro (N, black), and averaged Solimdes and Negro ((S+N)/2, dotted
green line). (B) same spectra, section of unsaturated Cg,,H protons (8 ~ 5.5-10 ppm).
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Figure S9. (A) ESI[-] and (B) ESI[+] FT-ICR mass spectra of SPE-DOM in unmixed and mixed
A+T water pre- and post- incubation. The FT-ICR mass spectra are exemplified with samples A4,
T, ASOT50_1d, and A50T50_5d. The ESI[-] and ESI [+] FT-ICR mass spectra in (al) and (bl)
show the regular shaped signal distribution over a wide mass range (m/z 150-950), as well as
distinct signatures at nominal neutral mass 400. Respective assignments of molecular
compositions are provided for CHO (blue) and CHNO (orange) molecules.
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Table S7. ESI[-] FT-ICR MS derived counts of mass peaks and intensity-weighted average bulk parameters for all assigned molecular
compositions present in unmixed and mixed A+T water pre- and post- incubation. FT-ICR MS derived bulk parameters comprise
percentages of counts of CHO, CHNO, CHOS, and CHNOS molecular classes, computed experimental m/=, DBE/C, H/C, N/C, and S/C
ratios.

Sample Total counts of mass  cpyoo,  cHNO% ~ CHOS% ~ CHNOS% m: DBEC mC o NC¢ o SC
peaks %107 %10

Adl 4473 64.1 30.2 56 02 4785 052 107 055 053 091
Ad2 4515 642 30.7 49 0.2 4761 052 107 054 054 08I

A 4787 65.0 30.2 47 0.0 4802 052 106 054 055 054

At 3870 6822 295 23 0.0 4798 052 106 055 058 039

TI 5276 624 33.8 38 0.0 4721 052 107 055 068 083

) 5858 60.9 353 38 0.1 4663 053 105 054 079 099

e 5813 58.7 32.1 69 22 4466 052 106 055 071 121

T 5898 57.9 344 6.5 12 4624 050 L1l 051 076 094
A20T80 1d 5713 6622 30.8 31 0.0 4782 045 120 046 06l 0.78
A40T60 1d 5186 67.6 2.9 25 0.0 4696 046 119 046 058 052
AS0T50 1d 6210 63.7 324 39 0.0 4757 044 122 045 0.63 177
A60T40 1d 5072 68.3 28.9 27 0.0 4633 046 119 046 056 058
AS0T20 1d 5837 652 315 33 0.0 4800 045 119 046 0.6l 0.71
A20T80 5d 4730 68.6 285 29 0.0 4550 045 120 045 058 065
A40T60 5d 3694 724 24.6 30 0.0 4276 043 124 044 067 301
AS0T50 5d 4773 68.8 28.1 32 0.0 4537 044 122 044 056 069
AGOT40 5d 4690 68.3 283 34 0.0 4517 045 121 045 058 085
AS0T20 5d 4699 69.5 27.2 33 0.0 4501 044 122 044 055 101

Footnote: 1) No clear trend in count of mass peaks and %element ratios when changing mixing ratio; 2) m/= overall decreases from 1d
to 5d incubation; 3) Overall small gain in saturation as expressed by decrease in DBE/C and increase in H/C ratios during 5d incubation;
4) Considerable change from original to 1d and very minor loss of O/C ratio, most probably because of loss of oxygen-rich
thermodynamic endmember molecules.
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Table S8. ESI[+] FT-ICR MS derived counts of mass peaks and intensity-weighted average bulk parameters for all assigned molecular compositions
present in unmixed and mixed A+T water pre- and post- incubation. FT-ICR MS derived bulk parameters comprise percentages of counts of CHO,
CHNO, CHOS, and CHNOS molecular classes, computed experimental m/=, DBE/C, H/C, N/C, and S/C ratios.

N/C

Sample  Total counts of mass peaks CHO% CHNO% CHOS% CHNOS% m/z DBE/C H/C O/C 102 SCx 10%
Adl 6060 304 67.6 0.5 L5 4048 039 136 040 3.71 0.17
Ad2 5845 30.1 68.3 0.5 1.1 4154 039 138 036 3.72 0.14

A 3943 32.0 68.0 0.0 0.1 3950 039 137 038 3.95 0.02
At 5809 30.2 69.4 0.1 03 4107 040 134 040 3.87 0.07
Tl 4709 30.5 69.3 0.1 0.1 3976 041 133 041 405 0.04
T2 4365 29.6 70.3 0.1 0.0 390.0 040 135 039 4.07 0.03
T3 4189 29.8 69.8 0.2 0.2 3894 041 1.33 040 4.08 0.06
T 3564 32.3 67.5 0.1 0.1 386.7 039 136 039 391 0.04
A20T80 1d 3382 323 67.1 0.5 0.1 3809 037 140 037 3.69 0.00
A40T60 1d 4070 34.0 65.5 04 0.1 3876 039 137 037 3.66 0.00
A50T50 1d 3580 28.2 713 0.5 0.1 4220 0.32 1.50 033 3.63 0.00
A60T40 1d 3131 35.6 63.9 0.4 0.1 376.,5 038 139 037 3.60 0.01
A80T20 1d 2698 352 63.6 0.9 0.2 3751 038 139 038 3.87 0.02
A20T80 5d 2574 33.0 65.8 1.0 0.2 3626 038 139 035 424 0.02
A40T60 5d 2319 27.3 71.6 L0 0.2 3763 040 136 036 5.12 0.03
A50T50 5d 2578 313 67.7 0.9 0.2 3640 039 138 034 412 0.01
A60T40 5d 2927 314 67.9 0.7 0.1 362.7 039 138 034 395 0.01
A80T20 5d 2015 315 67.1 1.4 0.1 3576 038 140 035 455 0.03

Footnote: 1) Counts of assigned mass peaks and average m/= decrease during incubation (original > 1d > 5d); 2) %CHO increases from original water
to 1d, and somewhat decreases from 1d to 5d; 3) While %CHNO remains near constant, %CHOS goes up (but S/C ratio goes down); 4) Average m/=
decline from original to 1d to 5d; 5) Small initial decrease of DBE/C followed by “tiny rebound” from 1d to 5d; Similarly, H/C ratio increases “a little
bit” from original to 1d; 6) Small deoxygenation (O/C ratio original > 1d > 5d) may result from loss of oxygen-rich thermodynamic endmember
molecules H>O and CO> upon oxidative degradation of DOM; 7) Small increase of %CHNO and N/C ratio at 5d may reflect higher longevity of CHNO
molecules.
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Figure S10. HCA of assigned SPE-DOM molecular formulae in the unmixed and mixed A+T water pre- and
post-incubation. Van Krevelen, mass-edited H/C, and KMD/z* diagrams'® show CHO (blue), CHNO (orange),
and CHOS (green) molecular classes that were relatively more abundant in clusters al/a2, bl1/b2, respectively.
The pie plots depict percentages of the counts of different molecular classes. The numbers show counts of
compounds. The molecular formulae positioned below the purple line in the van Krevelen diagrams have modified
aromaticity index (Almod)" higher than 0.5.
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Figure S11. Common and unique molecular signatures in unmixed and mixed A+T water pre- and post-
incubation. The numbers show counts of compounds. Van Krevelen and mass-edited H/C diagrams show CHO
(blue), CHNO (orange), CHOS (green), and CHNOS (red) m/= ions that were shared before and after incubation
(al and bl); unique in original water but were not in incubated water (a2 and b2); unique in incubated water but
were not in original water (a3 and b3); unique in one-day incubated water (1d) but were not present in five-day
incubated water (5d) (a4 and b4). There was no compound unique to 5d and not present 1d. The pie plots depict
percentages of the counts of different molecular classes. The numbers show counts of compounds. The molecular
formulae positioned below the purple line in the van Krevelen diagrams have modified aromaticity index (Almod)'>
higher than 0.5.
Footnote: (al, bl) ESI[-] MS denotes more CHO than CHNO compounds of near average H/C and O/C ratio for
which number of isomers for given molecular composition in maximal island of stability!’, chemodiversity of
observed CHO molecules is larger than that of CHNO compounds as shown by coverage in van Krevelen and
mass-edited H/C diagrams. ESI[+] MS denotes more CHNO than CHO compounds and displacement of CHNO
molecules toward higher H/C ratio and higher mass. (a2, b2) ESI[-] MS demotes loss or certain hydrogen-deficient
polyphenols, and lower mass CHOS compounds from original waters; ESI[+] MS denotes a surprising large-scale
loss of CHNO molecules at near average H/C and O/C ratios. (a3, b3) Synthesis of several long-range series of
CHO molecules near H/C ratio ~2, and a higher mass (m/z ~ 500-950) group of less oxygenated (O/C ratio < 0.45)
molecules.
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Figure S12. 'H NMR spectra of SPE-DOM in unmixed and mixed A+T water pre- and post- incubation. The 'H
NMR spectra are exemplified with sample 4, T, AS0T50_1d, and AS0T50_5d. 'H NMR spectra are entire region
normalized (800 MHz, CD3;OD; 6 = 0.5-10.0 ppm with exclusion of residual water and methanol NMR
resonances). The 'H NMR spectra referred to average abundance in the four DOM are edited by each normalized
spectra subtract the average spectra of the four DOM (C).
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Table S9. 'H NMR section integrals (percent of non-exchangeable protons, 800 MHz; CD;OD,
exclusion of residual water, and methanol)) and key substructures of SPE-DOM in unmixed and
mixed A+T water pre- and post- incubation. The fundamental substructures include aromatics
CaH, 0u ~ 7.0-10.0 ppm; olefins du ~ 5.3-7.0 ppm; oxygenated aliphatic units (OCH) and
“carbohydrate-like” and methoxy OCH; units oz~ 3.2-4.9 ppm; branched aliphatic units (CHo)p,
“acetate-analogue” and CRAM 6y ~ 1.9-3.2 ppm; functionalized aliphatics éu ~ 1.35-1.9 ppm;
polyethylene group 6u ~ 1.25-1.35 ppm, OCCH units; pure aliphatics ég~ 0.5-1.25 ppm, CCCH

units.
5 (*H) [ppm] 10.0-7.0 7.0 53 4.9-3.2 3.2-1.9 1.9-1.35 1.35-1.25 1.25-0.5 1.9-0.5
C—=Cll, total aliphatic
key substructures C,H (%) O.CH(%) OCH (%) OCCH (%) OCCCH (%) (CH).(%) CCCH; (%) .
section (%)
0,CH (%)
Adl 4.8 34 31.0 26.6 14.8 4.7 14.7 342
Ad2 4.9 5.1 32.8 26.5 14.6 43 11.9 30.7
A 4.8 4.6 30.0 27.4 15.1 4.6 13.4 33.1
At 4.9 38 32.5 25.8 14.5 4.6 13.8 33.0
TIR 4.9 5.2 32.8 26.3 14.2 4.7 11.9 30.8
T2R 4.9 4.0 29.7 26.5 14.8 5.1 14.8 34.8
T3R 4.8 4.7 28.9 28.1 15.2 5.0 133 335
T 4.8 6.7 273 26.0 14.2 54 155 35.1
A20T80 1d 34 1.2 24.5 27.9 155 12.6 14.9 43.0
A40T60 1d 4.2 2.1 23.6 28.2 15.9 93 16.8 42.0
A50T50_1d 43 2.1 20.0 25.0 16.2 17.8 14.7 48.6
A60T40_1d 43 2.0 24.8 29.3 16.1 8.0 154 39.5
A80T20_1d 4.4 31 25.0 28.9 15.9 8.8 13.9 38.6
A20T80_5d 3.5 1.7 21.6 30.9 17.1 83 16.8 422
A40T60_5d 3.6 1.6 21.7 30.3 16.7 6.8 19.2 42.7
A50T50 5d 37 2.0 19.9 31.9 16.8 8.3 17.4 425
A60T40 5d 4.1 22 22.1 29.7 17.0 73 174 41.8
A80T20 5d 3.5 1.4 22.3 29.3 16.9 8.1 18.5 43.5

Footnote: 1) CaH decrease original > 1d > 5d; 2) Olefins strongly decline original > 1d, 5d; 3) OCH units decline
original > 1d > 5d; 4) Remotely functionalized aliphatic units and carboxylic acids increase original < 1d < 5d;
5) (CH,), strongly increases from original to 1d; then somewhat declines; 6) Continual increase of purely aliphatic
units including alkyl; 7) strong increase original < 1d < 5d.
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Figure S13. Difference 'H NMR spectra (800 MHz, CD;0D) of Amazon and Tapajés river SPE-DOM according
to status of incubation (full vertical expansion cf. Figure S14). (A) Amazon minus Tapajos river, with Amazon
(A), Tapajos (T), and Amazon minus Tapajos (A-T). (B) difference 'H NMR spectrum after one day of incubation,
with A, T, averaged Amazon and Tapajos ((A+T)/2), AS0T50_1d, and (A+T)/2 minus AS0T50 _1d. (C) difference
'H NMR spectrum after five days of incubation, with A, T, (A+T)/2, A50T50 5d, and (A+T)/2 minus
A50T50 5d. (D) difference 'H NMR spectrum one day minus five days of incubation, with AS0T50 Id,
AS50T50 5d, and (AS0TS0_1d minus ASOTS0_5d).
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Figure S14. Difference 'H NMR spectra (800 MHz, CDs;0D) of Amazon and Tapajos river SPE-DOM according
to status of incubation. (A) Amazon minus Tapajos river, with Amazon (A), Tapajos (T), and Amazon minus
Tapajos (A-T). (B) difference 'H NMR spectrum after one day of incubation, with A, T, averaged Amazon and
Tapajos ((A+T)/2), ASOT50 1d, and (A+T)/2 minus AS0T50_1d. (C) difference 'H NMR spectrum after five
days of incubation, with A, T, (A+T)/2, A50T50_5d, and (A+T)/2 minus AS0T50 5d. (D) difference 'H NMR
spectrum one day minus five days of incubation, with ASOTS0_1d, ASOTS0_5d, and (A50T50 1d minus
AS50TS50 _5d).
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Table S10. HBP and DCF in unmixed and mixed S+N and A+T waters pre- and post- incubation. SD, Standard
Deviation; n, number of replicates; N.A., not available.

HBP (mean) HBP (SD) DCF (mean) DCF (SD)

Sample “gc L-lh»l ng L—lh»l HBP (n) ugc L-lh-l ugc L»lh-l DCF (n)

S 0.0317 0.0049 5 0.7594 0.0929 5
N 0.0284 0.0028 5 1.6634 0.6510 5

S+N mixing zone 0.0274 0.0042 6 6.0521 0.7198 <] \

SS50N50 1h 0.0261 0.0027 5 N.A. N.A. N.A.

Al 3.5606 0.7900 5 13.2677 1.5780 5
A2 17.2304 2.3757 5 0.6946 0.8074 5
A 0.1535 0.0212 -4 0.4730 0.5498 3
i 0.1492 0.0075 4 0.4395 0.2414 3
A+T mixing zone 0.1535 0.0065 + 1.7905 1.1563 3
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Table S11. Ranges of heterotrophic bacterial production (HBP) and dark carbon fixation (DCF)
in this study and in the Amazon River other aquatic systems.

Ecosystem

HBP (ugC L'h}

HBP (Ref))

DCF (ugC L*hh

DCF (Ref.)

Amazon river

<0.001 to 27.2

This Study

<0.001 to 16.0

This Study

Benner et al., 1995al$;
Farjalla, 2014'!;

Amazon river 0.1t07.0 Farjalla et al., 2002"; NA
Vidal et al., 20152
Wissmar et al., 198121
Rodrigo de Freitas : ; 2 Signori et al.,
T agaon (Brazil) 0.7t047.5 Signori et al., 2020 0.6t04.3 20202
Guanabara Bay . . 23 Signori et al.,
(Brazil) 2.20to 122.61 Signori et al., 2018 0.001t02.5 201823
Boreal lakes : 24 Bastviken et al.
(Sweden) <0.001to 1.1 Bastviken et al. 2003 <0.001 t0 0.3 20032
Scheldt estuary 25 Andersson et
(& clinni) 0.2to 25 Goosen et al., 1997 0.001 t0 0.2 al., 2006%°
Ebro River estuary Calderon-Paz et al., Casamayor et
(Spaln) 0.7t0 5.6 199325 0.04t0 0.7 al., 200131
Columbia River 27 Brauer et al.,
L 0.13 to 4.5 Crump et al., 1998 <0.001 to 2 201332
Casamayor et
31,
Karstic Lakes Spain | <0.001 to 8.75 | Overman et al., 199678 0.05 to 41 k2091
Noguerola et al.
2015%
Lake Cadagno 0.002 to 0.006 Saini et al., 2022%° 1.9t0 4.4 Di I\Izeozé‘;ﬁt al.
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