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• Unveiling DOM molecular and structural
characteristics in the Amazon basin

• ESI[±] FT-ICR MS and NMR provided
comprehensive coverage of DOM process-
ing.

• Nitrogen containing molecules are critical
partners in the cycling of DOM.

• DOM in the Amazon River mixing zones
showed non-conservative behavior.

• Physicochemical and microbial processes
determine DOM changes in the Amazon
basin.
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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 electro-
spray ionization Fourier transform ion cyclotron resonance mass spectrometry (ESI[±] FT-ICR MS) and nuclear mag-
netic 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) Solimões 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 Tapajós River. The Negro River (black water) supplies
more highly oxygenated and high molecular weight compounds, whereas the Solimões 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.
issolved organic matter (SPE-DOM) from the Solimões River; A-DOM, SPE-DOM from the Amazon River; N-DOM, SPE-DOM from the
⁎ Corresponding author.
E-mail address: hertkorn@helmholtz-muenchen.de (N. Hertkorn).
eptember 2022; Accepted 17 October 2022

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2022.159620&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2022.159620
mailto:hertkorn@helmholtz-muenchen.de
http://dx.doi.org/10.1016/j.scitotenv.2022.159620
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


S. Li et al. Science of the Total Environment 857 (2023) 159620
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 13C
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 Solimões and Madeira River,
and “Clearwaters” which exhibit low suspended sediment loads, and high
light transparency, such as Tapajós River (McClain and Naiman, 2008).
Different water types in the Amazon basin have been shown to have distinct
DOM compositions (Gonsior et al., 2016). Solimões 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 kmeast ofManaus (doNascimento et al., 2015). Tapajós 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 et al., 1994), andmost CO2 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
et al., 2016, 2013). 800MHz 1HNMR 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 et al.,
2013, 2016; Powers et al., 2019; Simpson et al., 2011). Bulk characteriza-
tion of Amazonwaters 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 Solimões (white water), Negro (black water), Amazon
(turbid water), and Tapajós (clear water) (Figs. 1, S1 and Table S1) between
April 2nd and May 25th 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 II 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., O/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 (AImod) was
computed by considering only half of the oxygen being present in carbonyl
functional groups by the equation: AImod = (1+ C− 0.5O− S− 0.5H) /
(C− 0.5O− S− N− P) (Koch and Dittmar, 2006). The total intensity of
m/z ions in each sample that had AImod > 0.5, an indicator of aromatic
structures, was computed and shown in Tables. 1, S3, S4.

2.3. 1H NMR spectroscopy

800 MHz 1H NMR spectra of AZ-DOM were acquired with a Bruker
Avance III NMR spectrometer operating at 800.35 MHz (B0 = 18.8 Tesla)
at 283 K from redissolved solids in CD3OD 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 14CO2 in a known time, and HBP was determined by the measurement
of protein incorporation of radio-labelled 3H-Leucine as described in SI.

2.6. Statistical analysis

Datamining and the application ofmultivariate statistics served to analyze
these complex sets of complementary data. Principal component analysis
(PCA) was performed using Simca-P (version 11.5, UmetricsAB, Umeå,
Sweden). Hierarchical Cluster Analysis (HCA)was performed usingHierarchi-
cal Clustering Explorer 3.0. Spearman correlation analysis (p < 0.05, r2 > 0.5)



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 Solimões River (grey) and the Negro
River (brown). 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
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.
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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 DOMmolecular 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 1H NMR

ESI[±] FT-ICRMS 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, S2) (Hertkorn et al., 2008, 2013). Overall, ESI[−]
FT-ICRMS 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
ESI[±] FT-ICRMS derived counts ofmass peaks and intensity-weighted average bulk par
for DOM in Negro, Solimões, Amazon, and Tapajós main stem, respectively; values for e

FT-ICR
MS

Sample Total counts of
mass peaks

CHO % CHNO % CHOS % CHNOS % m/z

ESI[−] Negro 3781–4519 73.2–76.9 21.8–25.2 1.35–1.73 0.00–0.03 477.1–
Solimões 4759–5043 59.5–63.6 31.0–32.4 5.33–7.20 0.00–0.04 460.2–
Amazon 4120–5010 63.0–70.3 26.7–30.7 3.05–6.31 0.00–0.34 467.9–
Tapajós 5276–5898 57.9–62.4 32.1–35.3 3.87–6.93 0.04–2.24 446.6–
NaM 3781 76.9 21.8 1.35 0.00 498.3
SM 4408 65.7 29.0 5.08 0.16 479.9
MZ 4424 73.4 24.8 1.79 0.00 492.4

ESI[+] Negro 4824–5973 28.4–30.9 68.9–71.4 0.05–0.15 0.00–0.04 438.4–
Solimões 3817–4967 29.5–31.3 68.5–70.2 0.08–0.18 0.00–0.18 425.2–
Amazon 3477–6160 27.7–34.6 65.1–71.6 0.03–0.61 0.00–1.45 380.89
Tapajós 3564–4709 29.6–32.3 67.5–70.3 0.07–0.19 0.02–0.24 386.67
NaM 5428 28.9 70.9 0.15 0.02 439.2
SM 5172 28.5 71.0 0.19 0.27 413.2
MZ 5808 28.6 71.2 0.17 0.03 437.7
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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 1H 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 DOMmolecules downstream
of the Solimões-Negro mixing zone

DOC and nitrate (NO3
−) concentrations were higher in Negro, whereas

POC, DIC, and nitrite (NO2
−) concentrations, as well as discharge, conduc-

tivity, and pH were higher in Solimões (Table S2). DOC and DIC concentra-
tions in Amazon River ranged between those in Solimões and Negro,
consistent with previous studies, whereas ~90 % of POC was lost at the
Solimões-Negro (SN)-confluence, much larger than described in previous
ameters for all assignedmasses occurring in AZ-DOM. This table shows value ranges
ach sample see Tables S3–S4.

DBE/C H/C O/C N/C × 10−2 S/C × 10−5 AImod > 0.5 %

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
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
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
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

0.53 1.04 0.54 0.3 17.2 16.6
0.52 1.06 0.54 0.6 78.7 14.9
0.52 1.05 0.53 0.3 22.8 15.5

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
439.2 0.38–0.40 1.34–1.37 0.36–0.41 3.7–3.9 2.3–5.0 2.5–3.3
–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
–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

0.39 1.36 0.39 3.7 3.4 2.6
0.38 1.38 0.37 4.0 6.2 3.1
0.38 1.38 0.39 3.8 5.0 2.1



Fig. 2. ESI[±] FT-ICRmass spectra and comparison of their identifiedmolecular 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.
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studies (Moreira-Turcq et al., 2003b). Furthermore, dissolved oxygen (DO)
at Solimões-Negro confluence and the Amazon upstreamwas ~30% lower
than in Solimões 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, S3, 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 Solimões-
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.

1H NMR derived section integrals showed higher content of aromatic
(CarH; δH ~ 7.0–10.0 ppm) and olefinic units (=CH; δH ~ 5.3–7.0 ppm)
in N-DOM, while pure aliphatic protons (CCCH units, δH ~ 0.5–1.25 ppm)
were more abundant in S-DOM (Tables 2, S5); direct oxygenated units
(OCH; δH ~ 3.5–4.9 ppm) and remotely oxygenated aliphatic units
(OCCH; δH ~ 1.9–3.2 ppm) showed near equal relative abundance in the
4

N-DOM and S-DOM just upstream of Solimões-Negro mixing zone. 1H
NMR section integrals of key substructures in MZ, A1R, and A2R were
more similar toN-DOM,while that ofmore downstreamA-DOMwere closer
to S-DOM. 1H NMR section integrals of aromatic, olefinic, and oxygenated
protons showed declining trend from A1R to AM1R, 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, (CH2)n, CCCH3; δH ~ 0.5–1.9 ppm) increased in this reach
(Tables S3–S5), suggesting increase of aliphaticity.

We performed unsupervisedmultivariate statistics on ESI[±] FT-ICRMS
and 1HNMR derived compositional and structural features to analyze the al-
teration of the DOM composition upstream and downstream of Solimões-
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 < AM1R (Fig. 3A, B).
Van Krevelen and mass-edited H/C diagrams illustrate PCA loadings and
showkeymolecular features differentiating AZ-DOM. Themolecular compo-
sition with positive/negative loading vector corresponds to higher/lower



Table 2
1H NMR section integrals (percent of non-exchangeable protons) and key substructures of AZ-DOM (CD3OD, exclusion of residual water, and methanol). This table shows
value ranges for DOM in Negro, Solimões, Amazon, and Tapajós main stem, respectively; values for each sample see Table S5. The fundamental substructures include
aromatics CarH, δH ~ 7.0–10.0 ppm; olefins= CH, and O2CH units, δH ~ 5.3–7.0 ppm; oxygenated aliphatics OCH units, δH ~ 3.2–4.9 ppm; “acetate-analogue” and CRAM,
δH ~ 1.9–3.2 ppm; functionalized aliphatics, δH ~ 1.35–1.9 ppm; polyethylene group, δH ~ 1.25–1.35 ppm; pure aliphatics, δH ~ 0.5–1.25 ppm.

δ (1H) [ppm] 10.0–7.0 7.0–5.3 4.9–3.2 3.2–1.9 1.9–1.35 1.35–1.25 1.25–0.5 1.9–0.5

Key substructures CarH (%) HC=C, HCO2 (%) HCO (%) HCCO (%) HC-C-O (%) (CH2)n (%) 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
Solimões 4.6–5.6 4.3–5.6 31.1–33.1 25.7–27.1 14.1–14.8 3.9–4.7 12.2–14.0 30.4–33.3
Amazon 4.5–5.3 3.4–6.0 28.2–32.8 26.5–29.1 14.1–15.9 4.0–4.8 11.5–14.7 29.7–34.2
Tapajós 4.8–4.9 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 5.5 5.7 30.2 27.6 14.6 4.2 12.2 31.0
SM 4.9 4.0 29.5 27.2 15.1 5.0 14.3 34.4
MZ 5.1 5.8 30.9 27.5 14.7 4.4 11.5 30.6

Fig. 3. PCA of AZ-DOM upstream/downstream of the Solimões-Negromixing zone based on all assignedmolecular formulae in ESI[±] FT-ICRMS and 1H NMR spectra. The
upper panels show PCA scatter plots based on A ESI[−] and B ESI[+] FT-ICR MS, respectively. The lower panels of A and B show 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 AImod < 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 1H 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 Solimões-Negro confluence. A
large proportion of attenuated CHO compounds had AImod > 0.5 (Koch
and Dittmar, 2006), which is an indicator of aromatic structures. The
declined CHNO compounds had lower average AImod 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).

1H NMR based-PCA showed the structural differences of AZ-DOM
proximate to Solimões-Negro mixing zone that were elucidated by NMR
loading plots (Fig. 3C). N-DOM showed lower PC1 because of more protons
bound to sp2-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 Uatumã 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.
AM5R was separated in 1H 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 AM5R 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–S4), and was separated
in ESI[±] FT-ICR MS-based PCA (Fig. 3A, B). Furthermore, AM1R was
separated in ESI[−] FT-ICRMS-basedHCA (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-a1), and some oxygenated CHNO com-
pounds (m/z 400–750) (Fig. S6-b1).

AM1R showed higher 1H 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 A1R
(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 Solimões-Negro confluence (Fig. 4A, B). Moreover, AM12R,
6

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.

1H NMR section integrals of A-DOM showed non-continuous trends as
well, except that the relative abundance of purely aliphatic CCCH units in-
creased fromA1R to AM1R and fromAM6R to AM10R (Table S5). A1R and
A2R showed higher PC1 in 1H 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
1H 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 onMS-derivedmolecular
compositions of A-DOM from AM1R 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. S10-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. S8), with CHO14–15, CHNO8–9, and CHO8-10S 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 widem/z range 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, S3, 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.

1H NMR spectra of N-DOM were distinct and showed higher levels of
oxygenation in all aliphatic and aromatic substructures (Fig. S3). 1H 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).

1HNMR-based PCA (Fig. S16A) showed similar separation in PC1 direc-
tion alike ESI[±] FT-ICR MS-based PCA. The 1H 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 1HNMR resonances represent-
ing purely aliphatic protons.



Fig. 4. PCA of A-DOM based on all assignedmolecular formulae in ESI[±] FT-ICRMS and 1H NMR spectra. The upper panels show the distribution of A-DOM in PCA scatter
plots based on A ESI[−] and B ESI[+] FT-ICRMS, respectively. The lower panels of A and B shows the van Krevelen andmass-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 AImod< 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.
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3.6. Factors regulating AZ-DOM composition

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 Solimões (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 formicroorganisms at Solimões-Negromixing zone.
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We performed ESI[±] FT-ICR MS and 1H 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-DOMcomposition. 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 downstreamA-DOM, sug-
gesting that pH did not have strong effects onDOMcomposition 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 μM; 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.



Fig. 5.NMDS analysis using DOM composition in the four Amazonmain stem and tributaries based onA, B all assignedmolecular formulae in ESI[±] FT-ICRMS, aswell as C
1H NMR data at 0.01 ppm bucket resolution fitted with geochemical and biological data.
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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-ICRMS-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 correlatedwith 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 1H 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 Tapajós (Moreira-Turcq et al., 2003a), in line with previous work
that had in situ primary production of C4 grasses or algalmaterial identified
as the key autochthonous source of DOM in Tapajós River (Quay et al.,
1992;Ward et al., 2016).Membrane lipids are knownproducts ofmicrobial
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).
8

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 DOMmolecules (like e.g. CRAM, carboxyl-rich alicyclic molecules
(Hertkorn et al., 2006)), which are abundant in common freshwater DOM
as observed e.g. by 13C 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[−]MS allows compositional and structural distinction related to origin
and processing of DOM. Hence, CHNOmolecular 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 Solimões
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.

Unlikemass spectrometry, which has intrinsic limitations like structure-
dependent ionization efficiency (Hertkorn et al., 2008), 1HNMRmore com-
prehensively covered all structures containing non-exchangeable hydrogen
atoms, although the huge diversity of hydrogen atomic environments in
DOMproduced 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 Uatumã 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).

Solimões-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 Solimões 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 Solimões. 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 to rapid 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 Solimões-
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 Solimões-Negro mixing zone, in addi-
tion to the large number of molecular signatures associatedwith 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
Solimões-Negro mixing zone (both Negro and Solimões), while the ratios
were ~0.2 downstream of Solimões-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 Amazonwaters, 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 Solimões-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 andmineralization) andmetal 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.
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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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