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Abstract The Amazon River exports over 10% of the global riverine dissolved organic carbon (DOC) flux
to the ocean. However, several downstream clearwater tributaries, such as the Tapajos River, are typically not
included in these measurements, omitting a crucial part of the Amazon carbon cycle. This study investigated
near-monthly DOC and dissolved organic matter (DOM) composition via optical, fluorescence spectroscopy,
and ultra-high resolution mass spectrometry (FT-ICR MS) of the Tapajés River for 8 years (2016-2024) to
better understand patterns and drivers of potential organic carbon export to the lower Amazon River. DOM
composition and DOC export were driven by the seasonal flood pulse of the Tapajds River, exporting aromatic
terrestrial DOM from the watershed during high discharge and internally produced algal or microbial DOM
during dry periods. On average, we report that the Tapajdés River exports 1.38 Tg DOC annually to the
downstream Amazon mixing zone, representing an amount of DOC exported by other major world rivers such
as the Yukon or Mekong River. Furthermore, organic carbon export varied interannually with less DOC
exported during dry El Nifio events and more algal-derived DOM exported during bloom periods. Finally, as
grassland and cropland landcover increased over the study period, we observed an average decrease in aromatic
DOM and an increase in microbially processed fluorophores. Our study suggests that temperature, precipitation,
and anthropogenic land use changes in clearwater rivers will impact carbon export across the lower Amazon
River network.

Plain Language Summary The Amazon is the largest river in the world, delivering over 20% of the
global riverine discharge and 10% of dissolved organic carbon (DOC) to the ocean. The Tapajés River is a major
clearwater tributary of the Amazon that is often omitted from the total Amazon River delivery to the ocean due
its downstream location from historical sampling sites; however, its role in the Amazon carbon cycle remains
important. We sampled the Tapajds River over 8 years and determined that patterns of organic matter delivery to
the Amazon River are highly seasonal. More organic carbon is exported from the landscape during high
discharge periods, whereas the landscape is disconnected during dry periods. The Tapajos River potentially adds
an additional 5% of DOC to what is exported from the Amazon River each year, an amount comparable to other
world rivers such as the Yukon or Mekong River, but this export is highly dependent on regional climate with
less carbon exported during dry years. Finally, as land was converted to grasslands and cropland in the Tapajos
basin, the river exported more microbially altered organic matter, which will likely impact carbon reactivity in
the downstream Amazon River.

1. Introduction

River systems are highly complex and dynamic networks responsible for both carbon transport, processing, and
production. Globally, rivers transport between 235 and 250 Tg of dissolved organic carbon (DOC) from terrestrial
systems to the ocean each year (Hedges et al., 1997; M. Li et al., 2019; Spencer & Raymond, 2024) and outgas
between 1.8 and 2.9 Pg C yr~' as CO, to the atmosphere (Battin et al., 2023; Raymond et al., 2013; Sawakuchi
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et al., 2017). Thus, river systems serve as the nexus between pools of terrestrial, aquatic, and atmospheric carbon
with DOC as a highly mobile and important intermediary (Aufdenkampe et al., 2011; Battin et al., 2009; Cole
et al., 2007; Drake et al., 2018). DOC represents the quantified portion of dissolved organic matter (DOM) which
incorporates carbon from a variety of terrestrial and internal (autochthonous) sources and serves many ecosystem
functions, namely as a reduced carbon source for aquatic respiration (Amon & Benner, 1996; Battin et al., 2009;
Mayorga et al., 2005). The composition of DOM mixtures can therefore be used to infer the origin, processing
history, and lability of organic matter exported from river systems via biological and photodegradation (Berggren
et al., 2022; Kellerman et al., 2018; Riedel et al., 2016; Ward et al., 2013). While studies have proposed varying
mechanisms that govern DOM availability and processing throughout the reaches of a river network and its
floodplain, they are all highly dependent on river discharge and hydrologic connectivity to the landscape (Amon
& Benner, 1996; Creed et al., 2015; Raymond et al., 2016; Vannote et al., 1980). As global air temperatures
continue to increase and precipitation becomes more variable, riverine hydrology and flow paths will likely be
impacted (Gudmundsson et al., 2021; Van Vliet et al., 2013; Wu et al., 2023), making it important to understand
the controls on carbon sourcing and export from the landscape. This is particularly true for tropical systems such
as the Amazon River, which has experienced a recent amplification in hydroclimate and an increase in annual
DOC export (Gloor et al., 2013; M. Li et al., 2019; Liang et al., 2020).

The Amazon River is the largest river on Earth by discharge and watershed area. The river delivers nearly 20% of
the global riverine discharge to the ocean (5,346-5,849 km® yr™"') integrated across over 6 million square kilo-
meters (Drake et al., 2021; Hastie et al., 2019; Kurek et al., 2021). Discharge and solute export are controlled by the
“rhythm” of the Amazon flood pulse, whereby heavy rainfall across the basin increases surface runoff resulting in a
prominent yearly discharge peak with a sinusoidal pattern (Marengo, 2006; Richey et al., 1989; Sioli, 1984). During
high discharge, biogenic solutes, such as DOC and DOM, are flushed from the landscape and mobilized into the
river, thereby increasing their concentration and the relative contribution of terrestrial organic matter to the overall
composition (Devol etal., 1995; Drake et al., 2021; McClain et al., 1997; Richey et al., 1990). Conversely, flushing
is reduced during low discharge and the river exports relatively less terrestrial DOM but incorporates DOM from
other sources in the floodplain (Bustillo et al., 2011; Quay et al., 1992; Ward et al., 2015). DOM is respired and
processed during transport along the Amazon River network and through the offshore Amazon plume (Aufden-
kampe et al., 2007; Kurek et al., 2022; Medeiros et al., 2015; Seidel et al., 2015; Ward et al., 2013) with ultimately
over 10% of global riverine DOC to the ocean exported every year (25.5-26.9 Tg C yr™') from the furthest
downstream gauging station at Obidos, Brazil (Kurek et al., 2021; Richey etal., 1990; Spencer & Raymond, 2024).
Although nearly 90% of the discharge and DOC flux of the mainstem to the Atlantic Ocean is captured at Obidos
(Coynel et al., 2005; Moreira-Turcq et al., 2003; Spencer & Raymond, 2024), the station remains upstream of major
clearwater tributaries, the Tocantins, Xingu, and Tapajos River, whose inputs into the Amazon plume and Atlantic
Ocean are typically not accounted for. Despite their comparatively limited contribution to the total Amazon River
flux, these rivers are sizeable compared to other major global river systems and are important sinks for sedimentary
organic carbon (Bertassoli et al., 2017; Rosengard et al., 2024) and sources of atmospheric CO, and CH,
(Sawakuchi etal.,2014,2017). These rivers also deliver biolabile DOM sourced from algae and macrophytes to the
Amazon River (Doherty etal.,2017; Seidel et al., 2016; Ward et al., 2015), potentially enhancing the mineralization
of Amazon River DOM at their confluence (Ward et al., 2016).

Of all the clearwater rivers, the Tapajos River has a greater average discharge and is typically considered to export
more DOC (Moreira-Turcq et al., 2003; Spencer & Raymond, 2024). However, flux estimates have relied on
limited monthly sampling over only a few years and given the large variations in discharge between wet and dry
seasons (Moreira-Turcq et al., 2003; Ward et al., 2015), actual monthly and annual fluxes may differ. Limited
sampling may also make it difficult to assess the effects of climate anomalies, such as droughts or flooding, on
Tapajos River export. Such climate anomalies due to El Nifio Southern Oscillation can impact both the magnitude
and composition of exported DOM from subtropical-tropical rivers including the Amazon (e.g., Kurek
etal., 2021; Qu et al., 2020), making it likely for annual fluxes to differ considerably. Furthermore, previous work
has provided valuable comparisons of Tapajés River DOM to other Amazon River systems, but these mea-
surements have also been limited to discrete monthly sampling over only a couple of years (Albéric et al., 2018;
Seidel et al., 2016; Ward et al., 2015). Monthly samples have primarily been assessed near the Tapajoés-Amazon
confluence (Santarém, Figure 1), which can be subject to strong backwater effects from the Amazon River and
mixing of the blackwater Arapiuns River, making it difficult to fully characterize DOM sourced from the Tapajos
River watershed (S. Li, Harir, Schmitt-Kopplin, Gonsior, et al., 2023; S. Li, Harir, Schmitt-Kopplin, Machado-
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Figure 1. Amazon River basin (highlighted region) with The Tapajés River watershed (shaded region) and sampling site on
the Tapajds River (Itaituba, white point).

Silva, et al., 2023; Seidel et al., 2016; Ward et al., 2015). Finally, the Tapaj6s River watershed is experiencing
profound changes to its landscape through extensive damming, expansion of gold mining operations, defores-
tation, and commodity-driven land conversion, all of which have impacted the ecology and biogeochemistry of
the river (Farella et al., 2001; Farinosi et al., 2019; Lobo et al., 2016; Nébrega, Guzha, et al., 2018). Coupled with
projected increases in air temperatures and changes in regional precipitation, these impacts will likely affect
hydrology and downstream carbon cycling across the Tapajos mainstem to the lower reaches of the Amazon
River. To date, no study has investigated the long-term export of DOC and DOM from the Tapajés River, or other
major Amazonian tributaries, as influenced by changes in climate and land use.

This study integrates DOC measurements, optical properties including chromophoric DOM (CDOM), and
fluorescence components with hydrological and climate properties to investigate the sources and drivers of DOM
composition in the Tapajés River. Similar techniques have been employed across other tropical rivers and
demonstrated their utility in relating DOM composition to regional carbon cycling (e.g., Dalmagro et al., 2017;
Gonsior et al., 2016; Lambert et al., 2016; Mann et al., 2014). Additionally, we utilized molecular-level analysis
via 21 T Fourier transform-ion cyclotron resonance mass spectrometry (FT-ICR MS), enabling the resolution of
mass differences that are <1 mDa apart (Hendrickson et al., 2015; Smith et al., 2018). Such measurements have
revealed additional patterns in the average DOM oxidation state, stability, and quantitative relationships with
organic N and S (Boye et al., 2017; Kellerman et al., 2018; Kurek et al., 2020; Poulin et al., 2017; Riedel
et al., 2016). Coupling these measurements with bulk concentrations and optical data provides a comprehensive
analysis of various DOM pools in the Tapajés River and allows for more comparisons to and inclusion of other
DOM studies that utilize various methodologies, particularly across the Global South. We present an 8-year near-
monthly characterization of Tapaj6s River hydrology, DOC, and properties as a comparison to other Amazonian
rivers. Our work also includes refined estimates of discharge, DOC, and CDOM fluxes as well as an analysis of
changing landcover effects on DOM exported from the Tapajés River and similar clearwater tributaries.
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2. Materials and Methods
2.1. Study Site and Field Sampling

The Tapaj6s River is the fifth largest river basin that drains into the Amazon River, spanning nearly 500,000 km?
in north-central Brazil (Figure 1). The headwaters originate in the state of Mato Grosso just north of Cuiaba,
Brazil as the Juruena River and Teles Pires River, which flow northward and confluence at Barra de Sdo Manuel,
dropping from nearly 800 to 100 m in elevation. At this point, the rivers form the Tapajos River, which continues
northward through the state of Par4, Brazil as the elevation drops to just a few meters above sea level. North of
Itaituba, the river water velocity decreases and the channel widens, forming a massive lake (ria) prior to its
confluence with the Amazon River near Santarém (Bertassoli et al., 2017).

Tapajos is a clearwater river with low dissolved and suspended solids, as well as a slightly alkaline pH draining
the Precambrian bedrock of the Brazilian Shield (Moquet et al., 2016; Rios-Villamizar et al., 2020; Sioli, 1984).
The basin experiences an overall humid tropical climate and is heavily forested, particularly in the north, which is
dominated by tropical evergreen rainforests that are largely protected in the states of Pard and Amazonas. The
southern portions are covered by Cerrado savanna with areas in the State of Mato Grosso experiencing heavy
deforestation, land conversion to pastures, damming, and small-scale gold mines along many tributaries (Castello
& Macedo, 2016; Farinosi et al., 2019; Lobo et al., 2016; Pavanato et al., 2016). Details regarding landcover data
are provided (Text S1 in Supporting Information S1). The watershed is on average 62% forest, 15% savanna, 15%
grassland, and 8% cropland from 2016 to 2022 (Friedl & Sulla-Menashe, 2019).

Water samples were collected near-monthly from the Tapajés River from 28 January 2016 to 30 November 2023,
upstream of Itaituba (4°20"15.0”S, 56°04'10.3”"W; Figure 1). Three water samples (1 L) were collected at 0.5 m
depth from the river across the channel in equal spacing and combined into a 4 L acid-washed carboy to make a
composite sample. The water was filtered through a 0.45 pm capsule filter with a peristaltic pump into acid-rinsed
high-density polyethylene (HDPE) bottles. Filtered samples were kept cold during transport and immediately
frozen upon transfer to the laboratory and kept in the dark until analysis. Samples for water isotope analysis
(6180, 52H) were collected in 30 mL HDPE bottles that were filled to capacity, free of air, and stored in a dark,
cool place prior to analysis. In situ water temperature, dissolved oxygen (DO), specific conductivity (SpC), and
pH were measured in the center of the river channel at 0.5 m depth with a calibrated YSI Professional Plus
multimeter.

2.2. Discharge, Climate, and Water Isotope Analysis

Near-daily discharge measurements (Q, m> s™!) from the Tapajés River between 2015 and 2024 were obtained
from the closest gauging station to Itaituba located 60 km upstream at Buburé (4°36'56.2"S, 56°19'30.0"W) via
the Brazilian National Water Agency (https://www.snirh.gov.br/hidroweb/serieshistoricas). When discharge was
not available at Buburé, missing values were interpolated from measurements taken at the Barra de Sdo Manuel
gauging station (7°2022.9”S, 58°09'19.1”"W) using a linear fit of 4 days lagged values based on the travel time of
water across the two stations (Text S1; Figures S1 and S2 in Supporting Information S1). Daily accumulated
precipitation values at 0.1° resolution were obtained from the NASA Global Precipitation Monitoring v6.0 data
archive (Huffman et al., 2019) and daily 2-m mean air temperatures at 0.5 X 0.625° resolution were obtained from
the NASA Modern-Era Retrospective analysis for Research and Applications version 2 (MERRA-2) data archive
(Gelaro et al., 2017). Both daily precipitation and temperature values were averaged over the Tapajos River basin
area.

Stable isotopes of the water molecule (5'0, §°H) from river water samples were analyzed at the Isotope Hy-
drology Laboratory of the International Atomic Energy Agency (IAEA, Vienna, Austria) through the Global
Network of Isotopes in Rivers (GNIR). For samples up to sampling dates of August 2017, analyses were con-
ducted in replicate by Off-Axis Integrated Cavity Output Spectroscopy (OA-ICOS, TLWIA 45EP, Los Gatos
Inc., USA) with nine injections per sample vial of which five were accepted. The later batch was analyzed, again
in replicate, via dual-isotope Cavity Ringdown Spectroscopy (CRDS, 2130i/2140i, Picarro Inc., USA) with six
injections per vial (three accepted). Data post-processing included amount-linearity correction for OA-ICOS data,
memory correction and normalization to the VSMOW-SLAP scale using LIMS for Lasers 2015 (Coplen &
Wassenaar, 2015). The analytical uncertainty for 5'®0 and 6°H was better than +0.15 and +0.7%o for the OA-
ICOS measurements, and better than +0.1 and +0.5%o for those via CRDS. Data for Amazon River rainwater
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(8'%0, 5°H) were obtained from the IAEA Water Isotope System for Electronic Retrieval (WISER, 2022; https://
nucleus.iaea.org/wiser).

2.3. DOC Analysis

Filtered Tapajds River water samples were acidified (HCI, pH 2) and DOC concentrations were measured with a
Shimadzu TOC-L CPH high temperature catalytic oxidation total organic carbon analyzer (Shimadzu Corp.,
Kyoto, Japan). Samples were sparged with air for 8 min and DOC was quantified using a five-point calibration
curve according to an established methodology (e.g., Kurek et al., 2024).

2.4. Optical and Fluorescence Spectroscopy

UV-visible absorbance spectra were measured at room temperature in a 1-cm quartz cuvette with a Horiba
Scientific Aqualog (Horiba Ltd., Kyoto, Japan) at wavelengths of 230-800 nm. CDOM was determined as the
Napierian absorption coefficient at 350 nm (ass0; m~'). Spectral slopes, as related to aromaticity and molecular
weight, were calculated from 275 to 295 (Sy75_00s; nm ") and 350-400 nm (S350_s00; NM™'; Helms et al., 2008).
Specific UV absorbance at 254 nm (SUVA,s,; L mg C™' m™") indicates the CDOM content of DOC and was
calculated by dividing the decadic absorption coefficient at 254 nm by the DOC concentration (Weishaar
et al., 2003).

Excitation-Emission matrices (EEMSs) from fluorescence spectra were measured at room temperature in a 1-cm
quartz cuvette using a Horiba Scientific Aqualog (Horiba Ltd., Kyoto, Japan). EEMs were collected at 250—
500 nm excitation wavelengths and 300-600 nm emission wavelengths with 5 and 2 nm intervals, respectively, at
integration times ranging from 3 to 6s. EEMs were corrected for lamp intensity (Cory et al., 2010) and inner filter
effects (Kothawala et al., 2013), and normalized to Raman units (Stedmon et al., 2003). Parallel factor analysis
(PARAFAC) was modeled with 81 individual EEMs and validated using core consistency diagnostics and split-
half validation (Murphy et al., 2013), yielding a 5-component model that explained 99.93% of the variance. The
model was compared to previously identified components using an online library (www.openfluor.org; Murphy
et al., 2013). Finally, the fluorescence index (FI), which describes terrestrial and microbial contributions to DOM
composition, was calculated from the emission intensity at 470 and 520 nm at excitation 370 nm (Cory &
McKnight, 2005; McKnight et al., 2001).

2.5. Solid Phase Extraction (SPE) and FT-ICR MS Analysis

Filtered water samples were acidified (HCI, pH 2) and extracted using Bond-Elut PPL columns (Agilent Tech-
nologies Inc., Santa Clara, CA) following an established methodology (Dittmar et al., 2008). Columns were
soaked with methanol overnight (conditioned), rinsed with methanol, and rinsed twice with acidified Milli-Q
water (HCl, pH 2). Approximately 50 pg C was isolated onto 100 mg 3 mL bed volume PPL columns
(assuming at least 50% recovery), eluted with 1 mL methanol into precombusted (550°C, >4 hr) glass vials, and
stored at —20°C until analysis. DOC recovery was assessed on several samples with duplicate extractions.
Methanol extracts were collected in 40 mL glass vials and evaporated by gently drying (50°C, overnight). The
remaining residue was redissolved in Milli-Q water (HCI, pH 2) and the DOC concentrations were measured
using methods described in Section 2.3 (e.g., Kurek et al., 2024).

Methanolic extracts were analyzed on a custom-built hybrid linear ion trap ultra-high resolution FT-ICR mass
spectrometer equipped with a 21T superconducting solenoid magnet at the National High Magnetic Field Lab-
oratory (Tallahassee, FL; Hendrickson et al., 2015; Smith et al., 2018). Negatively charged ions from DOM were
produced via electrospray ionization (ESI) at a flow rate of 500 nL min™"' via a syringe pump. Typical conditions
for ion formation included: emitter voltage, —2.8-3.2 kV; S-lens RF level, 40%; and heated metal capillary
temperature, 350°C. The resulting spectra were conditionally co-added to yield 75 individual time domain
transients of 3.1 s for each experiment. Co-added mass spectra were phase-corrected (Xian et al., 2010) and peaks
were internally calibrated based on 10-15 highly abundant O-containing series using a “walking” calibration
(Savory et al., 2011) as described previously (e.g., Kurek et al., 2024). Further details regarding FT-ICR MS
methodology are provided (Text S1 in Supporting Information S1).
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2.6. FT-ICR MS Post-Processing

Mass spectral peaks (>6c root-mean-square (RMS) baseline noise) were exported to a peak list and processed
using PetroOrg®© (Corilo, 2014). Molecular formulae were assigned to ions constrained by C, ;5H,4.;1500;.30No.
450.5 not exceeding 300 ppb error (e.g., Kurek et al., 2024). For all spectra, between 15,000 and 22,000 species
were assigned elemental compositions (mean: 18,000) with RMS error between 46 and 78 ppb (mean: 61) and
achieved resolving power >1,600,000 at m/z 400. Molecular formula properties, including the modified
aromaticity index (Al,,,4) and nominal carbon oxidation state (NOSC), were calculated according to Koch and
Dittmar (2006, 2016) and Boye et al. (2017), respectively. Mass-weighted stoichiometric ratios were averaged (H/
C, O/C, N/C, S/C) and formulae were also grouped into broad compound classes based on the percent relative
abundance of their heteroatom classes (CHO, CHON, CHOS, and CHONS). Molecular formulae were grouped
into compounds based on Santl-Temkiv et al. (2013) including condensed aromatics (CA; 0.67 < Al,,,q)s
polyphenolics (PPh; 0.50 < Al,,,,q < 0.67), highly unsaturated and phenolic low O/C (HUP, ., o,c; Alpoq < 0.50,
H/C < 1.5, O/C < 0.5), HUP high O/C (HUPy;a, o/c; Alinoa < 0.50, H/C < 1.5, 0.5 < O/C), and aliphatic (Ali;
1.5 < H/C), and the percent relative abundance of each class was summed. Molecular formulae belonging to the
island of stability (IOS), a group of 361 individual molecular formulae first reported by Lechtenfeld et al. (2014)
in marine DOM, were identified in each individual mass spectrum. Their relative abundances were summed to
estimate the percent relative abundance of IOS molecular formulae in each river sample as an indicator of stable,
aged DOM (Kellerman et al., 2018). Data derived from individual mass spectra including number of peak as-
signments, RMS error, and calculated properties for all species identified by 21T FT-ICR MS used in this
publication are provided in Data Set S1.

2.7. Data Analysis

Data analysis including linear regression was performed in R (R Core Team, 2020) and visualized using the
ggplot2 package (Wickham, 2016). Spearman correlations between the yearly mean of each DOM parameter and
yearly landcover proportion between 2016 and 2022 were calculated using the psych package in R (Rev-
elle, 2024). Spearman correlations between the relative abundance of all common molecular formulae and
climate/hydrological variables were also conducted using a similar methodology in R. Significantly correlated
molecular formulae were only considered if they had a false discovery rate corrected p-value (p < 0.05; Benjamini
& Hochberg, 1995). PARAFAC modeling was conducted in MATLAB using packages from Murphy
et al. (2013). Relationships between DOC, CDOM concentration and discharge were fit using a power law
equation:

C=axQ’

Where C is the concentration of DOC or CDOM, Q is the river water discharge, and a and b are fitted constants.
Positive values of b suggest mobilization into the river, negative values suggest dilution, and zero or near-zero
values indicate chemostasis as has been described for many C-Q relationships (Drake et al., 2021; Musolff
et al., 2015; Rose et al., 2018).

2.8. Flux Estimates

Daily discharge, DOC (kg day™"), and CDOM absorbance at 350 nm (m?> day™') fluxes were modeled using
instantaneous discharge measurements and concentrations with the FORTRAN Load Estimator (LOADEST)
program (Runkel et al., 2004). Resulting daily fluxes were summed to yield annual fluxes across 2016-2024. The
calibration equation was derived using the Adjusted Maximum Likelihood Estimator (AMLE) and the regression
model number was set to default (MODNO = 0), allowing for selection of the best model based on Akaike
Information Criteria. The validity of the model was verified from the output of the 7* of the AMLE, residuals data,
and the serial correlation of residuals, including confirmation that the residuals were normally distributed ac-
cording to previous methods (Dornblaser & Striegl, 2009).
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E "g 300 AA ; ’ ‘: L 20,000 » Tapajos River water was collected and analyzed from 2016 to the end of
ol= | oK E } ' ,*" i : ; ", f L 15.000 "E 2023; however, temperature, precipitation, and discharge measurements are
g € 200 H i i g‘ 1 1 ¥ B = presented for context from the beginning of 2015 due to the lag time between
a Eqp0l O 11 i l\ i 4 i 1N 10,000 @ peak precipitation and discharge in Amazonian rivers (e.g., Drake
., ”t ‘ I ¥ ' i r{ “.. J ',‘, %, 5,000 etal., 2021). Mean annual precipitation across the Tapajos River basin ranged
01, — T T ——— T from 1,802 to 2,798 mm (mean: 2,142 mm) while mean annual air temper-
{19’\ (19\ q,Q<\ ‘19\% Q/Q’\Q’ (]/0‘7/0 Q,QQ;\ (?/Q"g’ Q/Q"ib Q/Q‘?/b‘ atures ranged from 25.4 to 27.2°C (mean: 26.3°C; Table S1 in Supporting
Information S1). Maximum precipitation occurred between February-March
B) * ¢ (329 mm month™") and minimum precipitation occurred in July
—~ * (14 mm month™"; Figure S3a in Supporting Information S1). Similarly,
('f:’ 20,0001 average air temperatures peaked in September (29.6°C) while minimum air
é $ . temperatures were between January-June (25.0°C; Figure S3b in Supporting
e Information S1). Annual precipitation in the Tapajés basin was similar to
10,0001 * ° other clearwater rivers such as the Trombetas (1,822; Moreira-Turcq
? - * et al., 2003) and Xingu (2,048 mm; Panday et al., 2015) but lower than the

— T ? ""'= % —_— Tocantins (2,743 mm; Neu et al., 2023).

b(b(\((é’o@{é\ ?@Q& 50(\ B&VQQ%Q’Q Oc’}éoAOQ’CJ Mean annual Tapajés River discharge ranged from 7,751 to 12,871 m® s~
(mean: 11,067 m® s™'; Table S1 in Supporting Information S1) with some
Figure 2. (a) Daily discharge (Q) values of the Tapajos River at Itaituba inter-annual variability over the study period (Figure 2a). Discharge peaked

(dotted line) with monthly accumulated precipitation (blue shaded region)
averaged across the Tapaj6s River basin during 2015-2023. (b) Boxplot of
average Tapajos River discharge (Q) by a month.

between March and April (27,550 m® s™'; Figure 2b) with the annual
maximum ranging from 19,983 to 31,674 m® s™' (Table S1 in Supporting
3 1

gL

s

Information S1). Minimum discharge occurred in September (3,183 m
Figure 2b) and ranged between 2,503 and 3,788 m® s~' annually (Table S1 in Supporting Information S1).
Monthly average discharge was comparable to findings from 1994 to 1998 (2,630-22,470 m® s~'; Moreira-Turcq
et al., 2003) but greater than other clearwater rivers such as the Trombetas (2,555 m* s™!; Moreira-Turcq
et al., 2003), Xingu (7,806 m® s™'; Panday et al., 2015), and the Tocantins (10,800 m” s™'; Neu et al., 2023).

Precipitation and specific discharge (Q normalized to basin area) correlated positively; however, there was a
considerable 3 to 4-month lag between the onset of increased precipitation and the rising limb of the hydrograph,
resulting in a counterclockwise hysteresis pattern (Figures 2a and 3a). Furthermore, precipitation was on average
4.2 times greater than specific discharge (below the 1:1 line) except from June-July during the falling limb, when
monthly discharge and precipitation were approximately equal (around the 1:1 line; Figure 3a).

Mean water isotope ratios (5'0 and 6°H) from the Tapajés River were —4.9%¢ and —30.7%o, respectively, and
ranged between —6.6 and —4.0%o (5'0) and —42.5 to —23.5%. (5°H). All values were within ranges previously
reported for Amazon River water at Obidos (Drake et al., 2021; Mortatti et al., 1997) and mean & 80 values were
similar to Tapajos River water samples measured at Jacareacanga, Brazil, nearly 290 km south of Itaituba (mean:
—4.9%0, —6.0% to —4.0%; Salati et al., 1979). The linear regression between Tapajés River §'°0 and 5°H yielded
an overall slope of 6.5 and intercept of 1.5 (Figure 3b). This slope was shallower than the slope of the Brazil Local
Meteoric Water Line (8.6; Drake et al., 2021), precipitation from Santarém, Brazil at the northern edge of the
basin (8.4; Figure 3b, black dotted line), and precipitation from Cuiab4, Brazil, south of Tapajés River headwaters
(7.5; Figure 3b, red dotted line; WISER, 2022). Both water isotopes were negatively correlated with discharge
having a prominent clockwise hysteresis pattern, particularly from July-October (Figures 3c and 3d). Finally,
deuterium excess (D-excess) also varied by months (Figure S3c in Supporting Information S1). The average D-
excess was 8.9%o which is lower than the D-excess of precipitation from Cuiabd (9.8%0; WISER, 2022),
Jacareacanga (10.0%o; Salati et al., 1979), Santarém (12.0-15.5%o; Martinelli et al., 1996; WISER, 2022), and
Amazon River water (13.6%o; Drake et al., 2021).

3.2. Water Quality Parameters

SpC ranged from 13.0 t0 26.0 pS cm ™' (mean: 16.8 pS cm™") and was slightly lower in March than the rest of the
year (Figure S4a in Supporting Information S1). pH ranged from 6.2 to 7.8 (mean: 7.0) with lower values between
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Figure 3. (a) Monthly specific discharge (discharge/watershed area) with monthly precipitation. (b) Stable isotope ratios of
water (6'%0 vs. §?H) with linear regression (solid black line). Amazon River water trend (black long dashed line; Drake

et al., 2021), the Local Meteoric Water Line (LMWL) from Santarém (black short dashed line; WISER, 2022), and LMWL
from Cuiaba (red short dashed line; WISER, 2022) are plotted for reference. (c) 5'%0 with monthly discharge and (d) 5H
with monthly discharge. Points are colored according to sampling month and arrows indicate direction of hysteresis
(clockwise vs. counterclockwise).

February and March (Figure S4b in Supporting Information S1). DO concentrations were between 4.5 and
8.4 mg L™ (mean: 6.6 mg L") and did not follow a discernible seasonal pattern (Figure S4c in Supporting
Information S1). Finally, water temperatures at Itaituba were generally higher than average air temperatures
across the Tapajos basin (26.9-32.8, mean: 29.7°C) but followed the same seasonal pattern (Figure S4d in
Supporting Information S1). Water temperature and DO were in similar ranges to previous measurements from
the Amazon and Tocantins River (Drake et al., 2021; Neu et al., 2023) while SpC and pH were consistent with
many other Amazonian clearwater tributaries (Rios-Villamizar et al., 2020).

3.3. DOC Concentrations and DOM Optical/Fluorescence Properties

DOC concentrations ranged from 0.9 to 9.2 mg L™" (mean: 3.3 mg L™'; Figure 4a) and were greater than other
downstream clearwater tributaries such as the Xingu (2.4 mg L', Ward et al., 2016) and Tocantins (2.8 mg L_l;
Neu et al., 2023), but lower than the Amazon River (4.2 mg L~!; Drake et al., 2021), the Trombetas (5.3 mg Lfl;
Moreira-Turcq et al., 2003), and the Rio Negro (7.7-10.6 mg L~!: Gonsior et al., 2016; Simon et al., 2019).
CDOM absorption at 350 nm (as5,) ranged from 1.3 to 15.9 m™' (mean: 7.2 m™"; Figure 4a) and was lower than
the average of the Amazon River (12.2 m_l; Drake et al., 2021). Both DOC and CDOM varied with discharge,
where the lowest values occurred during minimum discharge in September, while the largest values occurred on
the rising limb of the hydrograph between December-February (Figure 4a). This is also illustrated by the sig-
nificant positive correlations of DOC and CDOM with discharge (p < 0.0001; Figures S5a and S5b in Supporting
Information S1). Both relationships displayed positive clockwise hysteresis and were fit with positive b-values
(DOC: 0.49, CDOM: 0.74).

SUVA,s, ranged from 1.9to 4.7 L mg C™' m™' (mean: 3.4 L mg C~' m™") and followed the discharge patterns of
DOC and CDOM (Figure 4c). In contrast, S57s 95 (12.1-36.0, mean: 16.0 10* nm™") and FI (1.41-1.56, mean:
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Figure 4. Line plots of: (a) dissolved organic carbon (black points) and CDOM (open circles), (b) S,75 595, (¢) SUVA,s,, and
(d) FI measured from Tapajos River water samples during 2016-2023. Discharge (Q) is indicated by the dashed black line.

1.46) followed opposite trends peaking during low discharge and were lowest during the rising limb (Figures 4b
and 4d). These trends were comparable to other tropical rivers including Congo River tributaries and the Cuiabd
River in Mato Grosso; however, Tapajoés River SUVA,s, was generally lower while average S,75 595 and FI
values were higher (Dalmagro et al., 2017; Mann et al., 2014; Spencer et al., 2010).

3.4. SPE Recovery

SPE-DOM extraction efficiency was assessed across six samples from various months spanning 2016-2024.
Mean recovery was 53 + 18% suggesting that at least half of the extracted DOM was retained on PPL and a large
part of the DOM pool could be represented via FT-ICR MS (Yvin et al., 2024). This was slightly lower than values
reported from riverine/coastal DOM (62%—65%; Dittmar et al., 2008) and the Amazon River plume (56%—-72%;
Seidel et al., 2015) but generally higher than groundwater DOM (~40%; Yvin et al., 2024).

3.5. FT-ICR MS DOM Composition

CHO-containing formulae were the most abundant across the study period (67.6-80.2, mean: 75.5%) and were
greatest during the rising limb and lowest during minimum discharge (Figure 5a). In contrast, CHON (16.5-28.3,
mean: 20.0%), CHOS (2.1-8.0, mean: 3.8%), and CHONS (0.2-1.4, mean: 0.7%) followed the opposite trend
(Figure 5a). Compared to the Amazon River and the Rio Negro, Tapajés River DOM is more enriched in N- and
S-containing formulae (Kurek et al., 2022; S. Li, Harir, Schmitt-Kopplin, Gonsior, et al., 2023) and follows the
seasonal N and S enrichment of what has been observed near the mixing zone at low discharge (Seidel
et al., 2016).

Inferred compound classes also followed similar patterns to heteroatoms with important differences (Figure 5b).
HUPyy;0, o/c compounds were the most abundant (32.1-49.2, mean: 41.8%), with the greatest relative abundance
during the rising limb and lowest at minimum discharge. HUP| ., o/c (25.3-36.9, mean: 30.9%) and aliphatics
(2.4%-25.5%, mean: 7.2%) followed trends similar to N and S-containing formulae; however, aliphatics with
O/C < 0.5 (Ali,, o/c) peaked 2 months earlier in July (Figure 5b). Furthermore, CA (1.5-8.6, mean: 8.6%) and
PPh relative abundance (10.0-24.8, mean 16.7%) were highest during peak discharge, rather than on the rising
limb. Compound class proportions were similar to the Amazon River, but the Tapajos had a greater abundance of
HUPyien o/c compounds relative to HUP,,, o (Kurek et al., 2022). Elemental stoichiometry followed
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Figure 5. Compound classes derived from FT-ICR MS molecular formulae
in Tapajos River water samples during 20162018 and 2022-2023 are
depicted as percentage relative abundance. Molecular formulae are colored
according to: (a) heteroatom class (CHO, blue; CHON, orange; CHOS,
green; CHONS, red) and (b) compound classes condensed aromatic (CA),
dark blue; polyphenolic (PPh), light blue; highly unsaturated and phenolic
low O/C (HUPy,, o,c), tan; HUP high O/C (HUPyy,;, ), red; aliphatic low
O/C (Aliy,, o/c), orange; aliphatic high O/C (Aliy;y, o). green. Discharge
(Q) is indicated by the dashed black line.

3.7. LOADEST Fluxes

compound class trends with discharge and are similar to compositions at peak
discharge near the mixing zone (Figures S6a—S6e in Supporting Informa-
tion S1; S. Li, Harir, Schmitt-Kopplin, Machado-Silva, et al., 2023). IOS
relative abundance (14.1-22.6, mean: 17.3%) was highest in July and lowest
in April (Figure S6f in Supporting Information S1) and followed Amazon
River seasonality (Kurek et al., 2022).

3.6. PARAFAC Modeling

All five PARAFAC components were validated using split halves (Figure S7
in Supporting Information S1) and matched to previously identified fluo-
rophores in the OpenFluor database that are summarized in Table S2 in
Supporting Information S1. C1 (EX,40 320, Emyyg) and C2 (Ex,ys 410, Emsys)
were similar to humic-like terrestrial fluorophores and C3 (ExX,4g 375, Emyg;)
is thought to represent soil organic matter (Table S2 in Supporting Infor-
mation S1). C1-C3 all correlated positively with CDOM and DOM properties
from absorbance and FT-ICR MS spectra linked to aromaticity (Table S3 in
Supporting Information S1). C4 (EX_,40290, Emsg,) is similar to microbial
humic-like peak M and potentially related to aquatic production while C5
(EX 2240,273» Em3qg) is similar to tyrosine-like fluorophores (Table S2 in
Supporting Information S1). Both C4 and CS5 correlated negatively with ar-
omatic DOM properties and positively with heteroatom content (Table S3 in
Supporting Information S1).

The sum of all fluorescent component intensity maxima (FDOM) varied with
discharge and peaked between December and February on the rising limb and
was the lowest between August-September (Figure 6a). The proportions of
C1 (20-2-55.7, mean: 46.0%), C2 (6.5-20.8, mean: 15.9%), and C3 (3.6-13 .4,
mean: 10.5%) were all highest from January-April and lowest from July-
September while C4 (8.4-14.5, mean: 25.8%) and C5 (0-59.6, mean:
13.1%) followed the inverse (Figure 6b).

The mean annual discharge flux from the Tapajos River was 349 + 48 km® yr~' (Table 1). The mean annual DOC
flux was 1.38 + 0.24 Tg C yr~" and the mean DOC yield was 2.82 # 0.50 g C yr~' m™2 (Table 1). DOC fluxes
were strongly driven by both DOC concentrations and instantaneous discharge with the highest fluxes during

peak discharge and the lowest at minimum discharge (Figure 7a). Average annual DOC fluxes were greater than

previous estimates from samples taken downstream of Itaituba (1.29 + 1.39 Tg C yr~'; Moreira-Turcq
et al., 2003). The mean annual CDOM flux was 3.30 + 046 g C yr™' m~ and the CDOM yield was
6.69 + 0.93 years™" (Table 1). Similarly to DOC, monthly CDOM fluxes were seasonal and generally followed
discharge (Figure 7b). LOADEST model fluxes (black lines) were comparable to instantaneous fluxes calculated

from discharge and analyte concentration at each sampling day (Figures 7a and 7b; red points) with a strong

correlation (r2 =0.91).

4. Discussion

Overall, the Tapajos River basin experiences similar annual temperature and precipitation averages to other

clearwater tributaries such as the Xingu, Trombetas, and Tocantins as well as the Amazon River basin upstream of
Obidos (Drake et al., 2021; Moreira-Turcq et al., 2003; Neu et al., 2023; Panday et al., 2015; Figure S3 in
Supporting Information S1). However, seasonal patterns across the Tapajés River basin are more pronounced

than those across the Amazon River, particularly during the low discharge periods. For instance, the Tapajos

River had a much larger mean intra-annual variability (8.77, max Q/min Q) compared to the Amazon River (2.93)

and on average, precipitation was 4.2 times greater than specific discharge (Figure 3a), whereas it was only about

double across the Amazon basin (Drake et al., 2021). Furthermore, peak monthly precipitation often coincided

with peak discharge in the Tapaj6s River, in contrast to the Amazon River, which often experiences a 3 to 4-month
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12 lag (Marengo, 2006; Richey et al., 1989). This suggests differences in rain-
30,000 water delivery and discharge loss between the two river basins where more
= 104 L 25,000 precipitation (~75%) is lost across the Tapaj6s River basin as evapotranspi-
T 8 ~’—; ration. Such differences are largely due to the large basin area and
T 20,000 @ geographical positioning of the Amazon River, which integrates river systems
% 6 15,000 §, from both southern and northern tributaries. As the headwaters of northern
a o tributaries originate north of the equator, they experience wet seasons and
L 4 10,000 peak discharge in different months than the southern tributaries, such as the
2 15,000 Tapajos River (Richey et al., 1989; Sioli, 1984). Regardless, carbon export in
both river systems is driven by the flood pulse and we discuss the role of
100 4 30.000 seasonality in the Tapajds River based on the phases of the hydrograph.
-
S 80 25,000 . 4.1. Seasonality of Tapajos River Discharge, DOC, and DOM Export
2] 5
<> © ising discharge typically occurs from November-February when precipita-
S 20,000 P Rising discharge typically from N ber-February when precip
5 60 _15,000\% tion increases to its peak and air temperatures decrease to their minima
g' ©) (Figures 2b and S3 in Supporting Information S1). This period is character-
8 40+ 10,000 ized by a nearly equal increase in the rate of precipitation and discharge from
L 5,000 the event water (Figure 3a), which becomes more depleted as relatively
20- depleted rainwater is incorporated into the river (Mortatti et al., 1997).
Q Riverine DOC concentrations, CDOM and FDOM are highest during this
V period (Figures 4 and 6a), indicating that sustained precipitation increases
| C4 I C5

Figure 6. PARAFAC components (C1-C5) modeled from the Tapajos River
water samples during 2016-2023. (a) Components are represented in relative

fluorescence units and (b) as percent composition of total fluorescence
maxima. Components are colored according to the following: C1, red; C2,
orange; C3, yellow; C4, green; C5, blue. Discharge (Q) is indicated by the

dashed black line.

Table 1

landscape connectivity and mobilizes organic carbon from litter layers into
the river (Dalmagro et al., 2017; Lambert et al., 2016; Seidel et al., 2016).
This is also supported by the positive clockwise direction of DOC-Q and
CDOM-Q relationships (Figure S5 in Supporting Information S1), indicating
that terrestrial sources are spatially connected to each other and the river
(Creed et al., 2015). Additionally, most of this DOM is compositionally ar-
omatic and terrestrial with high SUVA,s,, greater proportions of C1-C3
fluorophores, and HUPyy;4, o/c compounds (Figures 4b, 5b, and 6b), sug-

gesting this DOM is flushed from surface soils and connected surface waters (de Melo et al., 2020; Hertkorn
et al., 2016; Kurek et al., 2022; Seifert et al., 2016). Terrestrial delivery into the Tapajos River continues through
peak discharge (March—April) as the proportion of this DOM pool remains high and flow paths are further
expanded thereby increasing CA and PPh delivery (Figure 5b). These DOM formulae are highly aromatic and
often associated with forest cover and leached vegetation (Spencer et al., 2019; Textor et al., 2018; Wagner

et al., 2019), suggesting that inundated vegetation and wetland forests (igap6) could be significant sources of
terrestrial DOM to the Tapajos River at maximum discharge. However, we note that the Tapajds River lacks large

floodplains compared to the Amazon River and thus this sourcing is likely confined to the headwaters during a

Annual Discharge (Q), Dissolved Organic Carbon (DOC), and CDOM (a;s,) Fluxes as Well as DOC and CDOM Yields From the Tapajoés River During 2016-2023

Q (km® yr™") DOC flux (Tg C yr™") ass flux (102 m? yr) DOC yield (g C yr ' m™2) assp yield (yr™")

2016 245 1.10 2.4 2.24 4.88

2017 352 1.66 3.6 3.40 7.33

2018 380 1.71 3.7 3.48 7.63

2019 375 1.54 3.5 3.14 7.20

2020 352 1.31 32 2.68 6.56

2021 334 121 3.1 2.48 6.25

2022 406 1.44 3.7 2.93 7.55

2023 350 1.08 3.0 2.21 6.13
Mean + SD 349 + 48 1.38 +0.24 3.3 +£0.46 2.82 +0.50 6.69 £ 0.93
Percent of Amazon River (%) 6.1 54 4.4
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A) relatively brief period of time as well as from marginal lakes formed along-
. 200+ 30,000 side the river (de Paiva et al., 2013). This may further explain differences in
P L25,000 terrestrial DOM composition between the Tapajés and Amazon River (e.g.,
2 1504 90,000 = Ward et al., 2015) as well as differences in forest cover since igap6 vegetation
x ’ :,D typically has lower productivity and biomass than the varzea of the Amazon
5 ] .
= 100 15,000 \E, mainstem (Junk et al., 2011).
Q o
8 504 10,000 From May-July, discharge steadily decreased with precipitation while air
temperatures began to rise (Figures 2b and S3 in Supporting Information S1).
5,000 . . . " .
0- During the falling limb, nearly all additional rainwater was exported as
discharge but not replenished (1:1 line, Figure 3a). At the beginning of the
30,000 falling limb, this additional rainwater was relatively enriched in heavy iso-
|55 000 topes (Figures 3c and 3d), causing minor enrichment in the river water upon
T mixing and export (Martinelli et al., 1996; Mortatti et al., 1997). However,
20,000 between June and July, less evaporated water was retuned as precipitation and
L 15,000 iE/ the river began drying, enriching the remaining river water in heavy isotopes
(Figures 3c and 3d). This is further supported by the variations in D-excess in
10,000 the Tapajos River, which ranged between 9.8 and 10.6 from January to May
15,000 but decreased to 7.9 by July (Figure S3c in Supporting Information S1). As
the discharge decreased, flow paths became disconnected from the landscape

Figure 7. Time series of instantaneous discharge (Q, blue shaded region),

and less organic carbon was mobilized into the Tapajds, resulting in lower
overall DOC, CDOM, and FDOM (Figures 4a, 6a, and S5 in Supporting
Information S1). This DOM was compositionally more aliphatic with higher
S575-295, %Alif oy osc» H/C (Figures 3b and 5b, and S6a in Supporting In-

LOADEST model fluxes (black lines), and measured fluxes (red open formation S1) and less oxygenated (lower average O/C and NOSC; Figures
points) for (a) dissolved organic carbon concentration and (b) CDOM S6b and S6d in Supporting Information S1). These signatures are consistent
absorption at 350 nm (a35,) during 2016-2023. with aquatic microbial and autochthonous DOM (Kurek et al., 2020; Oster-

holz et al., 2016; Riedel et al., 2016) and could be related to increased mi-
crobial processing of recently mobilized fresh terrestrial DOM following peak landscape connectivity (de Melo
et al., 2020; Lapierre & Del Giorgio, 2014). IOS relative abundance also peaked at this time (Figure S6f in
Supporting Information S1) and given its significant correlation with C4 (Table S3 in Supporting Information S1),
suggests that a greater proportion of DOM exported during this time has undergone microbial processing
compared to high discharge periods (Kurek et al., 2022; Lechtenfeld et al., 2014). Additionally, these formulae
could also represent stable aged DOM sourced from deeper flow paths or groundwater (Kellerman et al., 2018;
McDonough et al., 2022) as the Tapajos River typically has greater average groundwater contributions to
discharge than the Amazon mainstem (de Paiva et al., 2013).

Microbial DOM persisted through the minimum discharge period (August-October) when average temperatures
were at their highest and before monthly precipitation began increasing again (Figures 2b and S3 in Supporting
Information S1). The Tapajos River experienced widespread evaporative drying during this time as river water
isotopes became rapidly enriched and D-excess reached minimum values (6.3-6.7%0) with no appreciable in-
crease in discharge, indicating removal of event water (Figures 3c and 3d; Martinelli et al., 1996; Tardy
et al., 2005). Warm air temperatures, optical clarity, and stagnating waters likely promoted algal growth in the
Tapajos River, as has been previously observed (Doherty et al., 2017; Ward et al., 2015, 2016), and exported
DOM characterized by high FI and C5 proportions with greater relative abundance of N,S-containing formulae
(Figures 4d—6b). These DOM compositional changes reflect the transition between passive DOM delivery during
high discharge periods and active processing during reduced flow within the Tapajos River network as driven by
the seasonal food pulse (Raymond et al., 2016).

The flood pulse is also significantly influenced by extreme dry periods and a longer accumulation time of pre-
cipitation within the landscape prior to discharge, in contrast to the Amazon River, which rapidly incorporates
event water during the rising limb and efficiently recycles rainwater between the river and atmosphere (Drake
et al., 2021; Mortatti et al., 1997). These cycles of precipitation and drying alter the molecular composition of
exported DOM from the Tapajés River. For instance, molecular formulae positively correlated with 580 were
highly aliphatic and enriched in N,S-containing formulae while negatively correlated formulae consisted of CA
and PPh compounds (Figures 8a and 8b). This illustrates the molecular fingerprint of aromatic DOM mobilized
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Figure 8. van Krevelen diagrams depicting the spearman correlations between individual FT-ICR MS formulae and: (a, b)
5'%0 and (¢, d) D-excess. Positively correlated formulae in panels (a, c) are colored in red and negatively correlated formulae
are in blue. Molecular formulae are also colored according to heteroatom class in panels (b, d) (CHO, gray; CHON, orange;
CHOS, green; CHONS, red). Compound class regions are denoted by dashed/solid lines and include: aliphatics, highly
unsaturated and phenolic (HUP), polyphenolic (PPh), and condensed aromatic (CA).

from connected soils and inundated vegetation following peak precipitation and those prevalent in the river during
low precipitation and high evaporative periods, that is, the two most abundant endmembers of Tapajds River
DOM. Similarly, molecular formulae positively correlated with D-excess spanned O/C ranges typical of major
world rivers, such as the Amazon and Congo (Kurek et al., 2022; Riedel et al., 2016; Wagner et al., 2015), but
were shifted to lower H/C ranges, suggesting DOM incorporation from many terrestrial sources during periods of
evaporative recycling across the basin (Martinelli et al., 1996; Tardy et al., 2005). Negatively correlated formulae
had higher H/C and lower O/C ratios, and were enriched in N,S-containing formulae (Figures 8c and 8d), similar
to what has been observed in algal leachates and bloom-impacted lakes (Patriarca et al., 2021; Zhang et al., 2014).
These correlations indicate that during high evaporative periods (low D-excess) the terrestrial supply to the
Tapajos River is attenuated, and the river behaves like a lake with long water residence times that exports algal
DOM with a greater potential for in-stream processing.

4.2. Carbon Delivery to the Amazon River

We estimate that the Tapajds River exports approximately 1.38 Tg C annually from Itaituba with the potential to
increase total Amazon River DOC and CDOM exports by up to 5.4% and 4.4%, respectively (Table 1; Drake
et al., 2021). Combining the DOC fluxes of the Tapajos (1.38), Tocantins (0.85; Neu et al., 2023), and estimates
from the Xingu (0.59 Tg C yr™'; Panday et al., 2015; Ward et al., 2016), the southeastern Amazon basin delivers
an additional 2.82 Tg DOC to the Amazon River network downstream of Obidos, amounting to more DOC than is
exported by the Mississippi each year (2.10 Tg C yr™'; Spencer & Raymond, 2024). This additional amount is
important to consider for global riverine fluxes as well as residence time calculations of terrestrial DOC in the
Atlantic Ocean to better constrain land-ocean carbon cycling.

The Tapajos River exports less DOC annually (1.38 Tg C) than the largest tributaries of the Amazon River such as
the Rio Negro (5.2-8.1) and Madeira River (2.9-4.3; Guinoiseau et al., 2016; Richey et al., 1990; Seyler
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et al., 2005); however, this amount is still similar to some of the largest rivers on Earth including the Mekong
(1.11), Yukon (1.47), Mackenzie (1.38), and Yangtze River (1.58 Tg C yr_l; Spencer & Raymond, 2024).
Additionally, the DOC yield of the Tapajés River (2.8 g C yr~' m™2; Table 1) is more than double the areal yield
of the Tocantins River (1.1 g C yr' m™2; Neu et al., 2023) and higher than the estimated global average for the 30
largest rivers by discharge (2.3 g C yr~' m™%; Spencer & Raymond, 2024). Rivers with higher DOC yields are

~Im2, respectively; Coynel

primarily large tropical systems such as the Amazon and the Orinoco (5.5,4.5 gC yr
et al., 2005; Drake et al., 2021; Spencer & Raymond, 2024), as well as smaller tropical blackwater rivers
dominated by forests and wetlands including the Rio Negro (8.7 g C yr~' m™2; Coynel et al., 2005) and Ogooue
River (6.1; g C yr ! m™%; Spencer & Raymond, 2024). This suggests that despite its clearwater characteristics
(low DOC and CDOM), the Tapajos River is an efficient organic carbon exporter for its watershed size and is
likely influenced by its high percent forest coverage (50%) compared to other clearwater rivers such as the

Tocantins (Neu et al., 2023).

Although we demonstrated that DOM is incorporated from various sources across the seasonal hydrograph, the
overall composition of Tapajés River DOM determined via optical (Figures 4b—4d), fluorescence (Figure 6), and
FT-ICR MS (Figures 5 and S6 in Supporting Information S1) indices is more algal and/or microbial in nature
compared to the Amazon River mainstem and other tributaries (Gonsior et al., 2016; Kurek et al., 2022; S. Li,
Harir, Schmitt-Kopplin, Gonsior, et al., 2023; Seidel et al., 2016; Simon et al., 2021). DOM with algal and/or
microbial signatures is preferentially utilized for microbial respiration on short timescales (Guillemette
et al., 2013; Patriarca et al., 2021) and suggests that the Tapajos River exports overall more biolabile DOM,
particularly during falling and low discharge (Figures 6b and 8). This supports previous findings that suggested
clearwater rivers (e.g., Tapajés and Xingu) are likely important contributors of exported algal and microbial
organic matter to the lower Amazon River network (Rosengard et al., 2024; Seidel et al., 2016; Ward et al., 2015).
Delivery of this autochthonous DOM to the Amazon River confluence impacts downstream CO, evasion as it
could enhance respiration of terrestrial DOM in the Amazon mainstem via priming (Ward et al., 2016).

However, the proportion of this DOM passing through Itaituba that is truly exported into the Amazon River is
unknown as this water mass experiences different biological and physiochemical conditions across the slow-
moving Tapajés Ria and within the Amazon mixing zone (Doherty et al., 2017; Ward et al., 2016). Thus of
the 1.38 Tg C exported annually from the Tapajos at Itaituba, it is unknown how much is delivered to the Amazon
River downstream from the Tapajds Ria, as we recognize the potential for significant in-stream processing as well
as input of additional carbon sources. The Tapajos Ria itself is a dynamic part of the Amazon River carbon cycle
(e.g., Sawakuchi et al., 2017) and we expect DOM exported across the Amazon mixing zone to experience
compositional changes, particularly during low discharge periods as biolabile component C5 (Figure 6) and
oxygenated species (Alipg;gh 0/c» HUPhign o/, Figure 5b) that were delivered from Itaituba are consumed. The Ria
may also incorporate additional DOM sources from the Arapiuns River near the Amazon mixing zone in this
region, and internally via primary production, which may increase DOC fluxes. For instance, delivery of nutrients
from the Tapajds watershed into the Ria may stimulate algal/cyanobacterial production within the Tapajds Ria (de
Moraes Novo et al., 2006; Torres et al., 2020), exporting additional DOC into the mixing zone. As the rivers mix,
DOM undergoes rapid processing whereby high O/C formulae are preferentially consumed and distinct aliphatic
formulae are produced (S. Li, Harir, Schmitt-Kopplin, Machado-Silva, et al., 2023), which may be further
incorporated into the lower reaches of the Amazon and respired.

4.3. Interannual Variations

In addition to seasonal trends in organic carbon sourcing, interannual DOC export and DOM composition varied
across the study period. Annual DOC, and CDOM fluxes were lower in 2016 compared to the average due to
lower DOC concentrations and CDOM (Figure 3a), and reduced discharge fluxes in 2016 (Table 1; Figure 7).
While peak precipitation in 2016 was similar to the following years, less precipitation had accumulated during the
dry season between July-December 2015 compared to long term averages (Figure 2a; Van Schaik et al., 2018). As
most of the terrestrial water in the Tapajdés River basin is stored in soils rather than surface water (de Paiva
et al., 2013), the landscape absorbed more precipitation during the wet season (January-March) resulting in less
runoff and flushing of terrestrial organic matter. These precipitation changes were likely influenced by the
massive 2015 EI Nifio event that caused droughts and widespread wildfires across the eastern Amazon, including
large portions of the lower Tapaj6s River watershed (Berenguer et al., 2021; Jiménez-Muiioz et al., 2016).
Previous studies have also identified the effects of ENSO-driven climate anomalies on riverine DOC export and
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suggested that changes in flow paths alter DOM sourcing across the watershed (e.g., Kurek et al., 2021; Qu
et al., 2020). Since sampling began in 2016 after the most severe impacts of the drought on the Tapajos River
basin, average DOM composition was largely unaffected after peak discharge as flow paths were maintained and
DOC fluxes increased the following years (Table 1).

From 2017 to 2018, DOM exported from the Tapajds River was noticeably less aromatic with lower proportions
of C1-C3 (Figure 6b), HUP compounds (Figure 5b), and lower SUVA,s, (Figure 3c). Instead, DOM was more
aliphatic with steeper S,75_»95, higher FI (Figures 3c and 3d), greater proportions of C5 (Figure 6b), Ali, and N-
and S-containing formulae (Figures 5a and 5b). Furthermore, linear regressions between DOC and CDOM
suggested that the sourcing of DOM changed during this period as well (Figure S8 in Supporting Information S1).
For most years, the slope of the DOC-CDOM regression was 2.79, which is similar to that of the Amazon
mainstem (2.68; Drake et al., 2021). However, from 2017 to 2018, the slope of the relationship decreased to 2.00
and 1.97, respectively (Figure S8 in Supporting Information S1), and was similar to temperate rivers such as the
Colorado River (1.83) or Hudson River (2.05), which incorporate less terrestrial DOM from their watersheds
(Spencer et al., 2012). This change in sourcing could possibly be related to heightened algal/cyanobacterial
production as well as degradation of terrestrial DOM during transport, thereby reducing bulk aromaticity relative
to DOC concentrations. In 2017, positive rainfall anomalies and convergent water vapor fluxes were concentrated
in the northern and northeastern Amazon basins, while the southeastern and Cerrado regions experienced a
drought (Espinoza et al., 2022). Such conditions, along with sediment inputs from mine tailings (Lobo
etal., 2016) could have stimulated algal productivity in the southern and eastern tributaries and exported an excess
of algal DOM compared to what was typical across the study period (Figure S8 in Supporting Information S1).
Eutrophic conditions and blooms have been observed in the Tapaj6s River previously (Costa et al., 2013; Lobo
etal., 2017; Sioli, 1984) with phytoplankton activity in the river likely contributing to production in the connected
Amazon floodplain during low water periods (de Moraes Novo et al., 2006; Rosengard et al., 2024). Therefore, it
is possible that periodic bloom periods in the Tapajés River network could be important mechanisms for
delivering biolabile DOM to the Tapajos Ria and Amazon mixing zone, enhancing aquatic respiration. Drought
conditions could also have enhanced microbial processing of DOM from the surrounding watershed, sourced
from soils and connected wetlands, altering the composition of terrestrial DOM flushed into the river during
runoff events and resulting in a shallower DOC-CDOM slope (Figure S8 in Supporting Information S1). These
findings highlight the need for multi-year studies in tropical rivers as even these systems that are thought to be
stable experience great variability in DOM export.

4.4. Anthropogenic Impacts

Land conversion across Pard and Mato Grosso states has significantly altered the hydrology of the Tapajés River
basin (Castello & Macedo, 2016; Farinosi et al., 2019; Lobo et al., 2016; Pavanato et al., 2016) as well as the
carbon cycle of the Amazon system (Davidson et al., 2012; Fearnside, 2018). Ongoing deforestation has impacted
ecosystems and soil composition across the basin with ramifications for soil organic matter content and riverine
export (Bernardes et al., 2004; Souza et al., 2024; Spencer et al., 2019). Prior to intensified deforestation, sus-
pended sediment organic matter in the Tapaj6s River was mostly sourced from forested vegetation, whereas it has
since transitioned to soil organic matter and subsurface particulates (Farella et al., 2001). Similarly, deforestation
and mining have altered the water quality of the Tapajos River through increased runoff, resulting in higher
suspended solids (Lobo et al., 2016), DOC, and dissolved solutes (N6brega, Guzha, et al., 2018; Nobrega,
Lamparter, et al., 2018).

Throughout this study period we have also observed changes in the landscape across the Tapajos River basin as
the coverage of grasslands and croplands has increased at the expense of savanna and forest cover (Figure S9 in
Supporting Information S1). This was accompanied by a significant change in the optical and fluorescent DOM
composition via spearman correlations. We note a significant negative correlation between CDOM and the ratio
of grassland to savanna and grasslands to forest (tho = —0.82) and a significant positive correlation with %C4
(rho = 0.82) with similar trends for cropland (Table S4 in Supporting Information S1). This suggests that
expansion of grassland and cropland at the expense of savanna tree cover mobilizes less aromatic DOM from litter
layers and more microbially processed DOM into connected river networks. Whether the microbially processed
C4 fluorophores originated from degradation of exposed soil or were byproducts of soil DOM that was processed
during transport is unknown. However, given that C3, which was previously linked to soil organic matter, did not
correlate significantly with landcover, and it is likely that C4 is linked to DOM processed within the river

KUREK ET AL.

15 of 22

85U8017 SUOWIWIOD 3A1eD) 8ol idde ayy Aq peuenob aJe ssjoiie YO '8sn JO S|n. 1o} Akeid18UIIUO AB]IM UO (SUORIPUO-pUB-SUBILIY A8 | 1M ARe.d 1 |Bu [UO// Sy SUORIPUOD pue SWe 1 83 88S *[5202/80/90] o Akiqiauliuo AB|im ‘AiseAIUN 81.IS BpLOIH Aq SS8009DS202/620T 0T/10p/Liod 8| imAre.q i jpul|uo'sqndnBey/:sdny Wwoj pepeojumod ‘9 ‘SZ0Z ‘72266l



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Global Biogeochemical Cycles 10.1029/2025GB008545

network. Furthermore, Amazonian soils from primary forests typically contain more aliphatic and biolabile
organic matter than deforested soils, suggesting that these components were consumed in the headwaters of the
river network (Souza et al., 2024). We also recognize that these correlations represent monotonic trends that
cannot be used quantitatively and that watershed land use proportions are heterogenous, meaning that stronger
relationships may exist within specific sub-basins or tributaries undergoing more intensive land conversion.
Additionally, there may be other unidentified parameters across the study period that are responsible for these
trends, including inputs from point sources, with additional studies needed to assess their impacts on DOC export
from this region.

However, these temporal changes to DOM composition reflect the susceptibility of the Amazon system to
external drivers. Similar findings were observed with the expansion of soybean crops across the headwaters of the
Xingu River, where forest cover was strongly correlated with highly aromatic molecular formulae, while cropland
coverage was positively correlated with low O/C and N-containing molecular formulae, similar to the 10S
(Spencer et al., 2019). Others have reported '“C-depleted dissolved black carbon (DBC) exported from the
Tapajos River, indicating significant incorporation of fossil fuel combustion byproducts, despite the prevalence of
modern DBC upstream of the Amazon River (Coppola et al., 2019). These observations along with our findings
suggest that there is a strong anthropogenic component to the DOM signature in the Tapajés River and possibly
other clearwater rivers downstream of the Amazon, which could be traced using molecular indices.

The Tapajos River basin is expected to become hotter and drier in the coming decades, causing riverine discharge
to decrease and a delay in the onset of the wet season (Farinosi et al., 2019). Additionally, the effects of land use
change increase runoff potential (da Silva Cruz et al., 2022) and introduce considerable intra- and interannual
variability to discharge and export (Aufdenkampe et al., 2011; Farinosi et al., 2019; Lobo et al., 2016). This means
that future DOC fluxes to the Amazon River and DOM composition will be influenced by both the changing
hydrologic cycle and anthropogenic impacts. Given the combined effects of drying and land conversion, it is
likely that the Tapajds River may export more biolabile algal and microbial DOM from its watershed, potentially
increasing respiration in the Amazon mixing zone and downstream river network. Therefore, additional work is
needed to understand the regional effects of climate anomalies and specific land use on clearwater Amazonian
rivers and their contributions to the entire Amazon basin.

5. Conclusion

This study presented a comprehensive analysis of continuous hydrological parameters, carbon fluxes, and DOM
composition of the Tapajds River for 8 years between 2016 and 2024. We identified strong seasonal patterns in the
flood pulse and evaporation within the river related to changes in precipitation and temperature throughout the
basin. Similar to the Amazon River, this seasonal flood pulse was the primary driver for exporting DOC and
terrestrial DOM during periods of high hydrologic connectivity. In contrast, high temperatures and drought
conditions reduced overall DOC export in the low discharge months but increased the proportion of DOM
originating from microbial processing and algal production. We report that the Tapajds River exports 1.38 Tg C
DOC annually at Itaituba to the Tapajds Ria and Amazon mixing zone, representing a similar amount of DOC that
is exported annually from the Yukon or Mekong River. Given that Tapajés River DOM is aliphatic and likely
biolabile in short timescales, this exported DOM potentially fuels processing and respiration across the Amazon
mixing zone, delivering unique signatures into the downstream Amazon River network. We also report inter-
annual variations in DOC export and DOM composition as related to large scale climate anomalies such as the
2015 El Nifio as well as localized droughts in the headwaters. Decreased runoff from the El Nifio event reduced
discharge and DOC fluxes the following year, while hot and dry conditions most likely promoted regional blooms
in the southern tributaries that increased the algal signature of DOM exported at Itaituba. Finally, an increase in
basin-wide grassland and croplands at the expense of savanna over this study period correlated significantly with
decreases in CDOM and increases in the microbially processed DOM component C4. This suggests that
anthropogenic land use changes in the Tapaj6s River basin have the potential to impact aquatic DOM processing
and export to the Amazon River. Future changes in the Amazonian hydrologic cycle and continued anthropogenic
impacts such as deforestation and mining will thus be traceable in clearwater tributaries and impact carbon
cycling in the lower reaches of the Amazon River.
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