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ABSTRACT

Dissolved organic matter (DOM) is a critical component of the global carbon cycle; it has
multiple sources including terrestrial runoff, riverine input, phytoplankton excretion, viral lysis,
among others. These inputs have varying levels of contribution depending on temporal and
spatial scales as well as environmental variables, making the characterization of the DOM
increasingly complex. This dissertation used primarily molecular (ultrahigh resolution mass
spectrometry - FT-ICR MS) and satellite-derived ocean-color techniques to investigate the
transformation and transport of DOM in two important aquatic systems. In CHAPTER 2, FT-
ICR MS in hand with metatranscriptomics were used to characterize the dominant patterns of
variability modifying the DOM composition in a typical estuary off the Southeastern U.S.
Results showed that after seasonal variations, long-term biodegradation was comparatively more
important in the fall, while tidal variability was the second most important factor correlated to
DOM compositional changes in the spring, when the freshwater content in the estuary was high.
Microbial data revealed a similar pattern, with variability in gene expression occurring first at the

seasonal scale, then by tidal influence. Over shorter time scales, however, the influence of



microbial processing on DOM compositional changes was small. In CHAPTER 3, two decades
of ocean color observations from satellite were used to describe seasonal and interannual
variability in terrigenous DOC (tDOC) content in the Amazon River plume. Seasonality
accounted for 40% of the total variance in the plume core, and interannual variability in tDOC
accounted for 15% of the total variance, likely associated with hydrological changes. Overall, we
found MODIS-tDOC to be an effective tracer for the Amazon River plume, with great potential
to be used for identifying events of increased off-shelf tDOC transport. Finally, in CHAPTER 4,
MODIS-tDOC was used to estimate tDOC degradation over the shelf. A clear seasonal pattern
was observed, with increased degradation occurring during the high discharge season. Also, a
correlation was found between onshelf degradation and tDOC anomalies offshore with a lag-time
of ~40 days. Overall, this dissertation uncovered the relative importance of various factors on
DOM composition and degradation, especially in the context of combining various research

techniques.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

The dissolved organic matter (DOM) pool in the ocean holds an amount of carbon
comparable to the atmospheric carbon pool, making DOM an important component of the global
carbon cycle (Hedges, 1992, Hansell, 2013). The marine DOM pool is estimated to be 662 Pg C
(Hansell et al., 2009), and comprises a major part of the carbon budget in marine ecosystems.
Marine DOM composition is diverse, containing between tens to hundreds of thousands of
distinct organic molecules (Kim et al., 2003), and a wide range of lability depending on the
variety of molecular compositions in different environments (e.g., Meyer ef al., 1987; Moran and
Hodson, 1994; Amon and Benner, 1996). Additionally, DOM composition and quality are
affected by the inputs of many different sources as well as the complex interactions of abiotic
and biotic processes (Sholkovitz, 1978; Kieber et al., 1990; Miller and Moran, 1997; Hernes and
Benner, 2003).

Coastal ecosystems are important to our understanding of DOM composition due to a
unique combination of carbon inputs from both marine and terrestrial sources (Hedges et al.,
1997). While studies have highlighted coastal regions as important links for carbon reservoirs in
the open ocean (Walsh, 1991, Medeiros et al., 2016), few efforts have been made to understand
the fate and cycling of organic carbon in the coastal ocean, and eventual transport to the open

ocean (e.g., Raymond and Bauer, 2001; Chen and Borges, 2009; Ward et al., 2013; Medeiros et



al., 2016, 2017; Letourneau et al., 2021). Exploring the differences between major DOM inputs
to estuaries provides insight into how DOM from different sources may influence the patterns of
transformation at the molecular level due to biodegradation (Medeiros et al., 2017). For instance,
seasonal changes in river discharge, as is typical in the Southeast U.S., have been shown to
enhance the export of terrigenous DOM to estuaries (e.g., Medeiros et al., 2017; Letourneau and
Medeiros, 2019; Osburn et al., 2019). Tides also have an impact on the DOM composition in
estuaries as sources of DOM shift on short-time scales (Tzortziou et al., 2008; Seidel et al.,
2014). Substantial transformations of DOM composition due to bacterial consumption have also
been observed in Southeastern U.S. coastal waters (Moran and Hodson, 1989, 1994; Miller and
Moran, 1997; Moran et al., 1999; Medeiros et al., 2015b, 2017; Vorobev et al., 2018;
Letourneau et al., 2021). These environmental complexities make quantifying the influence of
sources and biogeochemical processes affecting estuarine DOM composition in estuaries
difficult.

Much remains to be learned about the fate of this terrigenous material in the ocean.
Despite the large inputs, terrigenous DOC (tDOC) is thought to be altered over relatively short
time scales (Benner and Opsahl, 2001; Hernes and Benner, 2003), with the coastal ocean serving
as a major sink (Hedges et al., 1997; Fichot and Benner, 2014). Main mechanisms responsible
for removing tDOC in the coastal ocean include microbial degradation, photochemical processes,
and flocculation (Sholkovitz, 1978; Hernes and Benner, 2003). One approach to uncovering
changes in DOM between freshwater and marine waters values the observation of significant
differences in DOM molecular composition (Sleighter & Hatcher, 2008; Medeiros et al., 2015b),
which is the major focus in CHAPTER 2. Relative to marine DOM, freshwater DOM is typically

more enriched with compounds containing low H/C ratios consistent with more aromatic



structures, a characteristic of terrigenous material (Sleighter & Hatcher, 2008; Medeiros ef al.,
2015a). Though terrigenous DOM is contributed in large volumes (0.25 Pg), it constitutes a
small fraction of the open ocean DOM pool (Hedges, 1992; Opsahl & Benner, 1997) indicating
this material may undergo rapid transformation in estuarine systems (Tzortziou et al., 2008).
Microorganisms are the most abundant marine organic matter producers and consumers, with the
ocean microbiome containing estimated hundreds of thousands of distinctive bacterial, archaeal,
and eukaryotic taxa (Pomeroy, 1974; Hertkorn et al., 2006; Pomeroy et al., 2007; Lechtenfeld et
al., 2015; Sunagawa et al., 2015), and bacteria are the key drivers of the discrepancy between
biological carbon fixation and remineralization (Lechtenfield et al., 2015), as DOM is an
important growth substrate for bacteria (Pomeroy, 1974). Though studies have investigated the
microbial community composition to gain insight into their role modifying the molecular
composition of the DOM pool (Moran et al., 1994, 1999; Osterholz et al., 2016, 2018; Vorobev
et al., 2018), the quality and quantity of DOM produced, consumed, and transformed by these
organisms remains largely unknown (Borges ef al., 2005; Chen & Borges, 2009; Cai, 2011;
Bauer et al., 2013). In addition to the physical impacts on the DOM pool, CHAPTER 2 focuses
on how biological changes are important to short-term shifts in molecular composition.

Many studies have indicated that ocean margins can act as major “filters” of tDOC
between the land and ocean (Hedges et al., 1997; Opsahl and Benner, 1997). This is especially of
interest because riverine transport is the largest delivery of organic matter from land to ocean
(Hedges et al., 1997; Raymond and Spencer, 2015) supplying a quantity sufficient to support the
turnover of dissolved organic carbon (DOC) throughout the ocean (Williams and Druffel, 1987).
Estimates of global transport range from 0.17 Pg C yr! (Dai et al, 2012) to 0.36 Pg C yr'!

(Aitkenhead and McDowell, 2000), with many other estimates over the past five decades falling



in between (e.g., Meybeck, 1982; Smith and Hollibaugh, 1993; Ludwig et al., 1996; Harrison et
al., 2005; Seitzinger et al., 2005; Cai, 2011). Previous studies have found the driving control of
DOM compositional change in many estuarine systems to be water mixing across a marine-
freshwater gradient (Sleighter and Hatcher, 2008; Medeiros et al., 2015b; Osterholz et al., 2016),
and recent studies have shown that over half of the tDOC from the Mississippi-Atchafalaya
River system is mineralized along the northern Gulf of Mexico margin each year (Fichot and
Benner, 2014). In fact, the metabolic state of ocean margins, including the role of CO; exchange
with the atmosphere, is directly affected by the mineralization of tDOC (Smith and Hollibaugh,
1993; Hedges et al., 1997; Opsahl and Benner, 1997; Bianchi, 2011; Cai, 2011; Letscher et al.,
2011; Fichot and Benner, 2014). Since it is likely that the terrigenous material will continue to be
degraded as it is transported offshore, the fraction of terrigenous material exported from that
continental margin is likely to be even smaller. Despite this intense mineralization, studies have
demonstrated that some of the tDOC exported from rivers escapes the continental margin
(Medeiros et al., 2015a; Seidel et al., 2015) and is transported to the open ocean (Medeiros et al.,
2017) and the deep ocean (Opsahl and Benner, 1997; Medeiros et al., 2015¢).

In CHAPTER 3 and CHAPTER 4, I shift my research area to the Amazon River to ocean
continuum, where over 75% of the tDOC delivered to the ocean by the Amazon River can be
exported from the continental margin, particularly during high discharge conditions (Medeiros et
al., 2015a). The Amazon River alone is responsible for discharging between 12-20% of the
global riverine DOC flux to the ocean (Meybeck, 1982; Richey ef al., 1986; Moreira-Turcq et
al., 2003; Raymond and Spencer, 2015), and since the Amazon River discharge is predicted to

increase in future climate scenarios (Manabe et al., 2004; Nohara et al., 2006) delivery of tDOC



to the ocean and the export from the coastal margin may increase even further (Medeiros et al.,
2015b).

Tracing the transport of tDOC in the ocean relying on in sifu observations is challenging.
Not only they are dependent on logistically difficult and expensive field campaigns that only
provide snapshots in time, the transport often occurs in relatively narrow filaments that are easily
missed by low-resolution in situ data. Long-term observations of that transport over large areas
in the ocean can only be achieved via the use of well-calibrated satellite algorithms. Algorithms
based on remote sensing reflectance (Rrs) data from the Moderate Resolution Imaging
Spectroradiometer (MODIS) have been developed to estimate the spectral slope coefficient of
CDOM absorbance from satellite ocean color data (Fichot ez al., 2013; 2014). Recent studies
have shown that the spectral slope coefficient of chromophoric dissolved organic matter
(CDOM) between 275 and 295 nm (S275-295) can be used as a tracer of the percent tDOC in river-
influenced ocean margins (Fichot and Benner, 2012; Fichot et al., 2014; Medeiros et al., 2017a).
Fichot et al. (2014) showed that S»75.205 from satellites agree with in situ S>75.295 measurements
with an average uncertainty of 10%. By using a nonlinear regression to model the relationship
between in situ S>75-205 and tDOC concentration, estimates of tDOC content from ocean color can
be obtained (Fichot ef al., 2014). Thus, CHAPTER 3 focuses on quantifying the cross-shelf
transport of tDOC using satellite observations.

Although much has been learned about the distribution of Amazon River plume waters
(e.g., Salisbury et al., 2011; Fournier ef al., 2015) and the mechanisms driving offshore
advection of freshwater into the tropical Atlantic Ocean (e.g., Fournier ef al., 2017) using
satellite observations, many of these previous studies relied on relatively short time series lasting

only a few years. This precluded the characterization of plume variability at seasonal and/or



lower frequencies. With almost 20 years of satellite observations of ocean color now available,
we adapted and refined the algorithm developed by Fichot ef al. (2013, 2014) to provide a
detailed characterization of seasonal and interannual variability in the distribution of terrigenous
DOC from the Amazon River in the Atlantic Ocean. Identifying areas of enhanced offshore
transport of tDOC as well as the mechanisms controlling the offshore transport are the focuses of

CHAPTER 4.
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CHAPTER 2

ASSESSING THE CONTRIBUTION OF SEASONALITY, TIDES, AND MICROBIAL
PROCESSING TO DISSOLVED ORGANIC MATTER COMPOSITION VARIABILITY IN

A SOUTHEASTERN U.S. ESTUARY'!

"Martineac, R.P., Vorobev, A.V., Moran, M.A., and Medeiros, P.M., 2021. Frontiers in Marine
Science, 8:781580. Reprinted here with permission of the publisher.
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Abstract

Uncovering which biogeochemical processes have a critical role controlling dissolved
organic matter (DOM) compositional changes in complex estuarine environments remains a
challenge. In this context, the aim of this study is to characterize the dominant patterns of
variability modifying the DOM composition in an estuary off the Southeastern U.S. We collected
water samples during three seasons (July and October 2014 and April 2015) at both high and low
tides and conducted short- (1 day) and long-term (60 days) dark incubations. Samples were
analyzed for bulk DOC concentration, and optical (CDOM) and molecular (FT-ICR MS)
compositions and bacterial cells were collected for metatranscriptomics. Results show that the
dominant pattern of variability in DOM composition occurs at seasonal scales, likely associated
with the seasonality of river discharge. After seasonal variations, long-term biodegradation was
found to be comparatively more important in the fall, while tidal variability was the second most
important factor correlated to DOM composition in spring, when the freshwater content in the
estuary was high. Over shorter time scales, however, the influence of microbial processing was
small. Microbial data revealed a similar pattern, with variability in gene expression occurring
primarily at the seasonal scale and tidal influence being of secondary importance. Our analyses
suggest that future changes in the seasonal delivery of freshwater to this system have the
potential to significantly impact DOM composition. Changes in residence time may also be
important, helping control the relative contribution of tides and long-term biodegradation to

DOM compositional changes in the estuary.

Keywords: Dissolved organic matter; DOM composition; Microbial degradation; FT-ICR MS;

marsh-dominated estuary; GCE-LTER; Southeastern U.S.
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1. Introduction

The world ocean is one of the largest reservoirs of organic matter on Earth, containing
approximately the same amount of carbon as atmospheric carbon dioxide (Hedges, 1992;
Walther, 2013). The marine dissolved organic matter (DOM) pool is estimated to be 662 Pg C
(Hansell et al., 2009), and comprises a major part of the carbon budget in marine ecosystems.
Marine DOM composition is diverse, containing between tens to hundreds of thousands of
distinct organic molecules (Kim et al., 2003), and a wide range of lability depending on the
variety of molecular compositions in different environments (e.g., Meyer ef al., 1987; Moran and
Hodson, 1994; Amon and Benner, 1996). Additionally, DOM composition and quality are
affected by the inputs of many different sources as well as the complex interactions of abiotic
and biotic processes (Sholkovitz, 1976; Kieber et al., 1990; Miller and Moran, 1997; Hernes and
Benner, 2003).

Coastal ecosystems are specifically important to our understanding of DOM composition
and transformation due to the combination of carbon inputs from both marine and terrestrial
sources (Hedges et al., 1997). Researching DOM composition in estuaries can elucidate
processes involved in organic carbon production (Bianchi, 2006) and sequestration (Watanabe
and Kuwae, 2015) in these areas. By uncovering how estuaries process DOM, we gain insight
into fluxes of dissolved organic carbon (DOC) to the ocean and fluxes of CO; to the atmosphere,
especially because these regions can be both carbon sources and sinks (Bauer et al., 2013;
Noriega and Araujo, 2014; Canuel and Hardison, 2015). Therefore, determining the
biogeochemical processes that affect DOM composition is important to our understanding of

carbon cycling in estuaries.
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Exploring the differences between major DOM inputs to estuaries provides insight into
which biogeochemical factors are most important in considering transformations in a given
region. For instance, seasonal changes in river discharge, as is typical in the Southeast U.S., have
been shown to enhance the export of terrigenous DOM to estuaries (e.g., Medeiros et al., 2017b;
Letourneau and Medeiros, 2019; Osburn et al., 2019). Tides also have an impact on the DOM
composition in estuaries as sources of DOM shift on short-time scales (Tzortziou et al., 2008;
Seidel et al., 2014). Substantial transformations of DOM composition due to bacterial
consumption have also been observed in Southeastern U.S. coastal waters (Moran and Hodson,
1989, 1994; Miller and Moran, 1997; Moran et al., 1999; Medeiros et al., 2015a, 2017b;
Vorobev et al., 2018; Letourneau et al., 2021). These environmental complexities make
quantifying the influence of sources and biogeochemical processes affecting estuarine DOM
composition in estuaries difficult. Previous studies have found the driving control of DOM
compositional change in many estuarine systems to be water mixing across a marine-freshwater
gradient (Sleighter and Hatcher, 2008; Medeiros et al., 2015a; Osterholz et al., 2016a). Medeiros
et al. (2017b) described how DOM from different sources may influence the patterns of
transformation at the molecular level due to biodegradation. Additionally, studies have
investigated the microbial community composition to gain insight into their role modifying the
molecular composition of the DOM pool (Osterholz et al., 2016a, 2018; Vorobev et al., 2018).

This study aims to build upon prior research by characterizing the most important
patterns of variability modifying the DOM composition in a typical estuary of the Southeastern
U.S. over three seasons. In this context, we used dark incubations on short (1 day) and long (60

days) timescales to compare biodegradation of DOM to seasonal and tidally-driven changes in

15



DOM composition using bulk, optical and molecular chemical techniques coupled with

metatranscriptomic data to assess composition variability at the molecular level.

2. Methods
2.1 Sample Collection and Incubation

Surface water samples were collected in three seasons (July and October 2014, and April
2015) at Marsh Landing in Doboy Sound, Georgia, U.S. (Figure 2.1). Temperatures at the time
of collection were ~30°C, 26°C and 21.5°C for July, October and April, respectively. Doboy
Sound is characterized by marine influence augmented with terrestrial inputs from the Altamaha
River (Medeiros et al., 2015a), the dominant source of freshwater to the area (Schaefer and
Alber, 2007). This study location was selected due to extensive prior research on the gene
expression from ambient microbial communities (e.g., Poretsky et al., 2005, 2010; Gifford et al.,
2011; Hollibaugh et al., 2011, 2013) coupled with characterization of the DOM pool (Medeiros
et al., 2015a, 2017b; Letourneau et al., 2021). Samples from July and October 2014 analyzed
here have been previously described in Vorobev et al. (2018).

In the three seasons, water samples were collected at high and low tide into triplicate 20
L acid-washed carboys for initial (To), and short-term (1 day; T1) dark incubations. Long-term
(60 days; Teo) dark incubations were also pursued for high tide samples in October 2014 and
April 2015. Triplicate TO samples were processed immediately, while triplicate T1 water
containers were wrapped in black plastic and immediately returned to Doboy Sound for a 1-day
(24 hours) incubation before processing. Samples were processed by filtering 3 L through 3 um
pore-size filters (Capsule Pleated Versapor Membrane filters; Pall Life Sciences) to remove

eukaryotic cells, then through 0.2 um pore-size filters (Supor polyethersulfone filter; Pall Life
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Sciences) to collect bacterial cells. The 0.2 um filters were placed in Whirl-Pak plastic bags and
flash-frozen in liquid nitrogen for metatranscriptomic analysis, which was conducted on July and
October samples (Vorobev et al., 2018). Sample filtrates were collected for bulk DOC
concentration, and optical (CDOM) and molecular (FT-ICR MS) composition analyses. Aliquots
for DOC and CDOM analyses were collected and stored frozen (-20°C) and refrigerated (4°C),
respectively. The remaining filtrates (2 L) were acidified to pH 2 (using HCI), and DOM was
extracted with solid phase extraction (SPE) using styrene divinyl benzene polymer (Agilent
Bond Elut PPL) as described in Letourneau and Medeiros (2019).

For the long-term incubations, 4 L water samples were immediately transported to the
laboratory, where inorganic nutrients (20 uM Na>PO4 and 50 uM NH4Cl) were added to the raw
seawater to alleviate inorganic nutrient limitation on bacterial carbon processing. Samples were
then filtered through pre-combusted (5 h at 450°C) 2.7 um pore size filters (GF/D; Whatman)
before dark-incubating in triplicate for 60 days at 24°C. After incubations were complete,
samples were filtered through Pall Supor membrane filters (0.2 um) and filtrates were collected

for DOC, CDOM and FT-ICR MS analyses as described above.

2.2 Bulk DOC and Chromophoric DOM
Dissolved organic carbon concentrations from To, T1, and Teo water samples and SPE-
DOC extracts (dried and resuspended in ultrapure water) were measured using a Shimadzu TOC-
Lcpu analyzer with potassium hydrogen phthalate as a standard. Milli-Q water blanks were tested
before sample analysis and throughout instrument use. Accuracy and precision were tested

against deep-sea reference material (Hansell, 2005) and were better than 5%. SPE extraction
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efficiency across all samples (the SPE extract versus DOC concentration in the original sample)

was 71% + 4% of the DOC. Biodegradation of DOC (%) was determined as

DOCrt.—-DOCT
—To —Tend 100 (1)
DOCr,

where DOCry is the concentration of DOC in the samples before incubations, and DOCreng is the
concentration of DOC in samples after either 1-day or 60-day incubations.

Absorbance measurements of water samples for CDOM were taken at room temperature
using an Agilent 8453 UV-visible spectrophotometer with a 1 cm quartz cuvette. Blank
calibrations using Milli-Q water were performed prior to sample measurement to achieve a
baseline background level. Absorbance was measured from wavelengths 190 to 1,100 nm and
was converted to absorption coefficients as in D'Sa ef al. (1999). The ratio of absorption
coefficients at A = 250 nm to A = 365 nm (a,(250):a¢(365)) was calculated for each sample. The
CDOM absorption ratio is inversely correlated to DOM aromaticity and molecular weight
(Peuravuori and Pihlaja, 1997). The spectral slope (S275-205) was calculated between 275 nm and
295 nm as in Helms ef al. (2008) and has been shown to be correlated negatively with

terrigenous DOM (Fichot and Benner, 2012).

2.3 Molecular Analysis using FT-ICR MS
The molecular composition of DOM extracts (200 mg C L™! in methanol) was analyzed
using a 9.4 T Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS) at the
National High Magnetic Field Laboratory (NHMFL, Florida State University, Tallahassee, FL,
USA) with electrospray ionization (ESI; negative mode). Samples were processed as described
in Vorobev et al. (2018). Briefly, each m/z spectrum was internally calibrated with respect to an

abundant homologous alkylation series whose members differ in mass by integer multiples of
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14.01565 Da (mass of a CH; unit) confirmed by isotopic fine structure (Savory et al., 2011),
achieving a mass error of <0.5 ppm. Molecular formulae were assigned for masses in the range
of 150 and 750 Da by applying the following restrictions: >C-100 'Hi-200 O1-25 "*No-4 So-2, where
the subscripts indicate the range in the number of atoms considered when assigning formulae.
Molecular formulae assignment was performed by Kendrick mass defect analysis (Wu et al.,
2004) using PetroOrg software (Corilo, 2014) as in Letourneau and Medeiros (2019).
Compounds with a signal-to-noise ratio smaller than 6 were discarded from the analysis to
eliminate inter-sample variability based on peaks that were close to the detection limit. The peak
intensity of each molecular formula was normalized by the sum peak intensities of the total

identified peaks in each sample.

2.4 Microbial Analysis
Bioinformatic processing via differential gene expression (DGE) was performed using
the DESeq2 package in R (Love et al., 2014). Genes were mapped on marine microbial genomic
databases (SILVA database, www.arb-silva.de) to identify taxa associated with gene expression.
Separately, principal component (PC) analysis was performed using the normalized gene
expression data from DEseq2 to capture patterns of variability in the microbial samples. A

detailed description of the microbial data processing is presented in Vorobev et al. (2018).

2.5 Ancillary data
River discharge at the Altamaha River is routinely measured by the U.S. Geological
Survey (USGS) at Doctortown, GA (available at http://waterdata.usgs.gov). Temperature and

salinity time series at multiple locations in the estuary are available as part of the Georgia
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Coastal Ecosystem Long Term Ecological Research (GCE-LTER) program (https://gce-
Iter.marsci.uga.edu). Long-term monitoring site GCE6 is located about 3 km from our sampling

site (Figure 2.1).

3. Results

The estuary around Sapelo Island is characterized by strong seasonal variability. Peak
Altamaha River discharge generally occurs in March and April, and discharge is reduced during
summer and fall (Di Iorio and Castelao, 2013). From mid-2014 to early 2015, the Altamaha
River discharge was close to the long-term average (Figure 2.2), with low discharge during the
July and October 2014 sampling periods, and high discharge in April 2015. Consistent with that,
the lowest salinity at the sampling site was observed in April 2015 (Table 1). Salinity in July
2014 was the highest, with October 2014 being characterized by intermediate values. For each

season, salinity at low tide was 1-3 psu lower than during high tide (Table 2.1).

3.1 Patterns of DOC and CDOM Variability

Concentrations of DOC for TO samples were variable between different seasons and tidal
conditions. During the sampling period, DOC ranged from 194 to 337 uM, with larger values for
each season observed at low tide, which is consistent with observations from other systems (e.g.,
Tzortziou et al., 2008; Osterholz et al., 2018). During July and October, mean high tide DOC
concentrations were not significantly different from one another (t-test, p=0.18). In April, when
river discharge was high, mean DOC concentration was significantly different (1.5 times higher)
from both previous seasons (for both, t-test, p<0.01). During low tide, each season’s DOC

concentration was significantly different from one another (ANOVA, F=174.6, df=2,8, p<0.01),
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with July having the lowest DOC concentration, followed by October and then April (Table 2.1).
Seasonal differences in DOC have been observed in previous studies of the region, where DOC
concentrations tend to peak in spring as compared to summer and fall (e.g., Medeiros et al.,
2017a; Letourneau and Medeiros, 2019).

Differences in DOM composition between seasons were quantified by analyzing optical

properties (Table 2.1). At both high and low tides, the observed absorption ratio at A =250 nm

to A = 365 nm was smaller in April than July or October, though all months were significantly
different from one another (ANOVA, high tide: F=14.5, df=2,5, p=0.02; low tide: F=504, df=2,8,
p<0.05). Decreased values for absorption ratios indicate a shift toward more aromatic structures
(Peuravuori and Pihlaja, 1997), which is a typical characteristic of terrigenous DOM (Sleighter
and Hatcher, 2008; Medeiros et al., 2015b). Spectral slope coefficients in April were also
reduced compared to July and October, which is consistent with increased terrigenous content
during spring. No differences in the mean absorption ratio were observed between samples
collected at high or low tides for July and October (t-test, p>0.05), while for April the difference
in the ratio for high and low tide was marginally significant (t-test, p=0.047). S275-205 were not
significantly different for samples collected at high and low tide in all seasons (t-test, p>0.05).
Biodegradation over a short time scale (1-day long incubation) resulted in only small and
non-significant changes in DOC concentrations. Long-term dark incubations (60 days; T60)
performed on high tide samples revealed larger changes, however. The percent of DOC
biodegraded was slightly higher in October (11.7%) than in April (9.0%). The absorption ratio
(ag(250):a4(365)) decreased in most incubations (Table 2.1), indicating a shift toward more

aromatic structures in the remaining DOM pools.
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3.2 Drivers of DOM Composition Variability

DOM composition was investigated at the molecular level using FT-ICR MS analysis.
Over 5,000 molecular formulae were assigned for triplicate samples over three seasons. The vast
majority of the molecular formulae identified were observed in all seasons. Considering all
replicates, there were only 36, 10 and 8 formulae that were observed exclusively in July, October
and April, respectively. There were 157 formulae that were observed in October and April but
not in July, however. These formulae were characterized by small H/C and especially O/C ratios
(H/C=1.02+0.31, O/C=0.29 £ 0.17), suggesting that some of the most aromatic compounds
may have been missing from samples collected during summer.

To decipher environmental drivers of DOM variability using FT-ICR MS, DOM
composition for pre- and post-incubation (1 day) samples collected in different seasons and tidal
conditions were decomposed into principal components (Bro and Smilde, 2014). Analyses were
run in Matlab using all replicates simultaneously after normalization by the standard deviation
between samples and mean centering (Figure 2.3). Only modes that were statistically significant
(95% confidence level) are shown (Overland and Preisendorfer, 1982). Plots of PC scores are
related to van Krevelen diagrams of the loadings; for a given sample, where the score of a PC is
positive, DOM is relatively enriched with compounds associated with molecular formulae whose
loadings for that PC are positive and relatively depleted with those whose loadings are negative.

The dominant PC (PC 1) accounted for 28% of the total variance in DOM composition in
Doboy Sound during the sampling period and separated samples according to sample month. The
analysis showed samples from months with lower salinities (Table 2.1) tending toward higher
PC 1 scores (Figure 2.3A). Analysis of a van Krevelen diagram of the loading of PC 1 showed a

tendency for high positive loadings to cluster at low H/C ratios, and low negative loadings to
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cluster at high H/C ratios (Figure 2.3B). This is similar to the pattern observed in river-to-ocean
transects (Medeiros et al., 2015b), as the terrigenous vs. marine gradient of DOM sources in the
system has previously been defined (Medeiros ef al., 2015a), and terrigenous DOM is known to
be enriched with molecular formulae with low H/C ratios (Sleighter and Hatcher, 2008). Thus,
DOM samples were enriched with compounds with more terrigenous characteristics in April and
shifted toward having a more marine character during July. This corroborates previous studies in
this region that found that DOM has a more terrigenous character during spring than summer and
fall (e.g., Letourneau and Medeiros, 2019), and suggests that the most important pattern of DOM
variability in the estuary occurs at seasonal scales, likely associated with variations in river
discharge (Figure 2.2).

Within the same analysis, high and low tide samples from each season were separated
along PC 2 (Figure 2.3A), which represented 10% of the total variance in DOM composition for
the samples. This suggests the secondary mode of variance in DOM composition is influenced
by tidal variability. High tide samples were relatively enriched with compounds found near the
center of the van Krevelen diagram (shown in blue in Figure 2.3C), while low tide samples for
all seasons were comparatively enriched with compounds near the periphery of the diagram
(shown in red in Figure 2.3C). A separate plot (not shown), which contours the molecular mass
of each formula as a function of its O/C and H/C ratios in van Krevelen space, indicates that
compounds near the center of the diagram are generally characterized by higher molecular mass.
Indeed, comparing the loading of PC 2 with the molecular mass of the respective compounds
indicates that molecular formulae relatively enriched during low tide (~8% of all formulae) were
characterized by low molecular mass (< ~300 Da), while formulae relatively enriched during

high tide (~12% of all formulae) were characterized by high molecular mass (> ~400 Da)
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(Figure 2.4). Although low tide samples were enriched with formulae found at the lower sector
of the diagram (low H/C ratios; 3.9% of all formulae), which are characterized by high
aromaticity (Koch and Dittmar, 2006; 2016), they were also enriched with formulae with high
H/C ratios (4.1% of all formulae), which are less aromatic (Figure 2.3C). This suggests that the
overall aromaticity of the DOM may not have been strongly affected by tides. This could help
explain the results described earlier based on the optical data, which showed that low and high
tide samples were not significantly different with respect to the absorption ratio at A = 250 nm to
A =365 nm and to S>75-205 (Table 2.1), which are related to DOM aromaticity (Peuravuori and
Pihlaja, 1997) and to the terrigenous content of the DOM (Fichot and Benner, 2012),
respectively.

In all cases including different seasons and tidal conditions, the impact of short-time scale
biodegradation on DOM composition was comparatively small. No significant differences were
observed between the PC scores for samples within a given month and tidal phase before and
after the 1-day incubations (Figure 2.3A). Collectively, the analyses revealed that the dominant
factor controlling DOM composition during the study period varied at seasonal scale. That was
followed by tidal variability, with microbial degradation over short time scales having a smaller

effect.

3.3 Drivers of change in gene expression
Changes in DOM chemical composition are difficult to measure on short time scales
because the highly labile compounds make up a small proportion of total DOM at any one time
(Hansell, 2013; Moran et al., 2016). Further, methods for concentrating DOM are not efficient at

capturing low molecular weight (LMW) and polar compounds, typically important components
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of the most labile DOM (Kujawinski, 2011). Instead, we used differences in gene expression by
microbial taxa as a proxy for chemical differences in DOM composition over the 1-day
incubations (Vorobev et al., 2018). Homology searches of metatranscriptomic reads against
marine microbial genomic data allowed expression of individual genes to be associated with
their taxonomic origin.

Vorobev ef al. (2018) used metatranscriptome and FT-ICR MS analyses together to
characterize components of labile DOM in these samples. Here, given that gene expression data
are only available for July and October 2014, we repeated the analysis of DOM composition
using only samples collected in those months (Figure 2.5A), which yielded results consistent
with those described before. Despite the fact that the chemical (FT-ICR MS) and microbiological
(functional assignments of transcripts) assessments largely tracked different components of the
DOM pool, we noted that the important scales over which changes occurred coincided. The
largest differences in both cases were observed between seasons and then for different tidal
phases, with short-term incubations having a comparatively smaller effect (Figure 2.5A,B). Yet,
analysis of specific gene functions differentiated shifts in microbial uptake and metabolism after
the 1-day incubation (Vorobev et al., 2018). Within the 50 highest transcript-recruiting reference
genomes, July had statistically elevated transcript abundance of Actinobacteria (p=0.01),
Nitrosomondales (p=0.04), Rhodospiralles (»p<0.05), SAR 11 (p=0.02), and SAR 86 (p=0.03) as
compared to October, while in October the Archaea taxon Euryarchaeota (p<0.05) was the
greatest contributor to metatranscriptomes (Figure 2.6). Following the pattern of DOM driver
importance, tides secondarily impacted taxon-based gene expression patterns. Specifically, we
observed small variations in the taxa contributing most to gene expression for different tidal

stages within a season. While no differences in transcript production by taxon was observed
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between tides during October, in July the Verrucomicrobia population for TO samples increased
during low tides (p<0.05) (Figure 2.6). Kara and Shade (2009) reported that over a time scale of
a few days (74 h), the microbial community composition near Doboy Sound was most impacted
by tides, which is consistent with our observations that once seasonality is removed, the

influence of tides becomes more evident.

3.4 DOM Compositional Variability on Long Timescales

In the absence of highly labile compounds, microbial transformation is constrained to the
components of DOM that are more recalcitrant and less energetically favorable to metabolize.
Over time, these slower microbial transformations of DOM accumulate and can typically be
observed after several weeks (e.g., Medeiros et al., 2017b; Logozzo et al., 2021). To observe
effects of long-term biodegradation on DOM and quantify the relative importance in comparison
to other processes, analyses were repeated including the samples collected at the end of the 60-
day long incubations (T60). Given the constraints imposed by the PC analyses, however, it is
difficult to interpret transformations associated with tidal variability and long-term
biodegradation considering all samples together, since additional modes of variability must be
orthogonal to the dominant mode associated with seasonal variability. This often results in
variability associated with processes of secondary importance being split into more than one
mode (Medeiros et al., 2017b). Thus, we chose to remove the influence of seasonal variability by
repeating the analysis separately for each season. This allowed us to assess the relative
contributions of tidal variability versus long-term biodegradation to changes in DOM

composition in each season.
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During October 2014, the dominant PC separated the high tide T60 samples from both T0O
and T1 collected during high or low tide, indicating that the change in DOM composition due to
the long-term degradation was larger than the differences in DOM composition observed
between different tidal phases (Figure 2.7A). Conversely, during April 2015 the high tide TO-
T60 samples represented a smaller difference in DOM composition compared to the difference
found between high tide and low tide TO samples (Figure 2.7B). Thus, the change in DOM
composition due to long-term incubations was larger than due to tidal variability in October, but
the opposite was true in April. We note that the salinity difference between high and low tide
conditions at an oceanographic mooring located ~3 km from our sampling location was
significantly higher in April 2015 than in October 2014, and the average salinity was lower in
spring (Figure 2.8). This is consistent with river discharge data and indicates that more

freshwater was present in the system in April (Table 2.1).

4. Discussion

Dissolved organic matter composition and transformation play an important role in a
variety of processes in estuaries, including nutrient availability, bacterial production, and carbon
export to the coastal ocean (Hedges et al., 1997; Aitkenhead-Peterson et al., 2003; Crump et al.,
2009; Moran et al., 2016; Medeiros et al., 2017a). Several processes are known to influence
DOM composition in estuarine settings at various spatial and temporal scales. Here, we assess
the relative importance of seasonality, tides and microbial processing on variations in DOM
composition in the estuary around Sapelo Island, off the Southeastern U.S. Our analyses revealed
that the primary mode of variability in DOM composition in Doboy Sound occurs at the seasonal

scale and is associated with the terrigenous content of the DOM. This is consistent with previous
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studies that have shown that the seasonal delivery of freshwater to the system plays an important
role controlling DOM composition in the estuary (Medeiros et al., 2015a). Given that our
samples were collected during 3 instances in the year, we cannot compute correlations between
DOM composition and environmental drivers such as river discharge. However, Letourneau and
Medeiros (2019) analyzed monthly time series of DOM composition at the mouth of the
Altamaha River to show that the terrigenous signature of the DOM delivered to the estuary is
highly correlated with river discharge when river flow is higher than 150 m* s'!, while for low
discharge conditions the signature of marsh-derived inputs can be observed. Letourneau and
Medeiros (2019) samples were all collected in high tide conditions, however, so they were not
able to assess the relative importance of seasonal variability associated with riverine inputs and
variability at semi-diurnal scales associated with tides, which has been shown to be of critical
importance in other estuaries (e.g., Tzortziou et al., 2008; Cao and Tzortziou, 2021). By
analyzing samples from different seasons collected twice on each tidal cycle, we were able to
expand on Letourneau and Medeiros (2019) analyses by directly comparing the relative
importance of riverine inputs and tidal stage.

Although seasonal variability likely due to riverine inputs is dominant, the analyses also
revealed significant increases in DOC during low tide conditions, which is consistent with results
of Tzortziou et al. (2008) for Chesapeake Bay. Optical analyses (absorption ratio at A = 250 nm
to A =365 nm; spectral slope: S275-295) revealed no significant differences in DOM composition
between high and low tide conditions, however. This is surprising, considering that Tzortziou et
al. (2008) reported strong tidal modulation in optical properties in Chesapeake Bay, with a clear
signature of marsh-exported CDOM during low tide. Given that our samples were collected in a

relatively wide (~220 m) channel close to the main channel of Doboy Sound (which is itself 1.6
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km wide and 10 m deep), relatively far from narrow and shallow tidal creeks (see Figure 2.1 for
sampling location), it is possible that the influence of marsh-derived DOM introduced at low tide
was diluted at our study site, resulting in a smaller difference in DOM composition between high
and low tide conditions. The chemical analyses at the molecular level revealed that DOM at high
and low tide conditions have distinct compositions, though. During low tide, DOM in all seasons
was relatively enriched with highly aromatic compounds (Koch and Dittmar, 2006; 2016), which
is consistent with the observations from Chesapeake Bay (Tzortziou et al., 2008). However,
DOM during low tide was also relatively enriched with aliphatic compounds characterized by
high H/C ratios (Seidel et al., 2014). Thus, the overall aromaticity of the added DOM may not be
much different than the original signature, which could contribute to the optical signatures
reflecting the average aromaticity of the DOM (Peuravuori and Pihlaja, 1997) not being
significantly different between low and high tide. We were not able to quantify the specific
contribution of the input of the aromatic or aliphatic compounds to the optical signature of each
sample since that would depend on the change in concentration and in the extinction coefficient
of each compound, none of which are known.

We were also able to identify the relative contribution of microbial degradation to DOM
compositional changes, which showed that on short time scales transformations due to microbial
activity were small when compared to variations associated with seasonal or tidal variability.
This is likely affected by the low inventory of biologically labile compounds maintained in
seawater combined with the poor capture efficiency of LMW molecules by solid-phase
extraction methods (Kujawinski, 2011; Moran et al., 2016). Short-term incubations were done
with whole seawater to mimic in situ conditions as close as possible, and thus included a full

range of trophic levels including bacterial grazers. The bacterial cell number decreased by ~20%
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during the incubation; however, numbers were between 1.3 and 2.4 million cells per milliliter,
and therefore were sufficient in number to assimilate available DOM.

Collectively, this analysis provided an assessment of the relative importance of these
three processes in modifying DOM composition during the study period. The
metatranscriptomics data largely mirrored these results, with tidal scale being of secondary
importance relative to seasonal scale. As was the case for DOM composition, short-term
incubations were found to have a smaller effect on variability in the microbial data. It is likely
that both DOM chemical composition and the microbial response to DOM composition primarily
followed terrestrial versus marine water mass budgets in the estuary (e.g., higher influence of
freshwater in April during peak river discharge; high influence of oceanic water during high tide
for each season) as has been observed in the Delaware Estuary (Osterholz et al., 2018).

Although short-term biodegradation was found to have a comparatively small effect on
DOM composition, our analyses indicate that over longer time scales microbial activity
significantly altered the DOM chemistry. Indeed, while DOM composition changes in the 1-day
incubations reported here have been previously shown to be consistent with microbial cleavage
of functional groups from semi-polar compounds (Vorobev et al., 2018), changes over longer
time scales are consistent with progressive transformation of functional groups of intermediates
in degradation pathways, resulting in larger net changes in DOM composition (Medeiros ef al.,
2017b). Our analyses indicate that over these longer scales, microbial biodegradation can
produce DOM composition differences comparable to that observed in response to tides,
previously recognized to be important (e.g., Tzortziou et al., 2008; Cao et al., 2018; Cao and
Tzortziou, 2021). Thus, if estuarine residence time is large in comparison to the time scale of

biodegradation, microbial activity can exert a first-order effect on DOM composition. Here,
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estuarine water was incubated for 60 days, which is longer than the residence time in the system
(Wang et al., 2017). However, Medeiros et al. (2017b) pursued dark incubations of Doboy
Sound water for different durations and identified molecular formulae whose relative abundances
were enriched or depleted during the incubations. They showed that the difference in the average
mass of these formulae was similar for incubations lasting 35 and 70 days. This suggests that
significant changes in DOM composition occur on times scales of 1 month. Logozzo et al.
(2021) used dark incubations of Chesapeake Bay water to show that significant changes in DOC
concentration and DOM composition due to microbial activity can occur on time scales of 2
weeks. Microbial activity can therefore play an important role controlling DOM dynamics in at
least some areas of the estuary. Residence time at the Altamaha River averages only a few days
(Sheldon and Alber, 2002) but can reach several weeks in many parts of the estuary (Wang et al.,
2017). For example, DOM composition was significantly enriched in terrigenous molecules 30
days after the passage of Hurricane Irma in 2017, indicating a residence time of at least 1 month
for organic material introduced during the passage of the storm (Letourneau ef al., 2021) and
sufficient time for microbial transformation before export to the coastal ocean.

The relative importance of tidal variability versus long-term incubation differed between
October 2014 and April 2015. While tidal variability drove larger DOM changes than did long-
term biodegradation in spring, the opposite was true in the fall. This may be related to seasonal
differences in DOM lability, which has often been linked to DOM source (Obernosterer and
Benner, 2004), including for this system (e.g., Medeiros et al., 2017b). More labile components
of the DOM may have been available to microbes in October 2014 than in April 2015, resulting
in larger DOM transformation. Indeed, we observed slightly more DOC long-term degradation in

October (11.7%) than in April (9.0%) (Table 2.1). Alternatively, the high and low tide difference
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in DOM composition in April 2015 could be related to a greater freshwater content in the estuary
during that time. Time series data of salinity at the main channel of Doboy Sound (see Figure
2.1 for location), ~3 km from our sampling site, indicated that the salinity difference between
high and low tide conditions in October 2014 was about 2 psu, but in April 2015 that difference
was about 6 psu (Figure 2.8). Thus, it is possible that the comparatively larger importance of
tidal variability in April 2015 was simply because a stronger gradient in freshwater content (and
presumably in DOM composition) was advected back and forth by tidal currents across our
sampling location. This also highlights an important aspect of the influence of tides on DOM
composition in estuaries. Although in some cases variability may be associated with an input of
organic matter, such as from salt marshes (Tzortziou et al., 2008), representing an actual
alteration of DOM composition, other tidally-linked changes in DOM composition at a given site
may be due to a gradient of dissolved organic matter advected back and forth across the site.

We note that our analyses cannot fully resolve seasonal variability, given that samples
were collected in three different months in a single 12-month period. As such, variability at
different scales (e.g., interannual) may have been aliased into the seasonal component of
variability extracted by our analyses. Our results for different months are consistent with those
reported by Letourneau and Medeiros (2019), however, suggesting that a similar pattern of
variability is observed in different years. Similarly, because of sampling constraints, only 2
samples (with triplicates) were collected to represent tidal differences in each season, one at high
and another at low tide. Although this does not allow for tidal variability to be fully resolved or
for correlations with sea level height to be computed, the fact that results were quantitatively
similar for all seasons (i.e., shift in second principal component for low tide samples was similar

for all months; Figure 2.3) suggests that the change in composition reported here is robust and
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repeatable for different tidal cycles. Our analyses indicate that short-term transformations due to
biodegradation are small compared to other drivers for the fraction of the DOM captured by our
analysis, which excludes LMW compounds known to be highly labile (Kujawinski, 2011) as
well as classes of compounds often targeted by microorganisms (e.g., polysaccharides, Rich et
al., 1996). Thus, the true importance of biodegradation changing DOM composition in estuaries
over short-time scales may be underestimated by our analyses. Lastly, we focused on only a few
factors that could be affecting DOM composition in estuaries, representing a first step toward
assessing their relative importance. Future studies attempting to isolate and quantify the relative
importance of other drivers, such as photochemistry, flocculation, and inputs associated with
phytoplankton and zooplankton activity (Hedges, 1992), will advance our understanding of
DOM dynamics in complex coastal environments.

Assessing the contribution of different drivers to DOM composition in estuaries is
critically important to understand future changes in these systems. The atmospheric supply of
water vapor to the Southeastern U.S. is predicted to be modestly reduced in the future (Seager et
al., 2009), and the frequency of low Altamaha River discharge conditions has shown signs of
increasing in recent decades (e.g., Medeiros et al., 2015a). Given that change in DOM
composition at seasonal scales, likely associated with river discharge, is the most important
mode of variability in the system, predicted changes in the hydroclimate can be accompanied by
changes in DOM composition. Future changes in river discharge (and other factors driving local
circulation, such as wind forcing) will likely also affect estuarine residence time (Sheldon and
Alber, 2002; Wang et al., 2017) and therefore the time available for microbial activity to modify
the DOM before export to the coastal ocean. Lastly, understanding the relative contributions of

the various processes investigated here is important to highlight the likely factors explaining
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spatial and/or temporal differences in DOM composition in estuarine regions, and to set the

context for observed differences in DOM composition between different systems.
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Figure 2.1: (left) Sampling location in Doboy Sound, GA (red circle). Salt marshes and uplands
are shown in gray and white, respectively. Colors indicate bottom topography in meters.
Location of oceanographic mooring GCE6, where salinity time series was obtained (see Figure

2.8), is shown by red cross. (right) Region around sampling site is shown in detail.
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Figure 2.2: Time series of Altamaha River discharge at Doctortown, Georgia (black). Long-term

average is shown in gray. Red vertical lines indicate sampling periods.
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Figure 2.3: Principal component analysis of DOM composition. (A) Scores of the principal
components from the same month are circled and labelled. Solid and open symbols represent TO
and T1, respectively. Circle and square symbols represent high tide and low tide, respectively.
Van Krevelen diagrams color coded with loadings of (B) PC 1 and (C) PC 2 are also shown. The

first and second principal components explained 28% and 10% of the variance.
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2 shown in Figure 2.3C. Positive loadings (shown in red) represent molecular formulae enriched
in samples collected at low tide (LT), while negative loadings (shown in blue) represent

formulae enriched in samples collected at high tide (HT).
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Figure 2.5: Comparison of patterns of variability between chemical and microbial data. Black
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and T1, respectively. Circle and square symbols represent high tide and low tide, respectively.
(A) PCA scores of DOM composition. The first and second principal components explained 32%
and 9% of the variance. (B) Corresponding PCA scores for gene expression data. The first and

second principal components explained 66% and 13% of the variance.
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October, respectively. Solid and open symbols represent TO and T1, respectively. Circle and
square symbols represent high tide and low tide, respectively. In some cases, error bars are
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Figure 2.7: Principal component analyses of DOM composition including long-term incubations
for (A) October 2014 and (B) April 2015. TO and T60 samples are grouped with ellipses for
emphasis, while arrows emphasize the extent of DOM transformation over the incubation period
based on the first two principal components. The first and second principal components

explained 26% and 21% of the variance in (A) and 24% and 13% in (B).
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Figure 2.8: Time series of salinity at oceanographic mooring GCE6 at the main channel of

Doboy Sound (see Figure 2.1 for location) during October 2014 and April 2015 collections. Red

circles indicate timing of sample collection.
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Table 2.1: Environmental, bulk and optical measurements for seasonal DOM samples collected
at Doboy Sound (GA) at high and low tides.

TO
T1
T60

TO

T1

T60

TO

T1

T60

July 2014 October 2014 April 2015
High tide Low tide High tide Low tide High tide Low tide
Salinity
33 30 28 27 25 23
DOC (uM)
1940+6.7 2493 +7.8 198.2+58 3249+42 291.1+£63 337.1+6.2
190.1+7.1 2509+87 193.0+3.4 3094+94 288.6+63 331.6+4.2
- - 175.1+3.3 - 264.8+5.7 -
ag(250):a4(365)
6.04+022 597+0.10 633+£0.12 6.39+0.21 559+0.04 5.68+0.03
6.08+0.05 586+030 6.19+£0.06 620+£020 555+0.01 5.66+0.01
- - 6.09 +0.14 - 5.51+0.02 -
8275205 (X10° nm!)
17.27 + 16.80+0.14 17.11+0.11 17.38 + 15.67 +0.06 15.66 =
0.25 0.19 0.05
17.30 + 16.57+0.40 17.15+0.19 16.98 + 15.60 £ 0.13 15.80 =
0.10 0.03 0.15
- - 16.92+0.17 - 15.83 £ 0.06 -
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CHAPTER 3

AMAZON RIVER PLUME TERRIGENOUS DISSOLVED ORGANIC CARBON FROM
SATELLITE OBSERVATIONS. PART I: SEASONAL AND INTERANNUAL

VARIABILITY?

2Martineac, R.P., Castelao, R.M., and Medeiros, P.M. To be submitted to Journal of Geophysical
Research: Oceans.
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Abstract

The Amazon River is a large source of freshwater and terrigenous dissolved organic
carbon (tDOC) to the western tropical Atlantic Ocean. Understanding the distribution and fate of
tDOC in the ocean is important because it influences a variety of biogeochemical processes.
Here, we harness the near 2-decade-long time series of satellite observations of ocean color from
Moderate Resolution Imaging Spectroradiometer (MODIS) to describe seasonal and interannual
variability in tDOC content in the Amazon River plume. Our analyses revealed good agreement
between surface salinity and tDOC content, suggesting that tDOC is a robust tracer of riverine
water in the region. The tDOC distribution of the Amazon River plume has a distinct seasonal
pattern, reaching northwest along the Atlantic coast of South America towards the Caribbean
during maximum discharge periods, and moving eastward entrained in the North Brazil Current
retroflection during minimum discharge periods. Maximum variability is found at the plume
core, where seasonality accounts for 40% of the total variance. Elevated tDOC content extended
beyond the shelfbreak in some capacity in all months of the year, suggesting that cross-shelf
carbon transport occurs year-round. The long-time series also allowed for interannual variability
to be quantified. Accounting for 15% of the total variance in the core of plume, interannual
variability in tDOC is often associated with hydrological changes. Overall, we found MODIS-
tDOC to be an effective tracer for the Amazon River plume, with great potential to be used for

identifying events of increased off-shelf tDOC transport.

Keywords: terrigenous dissolved organic carbon, Amazon River plume, ocean-color, remote

sensing, MODIS, SMOS.
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1. Introduction

The dissolved organic matter (DOM) pool in the ocean holds an amount of carbon
comparable to the atmospheric carbon pool, making DOM an important component of the global
carbon cycle (Hansell, 2013). There are many sources of DOM in the ocean, each contribution
highly variable and complex chemical compositions (Hopkinson, 1985). An important source is
the export of organic carbon from rivers to the ocean. Rivers contribute enough carbon to
maintain the steady-state concentration of oceanic dissolved organic carbon (DOC), upwards of
250-260 Tg C y! (1 Tg=10'2 g) (Hedges et al., 1997; Raymond and Spencer, 2015). Much
remains to be learned about the fate of this terrigenous material in the ocean. Despite the large
inputs, terrigenous DOC (tDOC) is thought to be altered over relatively short time scales (Benner
and Opsahl, 2001; Hernes and Benner, 2003), with the coastal ocean serving as a major sink
(Hedges et al., 1997; Fichot and Benner, 2014). Main mechanisms responsible for removing
tDOC in the coastal ocean include microbial degradation, photochemical processes, and
flocculation (Sholkovitz, 1978; Hernes and Benner, 2003). The metabolic state of ocean margins,
including the role of CO» exchange with the atmosphere, is directly affected by the
mineralization of tDOC (Smith and Hollibaugh, 1993; Hedges et al., 1997; Opsahl and Benner,
1997; Bianchi, 2011; Cai, 2011; Letscher et al., 2011; Fichot and Benner, 2014).

Many studies have indicated that ocean margins can act as major filters of tDOC between the
land and ocean (Hedges ef al., 1997; Opsahl and Benner, 1997). In the northern Gulf of Mexico
(GoM), for example, recent studies have shown that over half of the tDOC from the Mississippi-
Atchafalaya River system is mineralized along the margin each year (Fichot and Benner, 2014).
Since it is likely that the terrigenous material will continue to be degraded as it is transported

offshore, the fraction of terrigenous material exported from that continental margin is likely to be
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even smaller. Despite intense mineralization occurring in many coastal regions, other studies
have demonstrated that a large fraction of the tDOC from rivers can escape the continental
margin (Medeiros et al., 2015; Seidel et al., 2015) and be transported to the open ocean
(Medeiros et al., 2016). Terrigenous DOC has indeed been observed in the deep Atlantic and
Pacific Oceans (Opsahl and Benner, 1997; Medeiros et al., 2016). In the Amazon River to ocean
continuum, up to 75% of the tDOC delivered to the ocean by the river can be transported off the
continental margin, particularly during high discharge conditions (Medeiros ef al., 2015). Since
the Amazon River discharge is predicted to increase in future climate scenarios (Manabe ef al.,
2004; Nohara et al., 2006), the delivery of tDOC to the ocean and the export from the coastal
margin may increase even further (Medeiros et al., 2015).

Tracing the transport of tDOC in the ocean relying on in sifu observations is challenging. Not
only are such observations dependent on logistically difficult and expensive field campaigns that
only provide snapshots in time, the transport often occurs in relatively narrow filaments that are
easily missed by low-resolution in situ data. Long-term observations of that transport over large
areas in the ocean can only be achieved via the use of well-calibrated satellite algorithms. Recent
studies have shown that the spectral slope coefficient of chromophoric dissolved organic matter
(CDOM) between 275 and 295 nm (S275-295) can be used as a tracer of the percent tDOC in river-
influenced ocean margins (Fichot and Benner, 2012; Fichot et al., 2014; Medeiros et al., 2017).
Algorithms based on remote sensing reflectance (Rrs) data from the Moderate Resolution
Imaging Spectroradiometer (MODIS) have been developed to estimate the spectral slope
coefficient of CDOM absorbance from satellite ocean color data (Fichot et al., 2013; 2014).
Fichot et al. (2014) showed that S»75.205 from satellites agree with in situ S»75.295 measurements

with an average uncertainty of 10%. By using a nonlinear regression to model the relationship
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between in situ S275-295 and tDOC concentration, estimates of tDOC content from ocean color can
be obtained (Fichot et al., 2014).

Although much has been learned about the distribution of Amazon River plume waters (e.g.,
Salisbury et al., 2011; Fournier et al., 2015) and the mechanisms driving offshore advection of
freshwater into the tropical Atlantic Ocean (e.g., Fournier et al., 2017) using satellite
observations, many of these previous studies relied on relatively short time series lasting only a
few years. This precluded the characterization of plume variability at seasonal and/or lower
frequencies. With almost 20 years of satellite observations of ocean color now available, we
adapted and refined the algorithm developed by Fichot et al. (2013, 2014) to provide a detailed
characterization of seasonal and interannual variability in the distribution of terrigenous DOC
from the Amazon River in the Atlantic Ocean. Identifying areas of enhanced offshore transport
of tDOC as well as the mechanisms controlling the offshore transport are the focuses of Chapter

4.

2. Methods
2.1 In situ observations

In situ surface observations were collected in the Amazon River plume during two
research cruises to the western tropical Atlantic Ocean, one in September/October 2011 and one
in July 2012 (Figure 3.1). Samples collected during September/October 2011 coincided with a
low discharge period (~110,000 m? s'!), while sampling in July 2012 followed a record peak in
river discharge (maximum of ~370,000 m? s!). Data collection and chemical analyses are
described in detail in Medeiros et al. (2015), Seidel et al. (2015) and Cao et al. (2016), and

included DOC concentrations, bulk §'3C ratios of DOC and S>75.295. The in situ concentration of
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tDOC was determined as
[tDOC] = [DOC] X fipoc (1)

where [DOC] and [tDOC] are the in situ DOC and tDOC concentrations, respectively, and fipoc

_ 13(:Sam1r)le_ 136marine
fipoc = )

13Cterrigenous— 3Cmarine

is the fraction of terrigenous DOC in the sample estimated using 6'*C measured as reported in
Medeiros et al. (2015) for marine and terrigenous end members, as well as the sample value. A
nonlinear regression of the form (Fichot et al., 2014)

In ([tDOC])=exp (o — P * S275-205) + exp (Y — 0 X $275-295) 3)
was used to parameterize the relationship between the in situ spectral slope measurements and
the in situ tDOC concentrations estimated using Eq. (1), where

a=4.083, =280.382, y=1.886 and 6=36.418.
This allowed for tDOC to be estimated from S>75.205 measurements (Figure 3.2a). We noted a
seemingly better agreement with 2011 data vs 2012. This could be due to data from 2012
extending closer to the river mouth, where high levels of suspended sediments are observed
(Devol and Hedges, 2001). Errors in ocean-color remote sensing are generally increased under

high-sediment conditions (e.g, Salisbury et al., 2011).

2.2 Terrigenous DOC from satellite observations
To link in situ data and satellite observations, we followed Fichot et al. (2014) to obtain
satellite-derived estimates of spectral slope via log-linearized Rrs(A) at A=443, 488, 555, 667 and
678 nm from MODIS:
In (S275-205)= € + { % In (Rrs(443)) + n % In (Rrs(448)) +

0 x In (Rrs(555)) + @ x In (Rrs(667)) +x x In (Rrs(678)) (4)
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where

e=-3.1221, (=0.0673, n=0.3266, 6=-0.07457, ¢=-0.4599, and ¥=0.2917
are the derived regression coefficients from Fichot et al. (2014). The data collection during the
research cruises to the Amazon River plume in 2011 and 2012 did not include in situ data of Rrs.
As such, we use the regression coefficients listed in Eq. (4), which were derived by Fichot et al.
(2014) using observations from the continental margin in the northern Gulf of Mexico, under the
influence of the Mississippi River plume. We note that a nonlinear regression with form similar
to Eq. (4) with slightly different coefficients was successfully used in the Arctic Ocean (Fichot et
al., 2013). Furthermore, Fichot et al. (2014) note that although region-specific parameterizations
are always ideal, they applied the algorithm developed for the Gulf of Mexico (Eq. 4) to their
Arctic Ocean data set (Fichot et al., 2013) for testing purposes, which yielded accurate estimates
of 8275205 (Within £10% error). This led Fichot ef al. (2014) to conclude that the algorithm should
work well in other coastal environments under the influence of large tDOC inputs. To evaluate
this, MODIS-derived spectral slopes derived from Eq. (4) were compared with in situ point-
measurements of spectral slope. Comparisons between in sifu and satellite-derived observations
are always challenging, in part because in sifu data represents a single location in space, while
satellite observations represent averages over the satellite footprint size. In the case of MODIS-
Aqua, a spatial resolution of 250 m was used in this study, with a footprint size of ~10 km.
Additionally, substantial gaps in data coverage are observed in the region in daily satellite
observations due to cloud cover. To address this, we built 7-day averages of the satellite
observations centered around the time of in situ data collection before comparison with in situ
measurements. Despite these uncertainties, in sifu and remote-sensed spectral slope coefficients

were found to be significantly correlated (r=0.83, p<0.01).
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Once maps of S275.295 were obtained based on MODIS data using Eq. (4), satellite-derived
estimates of tDOC could be obtained using Eq. (3). The 7-day averages of satellite-derived tDOC
were compared with the in sifu point-measurements of tDOC from Eq. (1) (Figure 3.2b), which
again resulted in a statistically significant correlation (#=0.78, p<0.01). The daily tDOC
estimates from MODIS were then used to build monthly averages. This method has been shown
to provide accurate estimates of tDOC concentrations in the Gulf of Mexico (Fichot et al., 2014)
and in the Arctic Ocean (Fichot et al., 2013), suggesting that it can be applied successfully to
other regions where optical data can be used to identify tDOC, as in the Amazon River plume
(Cao et al., 2016).

To quantify intraseasonal, seasonal and interannual variability in tDOC content in the
western tropical Atlantic Ocean, we first low-pass filtered the monthly data using a 12-month
filter (cosine-Lanczos filter; Mooers and Smith, 1968). That captured mostly interannual
variability (Legaard and Thomas, 2006). The residue between the original time series and the
low-pass filtered data includes variability at seasonal and higher frequencies. We then low-pass
filtered the residue time series with a 6-month window to extract the seasonal signal. The new
residue contains mostly intraseasonal variability. At each location, we follow Legaard and
Thomas (2007) and approximate the total variance of the time series as the addition of the
variance of the time series at the different frequency bands (i.e., intraseasonal, seasonal and
interannual). The error associated with this assumption (i.e., the difference between the variance
of the original data and the sum of the variances of the multiple time series for the different

frequencies considered) is generally less than 15%.

2.3 Sea surface salinity from satellite observations

To track the temporal and spatial evolution of the Amazon River plume, satellite
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observations of sea surface salinity (SSS) were obtained from the Soil Moisture Ocean Salinity
(SMOS; Boutin et al., 2022) mission. Observations are available since 2009, with 1000 km
resolution and a footprint of ~40 km. We used the Level 3 debiased version 7 product distributed
by LOCEAN. The overall accuracy of 10-day composites of SMOS salinity data in tropical
regions is of the order of 0.3 practical salinity units (Reul ez al., 2013; Fournier et al., 2014).
SMOS has been successfully used previously to investigate salinity variability in the Amazon
River plume (i.e., Grodsky et al., 2014; Gouveia et al., 2019a), as well as to identify variations in
the offshore advection of plume waters (Fournier et al., 2017). We focused on SMOS
observations instead of data from the Soil Moisture Active Passive (SMAP) mission because the
latter is only available since 2015, although good agreement of salinity observations was

observed between the two products.

3. Results

Peak discharge from the main stem of the Amazon River occurs during May to June
reaching an average maximum of ~240,000 m? s!, and discharge minima is historically
experienced between November — December (~80,000m? s!; Richey et al., 1990; Lentz, 1995). In
the plume region, in situ observations of '°C and surface salinity were found to be highly
correlated (+=0.88, p<0.001), with 8'3C signatures being depleted in riverine samples (~ -29.3 to
-30%o0) and enriched in the most oceanic samples (~ -21.8 to -22.4%o) (Medeiros et al., 2015;
Seidel et al., 2015). Calculated fractions of the terrigenous portion of surface DOC based on in
situ samples and obtained through equation (1) ranged from 0-3% near the distal portion of the
plume to 40-60% on-shelf, reaching 100% in the river mouth. This is consistent with Medeiros et

al. (2015) analyses, who used a two end-member mass balance based on high-resolution mass
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spectrometry data to show that on-shelf plume waters were characterized by DOC with 40-60%
of terrigenous content.

A 19-year long-term average of tDOC concentration (Figure 3.3a) reveals a picture that
is largely consistent with the distribution of SSS from SMOS (e.g., Fournier ef al., 2015; Figure
3.1), with the bulk of the tDOC coinciding with the center of the Amazon River plume as
identified by salinity observations. Averaged enhanced tDOC concentrations are generally
constrained to within the 100 m isobath ranging from ~40-100 umol L'!, with substantially lower
concentrations offshore extending to the northwest and to the east in the North Brazil Current
(NBC) retroflection region (Fratantoni et al., 1995; Garzoli et al., 2004; Coles et al., 2013)
around 8°N (Figure 3.3a). To better characterize the average reach of enhanced tDOC in the
plume and surrounding ocean, we divide the number of times a pixel had tDOC concentrations
larger than a given threshold (set to 10 umol L! here) by the total number of months with
available data for that pixel during the study period, yielding a frequency of plume occurrence
(da Silva and Castelao, 2018). The analysis reveals that waters with high tDOC concentrations
(i.e.,> 10 pmol L") are observed 100% of the time over the shelf, inshore of the 100 m isobath
(Figure 3.3b). Even though tDOC concentrations off the shelf are low on average (Figure 3.3a),
the signature of the plume is detected quite frequently, over 50% of the time in the northwest
sector of our study area extending toward the Caribbean (Molleri et al., 2010), and around 30-
40% of the time in the retroflection region (Figure 3.3b).

Even though the influence of tDOC from the Amazon River is felt over the shelf in all
months during the study period, tDOC concentrations are quite variable experiencing a large
maximum range in excess of 200 pmol L! inshore of the 100 m isobath (Figure 3.4). That may

be related to variations in the amount of tDOC exported from the Amazon River, but also due to
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shifts in the position of the plume associated with winds or other forcing (Fournier et al., 2017).
Previous studies have observed shifts in the salinity plume core throughout the year, most
recently observing a tight, nearshore plume from December-May, then moving offshore ~75 km
during June-August (Ruault et al., 2020). Enhanced variability is also observed in the NBC
retroflection region as well, although substantially smaller than over the shelf.

The previous analyses indicated that substantial variability is observed in tDOC
concentration and spatial distribution of the area under the influence of tDOC-enriched waters.
That is expected, given that the Amazon River plume experiences substantial seasonal variability
(e.g., Lentz, 1995; Lentz and Limeburner, 1995; Fournier et al., 2015). Indeed, monthly averages
of tDOC concentrations (Figure 3.5) and the frequency of plume occurrence based on tDOC
data (Figure 3.6) reveal marked variability between months. From December to February, tDOC
concentrations over the shelf are comparatively small (Figure 3.5), and high frequencies of
plume occurrence are mostly restricted to the shelf, inshore of the 100 m isobath (Figure 3.6).
tDOC concentrations over the shelf increase from March to May or June as the Amazon River
discharge also increases (Richey et al., 1990), with the plume extending beyond the continental
margin toward the Caribbean 60-90% of the time. The frequency of plume occurrence remains
quite small to the east, however. Concentrations begin to slowly decrease from June to August
over the shelf, and the plume extends progressively eastward during that period under the
influence of the NBC retroflection (Johns et al., 1990). This is consistent with Lentz (1995), who
used historical in situ salinity observations to show that the freshest water in the retroflection
region is observed in July and August. Even though tDOC concentrations are low in that area
compared to the shelf, the frequency of plume occurrence is high, exceeding 80%. The frequency

of plume occurrence to the northwest toward the Caribbean decreases to around 50% during that
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time. From August to November, the signature of the retroflection on tDOC concentrations and
plume distribution is still clearly visible but it decreases progressively, and by December
enhanced tDOC concentrations are once again mostly restricted to shelf waters.

The dominant modes of variability in the system were investigated through an empirical
orthogonal function (EOF) decomposition of monthly tDOC concentrations (after removing the
mean). Statistically significant modes were identified following Overland and Preisendorfer
(1982). EOF 1 explains 21.9% of the total variance (i.e., the percentage of the variance explained
over the entire domain), capturing the seasonal increase in tDOC concentrations primarily over
the shelf (but also extending off the shelf toward the Caribbean) from April to June and a
reduction in October-December (Figure 3.7a,¢). Although the mode is dominated by seasonal
variability, interannual variability is also clearly present (Figure 3.7d). Several years to note
with amplitudes larger than the mean seasonal peaks (which indicate greater enhancement of
tDOC than the seasonal pattern) include 2006, 2009, 2014, 2017, 2018, and 2021. The years
2009, 2012, 2014 and 2021 were flood years (Jiménez-Muiioz et al, 2013; Marengo et al., 2015;
Espinoza et al., 2013, 2022). Though 2006 was not a flood year, it followed the severe drought
during 2005 (Chen et al, 2010; Jiménez-Muifioz et al, 2016). Recent studies suggest that post-
drought conditions in the Amazon River watershed contribute to the increased export of DOC
(Kurek et al., 2021). The peaks in the amplitude time series of EOF 1 during certain years are
unusually wide, such as 2021, suggesting that the tDOC concentrations in the plume were
enhanced over longer periods of time. This year was indeed associated with a historical extreme
flood event, potentially increasing the amount of DOC exported from the watershed. The
corresponding local variance explained (i.e., the percentage of the variance explained at each

location) is ~40-60% over the shelf in the plume core, while at the portion of the plume off the
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continental shelf (8-10°N, 55°W), EOF 1 explained ~30% of the local variance.

The second EOF mode explains 16.0% of the total variability (Figure 3.8), and it is
characterized by a zero crossing over the shelf around 2°N (purple contour on Figure 3.8a). The
second EOF shares characteristics with EOF1 in that the plume core appears to be captured, but
instead it highlights an out-of-phase response between the region near the river mouth and the
region farther north including the NBC retroflection region (Figure 3.8a). In those regions, the
mode explains 20%-40% of the local variance (Figure 3.8b). The mode captures an increase in
tDOC concentrations close to the river mouth near 0° latitude early in the year, from January to
May (Figure 3.8¢). This is consistent with Fournier ef al. (2015), who also observed peak
influence of plume waters near the mouth in April. Farther north near the shelfbreak and in the
retroflection region, the mode captures increased concentrations from June to September. This
general pattern was observed every year but with significant interannual variability in amplitude
strength and peak month (Figure 3.8d). In particular, large anomalies were observed in 2006,
2009 and 2014. The intensification in amplitude was negative in 2006 and 2009, indicating lower
tDOC concentrations in the retroflection region in those years. In 2014, on the other hand, the
mode captured increased influence of the plume in the retroflection region.

Lastly, we computed the relative contribution of variability at the interannual, seasonal
and intraseasonal frequency bands to the total variance at each pixel (Figure 3.9). Although there
are several gaps in the observations, it is possible to see that the contribution of seasonal
variability is increased over the shelf and in the retroflection region, which is consistent with the
EOF decompositions. The largest variances are observed in the intraseasonal band, however.
This indicates that variability at short time scales, such as due to shifts in the position of the

plume associated with wind forcing (e.g., Fournier et al., 2017) or due to meanders and eddies
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(e.g., Fratantoni and Glickson, 2002), dominates tDOC variance in the region. Interannual
variability, on the other hand, accounts for 10-15% of the total variance over the shelf and in the

retroflection region.

4. Discussion

We used satellite-derived measurements of SSS from SMOS and estimates of tDOC from
MODIS to describe variability in the Amazon River plume, and to quantify seasonal and
interannual variability in tDOC distribution in the western tropical Atlantic Ocean. Our study
builds on several previous studies that have characterized the Amazon River plume and its
variability using in situ observations (e.g., Lentz, 1995) and satellite measurements of salinity
(e.g., Fournier et al., 2015, 2017) and ocean color (Miiller-Karger et al., 1988, 1995; Longhust,
1995; Fratantoni and Glickson, 2002; Del Vecchio and Subramaniam, 2004; Molleri et al., 2009;
Salisbury et al., 2011; Gouveia et al., 2019a). Several of these previous studies have used
satellite imagery of chlorophyll, diffuse attenuation coefficient at 490 nm, or the absorption
coefficient of colored detrital matter at the reference wavelength 443 nm (acdm) to track the
position of the plume. Here, we use an algorithm (Fichot et al., 2013, 2014) specifically designed
to track the terrigenous component of the DOC pool, providing a link between limited and
expensive in situ measurements and increasingly available satellite data. Satellite observations
from MODIS are now available for almost 2 decades, and the use of a longer time series allows
for the seasonal and interannual variability in tDOC concentrations to be quantified.

As expected, the average spatial distributions of the plume based on salinity and tDOC
are quite similar to each other. Ocean color observations of the absorption coefficient of colored

detrital material (acam) have been shown to be highly correlated to salinity in the region, to the
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point that local quasi-linear relationships between SSS and acam have been used to extend SSS
observations back in time (Fournier et al., 2015). Analyses along a transect extending from the
river mouth along the core of the river plume have shown significant deviations from
conservative mixing, however (Salisbury ef al., 2011). A detailed analysis comparing SSS and
tDOC along the core of the Amazon River plume is presented in Chapter 4.

We used the long-term observations to characterize the seasonal evolution of tDOC
concentration in the western Atlantic Ocean. We also identified the evolution of the frequency of
plume occurrence (da Silva and Castelao, 2018) through two decades based on tDOC
observations. That is an important metric, because it reveals how often a specific location is
under the influence of plume waters (which are typically concurrently enriched in nutrients and
other substances) in each month. The presence of plume waters can influence a variety of
biogeochemical processes, such as primary productivity stimulated by nutrients (Smith and
Demaster, 1996; Gouveia et al., 2019a) and the related CO, drawdown (e.g. Kortzinger, 2003;
Chen et al., 2012; Ibanhez et al., 2015) associated with phytoplankton blooms (Smith and
Demaster, 1996). Our observations are consistent with previous characterizations of the plume
core movement that revealed three main dispersal patterns: (/) a narrow band of flow along the
northeastern South American coast from December to March; (2) flow to the Caribbean region
between April and July; and (3) flow to the Central Equatorial Atlantic Ocean with plume waters
entrained in the NBC retroflection from August to November (e.g. Curtin, 1986; Lentz and
Limeburner, 1995; Del Vecchio and Subramaniam, 2004; Molleri et al., 2010; Salisbury et al.,
2011; Varona et al., 2019). Elevated tDOC content extends beyond the shelfbreak in some
capacity in all months of the year, suggesting that cross-shelf carbon transport occurs year-round.

Even though tDOC concentrations are comparatively low in the retroflection region, our novel
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estimates of the frequency of plume occurrence are quite high, exceeding 80% from July to
September. That seasonal evolution of the plume accounts for as much as 40% of the total
variance in tDOC concentrations over the shelf and in the retroflection.

Our long-term time series also allowed us to quantify interannual variability, something
that has been difficult to achieve due to the use of comparatively short time series lasting only a
few years (e.g., Salisbury et al., 2011; Fournier et al., 2015). Even though interannual variability
only accounts for ~15% of the total variance in most locations, EOF decompositions have
revealed large increases in tDOC concentrations in specific years. Much of the interannual
variability we observed could be related to flood and drought conditions in the Amazon River
watershed. Indeed, the largest increases in tDOC were often observed during flood years.
Interannual variability in runoff has been shown to modulate the sea surface salinity of the
Amazon plume (Gévaudan ef al., 2022), so it is reasonable to expect that it will also modulate
variability in tDOC concentrations in the plume. That is important, because extreme floods have
become more frequent over the last 3 decades (Gévaudan et al., 2022). Studies have suggested
that the hydrological cycle has intensified in the region; while previously the river experienced
extreme events about once every ten years, it experienced three extreme events in the span of
five years from 2005 to 2010 (Marengo et al., 2011). The Amazon River plume may already be
gradually getting fresher, by up to 3.5% per year (Gouveia et al, 2019b) due to increased
precipitation extremes within the Amazon River watershed (de Almeida et al., 2016; Lan et al.,
2016). It is likely that increased precipitation and/or discharge extremes will result in increased
concentrations of tDOC over the shelf, and possibly in increased transport off the shelf into the

interior of the basin.
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Other factors that may impact the Amazon River watershed carbon supply, including
forest fires which introduce black carbon (Coppola et al., 2019) and deforestation which has
been linked to increased tDOC output (Davidson et al., 2012). It would be interesting to explore
these relationships in future investigations as these anthropogenic phenomena become more
prevalent. Another important source of interannual variability in the Amazon River plume is the
occurrence of El Nifio and/or La Nifia events. La Nifia years are generally characterized by
increased precipitation and wetter conditions in the Amazon Basin, often resulting in flooding in
the region, while the opposite is true during El Nifio years resulting in droughts (Foley ef al.,
2002; Ronchail, 2005; Espinoza et al., 2013; Marengo et al., 2013). The export of tDOC from
the river into the ocean can increase substantially during La Nifa years (e.g., Kurek et al., 2021).
This is likely to become even more important in the future, given that the effects of El Nifio/La
Nifia cycles on the Amazon Basin have been amplified in relation to changes in the climate, and
those events are predicted to increase in frequency and severity in the future (Cai ef al., 2015;
Widlansky et al., 2015).

As additional data are gathered and algorithms are refined and improved, remote sensing
tools will become increasingly more valuable to investigate the distribution and variability of
tDOC content in vast regions where in sifu sampling is costly and difficult to obtain. They will
also play a critical role on investigations of the importance of climate variability on carbon
dynamics, be it on scales of a few years such those associated with El Nifio/La Nifia cycles or on
longer time scales associated with anthropogenic-driven climate change. MODIS-tDOC also has
a great potential to be used for identifying events of increased off-shelf tDOC transport, which
are difficult to observe with in situ data. Our investigation of tDOC variability in the Amazon

River plume supports the application of these methods in other coastal regions strongly
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influenced by riverine inputs where tDOC export is high, and will hopefully stimulate
comparisons with other coastal settings where river plumes interact with offshore boundary

currents.
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Figure 3.1: Long-term mean (January 2010 to December 2021) of sea surface salinity from
SMOS. The 35.7 salinity contour is shown in white. Black contours are the 100 m and 2000 m

isobaths. Sample stations where in situ data are available are plotted, color coded by year.
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Figure 3.2: (a) Relationship between in situ measurements of CDOM spectral slope between
275-295 nm and in situ tDOC concentrations calculated using Eq. (1). The blue curve represents
the nonlinear regression described in Eq. (3). (b) The in situ point measurements of tDOC
concentrations from Eq. (1) were paired with 7-day averages of satellite-derived tDOC

concentrations calculated using Egs. (4) and (3). Correlation coefficients are also listed.
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Figure 3.3: (a) Long-term mean of tDOC concentrations (umol L!) over 19 years (2003-2021)
in the Amazon River plume region. Magenta contour represents the boundary of the averaged
plume, as defined by tDOC = 10 umol L', (b) The frequency of plume occurrence (%), defined
as the ratio of the number of observations with tDOC > 10 umol L' at a given pixel and the total

number of valid observations at that pixel times 100. White contours are the 100 m and 2000 m
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Figure 3.4: Range of tDOC concentration variability (umol L) at each pixel over the entire

study period. White contours are the 100 m and 2000 m isobaths.
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Figure 3.5: Monthly averages of tDOC concentration (umol L'). The tDOC = 10 umol L*!

contour is shown in white. Black contours are the 100 m and 2000 m isobaths.
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Figure 3.6: Frequency of plume occurrence (ratio of the number of observations with tDOC > 10
umol L1 at a given pixel and the number of valid observations at that pixel times 100 to yield a
percentage) for each month. Zero frequency is shown in white. Black contours are the 100 m and

2000 m isobaths.
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Figure 3.7: (a) EOF 1 of tDOC concentration (long-term average removed at each pixel). (b)
Fraction of the local variance (%) explained by the first EOF mode. White contours are the 100
m and 2000 m isobaths. (¢) Monthly average of the amplitude time series of EOF 1. (d)
Amplitude time series of EOF 1. The red dashed lines are the overlay of the monthly-averaged

amplitude time series (shown in c).
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Figure 3.8: (a) EOF 2 of tDOC concentration (long-term average removed at each pixel). Purple
contour outlines the 0-crossing of the EOF signal. (b) Fraction of the local variance (%)
explained by the second EOF mode. White contours are the 100 m and 2000 m isobaths. (c)
Monthly average of the amplitude time series of EOF 2. (d) Amplitude time series of EOF 2. The

red dashed lines are the overlay of the monthly-averaged amplitude time series (shown in c).
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Figure 3.9: Fraction of total variance (%) explained by interannual (> 12 months), seasonal
(between 6 and 12 months) and intraseasonal (< 6 months) variability. Colorbar on right panel is
different because missing observations preclude the analyses in some pixels, and a different
colorbar scale was used to better reveal spatial patterns. Black contours are the 100 m and 2000

m isobaths.
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CHAPTER 4

AMAZON RIVER PLUME TERRIGENOUS DISSOLVED ORGANIC CARBON FROM

SATELLITE OBSERVATIONS. PART II: DRIVERS OF OFF-SHELF VARIABILITY?

*Martineac, R.P., Castelao, R.M., and Medeiros, P.M. To be submitted to Journal of Geophysical
Research: Oceans.
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Abstract

Constraining the fate of terrigenous dissolved organic carbon (tDOC) delivered to the
ocean by rivers is key to understanding the global carbon cycle. While mineralization of tDOC in
the coastal ocean can directly influence air-sea CO> exchange and multiple biogeochemical
processes, the fraction of the material that escapes the continental margin may be entrained in the
large-scale circulation and potentially contribute to the long-term carbon storage of terrigenous
organic matter in the deep ocean. Understanding mechanisms influencing the off-shelf transport
of tDOC is challenging, however, because in situ observations are generally sparse. Here, we use
satellite observations of tDOC and sea surface salinity to identify tDOC variability off the shelf
in the Amazon River plume and to quantify tDOC degradation over the shelf. Our results reveal
a clear seasonal cycle in tDOC degradation over the shelf, with increased consumption during
high river discharge conditions. Furthermore, anomalies in tDOC degradation over the shelf with
respect to the seasonal cycle are significantly correlated with anomalies in tDOC concentration
offshore of the shelfbreak with a lag of around 40 days, so that years with anomalously high
inshore tDOC degradation are associated with anomalously low tDOC content offshore. This
suggests that seasonal variability in the offshore transport of tDOC in the Amazon River plume
is modulated by interannual changes in tDOC degradation over the shelf. Our approach can be
used to investigate the controls of tDOC variability offshore of other coastal margins

characterized by large tDOC inputs.

Keywords: terrigenous dissolved organic carbon, Amazon River Plume, ocean-color, remote

sensing, MODIS, SMOS
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1. Introduction

Riverine transport is the largest delivery of organic matter from land to ocean (Hedges et
al., 1997; Raymond and Spencer, 2015), supplying a quantity sufficient to support the turnover
of dissolved organic carbon (DOC) throughout the ocean (Williams and Druffel, 1987).
Estimates of transport range from 0.17 Pg Cy r! (Dai et al, 2012) to 0.36 Pg C yr'! (Aitkenhead
and McDowell, 2000), with many other estimates over the past 5 decades falling in between
(e.g., Meybeck, 1982; Smith and Hollibaugh, 1993; Ludwig et al., 1996; Harrison et al., 2005;
Seitzinger et al., 2005; Cai, 2011). The Amazon River alone is responsible for 12-20% of the
global riverine DOC flux to the ocean (Meybeck, 1982; Richey et al., 1986; Moreira-Turcq et
al., 2003; Raymond and Spencer, 2015), with a total DOC flux at the river mouth estimated to be
37.5 tCyr'! (Moreira-Turq et al., 2003).

Research investigating dissolved organic matter (DOM) within the Amazon River shows
many pathways contribute to degradation of this material. Microbial communities and
photochemical degradation play a crucial role in breaking down this complex organic matter
(Amon and Benner, 1996). Strong remineralization resulting in gas formation of CO, and CO
have been reported, with losses of total organic carbon (TOC) from samples reaching 70%
(Rodriguez-Zuniga et al, 2008), suggesting that DOC is thoroughly degraded during transport to
the river mouth. Consequently, the material that is exported to the coastal ocean has been shown
to be quite stable, with a large fraction (50-76%) possibly escaping the continental margin in this
region (Medeiros et al., 2015b).

Understanding the conditions that control how much terrigenous DOC (tDOC) is laterally
transported from the continental margin into offshore waters has important implications for

climate. While tDOC mineralized in the coastal ocean can influence air-sea CO> exchange, the
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material that escapes the continental margin may be entrained in the large-scale global
circulation and potentially contribute to the long-term storage of organic matter of terrigenous
origin in the deep ocean (Medeiros ef al., 2016). Previous studies have revealed that tDOC is
rapidly and efficiently removed in coastal margins (e.g., Hedges et al., 1997; Hernes and Benner,
2003), with more than half of the tDOC being consumed over the shelf in some systems (Fichot
and Benner, 2014). Medeiros et al. (2015b) hypothesized that the apparent larger offshore
transport of tDOC in the Amazon River plume may be related to the material being stable,
possibly because it may have already been thoroughly degraded within the river prior to the
export to the coastal ocean (Ward et al., 2013). Medeiros et al. (2015b) also hypothesized that
the large fraction of the terrigenous material being transported off the coastal margin may be a
result of the short residence time of plume waters over the shelf, as plume waters are rapidly
transported offshore due to interactions with the North Brazil Current (e.g., Coles et al., 2013),
offshore eddies and wind effects (e.g., Fournier et al., 2017).

Identifying the relative contribution of different factors that may drive tDOC variability in
the Amazon River plume offshore of the shelfbreak is difficult because in situ observations are
scarce in the region. Although several studies have investigated tDOC degradation in the region
(e.g., Amon and Benner, 1996; Ward et al., 2013; Medeiros et al., 2015b; Seidel et al., 2015;
2016; Cao et al., 2016), they only represent snapshots in time at a few locations. /n situ
observations of shelf circulation from shipboard surveys, mooring deployments and drifter
trajectories are also scarce (e.g., Lentz, 1995a, b; Lentz and Limeburner, 1995; Coles et al.,
2013). Remote sensing can help fill that gap, providing observations over the large span of the
Amazon River plume for longer periods of time. Indeed, much has been learned about the

Amazon River plume using satellite measurements of salinity (e.g., Fournier et al., 2015, 2017)
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and ocean color (Miiller-Karger et al., 1988, 1995; Longhurst, 1993; Fratantoni and Glickson,
2002; Del Vecchio and Subramaniam, 2004; Molleri et al., 2009; Salisbury et al., 2011; Gouveia
et al., 2019a). In Chapter 3 (Martineac ef al., in prep.), we adapted and refined the algorithm
developed by Fichot et al. (2013; 2014) to obtain estimates of tDOC concentrations from
moderate resolution imaging spectroradiometer (MODIS) observations for the Amazon River
plume region, and used it to characterize seasonal and interannual variability. Here, we use those
satellite measurements to investigate tDOC degradation over the Amazonian shelf, and to relate

it to tDOC variability offshore.

2. Methods
2.1 Remote sensing data

Daily observations of remote sensing reflectance (Rrs) from MODIS were used to estimate
the spectral slope coefficient of CDOM absorbance in the 275-295 nm range (S5275-295) in the
western tropical Atlantic Ocean based on the algorithm developed by Fichot ez al. (2014).
Satellite derived measurements of S275.29s were then used to estimate tDOC concentrations based
on a relationship derived using in situ observations from the Amazon River plume. A detailed
description of the algorithm is provided in Chapter 3 (Martineac ef al., in prep.). Sea surface
salinity (SSS) observations were obtained from the Soil Moisture Ocean Salinity (SMOS; Boutin
et al., 2022) mission. We use observations from January 2010 to December 2021 here when both
MODIS and SMOS observations are available.

Upper-ocean currents were obtained from the Ocean Surface Current Analysis Real-time
(OSCAR) data product (Bonjean and Lagerloef, 2002). Surface velocity vectors are calculated

using satellite altimeter sea level anomalies and surface wind measurements, using a simplified
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physical model comprising of a geostrophic term, a wind-driven term, and a thermal wind

adjustment (Dohan and Maximenko, 2010).

2.2 tDOC degradation over the shelf
In order to obtain a measure of tDOC degradation over the shelf, we used 30-day

averages of SSS and tDOC from satellite observations to identify deviations from conservative
mixing. Specifically, we made scatter plots of bin-averages of SSS vs tDOC over the shelf in the
area identified in Figure 4.1. Examples for two months are shown in Figure 4.2. The black solid
line indicates conservative mixing between two end members, assuming that tDOC = 0 uM for a
salinity of 36, and tDOC = 350 uM at the river mouth (0 psu). This value was chosen based on
the average tDOC concentration measured at the river mouth by Medeiros et al. (2015) and
Seidel et al. (2016). For each 30-day period, we integrated the difference between the bin-
averaged pairs of SSS and tDOC and the conservative mixing line for salinity values larger than
25 psu, yielding an integrated deviation from conservative mixing (uM psu; we pursue the
integration such that tDOC consumption is positive). That integrated deviation is related to the
amount of tDOC degradation over the shelf. Large deviations, as in Figure 4.2a, indicate more

degradation, while small values are consistent with less degradation.

3. Results
3.1 Variability in tDOC content offshore
We first present a short description of the seasonal cycle of tDOC concentrations in the
Amazon River plume before focusing on deviations from that seasonal cycle. The amplitude and

phase of the tDOC seasonal cycle was estimated over a 12-year period, from January 2010 to

88



December 2021. Amplitude of the seasonal cycle was greatest in the plume core (~ 80 umol L),
with enhanced values stretching from the Amazon River mouth to the coast of French Guiana
(Figure 4.3a). Slightly enhanced amplitudes were also observed extending northwestward past
7°N and in the NBC retroflection region (Fratantoni ef al., 1995; Garzoli et al., 2004). The phase
of the seasonal cycle indicated greatest enhancement of tDOC concentrations along the coastline
in March-June (Figure 4.3b), coinciding with the typical maximum riverine discharge season
(e.g., Lentz, 1995; Smith and Demaster, 1996; Ward et al., 2013). Near the shelf break and in the
retroflection region, tDOC was most enhanced during July-September. Farther offshore to the
northeast (~ 44°W, 10°N and surrounding area), the seasonal cycle peaked in November-
January. Note, however, that the amplitude of the seasonal cycle was very small in those offshore
areas. A detailed description of seasonal variability in tDOC concentrations in the region is
presented in Chapter 3 (Martineac ef al., in prep.).

Our main goal here is to understand what drives interannual variability in tDOC in
regions off the shelf. Given that the Amazon River plume is strongly modulated by seasonality
(e.g., Miiller-Karger et al., 1988; Lentz, 1995; Fratantoni and Glickson, 2002; Coles et al., 2013;
Foltz et al., 2015), we first removed the seasonal cycle by removing the monthly averages of the
tDOC concentrations from the time series. This allowed for better identification of interannual
anomalies in the dataset. Furthermore, we only considered observations from pixels offshore of
the 2000 m isobath, so that we could identify offshore areas characterized by large anomalies.
The first EOF mode of the tDOC anomalies offshore explains 12.2% of the total variance
(Figure 4.4a), and it is characterized by a large signature offshore to the north of French Guiana,
extending from the 2000 m isobath to around 12°N. The amplitude time series reveals that the

mode is dominated by an event in June 2014 (Figure 4.4¢), indicating increased tDOC content
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offshore during that time. This followed exceptionally intense wet conditions in 2014 austral
summer, when rainfall measured ~100% higher than average (Espinoza et al., 2014). Fournier et
al. (2017) used observations from SMOS to show that low-salinity waters in the core of the
plume extended far beyond the shelfbreak in June 2014 (see their Figure 9), approximately
coinciding with the area captured by the EOF mode (Figure 4.4a).

The second EOF mode explains 7.1% of the total variance (Figure 4.4b), and it is also
characterized by enhanced values just offshore of the shelfbreak, but with an out-of-phase
response to the east and to the west of ~51°W. In the region with enhanced signature to the east
of 51°W, where EOF 2 is positive, the mode explains as much as 30% of the local variance (not
shown). In that region, tDOC anomalies were enhanced (in comparison with the seasonal cycle)
when the amplitude time series (Figure 4.4d) is positive, such as in mid-2012 and for several
months in 2021, and depleted when the amplitude time series is negative, such as in mid-2013
and mid-2015. The opposite is true for the region to the west of 51°W, where EOF 2 is negative.
EOF 2 explains less than 15% of the local variance at that location (note that this region spatially

overlaps with the region with an enhanced signature in EOF 1).

3.2 tDOC variability offshore: The importance of tDOC degradation over the shelf
Interannual variability in tDOC content offshore of the shelfbreak in the Amazon River
plume likely depends on a variety of processes, including variability in the DOC flux at the river
mouth, as well as transport and transformations processes. In the previous section, we identified
regions offshore of the sheltbreak characterized by large increases or decreases in tDOC content
compared to the seasonal cycle. Here, we attempt to quantify tDOC degradation over the shelf,

as well as its implications for tDOC variability in those offshore regions.
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The comparisons of SSS and tDOC observations over the shelf and conservative mixing
between the two end members yielded an integrated measure of degradation. Instances when
tDOC behaves conservatively (e.g., Figure 4.2b) are consistent with the material being resistant
to degradation, while large differences from conservative mixing (e.g., Figure 4.2a) would
suggest tDOC removal (e.g., microbial-, photo-degradation) or the presence of additional water
masses. There is considerable scatter in the relation between SSS and tDOC on a pixel-by-pixel
level in the two examples shown in Figure 4.2, possibly related to uncertainties in the satellite
observations (see discussion section for details). Despite this, there is a clear tendency for tDOC
concentrations to be lower than the conservative mixing line in May 2010, while in June 2018
tDOC concentrations more closely matched conservative mixing. Monthly averages of the time
series of deviations from conservative mixing (with the long-term average removed) present a
clear seasonal cycle, suggesting enhanced consumption early in the year peaking in May during
high river discharge conditions, and reduced consumption later in the year during low discharge,
especially in August and September (Figure 4.5). We hypothesized that changes in tDOC
degradation over the shelf may modulate tDOC content offshore. In other words, we
hypothesized that enhanced tDOC degradation over the shelf may result in negative tDOC
anomalies offshore, while periods where tDOC over the shelf behaves conservatively would be
followed by positive tDOC anomalies offshore. To test this, we compared time series of tDOC
content offshore with time series of tDOC degradation over the shelf (i.e., the time series of
integrated deviations from conservative mixing; see Figures 2 and 5). The time series of tDOC
anomaly offshore were computed by spatially averaging observations for the three regions
identified in Figure 4.4, namely the area with large positive EOF 1 values in Figure 4.4a and the

areas with large positive and negative EOF 2 values in Figure 4.4b. Before computing
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correlations, we first removed the monthly averages from both time series, since they are both
characterized by a strong seasonal cycle. Additionally, it is reasonable to expect that there should
be a time lag between any possible impact of tDOC degradation anomaly over the shelf and
tDOC anomalies offshore. Therefore, we computed multiple time series of tDOC degradation
anomaly (i.e., time series of integrated deviations from conservative mixing with seasonal cycle
removed) over the shelf, for lags of up to 70 days. For areas 1 and 2 (shown in Figure 4.4), no
statistically significant correlations were observed. For area 3, where EOF 2 explains as much as
30% of the local variance, the time series were also found to be uncorrelated for small lags of up
to 10 days and for lags larger than about 50 days (Figure 4.6a). Correlation coefficients are
negative and increase in magnitude for intermediate lags, however. For lags between 22 and 44
days, correlation coefficients are statistically significant (at the 95% level), hovering around -0.2
to -0.3. A scatter plot of tDOC consumption anomaly over the shelf and tDOC anomaly offshore
(both with the seasonal cycle removed) for a lag of 40 days is shown on Figure 4.6b. This
supports the hypothesis that negative tDOC anomalies offshore can be associated with prior
increases in degradation over the shelf (i.e., positive integrated deviations from conservative

mixing).

3.3 The importance of shelf circulation
In this study, we had hoped to address how variability in ocean currents and residence
time over the shelf could affect the lateral transport of tDOC toward the open ocean. We
hypothesized that periods of strong mean northwestward flow over the shelf (e.g., in the area
highlighted in Figure 4.1) would be followed by positive tDOC anomalies offshore, while

periods of weak mean flow would be followed by negative tDOC anomalies offshore.
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Unfortunately, however, the area of the shelf is characterized by low surface current data
availability (Figure 4.7a). Even when data are available over the shelf, a very complex pattern of
coastal currents is often captured (Figure 4.7b), possibly influenced by the strong tides observed
in the region (e.g., Tchillibou et al., 2022). These made comparisons between tDOC anomalies

offshore and mean currents over the shelf unreliable.

4. Discussion

The fate of terrigenous material in the ocean is of fundamental importance. Many
previous studies have indicated that coastal zones act as sinks of tDOC, with the organic material
being efficiently and rapidly removed in ocean margins (e.g., Hedges et al., 1997; Hernes and
Benner, 2003; Fichot and Benner, 2014). Analyses at the molecular level have suggested that
much of the Amazon River DOC is surprisingly stable in the coastal ocean, however, with 50-
76% of the tDOC delivered to the ocean by the river being transported beyond the continental
margin (Medeiros ef al., 2015b). Medeiros et al. (2015b) observed larger transport during high
discharge conditions and relatively smaller transport during low flow conditions, suggesting that
continued intensification of the hydrological cycle could result in increased offshore transport of
tDOC in future climate scenarios. Their analysis was based on in sifu observations during two
research cruises to the Amazon River plume, and as such they were not able to investigate
temporal variability in the transport other than during the two expeditions.

The recent advance of algorithms developed to estimate tDOC concentrations in the
ocean using MODIS (Fichot et al., 2013; 2014; Martineac, in prep.) have opened the possibility
of investigating tDOC variability in the Amazon River plume over broad areas off the shelf over

long periods. SSS and optical properties in the plume from satellite observations have been
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shown to be strongly correlated to each other (Fournier ef al., 2015), but considerable deviation
from conservative mixing has been reported. Salisbury et al. (2011) noted that negative
anomalies indicating degradation of colored detrital matter (which includes absorption by both
particulate detritus and CDOM) were often observed in the distal areas of the plume and
suggested them to be related to photochemical oxidation. This motivated our current attempt to
identify tDOC degradation over the shelf from satellite observations, and to relate it to tDOC
variability off the shelf.

Despite noise in the data, our comparisons of SSS from SMOS and tDOC from MODIS
have indicated a clear seasonal cycle in tDOC degradation over the shelf, with increased
degradation occurring during the high discharge season. This is consistent with observations in
other systems. Off coastal Georgia, U.S., for example, Letourneau and Medeiros (2019) showed
that DOC utilization at the mouth of the Altamaha River is correlated with river discharge,
increasing during peak river flow. Increased DOC losses have also been observed in Artic rivers
during the spring freshet, both due to biological and photochemical pathways (Mann et al.,
2012). Although a large fraction of the dissolved macromolecules of terrigenous origin are
respired in the Amazon River by microbes before export to the coastal ocean (Ward et al., 2013),
incubations of water collected near the Amazon River mouth have indicated that bio- and photo-
transformations can alter up to 30% of the DOM molecular formulae (Seidel et al., 2016). This is
consistent with the statistically significant alterations in tDOC content observed here over the
shelf after export from the river.

The monthly anomalies (i.e., seasonal cycle removed) in tDOC degradation over the shelf
were found to be significantly correlated with anomalies in tDOC concentration in an area off the

shelf, offshore of the 2000 m isobath, peaking for lags of about 40 days. Although correlation
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coefficients are small, ranging in magnitude from 0.2 to 0.3, the change in correlation
coefficients as a function of lag suggests that the analysis is robust: (1) Correlations coefficients
are small for short lags as expected, since tDOC degradation over the shelf would not
immediately lead to tDOC variability offshore due to the time it takes for the water to be
transported offshore; (2) Coefficients are also small for large lags far exceeding the residence
time over the shelf; (3) Coefficients are largest in magnitude for lags of about 40 days, which
approximately coincide with the time it takes for drifters released near the river mouth to leave
the shelf (i.e., < 30-60 days) (Limeburner et al., 1995; Coles et al., 2013), as they are entrained
in the energetic and swift North Brazil Current (Coles et al., 2013). We note that the main driver
to tDOC variability offshore is likely to be variability in the tDOC flux at the river mouth. As
captured by Medeiros et al. (2015b) mass balance approach, the largest offshore transport of
tDOC occurs during peak discharge conditions. Our results suggest, however, that this seasonal
variability in offshore tDOC transport seems to be modulated by interannual changes in tDOC
degradation over the shelf.

Another related candidate for influencing tDOC variability off the shelf are variations in
ocean circulation. Variations in the spatial extent of the plume offshore have been linked to river
discharge, ocean rainfall, advection, wind forcing and turbulent mixing (e.g., Hu et al., 2004;
Molleri et al., 2010; Coles et al., 2013; Grodsky et al., 2014). The containment of plume waters
closer to the coast versus increased off-shelf advection has been shown to be more closely
related to eddy-driven transport and cross-shore winds than to interannual variability in river
discharge (Fournier ef al., 2017). The strength of surface currents over the shelf is likely to be
particularly important for the offshore transport of tDOC. In particular, intensifications in coastal

currents in comparison to the seasonal pattern would presumably lead to short residence times

95



over the shelf and to increased offshore transport. As such, it would be interesting to compare
some metric of the intensity of coastal currents over the shelf that extends for several years with
tDOC variability offshore. Our attempt to use surface currents from OSCAR revealed that data
over the shelf are often missing, not allowing for robust comparisons. It may be possible to use
surface drifter trajectories acquired from the Global Drifter Program Drifter Data Assembly
Center (Hansen and Poulain, 1996) to obtain measures of variability in the transit time between
the river mouth and the shelf break. Coles et al. (2013) analyzed drifter trajectories from 1979 to
2011 near the Amazon River mouth and noted that the temporal and spatial distribution of
surface drifters are not uniform, however. Furthermore, they noted that a substantial fraction of
the available drifters ran aground near the river mouth, leaving only 72 trajectories for their
analysis. If the addition of drifters released since 2011 to the data set does not yield enough
trajectories for a robust analysis, outputs from a well calibrated ocean model could be used to
help identify the role of variability in shelf circulation on tDOC anomalies offshore.

There are many sources of uncertainties in the analysis pursued here. Biases on the order
of 0.3-0.5 psu between in situ and SMOS salinity observations have been reported in the region,
with the standard deviation of the in situ and satellite SSS differences increasing to 1 psu in
plume waters (Fournier et al., 2015). Optical measurements are also expected to have increased
errors over the shelf and especially closer to the river mouth due to high sediment concentrations
(Salisbury et al., 2011). Direct comparisons between SMOS and MODIS data, as done for
estimating deviations from conservative mixing, are also made more uncertain by the intrinsic
characteristics of the datasets. Not only do SMOS and MODIS have different footprint sizes, but
MODIS imagery cannot be obtained in cloudy conditions. The consequence is that data from

different periods may have been used when computing monthly averages of SSS and tDOC (i.e.,
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SSS data are available for all sampling periods at a given oceanic location at a given month, but
tDOC will only be available during the cloudy-free portion of the month). Lastly, SSS
measurements are representative of the top few centimeters of the ocean (Boutin ef al., 2016),
while MODIS observations are representative of the first few meters (first optical depth). There
are also uncertainties associated with the tDOC algorithm itself. Phytoplankton growth has been
observed in all but the most turbid areas of the river plume (e.g., Hullburt and Corwin, 1969;
Demaster et al., 1996; Subramaniam et al., 2008). Biological activity has been shown to increase
in the northwestern part of the plume during summer (Westberry et al., 2008). Large
phytoplankton blooms and associated changes in ocean color could result in errors in the
estimate of tDOC. Phytoplankton has been shown to change the DOM composition in the
Amazon River plume by adding new compounds to the DOM pool (Medeiros ef al., 2015). As
these newly added compounds are remineralized, they may modify the CDOM pool (e.g.,
Roberts et al., 1998; Boss et al., 2001; Twardowski and Donaghay, 2001; Yamashita and
Tanoue, 2004), potentially modifying our satellite-based estimates of spectral slope even if there
are no changes in the terrigenous component of the DOC. Despite all these sources of
uncertainty, it is encouraging that the comparison captured a seasonal cycle in tDOC degradation
that is consistent with that observed in other systems (e.g., Mann et al., 2012; Letourneau et al.,
2019) and that anomalies (i.e., deviations from seasonal cycle) in tDOC degradation over the
shelf seem to explain some of the variability in tDOC anomalies offshore. These suggest that a
similar approach can be used to investigate the controls of tDOC variability in other coastal

margins characterized by large tDOC inputs.
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Figure 4.1: Sea surface salinity from SMOS on May 23, 2011. Small black dots indicate area
where salinity and tDOC data were compared to estimate tDOC degradation over the shelf (see

text for details).
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Figure 4.2: Scatter plots of SSS from SMOS and tDOC from MODIS over the shelf (in area
identified in Figure 4.1) for (a) May 2010 and (b) June 2018. Gray dots represent comparison on
a pixel-by-pixel basis, where large open circles are bin averages, with error bars representing the
standard deviation within each bin. Black solid line represents conservative mixing. Integrated
deviations from conservative mixing are also listed (UM psu), with larger positive values

indicating larger tDOC degradation over the shelf.
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Figure 4.3: (a) Amplitude (mM) and (b) phase of the seasonal cycle of tDOC from MODIS.
Magenta contour in (a) shows amplitude of 4 uM. Colors in (b) indicate the timing of the peak in

the seasonal cycle. The 100 and 2000 m isobaths are shown. FG: French Guiana.
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Figure 4.4: (a) EOF 1 and (b) EOF 2 of tDOC variability offshore of 2000 m isobath with
seasonal cycle removed. The 100 and 2000 m isobaths are shown. Areas 1, 2, and 3 as referenced
in text are denoted. Amplitude time series for EOF 1 and EOF 2 are shown in panels (¢) and (d),

respectively.
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Figure 4.5: Monthly averages of tDOC consumption anomaly (UM psu) in the area identified in
Figure 4.1, after removing the long-term average. Examples for two months are shown in Figure

4.2. Positive values indicate larger consumption than the long-term average.
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Figure 4.6: (a) Correlation coefficient between time series of spatially-averaged tDOC
anomalies offshore (in the area with positive EOF 2 values in Figure 4.4b) and time series of
tDOC degradation anomalies over the shelf in area identified in Figure 4.1. The seasonal cycle
was removed from both time series. Negative correlations indicate that increased degradation
over the shelf is associated with reduced tDOC anomaly offshore. Statistically significant
correlations (at the 95% level) are shown in black. The correlation was computed based on 30-
day averages for different lags. For example, a lag of 0 days indicates that the spatially averaged
tDOC anomaly (seasonal cycle removed) offshore from June 1, 2010, to June 30, 2010 was
compared with tDOC degradation anomaly (seasonal cycle removed) over the shelf during the
same period. For a lag of 1 day, the same spatially averaged tDOC anomaly offshore was
compared with tDOC degradation anomaly over the shelf from May 31, 2010 to June 29, 2010,
and so forth. (b) Scatter plot of tDOC degradation anomaly (LM psu) over the shelf and spatially
averaged tDOC anomaly (uLM) offshore for a lag of 40 days, with seasonal cycle removed. A
positive consumption anomaly indicates that tDOC degradation for that given month was larger

than the average for that month.
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Figure 4.7: (a) Percentage of valid data in the OSCAR database in the Amazon River plume
region. Note that data availability near the river mouth is substantially reduced. (b) Example of
surface currents from OSCAR for 21 June 2014. Black contours are the 100 and 2000 m

1sobaths.
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CHAPTER 5

CONCLUSIONS

This dissertation focused on better understanding transformation and transport of
dissolved organic matter (DOM) in coastal systems using molecular and ocean color approaches.
In one approach, I uncovered changes in DOM between freshwater and marine waters in coastal
Georgia by exploring differences in DOM molecular composition. In the latter chapters of this
dissertation, I adapted an algorithm to apply satellite observations to organic carbon estimates in
the Amazon River plume. The research presented here aimed to answer four main questions: 1)
What are the dominant patterns of variability modifying the DOM composition in an estuary off
the Southeastern U.S.? 2) Is MODIS-tDOC an effective tracer for the Amazon River plume? 3)
What are the patterns of seasonal and interannual variability in tDOC content in the Amazon
River plume? 4) What controls the export of tDOC from the Amazon River to the continental
margin?

Assessing the contribution of different drivers to DOM composition in estuaries is
critically important to understand future changes in coastal regions. The analysis in CHAPTER 2
provides an assessment of the relative importance of seasonality, tides and microbial processing
on variations in DOM composition in the estuary around Sapelo Island, off the Southeastern U.S.
My analysis revealed that the primary mode of variability in DOM composition in Doboy Sound

occurs at the seasonal scale and is associated with the terrigenous content of the DOM. Although
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seasonal variability, likely due to riverine inputs, was dominant, the analyses also revealed
significant increases in DOC during low tide conditions, which had not yet been investigated in
this region. DOM composition between high and low tides did differ, however, with DOM from
both tidal heights relatively enriched with aromatic compounds, yet, during low tide also
relatively enriched with aliphatic compounds. I was also able to identify the relative contribution
of microbial degradation to DOM compositional changes, which showed that on short time
scales transformations due to microbial activity were small when compared to variations
associated with seasonal or tidal variability. A comparison between molecular and
metatranscriptomic data showed mirrored results, with tidal scale being of secondary importance
relative to seasonal scale. As was the case for DOM composition, short-term incubations were
found to have a smaller effect on variability in the microbial and molecular data. However, the
molecular analyses indicate that over longer time scales, microbial activity has a significant
impact on DOM chemistry. Therefore, if residence time is larger in comparison to the timescale
of biodegradation, impacts of microbial activity on DOM composition become more important.
Future work is needed to fully resolve the relative significance of various drivers on
DOM composition. Given that samples from CHAPTER 2 were collected during three instances
in the year, I was unable to fully resolve seasonal variability in Doboy Sound. As such,
variability at different scales (e.g., interannual) may have been aliased into the seasonal
component of variability extracted by our analyses. Additionally, I focused on only a few factors
that could be affecting DOM composition in estuaries, representing a first step toward assessing
their relative importance. Therefore, future studies attempting to isolate and quantify the relative
importance of other drivers, such as photochemistry, flocculation, and inputs associated with

phytoplankton and zooplankton activity will advance community understanding of DOM
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dynamics in complex coastal environments.

In CHAPTER 3, I used satellite-derived measurements of SSS from SMOS and estimates
of tDOC from MODIS to describe variability in the Amazon River plume, and to quantify
seasonal and interannual variability in terrigenous dissolved organic carbon (tDOC) distribution
in the western tropical Atlantic Ocean. Remote sensing tools are becoming increasingly more
valuable to investigate the distribution and variability of tDOC content in vast regions where in
situ sampling is costly and difficult to obtain. Overall, MODIS-tDOC proved to be a successful
tracer of the Amazon River Plume. My observations were consistent with previous
characterizations of the plume core movement that revealed three main dispersal patterns: (1) a
narrow band of flow along the northeastern South American coast from December to March; (2)
flow to the Caribbean region between April and July; and (3) flow to the Central Equatorial
Atlantic Ocean with plume waters entrained in the North Brazil Current retroflection from
August to November. Identifying the seasonal evolution of tDOC in the plume and the frequency
of occurrence provides insight on how often specific locations are influenced by plume waters,
which can influence a variety of biogeochemical processes. Interestingly, these analyses also
suggested cross-shelf transport of tDOC occurs year-round. Additionally, the long-term time
series also allowed me to quantify interannual variability, something that has been difficult to
achieve before due to the use of comparatively short time series lasting only a few years. Much
of the interannual variability observed could be related to flood and drought conditions in the
Amazon River watershed, with the largest increases in tDOC often observed during flood years.
This is important to consider, as extreme weather events are increasing over the Amazon River
watershed, potentially due to intensification of the hydrological cycle.

Although in CHAPTER 3 I connected interannual variability of the Amazon River Plume
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tDOC to extreme events such as flood and drought, there are also other factors that may impact
the Amazon River watershed carbon supply, such as forest fires which introduce black carbon
and deforestation which have been linked to increased tDOC output. It would be interesting to
explore these relationships in future investigations as these anthropogenic phenomena become
more prevalent. In general, as additional data are gathered and algorithms are refined and
improved, better estimates of tDOC variability will be attainable using remote sensing.

Research in CHAPTER 4 observed clear seasonal degradation of Amazon River plume
tDOC over the shelf region. Additionally, the monthly anomalies in tDOC degradation over the
shelf were significantly correlated with anomalies of offshore (beyond 2000 m isobath) tDOC
concentration. The correlation was with a specific offshore region identified by empirical
orthogonal function (EOF) decomposition. Additionally, these correlations were associated with
a lag of about 40 days, which coincides with the time it takes drifters released near the river
mouth to leave the shelf.

The analyses in CHAPTER 4 also attempted to correlate offshore tDOC anomalies with
the magnitude of velocity of surface currents over the shelf and plume core region. However, the
analyses revealed that data over the shelf are often missing, not allowing for robust comparisons.
It may be possible to use surface drifter trajectories acquired from the Global Drifter Program
Drifter Data Assembly Center. However, prior studies found that the distribution of surface
drifters is not uniform in this region, and that a substantial fraction of the available drifters ran
aground near the river mouth. If the recent addition of drifters to the data set does not yield
enough trajectories for a robust analysis, outputs from a well calibrated ocean model could be
used to help identify the role of variability in shelf circulation on tDOC anomalies offshore.

This dissertation provided an insight to patterns of seasonal and interannual variability of
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DOM in coastal regions. Investigating the transport and fate of DOM using molecular techniques
uncovered nuances between the importance of various factors impacting DOM composition.
Ocean-color techniques allowed estimates of tDOC over the continental shelf near the Amazon
River mouth to reveal patterns of interannual, seasonal, and intraseasonal variability, as well as
provide an estimate of when and how tDOC is exported from the continental shelf from the
Amazon River. This dissertation advanced the knowledge of DOM in coastal regions by
improving our understanding of the drivers of variability impacting DOM composition,
transport, and fate in two relevant coastal environments of our planet: a typical estuarine area in
the southeastern U.S. and a major riverine plume in the Atlantic Ocean. Two different
techniques, and yet complementary, were successfully employed in the studies reported here;
while FT-ICR MS and metatranscriptomics unraveled the relative importance of seasonality,
tides and microbial degradation changing the composition of DOM, MODIS-tDOC was an
effective tracer not only to identify seasonal and interannual variability of the Amazon River
plume terrigenous organic carbon, but also to quantify tDOC degradation over the shelf. The
rapid advance of techniques, from molecular level to satellites, to the detection and analysis of
organic matter is becoming a powerful ally to the research community studying changes in

composition of organic matter in aquatic environments on both short and large time scales.
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