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Chromophoric dissolved organic matter (CDOM) is the dominant absorber of ultraviolet
radiation in the ocean, but its sources within the ocean, as well as its chemical
composition, remain uncertain. One source of marine CDOM is Sargassum, an
epipelagic marine macro brown alga common to the Gulf of Mexico, Caribbean,
and Western North Atlantic. Furthermore, Sargassum contains phlorotannins, a class
of polyphenols that may have similar optical properties to terrestrial polyphenols.
Here, we analyze Sargassum CDOM optical properties, acquired from absorption
and fluorescence spectra of filtered samples collected during Sargassum exudation
experiments in seawater tanks. To further evaluate the structural basis of Sargassum
CDOM optical properties, Sargassum CDOM was collected by solid phase extraction
(SPE) and its chemical composition was tested by pH titration and sodium borohydride
reduction. These chemical tests revealed that Sargassum CDOM absorption spectra
respond similarly to pH titration and borohydride reduction when compared to
terrestrially-derived materials, but Sargassum CDOM has unique absorbance peaks in
difference spectra that have not been observed in terrestrially-derived CDOM. These
absorbance features are consistent with the deprotonation of modified Sargassum
phlorotannins, which are likely highly related phenolic acids and polyphenols. Sargassum
CDOM was also more rapidly photodegraded when compared to terrestrial CDOM
such as Suwannee River Natural Organic Matter. Similar to terrestrial DOM, ultrahigh
resolution mass spectrometry revealed that sunlight decreases relative abundances of
m/z ions and molecular formulas with an average O/C ratio of 0.6 and an average H/C
ratio of 0.9, suggesting preferential photodegradation and/or phototransformation of
hydrogen-deficient and oxygenated compounds, such as Sargassum phlorotannins.
Assuming a large fraction of Sargassum CDOM is quickly mineralized to CO2 during
its rapid photodegradation, Sargassum could play a major role in marine photochemical
carbon mineralization during its annual growth cycle.
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INTRODUCTION

Over the last thirty years, a multitude of studies have
demonstrated that chromophoric dissolved organic matter
(CDOM) plays numerous important roles within the aquatic
environment (Blough and Zepp, 1995; Blough, 1997; Moran
and Zepp, 1997; Blough and Del Vecchio, 2002; Mopper
and Kieber, 2002, 2000; Nelson and Siegel, 2002, 2013; Del
Castillo, 2005; Coble, 2007; Zepp et al., 2007; Sulzberger and
Durisch-Kaiser, 2009). These include, but are not limited to,
(1) substantially influencing the aquatic light field, (2) the
photochemical production of reactive oxygen species (ROS) such
as singlet oxygen (1O2), hydroxyl radical (·OH), superoxide
(O2
−) and hydrogen peroxide (H2O2) that can alter the

speciation and biological availability of key trace metals, (3) the
photo-oxidative degradation of dissolved organic matter (DOM)
and photochemical loss of CDOM absorption (photobleaching),
and (4) the photochemical production of trace gases such as
CO2, CO, and COS. Because CDOM and its defining optical
properties exist in all surface waters, chlorophyll estimates
made from satellite ocean color measurements, and therefore
estimates of marine primary production, can vary over 30%
depending whether or not CDOM is included (Siegel et al.,
2005). Over the last decade, algorithms that derive ultraviolet-
visible (UV-Vis) CDOM absorption coefficients from remotely
sensed ocean color data have improved (Swan et al., 2013;
Cao and Miller, 2015) and allowed for examination of its
distribution and dynamics over broad spatial and temporal scales.
These estimates therefore provide information relevant to carbon
cycling, the mixing of surface water masses and basin-scale
biogeochemical processes (Mopper and Kieber, 2002; Nelson and
Siegel, 2013).

Despite its importance, the sources and structural basis of
the optical properties of CDOM within the oceans remain
uncertain, particularly for the so-called and perhaps misleading
“humic-like” components of fluorescent DOM (FDOM) that
absorb in the ultraviolet (UV) and visible and fluoresce in
the visible light spectrum (Andrew et al., 2013). The unusual
optical properties of CDOM originating from terrestrial sources
have been proposed to result from intramolecular electronic
interactions between chromophores within CDOM (Del Vecchio
and Blough, 2004; Boyle et al., 2009; Kujawinski et al.,
2009; Sharpless et al., 2014). In particular, the electronic
interaction model proposes that short-range, charge transfer
(CT) interactions between electron-rich donors and electron-
deficient acceptors, formed through partial oxidation of lignin or
other polyphenolic precursors, can produce new, lower energy,
optical CT transitions (Del Vecchio and Blough, 2004; Sharpless
et al., 2014; McKay, 2020). These transitions can arise from short-
range contacts between hydroxy/methoxy-aromatic electron
donors and carbonyl-containing electron acceptors formed by
partial oxidation, which can explain long-wavelength CDOM
absorbance and fluorescence properties (Sharpless and Blough,
2014). For fresh waters, estuarine waters, and coastal waters that
are strongly influenced by riverine input, it is generally accepted
that CDOM originates primarily from the degradation products
of lignin (Hernes, 2003; Stenson et al., 2003; Hernes et al., 2008;

Boyle et al., 2009; Spencer et al., 2009, 2008; Stubbins et al., 2010)
and tannins (Maie et al., 2008; Sleighter and Hatcher, 2008).
However, it is far less certain what the sources and structures of
CDOM and the humic-like components are in the open and deep
ocean away from river-dominated margins.

The optical properties of waters from the central Equatorial
Atlantic (Andrew et al., 2013) and North Pacific (Cartisano
et al., 2018) exhibited similar characteristics to coastal and
estuarine waters, arguing against a major in situ source of
a humic-like component of CDOM in these regions. These
results suggest that humic-like absorbance and fluorescence is
a remnant of the terrestrial material, which has been diluted
and potentially modified during transit to and within the oceans
(Murphy et al., 2008; Andrew et al., 2013). However, previous
work has also suggested that these humic-like components are
produced within the oceans through microbial transformation of
particulate (Nelson et al., 1998, 2007; Nelson and Siegel, 2013)
or dissolved (Yamashita et al., 2007; Yamashita and Tanoue,
2008) marine source materials originating from phytoplankton.
Another explanation might be that marine organisms release
or transform DOM that create CDOM which appears highly
similar to terrestrially-derived CDOM. For instance, while
CRAM (carboxyl-rich alicyclic molecules) does not absorb and
fluoresce, these compounds have been attributed to refractory
components of marine DOM and recent evidence suggests that
archaea and bacterioplankton readily produce CRAM (Bayer
et al., 2019). CDOM generated in situ as a result of marine
phytoplankton production would not be anticipated to exhibit
the same optical properties as the terrestrial materials, because
they are derived from very different source materials. However,
one study provided evidence that picocyanobacteria-derived
CDOM shows some similarities to the humic-like fluorescence
of terrestrial origin (Zhao et al., 2017) and another recent study
suggested that peroxidase-mediated dimerization of tyrosine
could possibly generate humic-like CDOM (Paerl et al., 2020).
Hence, defining and quantifying the sources of marine CDOM
remains a challenge.

Some studies have focused on CDOM produced by
macroalgae (Wada et al., 2007; Hulatt et al., 2009; Shank
et al., 2010a; Perry et al., 2018), and in general brown algae
(Phaeophyceae) release more CDOM than green or red algae
(Hulatt et al., 2009). Sargassum natans and Sargassum fluitans
(referred to as Sargassum hereafter) are two brown algae species
that are particularly interesting because they are free-floating
and typically live in the epipelagic zone of the Gulf of Mexico,
Caribbean, Western Atlantic and Sargasso Sea. Sargassum can
form extensive mats that are large enough to be observed by
satellite (Gower and King, 2011; Wang and Hu, 2016) and
satellite data has revealed an increasing trend in Sargassum
over the last 20 years (Wang and Hu, 2016). Previous work has
demonstrated that Sargassum can release significant quantities of
CDOM to the oligotrophic ocean (Shank et al., 2010a; Perry et al.,
2018), and possibly releasing twice as much CDOM as seagrass
wracks (Perry et al., 2018). However, the molecular complexity
of Sargassum DOM has only been recently investigated (Powers
et al., 2019), and the structural basis of its optical properties has
not been investigated in detail.
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Brown algae also contain a class of polyphenols known
as phlorotannins, which are unique in that they are formed
exclusively by the polymerization of phloroglucinol (1,3,5-
trihydroxybenze). These phlorotannins could have optical
properties that are similar to those of terrestrial materials as
they absorb light strongly in the UVB (280–320 nm) and UVA
(320–400 nm) (Pavia et al., 1997). Following aging and partial
oxidation, phlorotannins may increase their molecular weight
(Arnold and Targett, 1998) and form electron accepting moieties
such as aromatic ketone/aldehydes and quinones (Tuor et al.,
1992; Pourcel et al., 2007; Li et al., 2008) that could also
produce longer wavelength absorption and emission through CT
interactions (Sharpless and Blough, 2014; McKay, 2020). CDOM
released by Sargassum has been previously measured (Shank
et al., 2010a) and varied significantly at 305 nm from 0.040 to
0.515 m−1 g−1 L h−1, but did increase under UV radiation
versus in the dark. Therefore, the production and release of
polyphenols from Sargassum could be a defense mechanism
to provide protection from UV exposure (Pavia et al., 1997;
Powers et al., 2019).

Because of the wide range of Sargassum CDOM release
rates reported previously (Shank et al., 2010a; Perry et al.,
2018), we monitored CDOM absorbance and fluorescence
increases during exudation experiments of healthy and mid-
senescent Sargassum natans under solar irradiation outdoors
and under artificial (visible) irradiation in the laboratory. At
the end of all incubation experiments, Sargassum DOM was
concentrated and desalted by solid phase extraction (SPE) to
better understand the contribution of Sargassum phlorotannins
to the CDOM pool. In general, SPE-DOM optical properties
are very similar to those prior to extraction, and reversed-
phase SPE is especially good at recovering long wavelength
absorbance and humic-like fluorescence (Röttgers and Koch,
2012; Andrew et al., 2016; Powers et al., 2020). Therefore, the
same optical property analyses were repeated for Sargassum
SPE-DOM and its chemical composition (e.g., carboxyl and
phenolic content) was further tested by pH titrations and
borohydride reduction, which selectively reduces carbonyl-
containing compounds and hence interrupts CT interactions.
To investigate the potential photochemical fate of this material
in the environment, Sargassum DOM was irradiated in the
laboratory using a custom-built flow-through irradiation system
equipped with a solar simulating light source, temperature and
pH control for both whole water and SPE-DOM samples, and
analyzed using the same methods listed above. Select time points
from the SPE-DOM irradiation experiment were diluted with
methanol and analyzed using Fourier transform ion cyclotron
resonance mass spectrometry (FT-ICR MS) to further understand
the changes in Sargassum DOM molecular composition due to
time-dependent photochemistry.

MATERIALS AND METHODS

Sargassum Exudation Experiments
Sargassum was collected during two sampling events in July
and in late September/early October 2016, described in a

complimentary study (Powers et al., 2019) and discussed in detail
in Supplementary Material. Briefly, Sargassum samples were
collected in July 2016 aboard the R/V Hugh R. Sharp in the
Sargasso Sea and were transported to the Chesapeake Biological
Laboratory (CBL) for exudation experiments. These experiments
are referred to as indoor exudation experiments and include both
non-stress and mid-senescent experiments. Sargassum was also
collected in early fall 2016 aboard the R/V Henry Stommel 9 km
off the coast of Bermuda and was transferred to the Bermuda
Institute of Ocean Sciences (BIOS) within 2 h of collection. To
assess the impact of high energy UV (primarily UVB) light on
DOM exudation, these Sargassum samples were either placed in
tanks left uncovered and exposed to full sunlight or in tanks
covered with Plexiglas (irradiation cut off at 345 nm and 65%
UVA transmission). These experiments are referred to as outdoor
exudation experiments and include non-stress with UV/no cover
and non-stress no UV/Plexiglas cover experiments. It should be
noted while the DOM analyzed during exudation experiments
is referred to as “Sargassum DOM,” this material potentially
includes exudates and transformation products from Sargassum-
colonizing epiphytes and other microorganisms.

During all leaching experiments, ∼50 mL subsamples of tank
water were 0.2 µm syringe-filtered (Whatman 25 mm GD/X
syringe filters) into clean combusted (500◦C) 40 mL amber
glass vials at various discrete time points. Optical properties
of samples were either analyzed immediately or stored at 4◦C
until analysis (within 1–10 days of collection). At the same
time points, additional samples were analyzed for dissolved
organic carbon (DOC) concentrations, which has been reported
elsewhere (Powers et al., 2019). After 24–48 h of exudation,
remaining tank water (1–6 L) housing Sargassum was filtered
through pre-combusted Whatman 0.7 µm GF/F glass fiber
filters and solid-phase extracted using an established procedure
(Dittmar et al., 2008) using 5 g Agilent Bond Elut PPL cartridges,
as described in detail previously (Powers et al., 2019). Although
samples for SPE were filtered through 0.7 µm filters and samples
for optical property analyses were filtered through 0.2 µm filters,
combusting glass fiber filters at 500◦C likely reduced the pore
size of the “0.7 µm” filters so that the pore sizes of both filters
are comparable (Nayar and Chou, 2003). The optical properties
of Sargassum DOM recovered by solid-phase extraction (SPE-
DOM) was also analyzed and used for additional chemical tests.
Typically, 1 mL of methanolic extract was completely dried under
a stream of N2 gas and re-dissolved in 50 mL of ultrapure
Milli-Q water (Barnstead). These SPE-DOM samples were used
for pH titrations, sodium borohydride (NaB4) reductions, and
irradiation experiments, all described in detail below.

Optical Property Analysis
For all time points collected during exudation experiments, raw
absorbance spectra [A(λ)] were collected in a 1 cm quartz
fluorescence cuvette using a Horiba Aqualog at 3 nm intervals
between 240 and 600 nm. For SPE-DOM samples used in
pH titration and borohydride reduction experiments, A(λ) was
collected in a 1 cm quartz fluorescence cuvette using a Shimadzu
UV-Vis system at 1 nm intervals between 190 and 820 nm.
For all A(λ) measurements regardless of instrument, ultrapure

Frontiers in Marine Science | www.frontiersin.org 3 November 2020 | Volume 7 | Article 588287

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-588287 November 7, 2020 Time: 19:25 # 4

Powers et al. Sargassum CDOM

Milli-Q water served as the absorbance blank. A(λ) collected
using the Shimadzu UV-Vis system was corrected for any
offsets or instrument drift by subtracting all spectra by their
absorbance at 720 nm. A(λ) collected using the Aqualog was
not corrected, however no significant differences were observed
between absorption spectra or spectral slopes for the same
samples analyzed on both instruments. A(λ) were then converted
Naperian absorption coefficient spectra [a(λ)] using the equation

a(λ) = 2.303 × A(λ)/L (1)

where L (m) is the pathlength of the spectrophotometer cell (0.01
m). To determine CDOM release rates (Ra(λ )), all a(λ) were
normalized to the “concentration” of Sargassum (g wet weight
L−1) [anorm(λ)]. Ra(λ ) was then calculated by a linear regression
of anorm(λ) versus time (t) in h using the following equation

anorm(λ)t = Ra(λ) × t + anorm(λ)0 (2)

where anorm(λ)t and anorm(λ)0 are anorm(λ) values at time t and
time 0, respectively. Pooled Ra(λ ) were also determined by a
linear regression of all exudation data of a particular type (no
UV, with UV, mid-senescent) versus time. These pooled Ra(λ )

were compared by analysis of covariance (ANCOVA). Spectral
slope coefficients from 300 to 500 nm (S300−500, nm−1) were
determined by fitting a(λ) spectra to the equation.

a(λ) = a300×EXP(−S300−500)(λ− 300)) (3)

using a non-linear curve fitting routine in MATLAB 2015a.
S300−500 values were compared between experimental conditions
using one-way analysis of variance (ANOVA).

Spectra of excitation-emission matrix (EEM) fluorescence
were acquired using a Horiba Aqualog. Emission (em) was
recorded between 250 and 600 nm at fixed intervals (∼3.3 nm)
for excitation (ex) wavelengths ranging from 240 to 550 nm
at 3 intervals. Pure water served as the fluorescence blank and
the resulting spectra were corrected for Raleigh scattering using
methods described previously (Zepp et al., 2004) and inner
filter effects using the Aqualog software. The water Raman
peak was measured daily to account and correct for possible
instrument shifts. The Raman peak area was also used to
normalize EEM spectra so that fluorescence intensities reported
here are expressed in Water Raman Units (RU). Fluorescence
peak intensities were determined as in Timko et al. (2015) by
finding the maxima within pre-defined peak boundaries for the
conventional “humic-like” A peak (ex/em < 260/400–460 nm)
and C peak (ex/em 320–360/420–460 nm) as well as the “protein-
like” T peak (ex/em < 260/320–350 nm) (Coble, 1996), which are
peaks that had high fluorescence intensities in many samples. To
determine FDOM release rates (RF), fluorescence peak intensities
(F) were again normalized by Sargassum biomass per liter (g wet
weight L−1). RF was then determined as a linear regression of
normalized F data versus time (h) using the equation below.

Ft = RF × t + F0 (4)

where Ft and F0 are the normalized fluorescence intensities
at time t and time 0, respectively. Pooled RF values were

determined in the same way as pooled Ra(λ ) values and also
compared by ANCOVA.

Differences between incubation conditions were also tested by
calculating relative fluorescence apparent quantum yield [AQY,
8(λ)] spectra (Heller et al., 1974; Green and Blough, 1994;
Velapoldi and Tønnesen, 2004; Brouwer, 2011; Wünsch et al.,
2016). To do this, fluorescence emission intensities [F(λ)] for
each sample were integrated for every excitation wavelength
[
∫

F(λ)] and divided by A(λ). These values were normalized to
8(350), A(350) and

∫
F(350) of quinine sulfate (QS) in 0.05 N

H2SO4 using the following equation.

8(λ)sample = 8(350)QS × (

∫
F(λ)sample/

A(λ)sample)/(A(350)QS/

∫
F(350)QS) (5)

where 8(350)QS = 0.51 ± 0.02 at λ = 350 nm (Velapoldi and
Tønnesen, 2004; Brouwer, 2011).

Titrations and Reductions of Sargassum
SPE-DOM
Titrations of Sargassum SPE-DOM samples were performed
using an Orion 8220 BNWP microelectrode connected to an
Orion 4 Star pH ISE meter. The electrode was calibrated daily
using pH 1.68, 4.01, 7.00, 10.01, and 12.46 NBS buffers. SPE-
DOM samples acidified to pH 2–3 using concentrated HCl
(Sigma Aldrich puriss, p.a. 32%) were placed in a 1.0 cm
quartz spectrophotometer cell. Samples were then titrated to
pH 10–11 using µL additions of 0.1–1 N NaOH and at
every pH change of ∼0.5 units, an absorbance spectrum was
recorded using the Shimadzu UV-Vis system, as described
above. Samples were also titrated from high pH (10–11) to
pH 3 using µL additions of 0.1–1 N HCl or HClO4. All
optical properties were corrected for dilution due to the
additions of acid or base. Because these samples underwent no
further treatment, they are referred to here as untreated SPE-
DOM samples.

The effects of pH titration on both sodium borohydride
(NaBH4) reduced samples and irradiated samples were tested.
Additional SPE-DOM samples were adjusted to pH 10 and
reacted under air for up to 48 h to determine if oxidation
takes place. No changes in optical properties were observed,
suggesting that our Sargassum SPE-DOM samples could not
undergo further oxidation. Reduction of Sargassum SPE-DOM
samples was performed using NaBH4 following methods and
recommendations reported previously (Schendorf et al., 2016).
Briefly, SPE-DOM samples were adjusted to pH 10–11 and
were reduced using a 25 times mass excess (based on the
DOC concentration of the SPE-DOM sample) aliquot of
NaBH4. Samples were reacted under air in the dark for 24 h.
After 24 h, the reduced samples were titrated and optical
properties were measured as described above. These samples
are referred to as reduced SPE-DOM samples hereafter. Some
Sargassum SPE-DOM samples were irradiated until a 40–
50% reduction in CDOM absorption spectra was observed
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between 300 and 400 nm (described in section “Irradiation
Experiments” below). Irradiated samples underwent the same
optical property analyses during titrations and are referred to as
irradiated samples.

Irradiation Experiments
At the conclusion of our final outdoor exudation experiment
(Supplementary Table S1), approximately 100 mL of the filtered
Sargassum tank water was reserved in combusted amber glass
vials and stored at 4◦C, while the remainder of the sample was
isolated via our SPE technique. Both the whole water sample as
well as its corresponding SPE-DOM sample were then used in
irradiation experiments. This exudation experiment was selected
for photochemical experiments in order to minimize storage
time of the filtered (whole) water sample between the end of
the exudation experiment at BIOS and start of the irradiation
experiment at CBL (sample stored approximately 1 week). The
irradiation system used in this study has been described in detail
elsewhere (Timko et al., 2015). Briefly, a sample was continuously
pumped at ∼1 mL/min from a 10 mL round bottom flask to a
custom-built spiral SCHOTT Borofloat spiral flow cell (Hellma
Analytics) that was situated beneath an Oriel Sol2A Class ABA
solar simulator (Newport Corporation, Irvine, CA). This flow cell
allows 70–85% transmission between 300 and 350 nm and 85%
transmission at wavelengths > 350 nm and has a 2 mm wide by
1 mm deep flow path. The 1 mm pathlength ensured that samples
were optically thin during irradiation even at relatively high
CDOM values (Timko et al., 2015). The broadband UVA photon
dose for this system was determined using nitrite actinometry,
which has a response bandwidth of 330–380 nm (Jankowski et al.,
1999, 2000). Based on modeled solar irradiance from 330 to
380 nm from the System for Transfer of Atmospheric Radiation
model (Ruggaber et al., 1994) calculated just below the sea surface
(Fichot and Miller, 2010) and ignoring mixing of the water
column, a 24 h irradiation in this system is equivalent to 1.1 days
of integrated exposure at 30◦N in mid-July where 1 day is∼14 h.

From the spiral flow cell under the solar simulator, the
sample was then pumped to a 10 × 4 mm spectrophotometer
flow cell housed in the Horiba Aqualog spectrofluorometer
and then returned to the round bottom flask to mix and
prevent oxygen loss during irradiation. The flask was also
temperature controlled to 25◦C with a recirculating water bath.
EEM and absorption spectra were simultaneously recorded in
the 10 × 4 mm flow cell using the Horiba Aqualog every
20 min for up to 48 h of irradiation time. The pH of the
solution was monitored in the round bottom flask with a Thermo
Orion 8220BNWP microelectrode calibrated with pH 4.0 and
10 NBS buffers and adjusted to pH 8. Ideally, seawater pH is
calibrated with Tris buffers at seawater ionic strength (Marion
et al., 2011), but the goal here was to maintain the sample
at a pH value of approximately 8 for the entire irradiation
experiment. Thus, a J-Kem Infinity II reaction controller coupled
to a dual syringe pump delivered µL additions of 0.1 M HCl
or 0.1 M NaOH as needed to maintain a stable pH during the
irradiation experiment.

Absorbance loss at every wavelength over time was
approximated using a first-order decay equation for the

first 20 h of irradiation, or until ∼50% visible absorbance loss
(Del Vecchio and Blough, 2002).

At/A0 = exp(−ka × t) (6)

At and A0 are absorbance at a given time and that at time
zero, respectively; ka is the first-order decay constant (h−1)
and t is time in hours. Fluorescence loss at every ex/em pair
was modeled using a double exponential equation, describing
fluorescence decay by two pools, F1 and F2, so that F1 + F2 ≈

1 (Del Vecchio and Blough, 2002).

Ft/F0 = F1 × exp(−k1 × t) + F2 × exp(−k2 × t) (7)

Ft and F0 are fluorescence at a given time and that at time zero,
respectively, and k1 and k2 are the decay constants (h−1) of F1
and F2, respectively. All decay fits were made using a non-linear
curve fitting routine in MATLAB 2015a.

Ultrahigh Resolution Mass Spectrometry
We used ultrahigh resolution mass spectrometry to characterize
the changes in the molecular composition of Sargassum SPE-
DOM during the irradiation experiment using a Bruker Solarix
12 Tesla Fourier transform (FT) ion cyclotron resonance (ICR)
mass spectrometer located at the Helmholtz Zentrum, Munich,
Germany. Because the pH electrode was found to contaminate
the sample over time for mass spectrometry, no pH control
was used in this experiment. Additionally, the sample volume
was doubled to minimize volume changes when subsampling
at time points of 2, 4, 6, 22, and 46 h. The absorbed photon
dose was also decreased due to the larger volume, so that the
46 h time point was equivalent to the ∼20 h exposure in the
previous irradiation experiments discussed above. At each time
point, 0.2 mL was sampled from the reactor and was added
to 0.8 mL of methanol to ensure ionization. Ionization was
achieved using negative ion mode electrospray ionization (ESI)
with an electrospray voltage of–3.6 kV. Samples were infused
at a flow rate of 120 µL h−1, and 500 transient spectra were
averaged. The resolution (> 500,000 at m/z 400) and the mass
error (<0.2 ppm) were sufficiently precise to compute exact
molecular formulas based on the following atomic numbers:
12C1−−8, 1H1−−8, 16O0−30, 14N0−3 and 32S0−2, and 79Br0−3,
as well as the 13C and 81Br isotopologs (Koch et al., 2007;
Herzsprung et al., 2014), although only formula assignments
containing carbon, hydrogen, and oxygen (CHO) are discussed
here. CHO formulas are described here because they were
most abundant using negative ESI mode in the Sargassum SPE-
DOM analyzed previously (Powers et al., 2019) and would
likely include the majority of phlorotannins and polyphenols.
A more detailed characterization of Sargassum DOM, including
assignments with heteroatoms and bromine, can be found
elsewhere (Powers et al., 2019).

Van Krevelen or elemental diagrams were used to visualize
the chemical space of FT-ICR MS data by plotting assigned
molecular formulas according to their hydrogen to carbon
(H/C) and oxygen to carbon (O/C) ratios (van Krevelen,
1950). A number of parameters were calculated to gain
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information based on assigned molecular formulas. For
instance, double bond equivalents (DBE), or the number of
unsaturations plus rings in a molecule, were determined for
assigned molecular formulas according to the equation below
(Koch and Dittmar, 2006).

DBE = 1 + 6Nx(Vx − 2)/2 (8)

Where Nx is the number of atoms of element x and Vx is
the valence of element x. An additional parameter, the modified
aromaticity index (AImod), was used as an indicator of aromatic
structures in DOM when AImod is greater than 0.5, according to
the following equation (Koch and Dittmar, 2006, 2016):

AImod = (1 + C− 1/2O− S− 1/2(N + H))/

(C − 1/2O− N − S) (9)

For compounds containing only carbon, hydrogen, and
oxygen (CHO), the average carbon oxidation state (COS) was
approximated by

COS = (2O−H)/C (10)

where a formula with a COS less than or equal to 0 is reduced and
that greater than 0 is oxidized (Kroll et al., 2011). To compare
samples between time points and remove biases between samples
toward individual m/z ions, all intensities for m/z ions in a
sample were normalized to the summed intensity of the sample.
These normalized intensities were then compared for all assigned
molecular formulas between time points and used to calculate
intensity-weighted (wt) average parameters for the parameters
discussed above (Eqs 8–10). Average molecular characteristics
(described below) were within one standard deviation between
time points, so normalized intensities were instead compared
for formulas that had either relatively increasing intensities or
relatively decreasing intensities between time points.

RESULTS AND DISCUSSION

Changes in Absorbance Properties
During Exudation Experiments
Over the course of controlled exudation experiments, CDOM
absorption spectra [a(λ)] increased continually in tanks
containing Sargassum (Figure 1, Supplementary Table S1,
and Supplementary Figure S1). The pooled CDOM release
rate (Ra) for mid-senescent samples was significantly higher
at all wavelengths than both controlled experiments with and
without full solar exposure (Figure 1A and Supplementary
Table S1). Under non-stress conditions, Ra values in the
UV region were similar between indoor and outdoor
experiments, but CDOM release rates in the visible region
were higher in tanks exposed to sunlight (Figures 1B,C). For
instance, Ra(305) = 0.047 ± 0.004 m−1 L mg−1 indoors and
Ra(305) = 0.063 ± 0.005 m−1 L mg−1 outdoors (ANCOVA

FIGURE 1 | (A) Pooled CDOM absorption coefficient release rates [Ra(λ ),
anorm(λ) h−1, Eq. 2] for incubation experiments at each wavelength where the
black line corresponds to samples under LED lights or sunlight with a
Plexiglas cover (no UV exposure), the orange line corresponds to samples
under natural sunlight (with UV exposure) and the gray line corresponds to
samples that had no UV exposure but were in mid-senescent conditions.
(B,C) show CDOM absorption coefficients normalized to Sargassum mass in
wet weight (g) per liter [anorm(λ), m−1 g−1 L)] at 305 and 412 nm, respectively,
in tanks housing Sargassum over time. Pooled linear regressions (solid lines)
with 95% confidence intervals (dashed lines) are shown to highlight the
determination of Ra values shown in (A). In (B,C) black circles were under
LED lights or sunlight with a Plexiglas cover (no UV exposure), orange squares
were under natural sunlight (with UV exposure) and gray diamonds were in
mid-senescent conditions.

p-value = 0.17, Supplementary Table S1). On the other hand,
Ra(412) = 0.008 ± 0.001 m−1 L g−1 h−1 in tanks without
UV exposure and Ra(412) = 0.012 ± 0.001 m−1 L g−1 h−1 in
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tanks exposed to natural sunlight (ANCOVA p-value = 0.011,
Supplementary Table S1).

Largely, these results indicate that CDOM release is higher
during senescent conditions than at earlier life stages, and
is likely more important than light conditions. Mid-senescent
Sargassum also released significantly more CDOM than all other
treatments in a previous study (Shank et al., 2010a). Similarly,
detrital seagrass (Thalassia testudinum) released significantly
more CDOM than living seagrass in a previous study (Stabenau
et al., 2004). This result may be explained by cell wall
degradation and increased permeability during senescence and
the concomitant loss of cellular material (Myklestad, 2005).
However, some light exposure may be important in CDOM
release from Sargassum because a previous study that monitored
CDOM release from Sargassum over an 11 day dark mesocosm
experiment determined an Ra(412) of only 0.001 m−1 L g−1 h−1

(Perry et al., 2018), well below the Ra(412) of 0.008–0.012 m−1 L
g−1 h−1 measured in our visible light and sunlight exposed tanks.

Despite the differences Ra(λ) between experiments,
a(λ) spectral shape was similar for all leaching conditions
(Supplementary Figure S1). Notably, CDOM released by
Sargassum exhibited a peak maximum in a(λ) between 265
and 270 nm (Figure 2A). Likewise, CDOM released from
several brown algae species including Fucus sp., Laminaria
digitata, Chorda filum, and Ascophyllum nodosum, also exhibited
similar absorbance peaks in the 265–285 nm range, which the
authors attributed to phenolic species (Hulatt et al., 2009).
While this feature has also been previously associated with
protein-like absorbance primarily due to the amino acids
tyrosine (a phenol) and tryptophan (Noble and Bailey, 2009;
Porterfield and Zlotnick, 2010), one studied confirmed that
bromophenols released by the brown algae Eisenia bicyclis
and Ecklonia kurome corresponded to absorbing material with
maxima from 265 to 270 nm (Shibata et al., 2006). However,
attributing this peak to phenolic species and phlorotannins is
somewhat speculative without further tests. Therefore, to better
understand the contribution of phenolic species to Sargassum
a(λ) spectra, optical changes during pH titration of Sargassum
SPE-DOM were also determined (see section “pH Dependence
of Solid-Phase Extracted (SPE)-DOM Optical Properties”).

Average S300−500 values of Sargassum DOM fell in a somewhat
narrow range from 0.013 to 0.017 nm−1 (Supplementary
Table S1). These S300−500 values were in line with the S290−500
values of 0.012–0.015 nm−1 found for Sargassum CDOM (Shank
et al., 2010a) and the S270−400 values of 0.011–0.014 nm−1

found for CDOM released from the brown alga Ecklonia cava
(Wada et al., 2007). However, S300−500 was significantly lower
in sunlight exposed tanks (0.014 ± 0.001 nm−1) compared
to those without UV exposure (0.016 ± 0.001 nm−1), which
reflects the larger increases in CDOM absorption spectra in the
visible region for sunlight exposed tanks (Figure 1C). Given
this result, UV exposure appears to be important in increasing
long-wavelength absorbance in Sargassum CDOM. Because solar
exposure typically increases CDOM spectral slope (Helms et al.,
2008; Sharpless and Blough, 2014), one might expect higher
S300−500 values and lower rates of CDOM release in the visible
in sunlight-exposed tanks compared to non-UV tanks. However,

these results suggest that the possible fast aging and oxidation
of freshly produced Sargassum CDOM may increase long-
wavelength absorbance into the visible region of the spectrum for
samples that were exposed to full solar radiation.

Changes in Fluorescence During
Exudation Experiments
While conventional “humic-like” fluorescence peaks A and C
have been associated with terrestrial materials (Coble, 1996),
Sargassum released FDOM with intense A and C peaks under
all experimental conditions (Figure 2, Supplementary Figure S3,
and Supplementary Table S2). Similar FDOM EEM spectra were
observed from Sargassum leaching experiments in a previous
work (Shank et al., 2010a). RF for these humic-like peaks was
about two times higher for Sargassum under mid-senescent
conditions than for non-stress conditions (Supplementary
Table S2) although increases in FDOM intensities for all
experiments were more variable than increases in a(λ). Thus,
when Sargassum was healthy, RF for peak A and C were
not significantly different between tanks with and without
UV exposure (Supplementary Figure S2 and Supplementary
Table S2). RF for peak T was variable and there were
no clear trends between different experimental conditions
(Supplementary Table S2). FDOM from the brown alga Ecklonia
cava had a large range in C peak intensity at different times of
year, and a very high T peak in June (Wada et al., 2007), indicating
that the quality of FDOM released from brown algae depends on
several factors including potential modifications due to microbial
processing (Rochelle-Newall and Fisher, 2002).

Fluorescence apparent quantum yield spectra [8(λ)]
overlapped (± 1 SD) for all conditions (Supplementary
Figure S3) and average maximum apparent quantum yield
[8(λex−max)] values ranged from ∼0.002 to 0.004 and λex−max
values varied between ∼370 and 410 nm (Supplementary
Table S2). For experiments using healthy Sargassum, 8(λ) also
appeared to decrease over time. Because FDOM release rates
were variable, perhaps these decreases reflect decreasing rates
of FDOM release over time, compared to the more linear rates
of CDOM release (Supplementary Tables S1, S2). However,
there were some notable differences in 8(λ) values for different
experimental conditions. For indoor tanks, there appeared
to be a shift in 8(λ) shape over time to lower λex−max and
lower 8(λex−max), from 8(380) = 0.0039 for samples collected
before 18 h to 8(372) = 0.0034 for samples collected after 18 h
(Supplementary Table S2). For outdoor tanks, λex−max did not
change (λex−max = 387) but 8(387) decreased from 0.0035 for
samples collected before 18 h to 0.0023 for samples collected
after 18 h (Supplementary Table S2). While 8(λ) reported
for riverine and marine waters are typically higher than the
Sargassum 8(λ) found in this study (Green and Blough, 1994;
Wünsch et al., 2016), Sargassum 8(λ) show some similarities to
fluorescence 8(λ) determined for terrestrial standard reference
materials from the International Humic Substances Society
(IHSS) (Ma et al., 2010; McKay et al., 2016; Wünsch et al., 2016;
Schendorf et al., 2019). For instance, humic acids have similar
8(400) values of ∼0.003 but λex−max is typically at longer
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FIGURE 2 | Optical properties of samples used in photochemical irradiation experiments at pH 8: Suwannee River Natural Organic Matter (SRNOM), Sargassum
DOM in filtered seawater, and Sargassum SPE-DOM in ultrapure water. (A) a(λ) spectra of SRNOM (black line), Sargassum DOM in seawater (orange line), and
Sargassum SPE-DOM in ultrapure water (blue line). The inset in (A) are the same a(λ) spectra normalized to a(λ) at 350 nm [a(λ)/a(350)] to highlight the differences in
spectral shape between these samples. (B) Fluorescence apparent quantum yield spectra 8(λ) of Sargassum DOM, Sargassum SPE-DOM and SRNOM where
same colors in (A) apply. Excitation-emission matrix spectra of Sargassum SPE-DOM in ultrapure water (C) and SRNOM (D). Note the difference in scale between
the two EEM spectra.

wavelengths between 440 and 460 nm (Ma et al., 2010; Schendorf
et al., 2019), well above the λex−max values for Sargassum DOM.
On the other hand, Suwannee River Fulvic Acid (SRFA) had
similar λex−max values of∼380–390 nm, but greater 8(λex−max)
values of ∼0.0085–0.015 (Ma et al., 2010; McKay et al., 2016;
Wünsch et al., 2016; Schendorf et al., 2019).

Because Sargassum exudates are in seawater and IHSS
materials are isolated from soils, peat and water, exudates and
reference materials may not be directly comparable. Therefore,
as an additional test, we compared Sargassum exudate and SPE-
DOM optical properties to those of Suwannee River Natural
Organic Matter (SRNOM, IHSS) at pH 8 (Figure 2). In general,
Sargassum SPE-DOM had higher mass normalized absorbance
values and lower spectral slope values than samples before
SPE at pH 8 (Supplementary Table S3), suggesting that our
SPE technique preferentially retained long-wavelength absorbing
material relative to bulk DOM, which was expected. Similar
reversed-phase SPE methods have also observed preferential
recovery of long-wavelength absorbance and fluorescence (Green
and Blough, 1994; Röttgers and Koch, 2012; Andrew et al.,
2016; Powers et al., 2020). This Sargassum SPE-DOM sample
had similar absorbance values to those of SRNOM (Figure 2A),
however, SRNOM had much larger fluorescence intensities
compared to Sargassum SPE-DOM (Figures 2C,D). Thus

SRNOM 8(λ) was well above those for Sargassum DOM,
averaging 0.011± 0.008 at a somewhat higher λex−max of 396 nm
(Figure 2B). Despite the differences in Sargassum 8(λ) versus
those for terrestrial materials (McKay et al., 2016; Wünsch et al.,
2016; Schendorf et al., 2019), Sargassum appears to produce
FDOM with similar 8(λ) to terrestrial humic acids but with
λex−max for 8(λ) similar to SRFA and SRNOM. Thus, for the
oligotrophic waters of the Gulf of Mexico and the Sargasso Sea,
Sargassum mats could be an important seasonal in situ source
of “humic-like” FDOM, with the caveats of its relatively fast
photochemical transformation (see section “Photodegradation of
Sargassum DOM Optical Properties” below).

pH Dependence of Solid-Phase
Extracted (SPE)-DOM Optical Properties
Because of the wide range of pKa values for carboxyl and phenolic
groups in complex mixtures such as aquatic DOM, empirical
rules or models have been used to estimate the concentrations
of carboxyl and phenolic groups using pH titrations of DOM
(Ritchie and Perdue, 2003). For instance, it is often assumed
that all carboxyl groups are titrated to a pH of 7 or 8, and
half of the phenolic groups are titrated between pH 8 and 10
(Ritchie and Perdue, 2003; Dryer et al., 2008; Janot et al., 2010).

Frontiers in Marine Science | www.frontiersin.org 8 November 2020 | Volume 7 | Article 588287

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-588287 November 7, 2020 Time: 19:25 # 9

Powers et al. Sargassum CDOM

FIGURE 3 | (A–C) Mass-normalized absorption spectra (apH = a(λ)/DOC, L mg−1 m−1) plotted from 240 to 700 nm for a Sargassum SPE-DOM sample that
underwent various treatments followed by pH titration: (A) no treatment (“untreated”), (B) photodegraded (“irradiated”), and (C) reduced with NaBH4 (“reduced”).
Colors from blue to red represent different pH values from low pH (blue) to high pH (red), with select pH values listed from ∼3 to 11. (D–F) the same mass
normalized apH (λ) spectra plotted in the visible from 400 to 700 nm where (D) is untreated, (E) is irradiated, and (F) is reduced.

With these assumptions in mind, we selected a variety of
sample types from our exudation experiments to test the pH
dependence of Sargassum SPE-DOM and to further understand
the involvement of these functional groups in Sargassum
a(λ) (Figures 3A–F and Supplementary Table S3). For
untreated Sargassum SPE-DOM, absorption spectra increased
with increasing pH, with the largest increases in the visible
region between pH 3 and 10 (Supplementary Table S3 and

Figures 3A,D), which corresponded to decreases in S300−500
values averaging −11 ± 3%. Consistent with previous work,
terrestrial reference materials also exhibited a higher a(λ) pH
dependence for longer wavelengths in the visible region than for
UV wavelengths (Schendorf et al., 2019). As noted previously,
these changes are suspected to be due to the deprotonation of
chromophores, enhancement of CT interactions, and possibly
conformational changes in the DOM pool (Dryer et al., 2008).
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In order to obtain more detailed information, mass-normalized
difference absorbance spectra were also calculated using the
following equation (Dryer et al., 2008; Schendorf et al., 2019)

1a(λ) = (a(λ)pHx − a(λ)pHref )/[DOC] (11)

where a(λ)pHx and a(λ)pHref are a(λ) values at pH x and a
reference pH, respectively (Figures 4A–C). For example, 1a(λ)
were calculated relative to pH 3 for carboxyl groups (Figures 4A–
C) and relative to pH 7 for phenolic groups (Figures 4D–F).
It was therefore assumed that changes in 1a(λ) over these
respective pH ranges (i.e., pH 3 to 7 for carboxyl groups and pH
8 and above for phenolic groups) were due to these respective
functional groups (Dryer et al., 2008; Janot et al., 2010; Schendorf
et al., 2019). Two distinct peaks were observed in 1a(λ) plots
relative to pH 3 of untreated samples around 270 nm and 325 nm
(Figure 4A). Peaks in the carboxylic range have been observed
previously in the low UV (<280 nm) range (Dryer et al., 2008;
Janot et al., 2010; Schendorf et al., 2019), but the peak at 325 nm
appears to be unique to Sargassum. Above 350 nm, there were
two broad bands to in untreated 1a(λ) plots relative to pH
3 (Figure 4A). Broad peaks have also been observed for IHSS
reference humic and fulvic acids over the carboxylic acid pH
range (Dryer et al., 2008; Schendorf et al., 2019). 1a(λ) plots
relative to pH 7 revealed distinct peaks at ∼250 nm and at
∼315 nm and a broad band > 400 nm (Figure 4D). On the other
hand, terrestrial reference materials generally have one broad
band that extends from the UV into the visible region in the
phenolic range (Schendorf et al., 2019). While peaks < 250 nm
have been observed in the phenolic range previously (Dryer et al.,
2008), it is likely that the enhancement in 1a(λ) plots ∼315 nm
is due to the deprotonation of phenols that are unique to
Sargassum or more generally, unique to DOM from brown algae.
Unfortunately, the pH dependence of a(λ) spectra and difference
absorbance spectra have only rarely been tested (Dryer et al.,
2008; Janot et al., 2010; Schendorf et al., 2019), so comparisons
to other algal sources cannot be made at this time.

Both borohydride reduction and photodegradation resulted in
considerable losses in Sargassum SPE-DOM absorption spectra
(Figures 3B,C,E,F and Supplementary Table S3). It has been
well established that sodium borohydride (NaBH4) produces
a substantial absorbance loss, especially in the visible region,
and blue-shifted fluorescence increases, due to the reduction
of carbonyl containing molecules, such as aromatic ketones,
and the loss of charge transfer interactions between suspected
phenolic electron donors and carbonyl-containing acceptors (Ma
et al., 2010; Sharpless and Blough, 2014; Del Vecchio et al.,
2017; Schendorf et al., 2019). Photo-oxidation of DOM generally
decreases its absorbance and fluorescence; however, it is expected
to decrease DOM electron-donating capacity but have little
impact on electron-accepting capacity (Sharpless et al., 2014).
Although our results are highly dependent on irradiation time,
the loss of visible absorption was more substantial for reduced
samples than irradiated samples, resulting in higher S300−500
values in reduced samples compared to irradiated samples
(Supplementary Table S3). The pH dependence of a(λ) in the
visible was more diminished in reduced samples relative to

untreated SPE-DOM. For instance, between pH 3 and 10 a(412)
increased by 56± 9% in untreated samples (n = 6) and by 36± 5%
in irradiated samples (n = 2) but only by 16 ± 1% in reduced
samples (n = 2) (Supplementary Table S3).

Substantial changes were also observed following reduction
and irradiation in 1a(λ) spectra (Figures 4B,C,E,F). For reduced
samples in the carboxylic acid pH range, the 270 nm peak in
difference a(λ) relative to pH 3 was much sharper and higher
relative to the untreated sample (inset in Figure 4C). The 325 nm
peak and the broad peaks observed in the untreated sample were
removed or greatly diminished (Figure 4C). A similarly intense
peak at 280 nm was also observed in 1a(λ) plots of reduced
terrestrial samples, which was attributed to the deprotonation
of a highly related pool of aromatic carboxylic acids (Schendorf
et al., 2019). After irradiation of Sargassum SPE-DOM, broad
peaks were still evident in 1a(λ) plots relative pH 3 (Figure 4B),
but the peaks at 270 and 325 nm were less discrete perhaps
due to the loss of carboxyl groups during photodegradation
(Xie et al., 2004). However, over the phenolic range, while pH
dependence was smaller in reduced and irradiated samples, the
peaks observed in untreated samples at ∼315 nm and > 400 nm
were retained in 1a(λ) plots (Figures 4E,F). These results suggest
that polyphenols unique to Sargassum (i.e., phlorotannins) are a
dominant contributor to its optical properties. Because increases
in 1a(λ) from pH 7 were retained in irradiated samples,
significant phenolic content must have been present after this
irradiation time, which could possibly be smaller molecular
weight remnants of Sargassum phlorotannins.

Previous work demonstrated that Sargassum DOM has a
high phenolic content, ranging from ∼5 to 20% of the DOC
concentration (Powers et al., 2019). However, NMR spectra
showed that Sargassum DOM is comprised of a diverse array
of molecular classes and in particular a high abundance
of oxygenated phlorotannins and general aromatic molecules
(Powers et al., 2019). Thus, as is evident with the substantial
changes in 1a(λ) over the low carboxylic acid pH range,
Sargassum DOM optical properties are not due to phenolic
groups alone. Because carboxylation and hydroxylation reactions
of phlorotannins are possible under the natural sunlight and
aerated conditions of many experiments (Schmitt-Kopplin et al.,
1998; Zhang and Blough, 2016), future work could isolate
phlorotannins from bulk Sargassum DOM to better understand
the optical properties of phlorotannins alone. Regardless, while
there are several differences between Sargassum DOM and
terrestrial DOM discussed above, pH titrations also revealed
several similarities to the optical properties of terrestrial materials
(Dryer et al., 2008; Schendorf et al., 2019). Thus, pH titrations
further support the idea that Sargassum may be an important
source of CDOM with similar optical properties to terrestrial
DOM in the open ocean.

Photodegradation of Sargassum DOM
Optical Properties
During Sargassum DOM photodegradation experiments, the
maximum decrease in a(λ) occurred at ∼285 nm, whereas
the percent a(λ) loss was greatest in the visible region
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FIGURE 4 | (A–C) 1a(λ) (Eq 11) from pH 3 (i.e., change in mass normalized a(λ) determined by [a(λ)pH – a(λ)pH3]/DOC) where (A) is the untreated sample, (B) is the
irradiated sample, and (C) is the reduced sample. Bold lines represent 1a(λ) at pH 3 (flat blue line) and pH 7 (light green line), meant to highlight the change in the
carboxylic acid pKa range. (A–C) Are plotted on the same scale but the inset in (C) shows the entire 1a(λ) plot for the reduced sample. (D–F) 1a(λ) from pH 7
where (D) is untreated, (E) is irradiated, and (F) is reduced. Bold lines represent 1a(λ) at pH 7 (flat light green line) to pH 10 (bold red line) to highlight the change in
the phenolic pKa range.

(Supplementary Figure S7). First order rate constants (ka, Eq
6) for a(305) loss ranged from 0.015 to 0.022 h−1 resulting
in 26–37% loss after 20 h whereas rate constants for a(412)
loss ranged from 0.020 to 0.035 h−1 resulting in 34–53%
loss after 20 h (Supplementary Table S4 and Supplementary
Figure S4). These ka values are slightly lower but in good

agreement with those found for a(305) of whole water Sargassum
exudates of 0.024–0.027 h−1 (Shank et al., 2010b), although
it should be noted that irradiation conditions were not the
same between studies. In fact, a variety of light sources, sample
containers, and experimental configurations have been used
to evaluate CDOM photochemistry, and when photon doses

Frontiers in Marine Science | www.frontiersin.org 11 November 2020 | Volume 7 | Article 588287

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-588287 November 7, 2020 Time: 19:25 # 12

Powers et al. Sargassum CDOM

are not reported, comparisons are difficult. Thus, while we
only compare Sargassum DOM photodegradation to SRNOM
photodegradation using our irradiation system, future work
should evaluate photochemical changes in DOM and exudates
from a variety of sources (e.g., other marine plants and algae).

When normalized to the initial a(λ), whole water Sargassum
DOM absorption spectra exhibited the fastest degradation,
followed by SPE-DOM dissolved in low DOM seawater, while
SPE-DOM dissolved in pure water exhibited the slowest
degradation (Supplementary Table S4 and Supplementary
Figure S5). It is not unexpected that a(λ) photodegradation is
faster in seawater compared to freshwater, given that chloride and
bromide at seawater concentrations increased the photochemical
loss of SRFA up to 40% when compared to SRFA at the same
ionic strength with no halides (Grebel et al., 2009). Albeit for
one example, a(λ) loss was greater for whole water Sargassum
DOM than for SPE-DOM dissolved in seawater, especially at
visible wavelengths (Supplementary Figure S5), suggesting that
SPE does impact photodegradation rates. However, regardless of
sample matrix, when compared to all Sargassum DOM samples,
a(λ) loss for SRNOM was much slower, with a ka for a(305)
of 0.007 h−1 and a ka at a(412) of 0.013 h−1 (Supplementary
Table S4 and Supplementary Figure S5).

Fluorescence loss behaved differently from absorbance loss
for Sargassum DOM. Rapid fluorescence loss was observed in
early stages of irradiation and over half of the fluorescence lost
over 20 h occurred in the first 2 h (Supplementary Figure S6).
After 2 h, FDOM decay was much slower and a pseudo-first
order decay resulted in poor fits for fluorescence loss. Thus,
fluorescence decay was described by a biexponential function
(Eq. 7), which modeled fluorescence loss as the sum of two
exponential equations or two “pools”, F1 and F2. Fluorescence
decay constants for F1 and F2, k1 and k2, respectively, were
highest for excitation in the UVA-visible and emission in the
visible spectrum (k1 > 1 h−1, k2 > 0.02 h−1, Supplementary
Figure S7 and Supplementary Table S4). Interestingly, while
a(λ) loss was much slower for SRNOM, SRNOM fluorescence
decay showed some similarities to Sargassum DOM fluorescence
decay (Supplementary Table S4), despite SRNOM having a
much higher overall fluorescence (Figure 2D). In line with
these observations, changes in fluorescence apparent quantum
yield spectra showed key differences between Sargassum DOM
and SRNOM. The Sargassum DOM sample before SPE used
in irradiation experiments had a broad 8(λex−max) of 0.0043
between 390 and 410 nm before irradiation and after 20 h had
a 8(λex−max) of 0.0022 but at a similar λex−max (Figure 2B
and Supplementary Figure S8). On the other hand, SRNOM
8(λ) decayed continually with irradiation time and exhibited
a large blue-shift in 8(λex−max) from 0.011 at 396 nm to
0.0048 at 327 nm, and substantial losses in visible 8(λ) values
(Supplementary Figure S8).

Photochemical decay of Sargassum DOM fluorescence
has not been reported previously, but it has been observed
in DOM from other brown macroalgae (Wada et al., 2015).
Wada et al. (2015) observed fluorescence increases of an
excitation/emission peak at 290/445 nm, which the authors
attributed to the photodegradation of polyphenols into

simpler and smaller molecules having fluorescence in this
region. While fluorescence increases were not observed
here, fluorescence changes were greatly reduced after 2 h
irradiation so it is possible that simultaneous production and
decay of fluorophores was co-occurring or that the loss of
fluorophores and fluorescence quenchers was co-occurring.
Because Sargassum DOM fluorescence was relatively stable after
2 h irradiation, perhaps Sargassum DOM could evolve into a
relatively stable component of the marine FDOM pool, especially
if any of this material is transported to the deep ocean. Open
ocean SPE-DOM also exhibited minimal changes in fluorescence
during prolonged irradiation (Gonsior et al., 2014), supporting
the idea that photo-stabile fluorophores contribute to the marine
DOM pool. As mentioned previously, Sargassum DOM in this
study includes exudates and transformation products from
Sargassum, epiphytes, and microorganisms. Significant changes
must occur by the time samples are collected, and the lability
of Sargassum exudates still needs to be evaluated. Hence, these
statements regarding the ultimate fate of Sargassum FDOM are
highly speculative.

Changes in the Molecular Composition
of Sargassum DOM During Irradiation
Experiments
Similar to the rapid decreases in Sargassum FDOM observed early
in irradiation experiments, changes in the molecular composition
of Sargassum SPE-DOM were observed even at early time points
(i.e., 2–6 h) (Supplementary Figure S9). During the first 6 h,
m/z ion abundances with assigned relatively O-rich (O/Cwt
∼0.6) and H-deficient (H/Cwt ∼1.1) formulas increased and
abundances of m/z ions with relatively O-deficient (O/Cwt ∼0.4)
and H-rich (H/Cwt ∼1.3) formulas increased (Supplementary
Table S5). For all intervals, both average AImod and COS
were variable and overlapped between relatively increasing and
relatively decreasing values. The largest changes in Sargassum
SPE-DOM occurred between 0 and 46 h and 22 and 46 h
(Figure 5 and Supplementary Figure S9). For both of these
intervals, O/Cwt ratios that relatively increased (O/C ∼0.4) or
relatively decreased (O/C∼0.6) remained the same as in previous
intervals, and were not significantly different (Supplementary
Table S5). However, m/z ions with very low H/Cwt ratios (0.8–
0.9) relatively decreased and m/z ions with H-rich aliphatic
formulas and very high H/Cwt ratios (1.5–1.6) became more
prominent (Supplementary Table S5).

The van Krevelen diagram highlighting changes between
0 and 46 h (Figure 5) showed significant changes in the
molecular composition of Sargassum SPE-DOM that were similar
to changes in the molecular composition of irradiated deep and
surface ocean SPE-DOM reported previously (Gonsior et al.,
2014; Medeiros et al., 2015). However, photo-labile compounds
in surface ocean SPE-DOM were centered at an H/C ratio of 1.3
(Gonsior et al., 2014), instead of 0.8, as observed in this study.
The high O/Cwt ratio and low H/Cwt ratio of decreasing m/z
ions in Sargassum DOM are indicative of the photodegradation
of hydrogen-deficient and oxygenated compounds, which has
been associated with an uncharacterized pool of polyphenols
(Gonsior et al., 2016; Powers et al., 2019). The photodegradation
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FIGURE 5 | Hydrogen to carbon (H/C) ratios versus oxygen to carbon (O/C)
ratios of CHO formulas that either relatively increased in intensity (red circles)
or relatively decreased in intensity (blue circles) after 46 h of irradiation. Total
photon dose after 46 h during this experiment was comparable to a photon
dose of ∼20 h for the experiments discussed in section “Photodegradation of
Sargassum DOM Optical Properties.” Bubble size corresponds to peak
intensity and dark circles with error bars are the intensity-weighted average
H/C and O/C ratios of relatively increasing (red circle) and relatively decreasing
(blue circle) formulas.

and/or transformation of polyphenols is also supported by the
relative decrease of compounds with a relatively high DBEwt
of 10 after 46 h of irradiation (Supplementary Table S5).
Previous work has also observed decreases in unsaturated
aromatic formulas and increases in more saturated and aliphatic
formulas during irradiations of riverine DOM (Gonsior et al.,
2009; Stubbins et al., 2010). The reader is reminded that
titrations revealed a large contribution to Sargassum optical
properties in carboxylic acid pH range and NMR spectroscopy
revealed that carboxyl groups are abundant in Sargassum
DOM (Powers et al., 2019). Previous work demonstrated that
the photochemical production of CO2 from terrestrial DOM
was much larger than its carboxyl content, meaning that
either carboxyl groups are regenerated during irradiation or
that the major pathway for photochemical CO2 production
does not involve photodecarboxylation (Xie et al., 2004).
Perhaps the former is more likely because the formation of
carboxyl groups was confirmed during irradiations of soil
humic substances (Schmitt-Kopplin et al., 1998). Given the
suspected high carboxyl content of Sargassum DOM, some of the
observed changes in Sargassum DOM during irradiation could
be due to photodecarboxylation reactions. An enormous rate
of CO2 photoproduction was measured from Sargassum DOM
previously (Shank et al., 2010b), suggesting that when present,
photo-mineralization of Sargassum-derived DOM could be a
significant source of CO2 to the surface ocean.

The question remains as to the fate of Sargassum DOM
in the marine environment. DOC was measured after 20 h
irradiation for one SPE-DOM sample in pure water, and a loss
of 10% of the initial DOC concentration was observed. However,
additional experiments are needed to properly evaluate carbon
loss from Sargassum DOM. In a previous study, significant

DOC loss and DOM mineralization (to dissolved inorganic
carbon, DIC) was observed from Sargassum DOM during
irradiation, amounting to 2,600–2,800 nM m h−1 [normalized
to a(350)] (Shank et al., 2010b). This DIC photoproduction
rate is far more rapid than the rate of 270–630 nM m h−1

[normalized to a(350)] determined for Suwannee River water
(Miller and Zepp, 1995). The Sargassum DIC photoproduction
rate applied to our whole water sample would amount to a
DIC production rate of ∼100 µM h−1. For context, open
ocean seawater samples only produce DIC at a rate of ∼20–
40 nM h−1 (Wang et al., 2009; Powers et al., 2017). Photon
doses and experimental set-ups used in experiments are different
for all comparisons made here, but the very large differences
in DIC photoproduction rates between Sargassum DOM and
both terrestrial and marine waters suggest that Sargassum DOM
contains a very photo-labile pool that readily produces DIC.
Most of the Sargassum DOC loss occurred during the first
12 h of irradiation (Shank et al., 2010b), implying that DIC
produced photochemically from Sargassum DOM could be
an important yet unconsidered source of CO2 in the open
ocean when Sargassum is present. Moreover, microbial CO2
production from the release of labile DOM by Sargassum and
the photochemical formation of biologically labile products also
needs to be considered.

CONCLUSION

Optical property analyses revealed the substantial release of
both CDOM and FDOM from Sargassum under a variety
of experimental conditions. Mid-senescent Sargassum had
significantly higher CDOM and FDOM release rates when
compared to non-stress experiments, a result that has been
observed in previous work (Shank et al., 2010b). Under non-
stress conditions, increases in UV CDOM absorption spectra
and EEM spectra were similar for Sargassum in indoor tanks
under artificial visible light and for Sargassum in uncovered
outdoor tanks. However, CDOM increases at longer wavelengths
into the visible region of the spectrum were greater for tanks
exposed to sunlight, possibly due to sunlight-induced oxidation
of released phlorotannins. Because Sargassum absorption spectra
decreased quickly compared to SRNOM under simulated
sunlight, photochemistry likely contributed to Sargassum DOM
transformations in the outdoor experiments. Because CDOM
release rates were similar in the UV region and higher in
the visible region during experiments under sunlight versus
those indoors, Sargassum may release more CDOM when
exposed to sunlight to cope with UV stress. The UV-sunscreen
and antioxidant properties of brown algae phlorotannins have
been documented (Le Lann et al., 2016) and previous work
demonstrated that Sargassum releases more DOC with a high
phenolic content when exposed to UV radiation (Powers et al.,
2019). Phlorotannin content in brown algae tissue is typically
higher when it is exposed to UV radiation when compared to
visible light or dark conditions (Pavia and Brock, 2000; Swanson
and Druehl, 2002). Similar to our results, one study reported
that along with a high phlorotannin content in tissues exposed
to UV radiation, CDOM increased significantly in the water
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in contact with kelp under UVA radiation but this CDOM was
likely degraded when exposed to UVB radiation (Swanson and
Druehl, 2002).

In all experiments, Sargassum produced fluorescence signals
that have typically been attributed to “humic-like” materials and
fluorescence apparent quantum yield spectra showed similarities
to those for terrestrial organic matter (Ma et al., 2010; McKay
et al., 2016; Schendorf et al., 2019). This result highlights that
conventional terms such as peak A and C used to describe
fluorescence properties should not be only attributed to one
source in the ocean. Absorbance spectra from terrestrial materials
have larger increases with pH (Schendorf et al., 2019) when
compared to Sargassum DOM, but Sargassum DOM showed
a similar a(λ) pH dependence. For instance, Sargassum DOM
exhibited broad peaks in mass-normalized difference a(λ) that
are similar to the broad peaks observed for IHSS reference humic
and fulvic acids (Dryer et al., 2008; Schendorf et al., 2019).
However, Sargassum DOM exhibited distinct peaks in mass-
normalized difference a(λ) in the carboxylic acid pH range and
the phenolic pH range, suggesting that Sargassum DOM contains
groups of highly related and possibly unique aromatic carboxylic
acids (e.g., polyphenolic acids) and polyphenolic molecules when
compared to terrestrial materials.

Recently, an average Sargassum biomass of 4.4 million tons
was estimated for July 2015 in the Caribbean and Central
Western Atlantic (Wang et al., 2018) and a “Sargassum belt” that
covered > 8,850 km from Western Africa to the Gulf of Mexico
and the Caribbean had a massive estimated biomass of 20 million
tons (Wang et al., 2019). Inundation events in the Caribbean
are becoming more frequent and Sargassum biomass has been
increasing annually over the last∼20 years (Wang and Hu, 2016).
Coupling field data with remote sensing data shows promise in
improving annual estimates of Sargassum biomass and density,
and has revealed that Sargassum can account for ∼18% of the
particulate organic carbon in the Caribbean and Central Western
Atlantic during blooms (Wang et al., 2018). Given this large
impact on the environment, work is still needed to quantify the
efficiency of CO2 photoproduction from Sargassum DOM to
estimate its contribution to the marine carbon cycle, especially
during blooms and coastal inundation events.
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