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ABSTRACT
At 662 £ 32 Pg C, dissolved organic matter (DOM) is the second largest bioreactive
reservoir of C in the ocean, and comparable in size to the atmospheric CO; pool.
Photodegradation can be an important DOM sink but remains a poorly understood mechanism.
Dissolved inorganic carbon (DIC) is a major product of DOM photodegradation in riverine and
coastal waters. However, the in sifu rates and magnitude of DIC photoproduction in the global
oceans are poorly constrained due to analytical difficulties. The goal of my thesis was to fill
some of the knowledge gaps in DOM photodegradation and DIC photoproduction. To assess the
effect of increasing terrestrial DOM input to the coastal Baltic Sea, we conducted
photoirradiation experiments during a mesocosm amendment experiment. We determined that
humic substances added to the ecosystem can be photodegraded rapidly. Added humic
substances reduced the CDOM fading rates but did not affect DIC photoproduction significantly.
Photodegradation was likely not the dominant process for CDOM degradation in sifu, and the
importance of photodegradation needs to be further assessed. We also conducted experiments
extracting DOM and enriching seawater with the extracted DOM. We determined that there was

no difference in CDOM fading but difference in DIC photoproduction among the amended and



unamended samples. It is likely that both solid phase extraction and electrodialysis reverse
osmosis extracts had lower CDOM:DOC ratios than the original seawater. When extrapolating to
rates in the original water sample from the amended samples, either method is likely to provide
useful answers if one is interested in CDOM fading in coastal waters, but color extrapolation
likely provides a better approximate to DIC photoproduction rate of the original sample,
especially when using solid phase extraction-amended samples. In addition, we determined that
photodegradation of microplastic fibers (microfibers) may be a source of DOM and CDOM,
although the produced DOM may be highly photolabile. My research suggested that color
change, or CDOM fading, may not be a good predictor of DOM photodegradation, particularly
for DIC photoproduction. Photodegradation can be a sink of marine DOM, however, teasing out

its relative importance remains difficult.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

Dissolved organic matter (DOM) and chromophoric dissolved organic matter (CDOM)

Dissolved organic matter (DOM) is operationally defined as organic matter that can pass
through filters of certain pore size (Repeta, 2015). Many studies utilize glass fiber filters of 0.7
um nominal pore size because of the ease to clean, especially where large volume samples are
required (Repeta, 2015). Smaller pore sizes (0.1-0.2 um) are frequently used to exclude bacteria
from water samples, whereas 10-15 nm pore size filters are needed to exclude viruses (Repeta,
2015). Therefore, DOM may include viruses, bacteria, colloidal organic matter, and truly
dissolved species (Repeta, 2015).

Chemically, DOM is a complex mixture of likely millions of organic compounds and not

well characterized (Hertkorn et al., 2013; Stubbins and Dittmar, 2015; Stubbins et al., 2010b).
DOM can include amino acids, simple sugars, vitamins, fatty acids, pigments, proteins,
polysaccharides, lignins, phenols, humic substances, and black carbon (Repeta, 2015).
Since DOM is about 50 % carbon by weight, DOM is also frequently reported as and used
interchangeably with dissolved organic carbon (DOC) (Krogh, 1934; Moody and Worrall, 2017).
At 662 =32 Pg C, DOM is the second largest bioreactive reservoir of carbon in the ocean, and
comparable in size to the atmospheric CO: pool (Carlson and Hansell, 2015; Hansell and
Carlson, 1998; Hansell et al., 2009b; Williams and Druffel, 1987).

DOM can support microbial growth and the microbial food web (Amon and Benner,

1996; Kroer, 1993). DOM also offers organisms protection from reactive oxygen radicals (Del



Vecchio and Blough, 2002). Because of the large size of the reservoir, even 1 % of marine DOM
mineralized to CO; can exceed the annual production of atmospheric CO> by fossil fuel
combustion (Hansell, 2002; Hedges, 2002).

Chromophoric dissolved organic matter (CDOM), the light absorbing portion of DOM ,
is the principal chromophore in marine waters (Mopper et al., 2007). CDOM is highly
photoreactive, and can influence light availability to photosynthesis and penetration of ultraviolet
(UV) radiation in the water column (Arrigo and Brown, 1996; Coble, 2007; Mopper et al., 2015;
Repeta, 2015; Siegel et al., 2005; Siegel et al., 2002; Stedmon and Nelson, 2015). CDOM can
also serve as photosensitizer, trigger secondary reactions, and lead to degradation of other DOM
components (Coble, 2007).

Oceanic DOM derives mainly from biological production and is rapidly recycled through
microbial consumption (Carlson and Hansell, 2015; Wagner et al., 2020). Studies suggest that
CDOM and DOC can leach from microplastics (Galgani and Loiselle, 2019; Romera-Castillo et
al., 2018). The presence of microplastic can stimulate bacterial activity and either enhance the
microbial release of CDOM (Galgani et al., 2018), or increase CDOM processing and thus

decrease CDOM (Boldrini et al., 2021).

DOM photodegradation and dissolved inorganic carbon (DIC) photoproduction

Photochemistry is one of the most significant abiotic reaction mechanisms in the surface
ocean and an important sink for DOM (Gonsior et al., 2014; Mopper et al., 1991; Wagner et al.,
2020; Zafiriou et al., 2003). DOM photodegradation can lead to loss of absorbance (color)
through CDOM fading and thus affect light availability to photosynthesis and penetration of UV

radiation in the water column (Del Vecchio and Blough, 2002; Mopper and Kieber, 2002a).



DOM photochemistry impacts the cycling of important elements such as carbon, nitrogen, sulfur,
phosphorus, iron, manganese, and copper in the photic zone (Mopper and Kieber, 2002b and
references within; Zepp et al., 2011 and references within). Photochemical reactions of DOM
produce reactive species such as superoxide anion and hydroxyl radical, which could influence
biological and chemical processes in sunlit surface waters (Blough and Zepp, 1995; O'Sullivan et
al., 2005; Qian et al., 2001). In addition, atmospherically important gases, such as CO and CO,
can be produced from photochemical degradation of DOM (Clark et al., 2004; Johannessen and
Miller, 2001; Miller and Zepp, 1995; Powers et al., 2017a; Powers et al., 2017b; Powers and
Miller, 2015b; Reader and Miller, 2012; White et al., 2010; Ziolkowski and Miller, 2007).
Finally, biolabile photoproducts (compounds that could be consumed by marine
microorganisms) could be produced from photochemistry of refractory DOM (Miller and Moran,
1997; Miller et al., 2002), although photochemistry could also decrease the bioavailability of
DOM (Bittar et al., 2015).

Despite the importance of DOM photochemistry in the ocean, DOM photodegradation
remains a poorly understood mechanism (Wagner et al., 2020), and the rates of oceanic DOC
photochemical reactions remain poorly constrained. The photochemical efficiencies of each of
these processes need to be determined for a diverse range of marine waters before global rates of
DOC photoreactions can be calculated. The photochemical efficiency, or quantum yield, is
defined as the number of moles of product formed or reactant lost per mole of photons absorbed
by a specific photoreactant. In natural waters, CDOM is the dominant UV light absorber and thus
presumably the dominant photoreactant (Coble, 2007; Nelson and Siegel, 2013). However,
CDOM is an optical term that contains the sum of ALL specific light-absorbing compounds and

processes, making observed photoreactions and mechanisms difficulty to define and understand.



Consequently, “apparent” quantum yield (AQY) is most often used to describe photochemical
efficiency of DOM in natural waters. For AQY, the total absorbed radiation by CDOM is used to
determine the photon dose absorbed relative to photochemical products (Hu et al., 2002a;
Mopper et al., 2015).

Dissolved inorganic carbon (DIC) is the Earth’s largest active pool of carbon at the
surface, and a major product of DOC photooxidation in riverine and coastal waters (Miller and
Zepp, 1995; Reader and Miller, 2012). However, quantification of DIC photoproduction rate
poses analytical challenges due to the high background concentrations of DIC in seawater (~2
mM). Typical DIC photoproduction rates in sunlight are on the order of nM h™! to uM h! in the
ocean, so that previous efforts to determine DIC photochemical production rates and efficiencies
(AQY) used data from DIC-stripped samples (Bélanger et al., 2006; Powers and Miller, 2015b;
Reader and Miller, 2012; White et al., 2010) or indirect proxies such as CO (Powers and Miller,
2015b; Reader and Miller, 2012; Stubbins et al., 2006; White et al., 2010; Zafiriou et al., 2003)
and H>O» (Powers and Miller, 2015a). Therefore, there’s a lack of direct efficiency
measurements of DIC photoproduction in blue waters, i.e. ocean water with very low DOM and
CDOM so that CDOM Napierian absorption coefficients at 325 nm (ag(325)) is less than
0.25 m! (Siegel et al., 2002; Stedmon and Nelson, 2015). Since the subtropical gyres receive
more than half of the global solar UV irradiance (290-400 nm; System for Transfer of
Atmospheric Radiation model, Ruggaber et al., 1994), the lack of blue water DIC AQY spectra
leads to a significant deficiency in modeling the importance of photochemistry in oceanic carbon
cycling. Previous studies using DIC-stripped samples have shown that open ocean waters have
higher DIC AQYSs than coastal waters (Johannessen and Miller, 2001), but the acidification,

sparging and pH readjustment required to remove DIC could lead to changes in the integrity and



photoreactivity of the DOC pool (White et al., 2008). Furthermore, currently measured ratios of
C0.:CO, obtained in CDOM-rich fresh and coastal waters, vary from 2 to greater than 60 (Miller
and Zepp, 1995; Powers and Miller, 2015b; White et al., 2010), and may not represent the true
relationships in blue water. Powers and Miller (2015a) reported an average CO»:H>O> ratio of
about 9 for South Atlantic Bight offshore water samples, but the samples were DIC-striped
before irradiation.

The Moderate DI'*C Isotope Enrichment (MoDIE) method was developed to directly
measure sub-micromolar changes in DIC concentrations, so that DIC photoproduction rates and
efficiency can be obtained with minimal sample manipulation and high sensitivity (Powers et al.,
2017b). A small amount (< 10 % total DIC concentration) of '3C is added to the sample seawater
to achieve about 5000 - 9000 %o enrichment, so that photoproduced DIC leads to significant
shifts of §13C values. The photoproduced DIC likely has §'3C in the range of —25 to —45 %o
(Franke et al., 2012; Lalonde et al., 2014; Opsahl and Zepp, 2001; Powers et al., 2017a; Vihéitalo
and Wetzel, 2008), however, the §'3C values of photoproduced DIC (6 '*C-DICphoto) cannot be
determined directly for marine samples. Powers et al. (2017b) determined that the MoDIE
calculation has a very low sensitivity to variations in d 3C-DICphoto, S0 that a d *C-DICphoto value
of —33.3 %o were frequently used for DIC photoproduction determinations in the work presented
in this dissertation.

The initial DIC photoproduction rate of Gulf Stream sample with a4(325) of 0.299 m™!
was determined to be 0.043 + 0.009 uM h! using the MoDIE method, and the sample detection
limit for this sample was 505 nM (Powers et al., 2017b). Only one other study reported DIC
photoproduction rate for low CDOM seawater (S > 35; a¢(325) < 0.25 m™ !), but the production

rate was significantly lower.



General methodology

I used an Atlas Suntest™ CPS or an Atlas Suntest™ CPS+ solar simulator with 1.5 kW
xenon lamp to conduct photochemical experiments (Powers and Miller, 2015b). Sample waters
were irradiated in Spectrocell spectrophotometric quartz cuvettes (cells), which were housed in a
water-cooled black aluminum block. Once placed inside the solar simulator, the optical windows
of the cells were perpendicular to the incident irradiance. This design provides a reproducible
and quantifiable irradiance field, known irradiation pathlengths for all cells, and eliminates off-
axis photons and light transfer between cells.

For DIC photoproduction rate (time series) experiments, a daylight filter (cuts off light
below ~300 nm) was used with the solar simulator. For AQY experiments, a polychromatic
irradiation system with a range of Schott long-pass optical filters (280, 295, 305, 320, 380, 400,
435, and 480 nm cut-on wavelengths) was used to provide statistical power (Johannessen and
Miller, 2001; Powers et al., 2017a; Powers et al., 2017b; Reader and Miller, 2012). The primary
goals of the time series experiments were to determine the DIC photoproduction rates, the
minimum photon doses (irradiation time) required to produce measurable CDOM bleaching,
DOC loss or 6'3C-DIC shift (DIC photoproduction), and the maximum photon doses before
CDOM bleaching, DOC loss or §'3C-DIC shift become nonlinear. Integrated AQY (AQY (int))
was calculated from the production rates by multiplying the production rates by the sample
volume (~ 30 mL, determined precisely for each cell). The durations of AQY experiments were
determined based on the minimum irradiation times required to obtain measurable DIC
photoproduction, which were determined with time series experiments.

The spectral downwelling irradiance (Ey(A)) from the solar simulator entering each cell

was quantified using a spectroradiometer, and the CDOM absorbance spectra for each sample



were measured using a spectrophotometer. Absorbance was converted to Napierian absorption
coefficient (ag(A)) after correcting for offsets due to scattering and instrument drift (Powers et
al., 2017a; Powers et al., 2017b; Stubbins et al., 2011).

The photon dose absorbed (Q,(A)) by CDOM in each cell over the course of the

experiment was calculated using the following equation (Hu et al., 2002a):

Q) = Eg)(1 — e %™")s
where L is the pathlength, and S is the area of the irradiated surface of the cells. The integrated
photon dose Qa(int) was then determined by integrating Q,(A) from 280 nm to 600 nm.

The DIC photoproduction rate (dP/dt, M h'') was determined using linear regression of
photoproduced DIC concentration ([DIC]photo) Versus photon dose Qa(int). The AQY (¢p(A), mol
DIC (mol photons absorbed)!) spectrum was determined using a nonlinear weighted least
squares regression model (nls in R, RCoreTeam, 2021) using the following equations (Powers et
al., 2017a):

o) = e~ (m1+mz(2-290))

dpP 600
ol IR RN,

where A is the wavelength (nm), and m and m> are fitting parameters for n/s.

Dissolved organic carbon concentrations ([DOC]) were measured using a high
temperature catalytic oxidation method with a Shimadzu TOC analyzer equipped with an
autosampler (Stubbins et al., 2012).

The MoDIE method uses a liquid chromatography-isotope ratio mass spectrometry (LC-
IRMS) system to measure the initial DIC concentrations and §'*C-DIC of *C-enriched seawater

samples (Powers et al., 2017b). The DIC photoproduction rate (M (mol photons)™! or mol (mol



photons)!) was calculated from linear regression of the concentration or amount of DIC
produced in each cell over integrated photon dose.

Dissolved inorganic carbon photoproduction rates from blue water samples remained
difficult to measure even using MoDIE. System exchange with atmosphere CO> could cause the
3C/12C isotope ratio to drift even in dark controls, despite efforts to increase airtightness of the
system and reduce this exchange. We explored options to extract DOM and enrich whole water
samples with the extracted DOM, to achieve a more measurable level of DIC photoproduction
using the MoDIE method. Two extraction methods, solid phase extraction (SPE) using Agilent
Bond Elut™ PPL cartridges and electrodialysis reverse osmosis (EDRO) were used to extract
DOM. The photodegradation rates and efficiencies of samples after amended with extracted
DOM were compared. To my knowledge this kind of comparison was not done previously. The
use of PPL for SPE is efficient and rapid, the extraction can be performed at sea, and the method
extracts a more representative proportion of DOM than other sorbents such as C18 (Dittmar et
al., 2008). EDRO efficiently removes the majority of the salt in a sample, reduces the sample
volume, and provides good compositional representation of the DOM present in the original
samples (Chambers et al., 2016). However, SPE and EDRO may have different recovery and
selectivity towards different molecular classes (Chambers et al., 2016). Therefore, SPE- and
EDRO-DOM may have different photoreactivity. It is assumed that when CDOM and/or DOM
of blue water was concentrated to levels comparable to coastal waters, the DIC photoproduction
rates should be also comparable, but our results have shown that DIC photoproduction rate of
North Atlantic Subtropical Gyre (NASG) water, extrapolated from CDOM absorption

coefficients and DIC photoproduction rates in SPE-DOM-amended NASG water, was much



lower than expected based on extrapolation from CDOM absorption coefficients and DIC

photoproduction rates of South Atlantic Bight offshore water.

Dissertation overview

The goal of my thesis was to fill some of the knowledge gaps in DOM photodegradation
and DIC photoproduction. First, the effects of added humic substances and nutrients to the
photodegradation rates of CDOM and DOM were examined for an estuarine Baltic Sea system.
The results shed some light on the potential of photochemistry to alleviate the browning effects
at this coastal system. Secondly, enriching seawater samples with extracted DOM to increase
DIC photoproduction was investigated for its effectiveness to estimate DIC photoproduction in
marine waters. The photochemistry of the amended samples was compared to that of the original
seawater, to provide insights on how well the extract-amended samples can represent the original
seawater in CDOM fading and DIC photoproduction for coastal samples. Lastly, the
photodegradation of microplastic fibers (microfiber) was studied in the context of CDOM and

DOM production.
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Abstract

Humic substances, a component of terrestrial dissolved organic matter (tDOM),
contribute to dissolved organic matter (DOM) and chromophoric DOM (CDOM) in coastal
waters, and have significant impacts on biogeochemistry. There are concerns in recent years over
browning effects in surface waters due to increasing tDOM inputs, and their negative impacts on
aquatic ecosystems, but relatively little work has been published on estuaries and coastal waters.
Photodegradation could be a significant sink for tDOM in coastal environments, but the rates and
efficiencies are poorly constrained. We conducted large-scale DOM photodegradation
experiments in mesocosms amended with humic substances and nutrients in the Gulf of Finland
to investigate the potential of photochemistry to remove added tDOM and the interactions of
DOM photochemistry with eutrophication. The added tDOM was photodegraded rapidly, as
CDOM absorption decreased, and spectral slopes increased with increasing photons absorbed in
laboratory experiments. The in situ DOM optical properties became similar among the control,
humic- and humic+nutrients-amended mesocosm samples toward the end of the amendment
experiment, indicating degradation of the excess CDOM/DOM through processes including
photodegradation. Nutrient additions did not significantly influence the effects of added humic

substances on CDOM optical property changes, but induced changes in DOM removal.
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Introduction

Dissolved organic matter (DOM) is the second largest bioreactive reservoir of carbon in
the ocean after dissolved inorganic carbon (Hansell and Carlson, 1998; Hansell et al., 2009b;
Hedges, 1992; Williams and Druffel, 1987), and plays an important role in many oceanographic
processes such as supporting microbial growth (Amon and Benner, 1996; Cherrier and Bauer,
2004; Kroer, 1993). Marine DOM can be autochthonous or allochthonous, and one of the main
allochthonous DOM sources is rivers (Carlson and Hansell, 2015), which supply from 0.17 Pg C
y! (Mayorga et al., 2010) to 0.36 Pg C y'! (Aitkenhead and McDowell, 2000) of terrestrial DOM
(tDbOM) to the ocean. Humic substances, such as lignin polyphenols, are a component of tDOM
(Coble, 2007) and can have significant impacts on the biogeochemistry of coastal waters (Blough
and Del Vecchio, 2002). In coastal areas, soil humic substances can make a large contribution to
the colored portion of the DOM pool (chromophoric dissolved organic matter, or CDOM), which
has been attributed to their relatively high aromatic content (Coble, 2007). The ultimate fate of
this material is still poorly understood and highly debated however, and we need a better
understanding of how tDOM degrades in coastal systems.

In recent years, there are increasing concerns that climate change and anthropogenic
activities can lead to increased terrestrial input of humic substances to surface waters and
browning of surface waters, or browning effects (de Wit et al., 2016; Monteith et al., 2007). Such
effects, in turn, can affect carbon cycling and climate (Tranvik et al., 2009) and significantly
impact aquatic ecosystems (Brothers et al., 2014; Feuchtmayr et al., 2019; Karlsson et al., 2009;
Kritzberg et al., 2014; Santonja et al., 2017; Urrutia-Cordero et al., 2017; Vasconcelos et al.,
2018). Most studies on browning effects are on rivers and lakes, with relatively less work

published on estuaries and coastal water environments at the receiving end of river supplied
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tDOM (Andersson et al., 2013; Deininger and Frigstad, 2019). In addition, increased tDOM
could have complex effects on coastal eutrophication processes depending on initial nutrients
and tDOM conditions of the system (Andersson et al., 2013; Deininger and Frigstad, 2019). For
example, Andersson et al. (2013) conducted a mesocosm experiment using northern Baltic Sea
water amended with humic carbon and inorganic nutrients to investigate the biological effects of
browning from allochthonous DOM and the interaction of added humic carbon with nutrients,
and found that the addition of humic carbon may counteract the effect of eutrophication
(Andersson et al., 2013).

Lauerwald et al. (2012) estimated that at least 25 % of tDOM is removed before reaching
the coast. The remaining tDOM fractions could be transformed in estuaries or coastal oceans
(Coble, 2007; Deininger and Frigstad, 2019; Massicotte et al., 2017; Osburn and Bianchi, 2016),
through biotic (Asmala et al., 2014a; Farjalla et al., 2009; Moran et al., 1999; Moran et al., 2000;
Santos et al., 2014) and abiotic processes such as flocculation (Asmala et al., 2014b; Sholkovitz,
1976), sorption (Pinsonneault et al., 2020) and photodegradation (Bélanger et al., 2006;
Chupakova et al., 2018; Dalzell et al., 2009; Minor et al., 2007; Moran et al., 2000; Osburn et al.,
2009; Santos et al., 2014).

Photodegradation can lead to loss of color due to degradation of CDOM and subsequent
decrease in CDOM absorbance (Coble, 2007; Mopper and Kieber, 2000b; Mopper et al., 2015).
CDOM can also act as a photosensitizer, passing absorbed solar energy along and triggering a
suite of secondary reactions that lead to the degradation of other DOM components (Coble,
2007). In coastal oceans and estuaries, especially for water with high tDOM input, color
bleaching of water samples can often be a good indicator of DOM photolability (Mopper et al.,

2015). Photodegradation of CDOM can have multiple effects on the local ecosystems, by

21



changing the light availability, for example, the penetration of photosynthetically active radiation
and potentially harmful ultraviolet (UV) radiation (Anderson et al., 2001; Coble, 2007).
Photodegradation of DOM can also lead to changes in biolability of DOM, for example,
transformation of biologically recalcitrant DOM into biolabile substrates that support bacterial
growth (Aarnos et al., 2012). In addition, DOM photodegradation could influence the ocean-
atmosphere fluxes of important atmospheric gases such as CO; through dissolved inorganic
carbon (DIC) photoproduction (Mopper et al., 2015). However, rates of CDOM and DOM
photodegradation in coastal zones span a large range and the role of photochemistry in tDOM
cycling is still poorly understood (Fichot and Benner, 2014; Miller and Moran, 1997; Miller et
al., 2002). Therefore, due to the presumed role of photochemistry in tDOM cycling/removal and
considering potential future coastal water browning, more quantitative information on CDOM
photobleaching and DOM photodegradation in coastal waters is sorely needed.

In the Baltic Sea, allochthonous tDOM contributes to a large portion (~ 43 - 83 %) of the
high molecular weight DOM pool in the surface water (Deutsch et al., 2012), and
photochemistry is thought to be a major sink for DOM, with the total photochemical
transformation of dissolved organic carbon (DOC) (2.71 - 3.94 Tg C y!) exceeding the annual
riverine input of allochthonous photoreactive DOC to the Baltic Sea (< 2.45 Tg C y!) (Aarnos et
al., 2012). As large numbers of Finland lakes and streams are currently experiencing DOM
concentration increases, or browning (Monteith et al., 2007), it is conceivable that the Baltic Sea
- at the receiving end of these freshwater systems - may in the future experience similar
browning effects. In addition, coastal eutrophication is a prevailing problem in large portions of
the Baltic Sea (Carstensen et al., 2020; Thomas et al., 2010). However, the potential of

photochemistry to remove additional inputs of tDOM in the Gulf of Finland, as well as the
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interactions of DOM photochemistry with eutrophication, is not well constrained. It is expected
that bacterial consumption and photodegradation of the added DOM could lead to a decrease in
DOM and CDOM contents, but primary production may also add autochthonous DOM and/or
CDOM to the system. A previous browning experiment at the IGB LakeLab in Germany
indicated an interesting and complex pattern of DOM composition change over the course of the
experiment, suggesting that there are both losses and inputs of DOM to the mesocosms after
amendments (Stella Berger, personal communication). To that end, we conducted large-scale
DOM photodegradation experiments in mesocosms with and without added humic substances (to
simulate coastal browning). Mesocosm experiments bridge small-scale laboratory experiments
and large-scale environmental sampling, and are frequently conducted to assess the response of a
system to changing conditions, such as added carbon or nutrients (Andersson et al., 2013;
Deininger and Frigstad, 2019). The LightCycle experiment was conducted to continue the
investigation to constrain the photochemical sink of added humic substances to an estuarine
system. We took mesocosm samples to monitor the changes that occurred in situ after the
addition of humic substances and nutrients, and conducted laboratory photoirradiation
experiments using sterile-filtered mesocosm samples to examine only the effects of
photodegradation. More specifically, the following hypotheses were tested in this study: (1)
added humic substances can be photochemically degraded rapidly in this coastal Baltic Sea
system, (2) comparing in situ and laboratory rates will reveal the importance of photodegradation
in removing added humic substances, and (3) added nutrients will affect photochemical

degradation of added humic substances.
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Materials and Methods

The AQUACOSM JOMEX experiments were mesocosm experiments covering a range
of aquatic systems, and the JOMEX: Systems Responses to A Pulse of Dissolved Organic
Carbon project was one such experiment conducted at the Tvarminne Mesocosm Facility (TMF,
Tvéarminne Zoological Station (TZS), University of Helsinki,
https://www.aquacosm.eu/mesocosm/tvarminne-mesocosm-facility-tmf/) in the Western Gulf of
Finland. This Baltic Sea site is a brackish water estuarine environment (Kullenberg, 1981; Rolff
and Elmgren, 2000) and the experiment investigated the biological and physicochemical system
responses of this site to added humic substances and/or nutrients. The LightCycle experiment
was a component of the JOMEX project, testing the photodegradation rates and trends of the
added humic substances and native CDOM/DOM as well as the interactions of DOM

photochemistry with added inorganic nutrients (phosphate and ammonium).

Sampling

The JOMEX experiment ran from 26 June to 10 July 2019. The experimental setup
consisted of 9 2000 L capacity (0.9 m diameter x 3 m depth) mesocosms at the TMF at
59.843144 N, 23.260337 E. Humic substances (Humintech GmbH HuminFeed® WSG) and
nutrients (NH4Cl and KH>PO4) were added to mesocosms on 26 June 2019 (day 1). The
mesocosms were divided into three treatment groups: three control mesocosms with no humic
substances or nutrients added, three humic-amended mesocosms with only humic substances
added to a final concentration of 2 mg L! in each mesocosm and three humic+nutrients-amended

mesocosms with humic substances (2 mg L™! final concentration) and NH4Cl and KH2PO4 (80 ug
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L' N and 20 pg L! P final concentrations) added. All mesocosms were covered with transparent
acrylic covers (cut off wavelength below ~380 nm) during the experiment.

The surface salinity at the mesocosm site was relatively low (5.6 - 6.1 for the 13-day
sampling period of the LightCycle experiments) with little variation (5.8 £ 0.2). The surface
water temperature was 15 °C at the beginning of the amendment experiment, but decreased to 11
°C on day 8 and stayed low, until it was 1 degree higher on day 13 at 12 °C.

Surface (1 m) water samples for our LightCycle experiments were collected using
precleaned 10 L HDPE canisters (Plastex®, Finland) from one each of control, humic-amended
and humic+nutrients amended mesocosms, immediately after the amendment (day 1) and 2, 5, 7,
9 and 12 days after the amendment (days 3, 6, 8, 10 and 13). Water samples were filtered
through 0.2 pum Whatman Polycap 36 AS nylon membrane cartridge filters to remove particulate
matter, plankton and bacteria, using a Masterflex L/S Digital Standard Drive peristaltic pump
with Easy Load II and Masterflex L/S 17 silicone tubing at 100 mL min‘!, directly into
precleaned 10 L polyethylene Hedwin Cubitainers™. Filtered sample waters were stored in the
dark in an environmental chamber set at temperatures matching the in situ temperatures of the
JOMEX site before use. Sample waters were used in photoirradiation experiments at the TZS
within 2 days of collection. CDOM absorbance and DOC concentrations were measured for
these experiments. Aliquots of remaining water samples were shipped on ice to the Skidaway
Institute of Oceanography (SkIO), Savannah GA, USA, and were stored in the dark at 4 °C
before use; two more photoirradiation experiments were run on these shipped samples on 18
September and 24 September 2019. CDOM absorbance and photoproduced dissolved inorganic

carbon concentrations were measured during these two additional experiments.
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All plastic containers, filters, tubing and other labware for sampling and photoirradiation
experiments were acid cleaned; first, rinsed with copious amount of MilliporeSigma 18.2-
MQ.cm Milli-Q® Type 1 ultrapure water (Milli-Q water), and then soaked overnight in 0.1 %
HCI solution (pH 2). After rinsing again with an excess of Milli-Q water, these were stored with
a small amount of fresh pH-2 HCIl solution to prevent bacterial growth. Before use, plasticware
were again rinsed with copious amounts of Milli-Q water. All glassware was acid washed
following the same procedure, then dried and baked at 450 °C for at least 5 h. All labware was
rinsed three times with a small volume of sample water prior to use. All acid solutions were

made using Fisher Chemical Certified ACS Plus grade HCI and Milli-Q water.

Photoirradiation experiment

Photoirradiation experiments were carried out following the protocols described in
Powers et al. (2017) (Powers et al., 2017b). Samples from the control, humic-amended and
humic+nutrients-amended mesocosms were each partitioned into six 10-cm-pathlength
cylindrical Spectrocell spectrophotometric quartz cells (cells, ~30 mL volume each). These
quartz cells and caps were cleaned following abovementioned protocols but not baked at 450 °C.
Each cell was rinsed three times with sample water from the corresponding cubitainers before
filling, without headspace, directly from the cubitainers. Each cell was capped with two
Spectrocell caps fitted with Microsolv Teflon-lined butyl septa. Five cells for each treatment type
(15 total) were placed vertically into a temperature (15°C)-controlled black aluminum block, and
irradiated under an Atlas Suntest CPS+ solar simulator equipped with a 1.5 kW xenon lamp
(Powers et al., 2017a; Powers et al., 2017b; Powers and Miller, 2015b). The solar simulator was

fitted with a daylight filter (excluding light below ~300 nm) to provide the cells with precisely
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known, full spectral light. One cell for each treatment type was wrapped in aluminum foil to
serve as dark control and placed in the same water bath that provided cooling water to the
aluminum block.

After irradiation, for each time point (irradiation time points see Table 2.1), 20 mL
aliquots of the sample were collected from the quartz cells into acid-cleaned and 450 °C-baked
24 mL Shimadzu DOC vials, acidified to pH 2 and capped with Teflon septa-lined caps. These
samples were stored in the dark at 4 °C until analyzed within a week for DOC concentrations by
high-temperature catalytic oxidation method using a Shimadzu TOC-V CPH analyzer equipped
with a Shimadzu ASI-V autosampler (Cauwet, 1999; Koistinen et al., 2020) at the TZS.

To provide some background photodegradation rates of added humic substances, the
same Humintech GmbH HuminFeed® WSG was dissolved in Milli-Q water at a concentration of
2 mg LY, filtered through a 0.2 um Whatman Polycap 36 AS nylon membrane cartridge filter,
the same way the mesocosm samples were filtered, and irradiated in a similar fashion in
temperature-controlled quartz cells under the solar simulator. DOC concentrations were
determined within a week using a Shimadzu TOC-V CPH analyzer at SkIO using similar

protocols as describe above.

27



T 0s 889  9¥'l 991 T I's 0L SFT OLI 1'C 8y 86S  PI'l TSI 9EWTHI®F0 €l
L1 89 €9L  L9T LLI €T I's 08L  OLT 08I 1'c 67 I19 860 #SI  9€%TvI'8v0 Ol
v'C Ts 6v8 L6l 16l v'C I's €8 86’1 161 (¢ 8y v19  8T'T SST T'9ETHCTHI8v0 8
$T Ts 126 97T 102 v'C 'S 6 8TT TOT 1T 0s 0€9 LIl 8SI  9€WTHI ‘840 9
9T I's 686  v¥'T 01T $T 'S ¥86 9T 01T 1'C Ts LS9 ¥TT €91  9EWTHI8Y 0 €
I'C €9 €66 €T €T v'C 'S 886  €ST I 1'C Ts 999  6I'T S9I  LT6ITISTO I
(w S (18w (wu w) () () (wpSwg) (18w (wuw) () () (g Swey) (78w (W) (W) ()
reyANS  [Doal  u)iv - gor™v gscr rtvAns  [Doal  (u)tv goptr 08c'v vsevanS  [Dodl - (u)Pv or"v 08P (y) swn uonerpen]  Ae(
SJUSLNNN-+OTWNH Jruuny [onuo)

JuowLddxd Juswpuawe XHNO( 10J (;_W | W T 5Ty ,4/)S) WU 7 18 90URQIOSqR 19[0IARI[N O1J103ds

pue (;_71 Sw [HO]) suonenuaduod uoqied dIuesIo PIAJ0s -SIp ‘(A[9Anoadsar ‘(wu | _ur) (yur)y pue (;_w) (00+)r ‘(,_w) (082)°p)

wu ()0—08 JOA0 PIeI3UI PUB WU ()0 ‘WU ()] I8 SIUI0J00 uondiosqe 1o1ewW o1UR3I0 PIA[OSSIP OLI0YdOWOIYD [enIu] “[°7 d[qe L

28



Optical measurements and analyses

After DOC samples were collected, absorbance (4(A)) in the remaining sample waters
were measured at 250 - 800 nm at 1.0 nm intervals, in duplicate, in a 1-cm-pathlength quartz
spectrophotometric cuvette. At TZS, a Shimadzu UV-2501PC UV-VIS recording
spectrophotometer with UV-Probe software was used, with air as an internal reference and Milli-
Q water as blanks. At SkIO, absorbances were obtained using an Agilent 8453 UV-visible
spectrophotometer with ChemStation software, with the same parameters as above and Milli-Q
water as blanks. The average absorbance spectra of blanks were subtracted from the absorbance
spectra of the sample water. Absorbance spectra were further corrected for potential offsets and
instrument drift by subtracting the average absorbance at 690 - 710 nm (Stubbins et al., 2011),

before converting 4(A) to Napierian absorption coefficients (ay(A); m™), using the following

equation (Hu et al., 2002b): ag(A) = @, where L (m) is the pathlength.

For laboratory irradiation experiments, the spectral downwelling irradiance E, (1) (mol
photons m s”! nm!) entering each cell was quantified using an Optronic Laboratories OL756
Portable UV-Vis Spectroradiometer. The calibration of the spectroradiometer, measurements of
irradiance and calculations of the photon dose absorbed by CDOM in the samples (Qa(A), mol
photons s”! nm™!, Eq. (1)), and wavelength (280 - 600 nm)-integrated photon dose Qu(int) (mol
photons absorbed, Eq. (2)) was calculated following Powers et al. (2017) (Powers et al., 2017b)
and Hu et al. (2002) (Hu et al., 2002a).

Q@) = E,)(1—e™s™h)s (1)

where S (m?) is the area of the irradiated surface of the cells.

600

Qa(int) = tf280 Qa(x) (2)

where 7 (s) is the irradiation time.
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The in situ wavelength (380 - 490 nm)- and depth (3 m)-integrated photon dose (Qa(int),
mol photons absorbed) was estimated following Fichot and Miller (2010) (Fichot and Miller,
2010), using CDOM absorption measured during the LightCycle experiment (a, () in
unirradiated samples), diffuse attenuation coefficients estimated from measured absorption
coefficients and downwelling irradiance estimated from modeled data,. Briefly, the diffuse

attenuation coefficients (Kq) at 412 nm were estimated using measured a, at 400 nm (equation in

Figure 5 of Kowalczuk et al. 2005 (Kowalczuk et al., 2005): log (ag (400)) = —0.0113 +

0.713 x log (K4(412))), and approximation ratios (control: 0.6 - 0.9; humic-amended: 0.6 - 0.7,
humic+nutrients-amended: 0.5 - 0.6) were calculated by dividing a,(412) by K4(412). Assuming
that the contribution to Kq¢ from CDOM absorption is consistent across the whole spectrum, Kq
values across the 290 - 490 nm wavelength range were calculated by dividing the a, values at
corresponding wavelengths by these approximation ratios for the corresponding day. Cloud-
corrected daily integrated downwelling irradiance (280 - 700 nm at 1 nm intervals) just below
the water surface for July 15" (1996 - 2003) at 59.94 N, 23.26 E was calculated as described
previously (Fichot and Miller, 2010) using clear-sky downwelling irradiance obtained from the
radiative transfer model STAR (System for Transfer of Atmospheric Radiation, (Ruggaber et al.,
1994)) and corrections for clouds. The in situ photon dose was integrated from 380 nm because
the acrylic cover likely cut off all UV transmission below 380 nm.

CDOM fading in laboratory experiments was expressed as ag fading rates (m™! (mol
photons absorbed) ™), calculated by linear regressions of a,(A) versus Qu(int). Similarly, the in
situ ay fading rates (m™! (mol photons absorbed)™!) were calculated by linear regressions of in situ
a,y () (values in unirradiated samples from each day’s laboratory experiment) versus in situ

Qa(int). Laboratory ag fading rates at 280 and 400 nm were selected as examples of the
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magnitude and changes in these fading rates because CDOM absorbs most strongly at the UV
range and absorption above 400 nm was very low. In case the changes in ag differ between lower
and higher wavelengths, the sum of total absorption at 280 - 400 nm (Koehler et al., 2014) was
calculated as integrated ag across 280 - 400 nm (ag(int), m™' nm) following the Simpson’s Rule.
ag(int) fading rates by photon dose (m'! nm (mol photons absorbed)™!) were calculated from
linear regressions of ag(int) versus laboratory and in situ photon doses, respectively, to provide
an idea of the total amount of CDOM fading occurring in the UV range. To account for the
possibility of other in situ CDOM loss mechanisms, such as flocculation and biodegradation, the
in situ ay fading rates versus time (m™! day™! and m™' nm day') were also calculated (by linear
regressions of in situ ag(A) and ag(int) vs. time (day)) to provide a general idea of CDOM loss in
the mesocosms.

Chromophoric dissolved organic matter absorption spectral slope S»75.205 (nm™!) values,
which may reflect the molecular weights of CDOM molecules, were calculated by linear
regressions of natural log-transformed absorbance (In4) versus wavelength for 275 - 295 nm
(Helms et al., 2008). Specific ultraviolet absorbance at 254 nm (SUVA2s4; L mg™! m™!) has been
correlated with DOM aromaticity of standard reference materials, and was calculated as the
Decadic absorption coefficient at 254 nm (4(254)/L; m™") divided by DOC concentrations (mg L
) (Weishaar et al., 2003).

The laboratory rates of change of S»75.205 (nm™! (mol photons absorbed)!) and SUVA2s4 (L
mg!' m! (mol photons absorbed)™!) were calculated using linear regressions of S27s.295 and
SUVAz2s4 versus photons absorbed. The in situ values of these two parameters were from
unirradiated samples in individual laboratory experiments, and the in situ rates of change (nm!

(mol photons absorbed)!, nm™! day!, L mg! m™! (mol photons absorbed)! and L mg! m™! day!,
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respectively) were calculated using linear regressions of the in situ values versus in situ photon

dose and time.

Dissolved inorganic carbon (DIC) measurements

Dissolved inorganic carbon photoproduction rates were measured at SkIO using a stable
isotope dilution method, moderate dissolved inorganic carbon (DI'*C) isotope enrichment
(MoDIE) (Powers et al., 2017b). Briefly, water samples were enriched to about 5000 %o 6'3C-
DIC using ~7 mg L! of NaH!*CO3, equilibrated by stirring for at least 1 h and then distributed to
quartz cells using gas sampling techniques (Powers et al., 2017b) and irradiated as mentioned
above. Samples were then injected into a ThermoFisher Delta V+ Isotope Ratio Mass
Spectrometer through an ThermoFisher Isolink interface (Brandes, 2009), and the 6'3C-DIC and
initial DIC concentrations of the samples were measured. The concentrations of photochemically
produced DIC (M) were then calculated using mass balances of DIC and *C/'2C (Powers et al.,
2017b). The DIC photoproduction rates Ppic (uM (mmol photons absorbed)™!) were calculated
using linear regressions of photochemically produced DIC concentrations (M) versus photons
absorbed (mol). Integrated DIC photoproduction efficiencies (DIC apparent quantum yield,
AQY (int); umol (mol photons absorbed)!) were calculated by multiplying Ppic by the average

quartz cell volume (30 mL).

Statistics
Linear regressions were performed using /m in R (RCoreTeam, 2021). Analysis of
covariance (ANCOVA, anova in R; (RCoreTeam, 2021)) was used to determine whether the

rates of change (slopes of linear regressions) in various parameters (over photons absorbed and
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time) were different among the different treatment types. When the slopes were not statistically
different between treatment groups (ANCOVA interaction term P > 0.05), comparison of
parameter values were made between different treatment groups using analysis of variance

(ANOVA, anova in R; (RCoreTeam, 2021)) after adjusting for photon doses or time.

Results
Chromophoric dissolved organic matter (CDOM) losses in the mesocosm

The humic- and humic+nutrients-amended mesocosms had higher absorption coefficient
values than the control mesocosm at the beginning of the amendment experiment due to the
added humic substances (Table 2.1 and Supplemental Figure S2.1). This trend of higher a,
values in the amended mesocosms continued throughout the amendment experiment, but the a,
values decreased over time in situ in all mesocosms (Figure 2.1 and 2.2, and Supplemental
Figure S2.1). By day 13, absorption coefficients were more similar between all three mesocosms
(Table 2.1 and Supplemental Figure S2.1), corresponding to 7.8 % a«(280) and 4.2 % a,(400)
losses in the control mesocosm, 20 % ag(280) and 42 % a¢(400) losses in the humic-amended
mesocosm and 22 % a¢(280) and 40 % a¢(400) losses in the humic+nutrients-amended
mesocosm. Similarly, the amended mesocosms had higher integrated absorption across the UV
wavelength range 280 - 400 nm (Figures 2.1e, f, Table 2.1, and Supplemental Figure S2.1).
Integrated absorption similarly decreased in all mesocosms (linear regressions, P < 0.05),
corresponding to 10 %, 31 % and 31 % losses in the control, humic- and humic+nutrients-

amended mesocosms respectively (Figures 2.1e, f, Table 2.2, and Supplemental Figure S2.1).
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Figure 2.1. Ratios of chromophoric dissolved organic matter absorption coefficient (a, c, €)
versus photon doses (Qa(int), mol photons absorbed), and (b, d, ) versus time (day), for JOMEX
amendment experiment samples that reflect the in situ conditions, (a, b) at 280 nm, a,(280)r :
ag(280)10; (c, d) at 400 nm, ag(400)T: ax(400)10; (e, ) integrated from 280 nm to 400 nm, ag(int)t
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Figure 2.2. Chromophoric dissolved organic matter absorption coefficients (ag, m™!) versus
wavelength 4 (nm) of mesocosm samples on experimental days 1, 3, 6, 8, 10 and 13 of the
JOMEX experiment. Day 1 was the day of initial amendment and corresponds to the darkest
color in each treatment, the color became lighter over time and day 13 corresponds to the lightest

color.

The in situ integrated photon doses from 380 - 490 nm for humic- and humic+nutrients-
amended samples were 80 - 93 % of those absorbed by control samples, due to the higher
attenuation coefficients in the amended mesocosms, which in turn was due to the higher
absorption coefficients (Figure 2.1a, 2.1c, and 2.1e). The in situ photon doses were similar
between the humic- and humic+nutrients-amended samples. Despite the relatively smaller
amounts of photons absorbed, a, fading rates (slopes of linear regressions for ag vs. in situ
photon dose) were much higher in the humic-amended mesocosm than in the control mesocosm
(ANCOVA and linear regressions, P < (0.05), at 280 nm and 400 nm, and for ag(int) (Figure 2.1,

Table 2.2 and Supplemental Figure S2.1). There was no statistically significant difference in a,
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fading rates between the humic- and humic+nutrients-amended samples at either wavelength or
the integrated absorption (ANCOVA, P > 0.05, Figure 2.1, Table 2.2 and Supplemental Figure
S2.1).

Because it is not possible to separate the various CDOM loss and addition mechanisms
that can potentially occur in situ, CDOM loss rates were also calculated versus sampling time in
days (Figures 2.1b, d, f and Supplemental Figure S2.1). The trends of a, fading rates versus time
were similar to the trends in fading rates by photon dose, even though the rates were in units of
m! day! (Figure 2.1 and Supplemental Figure S2.1). ag fading rates were higher in the humic-
amended mesocosm than in the control mesocosm (ANCOVA and linear regressions, P < 0.05),
except for a non-significant slope of control sample at 400 nm. a4(280) fading rates for the
control and humic-amended mesocosms were -0.11 + 0.010 and -0.38 + 0.030 m™! day!,
respectively; ag(400) fading rates for the control and humic-amended mesocosms were -0.012 +
0.0080 and - 0.095 + 0.0092 m™! day™!, respectively (Figures 2.1b, d). However, there was no
statistically significant difference in ag fading rates versus time between the humic- and
humic+nutrients-amended mesocosms at either wavelength (ANCOVA, P > 0.05; linear
regressions, -0.42 + 0.041 and - 0.089 + 0.012 m™! day! at 280 and 400 nm, respectively, for the
humic+nutrients-amended mesocosm, P < 0.05. Figures 2.1b and 2.1d). Similarly, ag(int) fading
rates were higher in humic- (-27 £ 1.8 m™! nm day!) and humic+nutrients-amended mesocosms
(-27 £ 2.7 m’! nm day!) than in the control mesocosm (-6.0 + 0.60 m™! nm day!. ANCOVA and
linear regressions, P < 0.05. Figure 2.1f) but were not significantly different between the

amended mesocosms (ANCOVA, P > 0.05).
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CDOM losses during laboratory irradiation experiments

For laboratory irradiation experiments, amended samples had higher CDOM absorption
coefficients at 280 and 400 nm than control samples throughout each experiment, and the same
trend was also seen in the 280 - 400 nm integrated absorption ag(int) (ANCOVA and ANOVA, P
< 0.05, Supplemental Figure S2.2). Between the amended samples, humic-amended samples had
higher a,(280) and a,(int) than the humic+nutrients-amended samples in irradiation experiments
conducted using the days 10 and 13 samples, and higher a4(400) in day 13 samples (ANCOVA
and ANOVA, P <0.05), humic+nutrients-amended samples had higher as(400) in day 1 samples,
but otherwise the a; values were not statistically different between the two groups during
irradiation experiments (ANCOVA and ANOVA, P > 0.05, Supplemental Figure S2.2).

At the beginning of the amendment experiment, the amended samples absorbed more
photons than the control samples in laboratory irradiation experiments because of the higher
CDOM absorption, at about twice as high on day 1. This difference decreased over time, and
toward the end of the amendment experiment, the photons absorbed during laboratory irradiation
experiments were similar among all three groups (Figure 2.3 and Supplemental Figures S2.2 and
S2.3). Chromophoric dissolved organic matter faded in laboratory irradiation experiments, as
indicated by the consistent decreases in absorption a¢(280) and a,(int) with photon dose, for all
treatment groups for all experimental days (linear regressions, P < 0.05, Figure 2.3, Table 2.2
and Supplemental Figure S2.2 and S2.3). The changes in a4(400) were more variable, some days
there was fading (linear regressions, P < 0.05), but there were no statistically significant changes
in a¢(400) with photon dose in days 1, 3, and 10 control samples and days 3, 10, and 13 humic-
amended samples (linear regressions, P > 0.05, Figure 2.3, Table 2.2 and Supplemental Figures

S2.2 and S2.3).

37



At 280 nm, the a, fading rates (slopes of regression lines for ag vs. photon dose) in the
control samples were higher than those in the humic-amended samples for most of the
amendment experiment (ANCOVA and linear regressions, P < 0.05), except for day 8 and day
13 when there was no difference between the two groups (ANCOVA, P > 0.05, Figures 2.3a, d,
g, Table 2.2 and Supplemental Figures S2.2 and S2.3). The ag fading rates at 400 nm were not
statistically different in the humic-amended and control samples for all days (ANCOVA, P >
0.05, Figures 2.3b, e, h, Table 2.2 and Supplemental Figures S2.2 and S2.3). The
humic+nutrients-amended samples had similar a; fading rates to the humic-amended samples,
for all days at 280 nm and 400 nm (ANCOVA, P > 0.05), except that the humic+nutrients-
amended samples faded faster at 400 nm than the humic-amended sample on day 3 (ANCOVA
and linear regressions, P < 0.05. Figure 2.3, Table 2.2 and Supplemental Figures S2.2 and S2.3).
Integrated absorption ag(int) faded faster in the control samples on day 1, and in the
humic+nutrients-amended samples on day 13 (ANCOVA and linear regressions, P < 0.05), but
otherwise the fading rates in ag(int) were not statistically different among groups (ANCOVA, P
> 0.05. Figure 2.3c, f, i, Table 2.2 and Supplemental Figures S2.2 and S2.3).

For a¢(280), a,(400) and a,(int), the fading rates in individual irradiation experiments
were variable across sampling days, and about 3-5 orders of magnitudes higher than the in situ
rates in all groups (Table 2.2). In addition, the a, fading rates in laboratory irradiation experiment
of HuminFeed in Milli-Q water was -445.58 + 52.317 m™! (mol photons absorbed)™! at 280 nm, -
188.80 £ 37.097 m™! (mol photons absorbed)™! at 400 nm, and -41557 + 5461.3 m'! nm (mol
photons absorbed)! for ag(int) (Table 2.2). The ax(400) and ae(int) fading rates of HuminFeed in

Milli-Q water were comparable to the laboratory a, fading rates of humic-amended mesocosm
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samples, but were only about half of the average laboratory a, fading rates of humic-amended

mesocosm samples at 280 nm (Table 2.2).
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Changes in CDOM spectral slopes (8275-295) in the mesocosms and during laboratory
experiments

The control mesocosm had higher initial S»75295 values (0.024 nm!) than the amended
mesocosms (0.020 and 0.021 nm! for humic- and humic+nutrients-amended mesocosms,
respectively). This trend of higher S275.205 values in the control mesocosm than in the amended
mesocosms continued throughout the amendment experiment. S275.295 values increased in situ
with photon dose and time in the amended mesocosms (linear regressions, P < 0.05), but showed
no statistically significant changes with photon dose or time in the control mesocosm (linear
regression, P > 0.05. Figure 2.4). As a result, rates of change in S275.295 values (slopes of linear
regressions for S275.295 vs. in situ photon dose) were higher in the humic-amended mesocosm (5.6
x 105+ 6.5 x 10 nm™! (mol photons absorbed)! and 2.9 x 10* + 3.6 x 10> nm! day!, linear
regressions, P < 0.05) than in the control mesocosm (1.8 x 10+ 6.6 x 10°° nm! (mol photons
absorbed)! and 1.0 x 10#+ 4.3 x 10°nm™! day!, linear regressions, P < 0.05) (ANCOVA, P <
0.05, Figure 2.4). The S»75-205 values were not statistically different between the two amended
mesocosms for the duration of the amendment experiment, and the rates of change in $275.295
values were not statistically different between the two groups (ANCOVA and ANOVA, P>
0.05; 5.5 x 10° £ 7.9 x 10 nm™! (mol photons absorbed)! and 2.8 x 10* £+ 4.2 x 10~ nm™! day"!
for humic+nutrients-amended mesocosm, linear regressions, P < 0.05. Figure 2.4). At the end of
the amendment experiment (day 13), S275-295 values increased by 18 % in the humic-amended
mesocosm and 16 % in the humic+nutrients-amended mesocosm, and these values became more

similar to that in the control mesocosm than at the beginning of the amendment experiment.
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Figure 2.4. (a) Chromophoric dissolved organic matter absorption spectral slope S275.205 (nm ™)
versus photon doses (Qa(int), mol photons absorbed) for JOMEX amendment experiment
samples that reflect the in sifu conditions; (b) S275-295 versus time (experimental day, day 1 was
the day of initial amendment). Error bars were + 1 standard error for S»75-205 (linear regression

slopes of natural log-transformed absorbance versus wavelength at 275 — 295 nm).

In individual irradiation experiments, S»75295 increased with photon dose in most
treatment groups on most days sampled (linear regressions, P < 0.05), except on day 3 there was
no change in the humic-amended samples (linear regression, P > 0.05, Figure 2.5 and
Supplemental Figure S2.4). However, it is possible that the missing data point in humic-amended
samples on day 3 leads to reduced statistical power and the difference in slopes on day 3 needs to
be interpreted with caution. On day 10, there was no change in the control and humic-amended
samples, and on day 13, there was no change in the humic-amended samples (linear regressions,

P >0.05, Figure 2.5 and Supplemental Figure S2.4).
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In days 1 and 6 samples, the rates of change in S275.295 (slopes of linear regressions for
S275-295 vs. photon dose) were higher in the control samples than in the humic-amended samples,
and on day 3, the rate was higher in the humic+nutrients-amended than in the humic-amended
samples (ANCOVA and linear regressions, P < 0.05, Figure 2.5). For the rest of the samples, the
rates of change in spectral slopes were not different between control and humic-amended
samples, or between humic and humic+nutrients-amended samples (ANCOVA, P > 0.05, Figure

2.5 and Supplemental Figure S2.4).
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Figure 2.5. Chromophoric dissolved organic matter absorption spectral slope S27s5.205 (nm ™)
versus photon dose (Qa(int), mmol photons absorbed) for individual laboratory experiments,
using mesocosm samples of the JOMEX amendment experiment. Error bars were 1 standard

error for $275295 (linear regression slopes of natural log-transformed absorbance vs. wavelength

at 275-295 nm).
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Dissolved organic matter (DOM) degradation

The initial after amendment DOC concentrations were 5.2, 5.5 and 6.3 mg L™! for control,
humic-amended and humic+nutrients-amended mesocosms respectively (Figure 2.6 and Table
2.1). DOC concentrations were higher in the humic-amended mesocosm than those in the control
mesocosm at the beginning and over the course of the amendment experiment (ANOVA, P <
0.05, Figure 2.6). DOC concentrations decreased in situ in both the control and humic-amended
mesocosms with photon dose and time, although there was no statistically significant difference
between the rates of change (-0.0064 + 0.0015 mg L' (mol photons absorbed)! and -0.038 +
0.0085 mg L-! day! in the control mesocosm, and 0.0073 £ 0.0017 mg L' (mol photons
absorbed)! and -0.038 £ 0.0090 mg L! day! in the humic-amended mesocosm (Linear
regressions, P < 0.05. ANCOVA, P=0.7)). DOC concentrations in the humic+nutrients-
amended mesocosm were highly variable in situ over the course of the amendment experiment,
and this variability precluded the evaluation of in situ DOM degradation rates based on DOC
values in these samples, or comparison to other treatments.

In laboratory irradiation experiments, no clear trends in DOC concentration changes were
detected (data not shown) because either changes in DOC concentrations were smaller than the
signal-to-noise level of the Shimadzu TOC analyzer, or the DOC concentrations fluctuated a lot
over the course of the irradiation but were not significantly different before and after irradiation,
so that it was impossible to calculate the photodegradation rates of DOM directly, or to make
comparisons among the different treatments for laboratory experiments.

The initial DOC concentration of HuminFeed in Milli-Q water (2 mg L") was 0.30 +
0.033 mg L!. This concentration is consistent with the difference between the initial DOC

concentrations in control and humic-amended mesocosms. There was no consistent change in
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DOC concentrations with photon dose when the HuminFeed in Milli-Q water samples were

irradiated (linear regression, P = 0.4).
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Figure 2.6. Dissolved organic carbon (DOC) concentrations (mg L) (a) versus photon dose
(Qa(int), mol photons absorbed), and (b) versus time (day), for JOMEX amendment experiment

samples that reflect the in sifu conditions. Day 1 was the day of initial amendment.

The initial after amendment specific ultraviolet absorbance at 254 nm (SUVA2s4) values
were 2.1, 2.4 and 2.1 L mg! m™! for control, humic-amended and humic+nutrients-amended
mesocosms respectively (Figure 2.7 and Table 2.1). The in situ SUVA»s4 values were higher in
the humic-amended mesocosm than in the control mesocosm at the beginning and throughout the
amendment experiment (ANOVA, P < 0.05, Figure 2.7). SUVA»s4 decreased in the humic-
amended mesocosm with photon dose and time (-0.0038 + 0.00088 L mg™! m™! (mol photons
absorbed)! and - 0.020 + 0.0047 L mg™! m™! day!; Linear regressions, P < 0.05), but there was no

change in SUVA2s4 values in the control mesocosm (linear regressions, P > 0.05) (Figure 2.7a, b).
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As a result, the rates of change were higher in the humic-amended mesocosm with both photon
dose and time (ANCOVA, P < 0.05). The SUVA2s4 value in the humic-amended mesocosm (2.2
L mg!' m!) became more similar to that in the control mesocosm (2.1 L mg! m™') at the end of
the amendment experiment. SUVA2s4 values in the humic+nutrients-amended mesocosm were
again highly variable over the course of the amendment experiment, and this variability
precluded the calculation of a linear rate, or comparison to other treatments.

In laboratory irradiation experiments, the changes in SUVA2s4 values with photon dose
fluctuated over the course of the amendment experiment. SUVA2s4 values decreased with photon
dose in the control and humic+nutrients-amended samples on day 6, 8, and 13, decreased in the
humic-amended samples on day 8 only (linear regressions, P < 0.05), and otherwise showed no
changes with photon dose (linear regressions, P > 0.05) (Figure 2.7c-f and Supplemental Figure
S2.5). The rates of change were not different among the treatments (ANCOVA, P > 0.05) except
for day 6, when the rate of change was higher in control than in the humic-amended samples
(ANCOVA, P <0.05) (Figure 2.7c-f).

The initial SUVA>s4 of HuminFeed in Milli-Q water was 10 + 2.3 L mg™! m'!. There was
no consistent change in SUVA2s4 values with photon dose when the samples were irradiated

(linear regression, P =0.4).
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Figure 2.7. Specific ultraviolet absorbance SUVA2s4 (L mg ' m™') (a) versus photon doses
(Qa(int), mol photons absorbed), and (b) versus time (day), for JOMEX amendment experiment
samples that reflect the in situ conditions. Day 1 was the day of initial amendment. (c—f) SUVA2s4
versus photon dose (Qa(int), mmol photons absorbed) for laboratory irradiation experiments

using mesocosm samples of the JOMEX amendment experiment.
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Although direct measurement of DOM photodegradation rates in laboratory experiments
proved impossible given the variability of the DOC concentrations, DIC photoproduction rates
measured using the MoDIE method provided some clue to the rates of DOM photodegradation in
the treatment groups and the changes in these rates. Immediately after amendment (day 1), all
groups had similar DIC photoproduction rates, at 1.4 + 0.089 uM (mmol photons absorbed)!
(AQY (int) = 43 £+ 2.7 pmol DIC (mol photons absorbed)!) for control samples, 1.5 +0.11 uM
(mmol photons absorbed)! (AQY (int) = 44 + 3.4 umol DIC (mol photons absorbed)™!) for
humic-amended samples and 1.6 = 0.17 uM (mmol photons absorbed)! (AQY (int) = 48 + 5.1
umol DIC (mol photons absorbed)!) for humic+nutrients-amended samples respectively (Figure
2.8). By day 6, the rates in control and humic-amended samples increased to 2.7 = 0.23 uM
(mmol photons absorbed)! (AQY(int) = 82 + 6.8 umol DIC (mol photons absorbed)™!), and 2.5 +
0.11uM (mmol photons absorbed)! (AQY (int) = 74 + 3.3 umol DIC (mol photons absorbed)™!),
corresponding to 93 % increase and 67 % increase, respectively. The rate in humic+nutrients-
amended samples remained the same (1.6 + 0.15 uM (mmol photons absorbed)™!, AQY (int) = 47
+ 4.6 umol DIC (mol photons absorbed)™!) (Figure 2.8).

In addition, the DIC photoproduction rate in the irradiation experiment of HuminFeed in
Milli-Q water was 3.5 + 0.34 uM (mmol photons absorbed)! (AQY(int) = 106 + 10 umol DIC
(mol photons absorbed)™!). This rate was over two times higher than the laboratory DIC

photoproduction rates of humic-amended mesocosm samples on day 1.
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Figure 2.8. Dissolved inorganic carbon (DIC) photoproduction rates (Ppic, tM (mmol photon
absorbed) ) for laboratory irradiation experiments using mesocosm samples from JOMEX
amendment experiment. Day 1 was the day of initial amendment. Rates were slopes of linear
regressions of photochemically produced DIC concentrations ([DIC]photo, tM) versus photon

absorbed by CDOM (mmol photons absorbed), error bars were + 1 standard error of the slope.

Discussion
CDOM losses during the mesocosm experiment and laboratory irradiation experiments
Humic- and humic+nutrients-amended mesocosm samples had higher initial a, values
(Figure 2.2, Table 2.1 and Supplemental Figure S2.1) and lower S275-295 values (Figure 2.4),
consistent with added humic substances leading to higher absorption and with observed
browning effects in surface waters (de Wit et al., 2016; Monteith et al., 2007). The amended
samples absorbed less photons in sifu than the control samples (Figure 2.1) despite the higher
absorption, most likely due to the higher attenuation coefficients in the amended samples, so
light decreased with depth much faster in the amended mesocosms. The higher attenuation in

turn was likely due to the higher CDOM absorption from humic substance addition, but possibly
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also from particle formation induced by the added HuminFeed (Scharnweber et al., 2021),
although the estimation of in situ light dose in this study assumed a constant contribution from
CDOM absorption to attenuation. The decrease in light availability at depth caused by higher
light attenuation is also consistent with the effect of browning on light availability in the water
column (Jones, 1992).

CDOM absorption coefficients generally decreased over time in sifu and in laboratory
irradiation experiments (Figure 2.1, 2.2, 2.3, Table 2.2 and Supplemental Figures S2.1, S2.2, and
S2.3), suggesting CDOM degradation in situ and by photoirradiation. The added humic
substances led to changes in CDOM absorption fading rates, however the effect is different in
situ and in laboratory irradiation experiments of filtered samples. The in situ ay fading rates of
amended samples were higher than those of control samples even though the photon doses were
lower in the amended mesocosms (Figure 2.1, Table 2.2 and Supplemental Figure S2.1), whereas
in laboratory experiments, control samples generally had higher a, fading rates than the amended
samples at 280 nm, and the fading rates were generally not different among all three groups for
a¢(400) and ag(int), with a few exceptions (Figure 2.3, Table 2.2 and Supplemental Figures S2.2
and S2.3). If the dominant CDOM loss process in situ were photodegradation, we should have
seen differences in rates similar to those in laboratory experiments when comparing the loss rates
among different treatments. These results suggest that the in situ CDOM fading might not be
entirely due to photodegradation, but have contributions from other processes such as biological
degradation (Lu et al., 2016; Sankar et al., 2019; Scharnweber et al., 2021) or particle formation
(Asmala et al., 2014b; Scharnweber et al., 2021; Sholkovitz, 1976), especially considering the
reduced light availability in the mesocosms because of the cut off of short-wavelength UV light

by the acrylic cover.
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The addition of humic substances seemed to lower the a; fading rate in laboratory
irradiation experiments, and this pattern was more pronounced at the lower UV range, for
example, at 280 nm. The slower ag fading at the lower UV range may mean more UV protection
for organisms from the added humic substances, while the impact on the availability of
photosynthetically active radiation may still be significant. However, “recovery” to an original
state of CDOM absorption might be faster at higher wavelengths in the visible.

When comparing the results from the laboratory irradiation experiment of HuminFeed in
Milli-Q water to those from laboratory experiments of mesocosm samples, it is interesting that
the ag fading rates were similar at 400 nm and when integrated from 280 to 400 nm, but the rate
at 280 nm in Milli-Q water was half that of the humic-amended mesocosm sample rate (Table
2.2). It is possible that much higher background CDOM fading rates at 280 nm in the humic-
amended mesocosm samples, that is, fading in the native mesocosm water comparable to control
mesocosm samples (Figure 2.3 and Table 2.2), contributed to this higher fading rate.

It is also worth noting that the a; fading rates in laboratory irradiation experiments were
three to five orders of magnitude higher than the in situ a; fading rates in all samples (Table 2.2).
One possible explanation is that processes other than photochemistry are responsible for the
CDOM removal in situ, as mentioned above, and the rates of these processes were lower than
photodegradation (Benner and Kaiser, 2011; Lu et al., 2016; Yang et al., 2021). The composition
of the native and added CDOM/DOM likely played a role in the degradation rates. Their results
were based on riverine DOM, but Benner and Kaiser (2011) found that while biodegradation is
mainly responsible for the loss of total DOC and the amino acid components of DOM, CDOM
and lignin phenols degrade faster photochemically (Benner and Kaiser, 2011). These results were

consistent with our results of faster CDOM fading in laboratory irradiation experiments. Since
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allochthonous tDOM makes a significant contribution to the high molecular weight DOM pool in
the surface Baltic Sea water (Deutsch et al., 2012), and tDOM frequently contains humic
substances, such as lignin polyphenols (Coble, 2007), it would not be surprising that the
mesocosm samples in this study contained a high percentage of lignin phenols, and led to faster
photodegradation.

In addition, it is likely that while photodegradation was occurring in situ, the reduced
wavelength range of solar radiation reaching the mesocosms led to more indirect photochemical
loss, whereas full spectral solar irradiation in laboratory experiments could cause both direct and
indirect photochemical degradation (Vione, 2016). The in situ integrated (290 - 490 nm) photon
dose could be 23 - 25 % higher than the current estimated Q,(int), if there were no acrylic cover
over the mesocosms. Other factors and processes will likely affect the in situ photodegradation
of DOM (Bauer and Bianchi, 2011; Minor et al., 2006; Seidel et al., 2017), but high laboratory
photodegradation rates suggests that there is a high potential for photodegradation of the added
humic substances, at least of the colored portion. While the samples in our Baltic Sea study are
different, previous work found very little degradation of HuminFeed when kept in the dark, but
observed CDOM and DOC decreases accompanied by increases in particulate matter, when
exposed to visible light (Scharnweber et al., 2021).

It is also possible that CDOM is produced in situ by microbial activities (Nelson et al.,
2004), and thus CDOM degradation is counteracted by CDOM production and led to lowered net
loss in situ. Without dark incubation experiments to measure biological degradation and/or
production, it is not possible to separate the photochemical from the biological effects in the
mesocosms or to determine the relative importance of photodegradation in removing the added

humic substances.
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There was no difference in CDOM loss rates between humic-amended and
humic+nutrients-amended samples in sifu (Figure 2.1, Table 2.2 and Supplemental Figure S2.1),
suggesting that either nutrients did not enhance CDOM biodegradation or that biodegradation of
HuminFeed DOM is not that important. Similarly, nutrient additions in general did not affect
CDOM fading in laboratory irradiation experiments, suggesting that CDOM photodegradation is
not affected or negligibly affected by nutrient additions.

Chromophoric dissolved organic matter absorption coefficients became similar in all
treatments toward the end of the amendment experiment (Figure 2.1), suggesting that the
increase in color from the added humic substances diminished over time, and the mesocosms

returned close to their original states at least in terms of color.

Changes in CDOM spectral slopes (8275-295) in the mesocosms and during laboratory
experiments

Spectral slopes were lower in amended samples than in control samples (Figure 2.4, 2.5
and Supplemental Figure S2.4), likely due to the increased absorption from the addition of
HuminFeed, but may also suggest an addition of higher molecular weight CDOM to the
amended samples (Helms et al., 2008), as HuminFeed is characterized as having a high
abundance of higher molecular weight aromatic compounds (Scharnweber et al., 2021). Spectral
slopes increased with photons absorbed and time in amended samples in situ and in laboratory
irradiation experiments (with some exceptions) (Figure 2.4, 2.5 and Supplemental Figure S2.4),
suggesting in situ degradation and photobleaching of CDOM, and may suggest a decrease in

molecular weight of CDOM as CDOM degraded (Helms et al., 2008).
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Similar to the trends in in situ CDOM losses, the rates of change in CDOM spectral
slopes were higher in the humic-amended mesocosm than in control, but there were no
differences between the two amended mesocosms (Figure 2.4). In comparison, in laboratory
experiments, the rates of change in S275.20s were mostly not different among treatments with a
few exceptions (Figure 2.5 and Supplemental Figure S2.4). The differences between the in situ
and laboratory rates of change again supported the hypothesis that other processes might be
responsible for the changes in optical properties and possibly in molecular weight in the

mesocosms.

DOM degradation

The DOC concentration was higher in the humic-amended mesocosm than in the control
mesocosm, and the difference in DOC concentrations at the beginning of the amendment
experiment corresponded well with the DOC concentration of 2 mg L' HuminFeed dissolved in
Milli-Q water (Figure 2.6). This result supports that the added humic substance led to increased
DOC concentration. DOC decreased in situ with photon dose and time in control and humic-
amended samples (Figure 2.6), suggesting in situ degradation of DOM, although the addition of
humic substances did not seem to change the rate of DOC degradation as the change rates were
not different between control and humic-amended samples. Because there were no clear change
patterns in laboratory irradiation experiments, the in sitzu DOC decreases occurred in the control
and humic-amended mesocosms may be mainly due to processes other than photodegradation.
The potential input and subsequent degradation of phytoplankton-origin DOM (Carlson and

Hansell, 2015) may be responsible for the highly fluctuating change patterns in the
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humic+nutrients-amended mesocosm (Figure 2.6), if phytoplankton blooms occurred in response
to the nutrient additions.

There was no clear trend in DOC concentration changes in laboratory irradiation
experiments. It is possible that the irradiation was not long enough for DOC concentrations to
change significantly, as Moran et al. 2000 (Moran et al., 2000) showed that there were only 9.4 -
30.7 % DOC loss during their 6 - 70 days long-term irradiation experiment. The addition of
humic substances or humic and nutrients did not appear to change the photoreactivity of the
DOM at the time scale tested, and this hypothesis is further supported by the lack of statistically
significant change in DOC concentrations in the HuminFeed in Milli-Q water experiment. The
nature of the native DOM in this Baltic Sea site likely plays an important role in affecting the
DOC concentration change in the photoirradiation experiments. The DOM molecules at this
Baltic Sea site may contain relatively high proportion of unsaturated aliphatic compounds (Seidel
et al., 2017), and aliphatic compounds tend to be more photoresistant (Stubbins et al., 2010a). In
addition, large phytoplankton blooms can occur from spring to autumn in the Baltic Sea (Seidel
et al., 2017), so it would not be entirely surprising to find high concentrations of plankton DOM
at this site, particularly in the nutrients added mesocosms. However, studies have found
conflicting results for the photoreactivity of phytoplankton-sourced DOM and thus could also be
a reason why DOM photodegradation showed no clear trend in this dynamic system.
Obernosterer and Benner (2004) found that plankton DOM exposed to light showed no loss in
DOC (Obernosterer and Benner, 2004), but Johannessen et al. (2007) found that algal-derived
DOM had higher photodegradation efficiency than river DOM did (Johannessen et al., 2007).
Furthermore, it is possible that the mesocosms in this study also had complex changes in DOM

composition due to in situ DOM addition and removal, as suggested by a previous CDOM
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addition study at the IGB LakeLab (Stella Berger, personal communication), and in situ
processing of DOM (Bauer and Bianchi, 2011) may have changed the photoreactivity of DOM
molecules to further complicate the matter. For example, cyanobacteria could produce
extracellular and intracellular DOM that are not readily degraded by photoirradiation (Bittar et
al., 2015).

The humic-amended mesocosm had higher specific ultraviolet absorbance SUVA2s4 than
control, SUVA»s4 values decreased in the humic-amended mesocosm and the humic-amended
samples had higher rate of decrease in in situ SUVA»s4 values than the control samples, although
there was no statistically significant change in SUVA2s4 values in control samples over the course
of the amendment experiment (Figure 2.7 and Table 2.1). These trends were again consistent
with the addition of humic substances to the mesocosm, and may suggest an increase in
aromaticity when humic substance was added (Weishaar et al., 2003) and a decrease in
aromaticity during subsequent in situ degradation of the added humic substance (Helms et al.,
2014; Stubbins et al., 2010a), as HuminFeed is abundant in aromatic compounds (Scharnweber
et al., 2021). The SUVA2s4 values became similar again between the control and humic-amended
mesocosms toward the end of the amendment experiment (Figure 2.7a, b). This pattern again
may suggest a “recovery” from the added humic substances to the original state in terms of
specific ultraviolet absorbance. SUVA»s4 values in the humic+nutrients-amended mesocosm were
fluctuating with time (Figure 2.6), again may point to complex DOM changes brought on by a
potential nutrients-induced phytoplankton bloom (Carlson and Hansell, 2015).

The response of SUVA2s4 values with photon dose varied in laboratory irradiation
experiments, there were decreases in some samples for some days, mostly in the control and

humic+nutrients-amended samples, and in the second half of the amendment experiment (Figure
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2.7c-f and Supplemental Figure S2.5). These results again may be caused by the differences in
photoreactivity of the mesocosm samples due to complex changes and in situ processing of
DOM molecules (Bauer and Bianchi, 2011). The general lack of change pattern in the humic-
amended samples, lack of difference between the rates of change in the control and humic-
amended samples and no significant change in SUVA2s4 values with photon dose in the
HuminFeed in Milli-Q water experiment, point to the likelihood that the changes in SUVA2s4
values in the control and humic+nutrients-amended samples were likely caused by other
properties in the samples than humic substance addition. Nutrient addition did not appear to
change the SUVA>s4 values either because the specific ultraviolet absorbance changes in the
control and humic+nutrients-amended samples seemed to track each other.

The DIC photoproduction rates at day 1 were similar among all samples (Figure 2.8),
even though the control samples had higher a, fading rates (Figure 2.3 and Table 2.2). The
production rates increased in control and humic-amended samples at day 6 but remained the
same in humic+nutrients-amended samples (Figure 2.8), again not in total agreement with the
higher a, fading rates in the control samples (Figure 2.3 and Table 2.2). In addition, while
integrated AQY for control (43 — 82 pmol DIC (mol photons absorbed)!) in this mesocosm
study is lower than that for estuarine water from the South Atlantic Bight (128 £ 3.43 pumol DIC
(mol photons absorbed)™!, (Powers et al., 2017b)), and integrated AQY for humic-amended
samples (44 - 75 umol DIC (mol photons absorbed)!) is lower than that for a dark water river
(initial ag(325) = 129 m™!, 279 + 14.0 pmol DIC (mol photons absorbed)!, (Powers et al.,
2017b)), the difference is much larger between the integrated AQY values of humic-amended
samples and the dark water river. Therefore, it is reasonable to hypothesize that photons

absorbed in the samples may lead to other photochemically induced changes in CDOM/DOM
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but not complete remineralization, and DOM source may have a large impact on changes in
DOM photodegradation rates. In fact, chemical analysis of HuminFeed revealed that it is
relatively low in carboxylic acid groups that can efficiently carry out photodecarboxylation
reactions (Budac and Wan, 1992), when compared to fresh terrestrial DOM isolated using
reverse osmosis (Scharnweber et al., 2021), which could explain why the addition of HuminFeed
seemed to have little influence on DIC photoproduction rate despite lowering the a, fading rates.

It is interesting though that the DIC photoproduction rates almost doubled in the control
and humic-amended samples from day 1 to day 6, but remained relatively constant in the
humic+nutrients-amended samples. It is possible that similar natural processes in the control and
humic-amended mesocosms caused the DIC photoproduction rates to increase, and the presence
of added humic substances in the humic-amended mesocosm had little effect on this increase, but
the addition of nutrients stimulated microbial growth and consumption of DOM (Carlson and
Hansell, 2015) in the humic+nutrients-amended mesocosms. This DOM consumption may have
decreased the photoreactivity of DOM in terms of DIC production over time. For example,
changes in CDOM/DOM structures, such as consumption of low molecular weight carboxylic
acids (Bertilsson and Tranvik, 1998), could lead to fewer CDOM/DOM molecules capable of
complete photooxidation to CO; (Budac and Wan, 1992).

It is reasonable to hypothesize that the trends and changes in DIC photoproduction
reflected to some degree the negligible effect of humic addition on DOM photodegradation rates
and the negative effects of nutrient addition. However, it is important to keep in mind that DOM
photodegradation could also lead to production of biolabile DOM molecules, such as low
molecular weight compounds (Miller et al., 2002; Mopper and Kieber, 2002b; Mopper et al.,

2015), instead of complete oxidation to CO», so that the actual DOM degradation rates could be
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much higher in both the control and the amended samples. Without further experiments to test
the lability of photoreacted DOM in this system, it is impossible to make complete quantitative
estimates of the actual DOM photodegradation rates.

In addition, the DIC photoproduction rates were higher in the HuminFeed in Milli-Q
water samples than in the humic-amended mesocosm samples. Properties of the background
Baltic seawater, such as salinity (Aarnos et al., 2012; Minor et al., 2006), may have affected the
ability of the humic substances to produce DIC photochemically. It is especially interesting that
the a, fading rates in laboratory experiments of HuminFeed in Milli-Q water were about half that
of the humic-amended mesocosm samples at 280 nm. This offers further support that DOM and
CDOM photodegradation is complex in this dynamic system, especially with added humic
substances. CDOM photobleaching does not completely equal DOM photodegradation, and
DOM photodegradation does not always lead to complete remineralization.

Even though the optical properties in the amended mesocosms seemed to be “recovering”
to the “original” state, that is, similar to the control samples, these “recoveries” don’t necessarily
mean complete remineralization of the added CDOM/DOM. Instead, the degraded CDOM/DOM
and photoproduction of biolabile DOM molecules may have further impact on the ecosystem
during and after the “recovery”. Previous works in lakes and rivers show that browning can
impact phytoplankton and bacterial communities (Andersson et al., 2013; Brothers et al., 2014;
Feuchtmayr et al., 2019; Karlsson et al., 2009; Urrutia-Cordero et al., 2017), and it is likely that
some of these impacts are brought on by the alteration of the added DOM molecules, such as the
production of biolabile DOM (Aarnos et al., 2012). This impact and the role of DOM
photodegradation may also be the case in estuarine systems even if the light field and optics

differ from lakes and rivers.

61



Readdress the hypotheses

From the results of our laboratory experiments, it is clear that rapid CDOM/DOM
photodegradation can occur after the addition of allochthonous CDOM/DOM to the Baltic Sea.
Yet, even in mesocosms with much of the UV radiation removed, the system seems to return to a
“normal” state or “recover” from the excess CDOM/DOM, that is, the CDOM absorption,
spectral slopes and specific ultraviolet absorbance values became similar to those in the control
mesocosm toward the end of the amendment experiment. Our results agree with what Aarnos et
al. found in their 2012 study that the combined DOC photomineralization and subsequent
bacterial utilization of photoproduced labile DOM exceeds the annual river input of
photoreactive DOC to the Baltic Sea (Aarnos et al., 2012). However, the relative contribution of
photodegradation to added allochthonous CDOM/DOM degradation could not be determined
from this study. Furthermore, it is important to keep in mind that HuminFeed differs in many
ways from natural CDOM/DOM and degrades differently in natural water (Scharnweber et al.,
2021), and further tests are necessary to more completely address the impact of browning and
photochemical removal of added CDOM/DOM on coastal environments.

Comparison of changes in CDOM and DOM properties between in sifu and laboratory
irradiation experiments gives some indication that processes other than photodegradation may be
responsible for degradation of added CDOM and DOM in the humic-amended mesocosms, even
though photodegradation has a high potential for removal of added CDOM/DOM. Scharnweber
et al. (2021) found that lake water with added HuminFeed had significantly higher rate of
particle formation and that HuminFeed stimulated bacterial production in the presence of light
(Scharnweber et al., 2021), and these processes may be responsible for at least some of the

CDOM and DOM changes we saw in our study. It is possible that the availability of full spectral

62



solar radiation at this Baltic Sea site may lead to more photodegradation of the added humic
substances, and change the relative contribution of photodegradation to added and native
CDOM/DOM degradation with respect to other in situ processes.

The addition of nutrients did not lead to any major differences in the optical properties
and their change rates in humic+nutrients-amended samples when compared to those in the
humic-amended samples, and therefore did not seem to compound the effects of added humic
substances on DOM optical properties in this experiment. However, nutrient addition seemed to
cause the DOC concentration, specific ultraviolet absorbance and DIC photoproduction to
fluctuate over time in the humic+nutrients-amended mesocosm. This trend was not observed in
the control or humic-amended mesocosms. This phenomenon may have been caused by DOM
addition or removal during any potential phytoplankton changes induced by the nutrient addition
(Carlson and Hansell, 2015).

To better constrain the importance of photodegradation to added humic substances in this
Baltic Sea ecosystem, future studies could include concurrent photoirradiation and dark
incubation experiments, quantum yield experiments combined with in situ light measurements to
better estimate in situ photodegradation/photoproduction rates and use of mesocosm covers that
allow full spectral solar radiation penetration. In addition, future studies to measure the changes
in fluorescent dissolved organic matter of photoirradiated samples may also help to differentiate
photodegradation from biological degradation (Coble, 2007). Compositional and structural
studies of DOM using Fourier-transform ion cyclotron resonance mass spectrometry and nuclear
magnetic resonance spectroscopy, respectively, to analyze samples before and after irradiation

and over the course of the amendment experiment, may complement optical and DIC
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photoproduction measurements, and provide a more complete picture of the DOM changes after

browning and photoirradiation of this Baltic Sea ecosystem.
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CHAPTER 3
COMPARISONS OF PHOTODEGRADATION RATES AND EFFICIENCIES AMONG
SOLID PHASED EXTRACT-AMENDED, ELECTRODIALY SIS REVERSE OSMOSIS

EXTRACT-AMENDED, AND UNAMENDED COASTAL WATER SAMPLES

Introduction

Oceanic dissolved organic matter (DOM) is an important component of the global carbon
cycle and serves many important functions (Ridgwell and Arndt, 2015), such as food for
microbes (Amon and Benner, 1996; Kroer, 1993) and protection for biota from UV and reactive
oxygen radicals (Arrigo and Brown, 1996; Del Vecchio and Blough, 2002). As DOM contains
~50 % carbon by weight, it is commonly reported as dissolved organic carbon (DOC) (Moody
and Worrall, 2017; Vetter et al., 2007). DOC is the second largest pool of bioreactive carbon in
the ocean at ~ 662 + 32 Pg C, making it comparable to the CO; pool in the atmosphere (Carlson
and Hansell, 2015; Hansell and Carlson, 1998; Hansell et al., 2009a). A globally-significant flux
of CO; can be generated from degradation of even a small fraction of oceanic DOC (Hansell,
2002; Hedges, 2002).

Photochemistry is one of the most significant abiotic reaction mechanisms in the surface
ocean and an important sink for DOM (Carlson and Hansell, 2015; Gonsior et al., 2014; Mopper
et al., 2015; Mopper et al., 1991; Zafiriou et al., 2003). Chromophoric DOM (CDOM)
photochemistry can affect light availability to photosynthesis and penetration of UV radiation in

the water column, impact elemental cycling, and produce reactive species and biolabile
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compounds (Miller et al., 2002; Mopper et al., 2015). In addition, greenhouse gases, such as
CO3, can be produced from DOM photodegradation (Clark et al., 2004; Johannessen and Miller,
2001; Powers et al., 2017a; Powers et al., 2017b; Powers and Miller, 2015b; Reader and Miller,
2012; White et al., 2010; Ziolkowski and Miller, 2007). CDOM is the light absorbing component
of DOM, highly photoreactive, and thus presumably the dominant photoreactant (Coble, 2007;
Mopper and Kieber, 2000; Nelson and Siegel, 2013). CDOM can also serve as a photosensitizer
and trigger degradation and transformations of other DOM components (Carlson and Hansell,
2015; Coble, 2007; Mopper et al., 2015). CDOM optical property changes, such as decreasing
absorption during photoirradiation, can provide information on changes in CDOM and DOM
during photochemistry (Coble, 2007; Mopper et al., 2015; Obernosterer and Benner, 2004).

Dissolved inorganic carbon (DIC) is a major product of DOC photodegradation (Miller
and Zepp, 1995). However, the in situ rates and magnitude of DIC photoproduction in the global
oceans are poorly constrained due to the analytical challenges posed by determining rates on the
order of nM h'! to uM h'! against a high marine DIC background of ~2 mM. It is conceivable
that when the DOM in a seawater sample is concentrated, i.e., more DOM molecules to react and
make photoproducts, more DIC could be produced, so that photoproduced DIC concentration
could increase to a more easily measurable level. Such concentration of DOM is possible if
DOM were extracted from seawater and then the extracts added to the same seawater. Several
methods, such as solid-phase extraction and electrodialysis coupled with reverse osmosis, have
been developed to efficiently extract DOM from seawater (Green et al., 2014), and may be used
for the purpose of concentrating DOM.

Solid-phase extraction (SPE) using Bond Elut™ PPL sorbent (modified styrene-

divinylbenzene polymer) is a convenient and efficient method to extract DOM from large
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volumes of seawater without major instrumentation, and can be deployed with ease in the field
(Chen et al., 2016; Dittmar et al., 2008; Green et al., 2014; Stubbins and Dittmar, 2012). Coastal
samples containing higher proportion of terrigenous DOM typically have higher recovery rates
(> 60 %) than open ocean samples (> 40 %) (Chen et al., 2016; Dittmar et al., 2008; Green et al.,
2014). SPE using PPL resin results in the complete desalting of seawater samples (Dittmar et al.,
2008) and extracts can be dried and stored in a dark freezer before further use. This method has a
tendency to extract more small and polar compounds (Arrieta et al., 2015; Chambers et al.,
2016).

An alternative method to extract DOM from seawater and desalt at the same time is
electrodialysis coupled with reverse osmosis (EDRO) (Chambers et al., 2016; Green et al., 2014;
Helms et al., 2015; Koprivnjak et al., 2006; Koprivnjak et al., 2009; Vetter et al., 2007; Young
and Ingall, 2010). Using ion-exchange and reverse osmosis membranes, EDRO efficiently
desalts the water, significantly reduces sample volume while effectively concentrating DOM,
and is a relatively mild treatment that doesn’t subject the samples to acid treatment as does SPE.
Concentrated samples can then be freeze dried and stored in a dark freezer for long periods of
time without compromising the quality of extracted DOM (Koprivnjak et al., 2006). DOC
recovery rates using EDRO span a wide range (40 — 93 %) depending on the type of water
extracted, and open seawater tends to have higher recovery than coastal waters (Chambers et al.,
2016; Helms et al., 2015; Vetter et al., 2007; Young and Ingall, 2010). Depending on the setting,
capability of the equipment, and initial and final sample volumes, the amount of salt remaining
after processing can be very low (Vetter et al., 2007). EDRO has relatively lower recoveries for
small, charged molecules, but extracts a more representative sample of the original DOM

compared to SPE (Chambers et al., 2016; Green et al., 2014; Helms et al., 2015; Helms et al.,
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2013; Koprivnjak et al., 2009). Size or compositional bias is significantly reduced in EDRO
extraction compared to SPE (Chambers et al., 2016). Furthermore, electrodialysis is more
capable of extracting carboxylic acids than SPE (Tfaily et al., 2012).

Photochemical degradation of seawater samples amended with extracted DOM from SPE
(SPE-DOM) or EDRO (EDRO-DOM) could potentially have rates, efficiencies and changes in
optical and chemical properties different from photodegradation of the original seawater, because
of the selective extraction of DOM molecules and potential bias of any isolation method used.
Potential differences need to be investigated before meaningful inferences about the
photodegradation of the original seawater can be made from photochemical experiments using
the amended samples. In this first study of such kind, we compared the changes in optical
properties and DIC photoproduction among unamended estuarine seawater sample, SPE-DOM-
amended sample, and EDRO-DOM-amended sample. The question we aim to answer is whether
photodegradation rates and efficiencies are comparable among the amended and unamended
samples; a question we need to answer first if we were to extrapolate the rates and efficiencies of
amended samples to the original water samples, for properties that are difficult to measure.
Furthermore, we aimed to determine if there were differences in the photochemistry between the
SPE-DOM-amended and EDRO-DOM-amended samples due to the different selection biases of

DOM molecules for the different methods.

Methods
Site and Sampling
Surface (0.5 m) water samples were collected from the Skidaway River Estuary (SRE) at

the boat dock of Skidaway Institute of Oceanography (SkIO), Savannah GA, USA
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(31°59'24.3"N 81°01'20.6"W) on March 8", 2020, using 10 L polyethylene Hedwin
Cubitainers™. The time of collection was approximately an hour after the high tide, and there
had been continuous heavy rains for two days prior to collection. The water temperature was
13.4 °C, salinity was 18 ppt, and pH was 7.52. The samples were transported to a SkIO lab and
immediately filtered through 0.2 pm Whatman Polycap 36 AS nylon membrane cartridge filters,
using a Masterflex L/S Digital Standard Drive peristaltic pump with Easy Load II and Masterflex
L/S 17 silicone tubing at 100 mL min™!. All filtered sample waters were stored in 10 L
polypropylene carboys in the dark at 4 °C before use for a period of up to 10 months.

All labware for sampling and photoirradiation experiments were first rinsed with copious
amount of MilliporeSigma 18.2-MQ.cm Milli-Q® Type 1 ultrapure water (Milli-Q water), and
soaked overnight in 10 % HCI solution, before rinsed again with an excess of Milli-Q water.
Plasticware was stored with a small amount of fresh 0.1 % HCI (pH 2) solution to prevent
bacterial growth before use. Glassware was dried and baked at 450 °C for at least 5 h.
Plasticware was rinsed again with copious amounts of Milli-Q water before use, and all labware
was rinsed three times with a small volume of sample water prior to use. Quartz
spectrophotometric cells used in photochemistry experiments were cleaned following the same
procedure with glassware but not baked. All acid solutions were made using Fisher Chemical

Certified ACS Plus Safe-Cote® HCI and Milli-Q water.

Dissolved organic carbon (DOC) extraction

Electrodialysis reverse osmosis

Electrodialysis reverse osmosis was performed on 11% and 12 of March 2020, at Dr.

Ellery Ingall’s lab at Georgia Institute of Technology following protocols in Chambers et al.
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(2016) with modifications. A Deukum electrodialysis stack (Deukum GmbH, Frickenhausen,
Germany) coupled to a circulation system was used for electrodialysis. The stack consisted of
alternating anion (Fumasep FAS-PET-130) and cation (Fumasep FKS-PET-130) exchange
membranes. Membranes were separated by 0.7-mm-thick flexible turbulence promoting spacers.
The stack of alternating membranes and spacers was sandwiched between two opposing flow
regulating end blocks that house a platinized titanium mesh anode in one and a stainless steel
cathode in the other. The circulation system consisted of three Iwaki WMD water pumps, an
Accumet AP75 conductivity meter, and three high-density polyethylene (HDPE) tanks for
diluate, concentrate, and electrode rinse storage. The cross-sectional active membrane area of the
stack was approximately 200 cm?, and the electric potential across the stack was supplied by a
1.2-kW Sorensen DCS150-8EM1 solid-state power supply. A FILMTEC™ TW30-2514
membrane and a Fluid-o-Tech rotary vein pump was used for reverse osmosis.

The EDRO system was rinsed with copious amount of Milli-Q water before sample
extraction. The system was rinsed twice by circulating 2 L each of the sample water through for
about 5 min, and the rinse samples were drained and discarded after each rinse. 10 L of the
sample was placed in the diluate tank and circulated through the system for 5 min to ensure
thorough mixing, before a 40 mL DOC sample for initial DOC concentration ([DOClinitial, mg L
1 was taken. Electricity was then supplied to the system. The diluate and concentrate
conductivity and the applied amperage were closely monitored. The applied amperage was
increased then decreased according to the conductivity of the diluate and concentrate and the pre-
determined limiting current density (LCD) function (Chambers et al., 2016). An end point was
reached when the conductivity of the sample reached between 0.5 and 1 mS. Another 40 mL

DOC sample for final DOC concentration ([DOClsinal, mg L) was taken. The extracts were then
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freeze dried and stored in a -18 °C freezer until used in photodegradation experiments. DOC
concentrations were measured as non-purgeable organic carbon using high temperature catalytic
oxidation with a Shimadzu TOC-VCSN analyzer (Benner and Strom 1993; Grasshoff et al.
1999). The DOC recovery rate was 59 % and was calculated with the following equation:

[DOClgina1 X Viinal

DOC te (%) = X
recovery rate (/0) [DOC]initial X Vinitial 100

where Vinal (L) was the volume of the EDRO extract before freeze drying, and Vinitiat (L) was the
volume of the SRE water extracted by EDRO.

Since EDRO doesn’t completely desalt the samples, a small amount of salt was still present
in the dried EDRO extracts, however, the salt added to the amended samples with the extract is
less than 1 % of the background concentration and it is unlikely that this small amount of salt
would have an effect on the optical properties and DIC photoproduction rate of EDRO-DOM-

amended samples.

Solid-phase extraction

The 0.2 um-filtered water samples for SPE were acidified to pH 2 with Fisher Chemical
Certified ACS Plus Safe-Cote® HCI immediately after filtration. DOC was extracted by SPE on
March 16', 2020, at SKIO, using Agilent Bond Elut™ PPL Straight Barrel 1 g/6 mL cartridges.
Cartridges were rinsed and activated using 10 mL of Fisher Chemical Optima® LC/MS methanol
and then rinsed with 10 mL of 0.1 % HCIl solution. Approximately 10 L of acidified filtered
water sample was gravity filtered through a single cartridge. Two 40 mL DOC samples were
taken prior to filtration to determine initial DOC concentration ([DOCJinitial, mg L!). The
cartridges were then rinsed with 0.1 % HCI solution and dried with zero air and eluted using 10

mL of Fisher Chemical Optima® LC/MS methanol. The final volume of extract in methanol was
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7.495 mL. Extracts in methanol were stored in a -18 °C freezer until used in photodegradation
experiments. To determine recovery rate, 100 pL of the extract in methanol was dried in a 40 mL
DOC vial at room temperature inside a hood, then the dried extract was dissolved in 40 mL
Milli-Q water and the DOC concentration of the solution was measured ([DOCJinmq, mg L),
DOC concentrations were again determined by high temperature catalytic oxidation method,
using a Shimadzu TOC-V CPN Total Organic Carbon Analyzer (Stubbins et al., 2012) at SkIO

within a week of extraction. The DOC recovery rate was 77 % and calculated as following:

DOC x 0.040
[ (])“6“6%100 x 0.007495

[DOC]initial X Vinitial

DOC recovery rate (%) = x 100

where Vinitial (L) was the volume of the SRE water extracted by SPE, 0.040 was the volume (L)
of Milli-Q water used to dissolve the dried extract, and 0.007495 was the final volume (L) of

extract in methanol.

Amendment and enrichment

A portion of the filtered original SRE sample was set aside to be used as background
water for the amended samples. This water was filtered again immediately before amendment
using abovementioned apparatus and procedures. SPE extracts in methanol were dried in 1 L
glass bottles in a 60 °C vented oven. Dried SPE extracts and EDRO extracts were dissolved in
the re-filtered sample water so that the final absorbances of the amended samples were around
0.1 at 325 nm (1 cm pathlength), similar to that of the original SRE sample. About 2 L of each
sample was transferred to 4 L polyethylene Hedwin Cubitainers™, and approximately 9.8 mg L-!
NaH'*COs was then added to achieve *C enrichment levels of 8000 — 9000 %o. The enriched

samples were stirred overnight to equilibrate.
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Photodegradation experiment

Time series experiment

Time series (TS) photodegradation experiment followed protocols modified from Powers
et al. (2017b). The experiment was conducted to determine the time required to produce
measurable DIC photoproduction using an isotope dilution method, moderate dissolved
inorganic carbon (DI'*C) isotope enrichment (MoDIE) (Powers et al., 2017b), and the maximum
photon dose before the rate becomes nonlinear. The TS experiment also allowed the
determination of optical property changes and the calculation of DIC photoproduction rates
under full-spectrum solar radiation. Samples of each amendment type were distributed to 8
cylindrical 10-cm-pathlength Spectrocell spectrophotometric quartz cells (cells), ~30 mL volume
each. Each cell was overfilled with 3 times cell volume from the bottom with Teflon tubing to
prevent bubble formation and excess turbulence, and to minimize CO: exchange with the
atmosphere (Brandes, 2009). The cells were then capped with Spectrocell caps fitted with
Microsolv Teflon-lined butyl septa and stored under Milli-Q water to reduce atmospheric gas
exchange. The cells were then vertically aligned inside two custom made aluminum blocks to
ensure the optical windows of the cells were perpendicular with incoming solar radiation when
placed inside the solar simulator, to eliminate off-axis photons and ensure each cell received a
known photon dose. Water from a water bath was circulated through the aluminum blocks to
maintain temperature (21 °C) throughout the experiment. The aluminum block with cells were
immersed inside another room temperature water bath (~ 21 °C) to minimize CO> exchange
between the cell and the atmosphere during the experiment. Irradiation was carried out under an
Atlas Suntest CPS+ solar simulator and an Atlas Suntest CPS solar simulator, both equipped

with a 1.5 kW xenon lamp and a daylight filter (excluding light below ~300 nm). The placement
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of samples for each amendment type under the two solar simulators was randomly assigned.
Cells were irradiated for 2 and 4 hours. Each time point had two duplicate cells from each
amendment type. Each time point also had a dark control by wrapping cells in aluminum foils

and placing them in the water bath cooling the aluminum blocks.

Apparent quantum vield determination

Apparent quantum yield spectra (AQY, mol DIC (mol photons absorbed)!) were
determined to reflect the DIC photoproduction efficiencies. AQY experiments were carried out
following Powers and Miller (2015b) and Powers et al. (2017a), using the same set up as the
time series experiment, except that a polychromatic system with Schott long-pass optical filters
were used instead of the daylight filters. These filters have cut-on wavelengths (the wavelength
of 50% peak transmission) of 280, 295, 305, 320, 380, 400, 435, and 480 nm, respectively, and
duplicates were used for each type of filter except for 400 and 435 nm. Three AQY experiments
were conducted. Each AQY experiment used only one type of enriched sample water and 15
cells. Each filter was placed directly over a corresponding cell, and one cell was covered with
black electric tape to serve as a dark control. Cells under 280, 295, 305, and 320 nm filters were
irradiated for 3 h, while cells under 380, 400, 435, and 480 filters were irradiated for 4 h. These
time points were selected because the time series experiment had shown that the DIC
photoproduction rate was measurable and linear under 4-h irradiation. An Atlas Suntest CPS+

solar simulator was used for these experiments and cut-on filters were randomly placed.
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Measurements

Onptical measurements

Absorbances (4(L)) were measured between wavelength (1) 250 - 800 nm of samples
before and after irradiation using an Agilent 8453 UV-visible spectrophotometer with
ChemStation software, at 1.0 nm intervals, in duplicate, in a 1-cm-pathlength quartz cuvette.
Milli-Q water was used as blanks. The absorbance spectra were first corrected by subtracting the
average absorbance spectra of blanks from the absorbance spectra of the sample water, then by
subtracting the average absorbance at 690 - 710 nm to correct for potential offsets and instrument
drift (Stubbins et al., 2011). Napierian absorption coefficients (a,(A); m™) were calculated using

the following equation (Hu et al., 2002b): a,(A) = AQ In10 Lln =

, where L (m) is the pathlength. ag(})

% fading was calculated as the percent difference between ay() values at irradiation time T and
TO. ag(A) fading rates were calculated by linear regressions of ag(A) versus the integrated photon
dose (Qa(int). Im in R, RCoreTeam (2021)).

The integrated photon dose Qa(int) (mol photons absorbed) for wavelengths 280 - 600 nm
absorbed by the samples in each experimental cell, corrected for self-shading, was calculated
following Powers et al. (2017b) and Hu et al. (2002a) (Equations 1 and 2)

Qa) = E,)(1 — e %®L)s (1)

600

Qu(int) = t [0 QM) (2)
where Q, (1) is the photon dose absorbed by CDOM in the samples at each wavelength (mol
photons absorbed s”! nm™!), E, () is the spectral downwelling irradiance entering each cell (mol
photons m s”! nm™!) quantified using an Optronic Laboratories OL756 Portable UV-Vis
Spectroradiometer (Powers et al., 2017b), S (m?) is the area of the irradiated surface of the cells,

t (s) is the irradiation time.

85



Absorption spectral slopes S275-205 and S3s0-400 (nm!) were calculated by linear
regressions of natural-log-transformed absorption (In ag(A)) versus wavelength for 275 - 295 nm
and 350 — 400 nm, respectively (Helms et al., 2008). Spectral ratios Sk were calculated by
dividing S275-205 by S3s50-200 (Helms et al., 2008). Specific ultraviolet absorbance at 254 nm
(SUVA2s4; L mg! m™) was calculated as the Decadic absorption coefficient at 254 nm (4(254)/L;

m!) divided by DOC concentrations (mg L") (Weishaar et al., 2003).

Dissolved organic carbon measurement

Duplicate DOC samples (40 mL) were taken from the unamended and amended SRE
water samples before irradiation and analyzed for DOC concentrations within a week. DOC
concentrations ([DOC]) were determined by high temperature catalytic oxidation method using a
Shimadzu TOC-V CPH analyzer equipped with a Shimadzu ASI-V autosampler (Stubbins et al.,
2012). DOC concentration in the original water samples (unamended samples) was 4.02 + 0.06
mg L!, and the amended samples had more than twice the [DOC] of the original samples (Table

3.1).

Table 3.1. Dissolved organic carbon concentrations ([DOC], mg L!) and specific ultraviolet
absorbance at 254 nm (SUVA2s4, L mg! m!), at time 0 of photochemical irradiation time series
experiment, using solid phased extract-amended (SPE), electrodialysis reverse osmosis extract-

amended (EDRO), and unamended Skidaway River Estuary water. Mean + 1SE.

EDRO SPE Unamended
[DOC] (mg L) 1073 + 0.02 | 922 + 0.09 | 4.02 + 0.06
SUVA»ss (L mg! m) 323 + 0.00 | 3.88 + 0.04 | 3.44 £+ 0.05
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Photoproduced dissolved inorganic carbon measurements

Photoproduced dissolved inorganic carbon was measured using MoDIE, following
protocols modified from Powers et al. (2017b). A liquid chromatography - isotope ratio mass
spectrometry (LC-IRMS) system using a Thermo Scientific™ Surveyor HPLC-Isolink LC
interface coupled to a Thermo Scientific™ Delta V+ IRMS was used to measure the initial DIC
concentrations and DIC-6 '3C in the samples. Before sample analysis, the IRMS was conditioned
to moderate enrichment levels by running continuous injections using enriched SRE water of
similar enrichment level (8000 — 9000 %o) for an hour. This conditioning was shown to reduce
instrumental drift and increase precision of sample runs in previous experiments. Samples were
injected directly from the cells through a six-valve port on the Isolink LC interface through
small diameter Teflon tubing sipper and a peristaltic pump after the valve.

The concentrations of photoproduced DIC ([DIC]photo) at each irradiation time point were

calculated using the following equation (Powers et al., 2017a; Powers et al., 2017b):

(13C/12C)fina1_(13C/12C)start) [ch] (3)
start

[DIC]phOtO = <(13C/12C)ph0to—(13C/12C)final

where (13C/2C)garty (13C/12C)fipar are the carbon isotope ratios of DIC in the enriched water

samples before and after irradiation, (**C/*2C) ot is that of photoproduced DIC, and

[DIC]start is the starting DIC concentration in the water sample before irradiation. Powers et al.
(2017b) demonstrated that the calculation of [DIC]photo using the MoDIE method has very low
sensitivity to the choice of ¢ '3C-DICphoto. Therefore, since neither the [DIC]photo 0 & '3C-DICphoto

can be measured directly for this estuarine sample, the (**C/*2C)pnoto Was calculated from a o

BC-DICphoto value of —33.3 %o (Powers et al., 2017b).
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Dissolved inorganic carbon photoproduction rates and efficiencies

Rate calculations for time series experiments

Dissolved inorganic carbon photoproduction rates (Ppic, M DIC (mol photons absorbed)
1 were calculated using linear regressions (/m in R, RCoreTeam (2021)) of [DIC]photo (M) versus
photon doses Qa(int) (mol photons absorbed). DOC normalized DIC photoproduction
(Ppic/[DOC], mol L mg!) was also calculated by dividing the amount of photoproduced DIC

(Ppic, mol) in each cell by time 0 DOC concentration (mg L1).

Apparent quantum vield determinations

Measured DIC photoproduction rates for cells under each optical filter (mol DIC s!)
were calculated using linear regressions (/m in R, RCoreTeam (2021)) of Npjcphoto (mol) versus
irradiation time (h), where Npjcphoto i [DIC]photo (M) multiplied by cell volume (~30 mL,
determined precisely for each cell using weight subtraction). Predicted DIC photoproduction

rates (dP/d¢, mol DIC s™') were determined using equations (4) and (5) (Powers and Miller,

2015b).

dp _ ~600nm

% = bgonm [P x Q.(M)]dA (4)

dt

P = e~ (m1+mz(2-290)) (5)
where m; and m, were fitting parameters.

A nonlinear weighted least squares regression model comparing the measured and
predicted DIC photoproduction rates was used to determine the apparent quantum yield fitting
parameters (n/s in R, RCoreTeam (2021)). The model uses a relative-offset convergence criterion
to iteratively determine the parameters m; and m> (Ritz and Streibig, 2008). 95 % confidence

intervals were obtained using the profile likelihood method (Ritz and Streibig, 2008).
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Normalized root mean square errors (nRMSE, %) were used to determine the statistical
robustness of the determined AQY spectrum. The R? for linear regressions of measured DIC
photoproduction versus predicted DIC photoproduction for each cell was also used to determine
the model fit. Predicted DIC photoproduction was calculated by integrating the product of AQY
spectrum and Q,(A) over the 280-600 nm range.

Predicted DIC photoproduction rates (nmol h!) for all amendment types were estimated
using equations (1), (4) and (5), with AQY spectra calculated from the AQY fitting parameters,
full spectral downwelling irradiance from the solar simulator (with daylight filter that cuts off
wavelength below ~300 nm), and CDOM absorption coefficients of unirradiated unamended
samples. Uncertainties were propagated using Monte Carlo evaluation, with randomly generated
m; and m; values using the mean and standard errors determined above for the fitting parameters,

assuming normal distribution for both parameters.

Results
Optical property comparisons

Chromophoric dissolved organic matter absorption coefficient (ag(A)) values at 280, 300,
325, and 350 nm decreased with photon dose during photoirradiation (faded) in all samples
(linear regressions, P < 0.05. Figures 3.1, 3.2, and Table 3.2). a, fading was small in all
wavelengths. For example, a; % fading at 325 nm after 4 hours were 5.4 + 0.3 % for EDRO-
DOM-amended samples, 5.1 = 1.6 % for SPE-DOM-amended samples, and 9.3 + 2.4 % for
unamended samples. a, fading at 280, 300, 325, and 350 nm occurred at rates (m™' (mol photons

absorbed)!) that are statistically not different among the amendment types when all time points

were included (ANCOVA, P > 0.05. Figure 3.2).
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Similarly, there was no statistical difference in a, fading rates (ag versus photon dose, m™!

(mol photons absorbed)™') among amendment types when fading rates were evaluated between
adjacent irradiation time points, for either the 0-2 h or 2-4 h time periods (linear regressions for
rate determination, P < 0.05. ANCOVA for rate comparisons, P > 0.05. Figure 3.3). a, fading
rates decreased from the 0-2 h time period to the 2-4 h time period in the EDRO-DOM-amended
samples at 280, 300, 325, and 350 nm (ANCOVA, P <0.05), but didn’t change significantly for
the other two amendment types (ANCOVA, P > 0.05), except for SPE-DOM-amended samples
at 350 nm where the rate decreased from 0-2 h to 2-4 h (ANCOVA, P < 0.05. Figure 3.3).

Initial absorption spectral slope S275.205 values were similar between the unamended and
EDRO-DOM-amended samples (one-way ANOVA, P = 0.002, followed by Tukey HSD, P = 1),
but both were higher than those of SPE-DOM-amended samples (Tukey HSD, P = 0.002. Figure
3.4a). Initial S350-400 values were not statistically different among amendment types (one-way
ANOVA, P=0.07. Figure 3.4b). Initial Sr values were highest in EDRO-DOM-amended
samples, and lowest in SPE-DOM-amended samples (one-way ANOVA, P = 0.003, followed by
Tukey HSD, P < 0.05. Figure 3.4c). S275-295 and Sr values increased with photon dose for all
three amendment types (linear regressions, P < 0.05), but S3s0-400 values had no statistically
significant changes with photon dose (linear regressions, P > 0.05. Figure 3.4).

When all time points are considered, S275-205 values increased faster in the unamended
samples than in the amended samples (ANCOVA, P < 0.05), but the change rates were not
different between the amended samples (ANCOVA, P > 0.05. Figure 3.4a). The rates of change
in Sr showed similar trend with the rates of change in $275.29s when compared among amendment
types (Figure 3.4c¢), but there was no statistically significant difference in the rates of change in

S350-400 among the different amendment types (ANCOVA, P > 0.05. Figure 3.4b).
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Initial specific ultraviolet absorbance values at 254 nm (SUVA2s4) were highest in SPE-
DOM-amended samples, and lowest in EDRO-DOM-amended samples (one-way ANOVA, P =

0.0003, followed by Tukey HSD, P < 0.05. Table 3.1).

N ---+- EDRO
BN SPE
BN —— Unamended

-1
ag (m™)
30
1
7
7

T T T T T T
280 300 320 340 360 380 400
A (nm)

Figure 3.1. Chromophoric dissolved organic matter absorption coefficients (ag, m'!) versus
wavelength (A4, nm), for photochemical irradiation time series experiment, using solid phased
extract-amended (SPE), electrodialysis reverse osmosis extract-amended (EDRO), and
unamended Skidaway River Estuary water. Darkest color for each amendment type represents
time 0 of photoirradiation experiments, color progressively gets lighter as irradiation progresses,

and lightest color represents the last time point.

91



Table 3.2. Chromophoric dissolved organic matter absorption coefficients at 325 nm (ag(325),
m') at different irradiation time points, for photochemical irradiation time series experiment,
using solid phased extract-amended (SPE), electrodialysis reverse osmosis extract-amended

(EDRO), and unamended Skidaway River Estuary water. Mean + 1 SE.

Irradiation ag(325) (m™)
time (h) EDRO SPE Unamended
0 310 £ 00| 332 £ 0.1] 123 + 03
2 297 + 0.1]31.8 £ 02 115 £ 0.1
4 293 + 0.1 315 £ 05| 112 £ 0.1
o
3- EDRO
% @ SPE
- a b & Unamended
z
2 o
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Figure 3.2. Chromophoric dissolved organic matter absorption coefficient a, fading rates (ag
versus photon dose, m! (mol photons absorbed)™!) at 280 nm, 300 nm, 325 nm, and 350 nm. For
photochemical irradiation time series experiment, using solid phased extract-amended (SPE),
electrodialysis reverse osmosis extract-amended (EDRO), and unamended Skidaway River
Estuary water. Rates were calculated by including values at all time points. Shared letter on top

of bars denotes rates that are not significantly different from each other (ANCOVA, P > 0.05).

Rates were not compared among the different wavelengths. Error bars were + 1SE.

92



a 280 nm b
. ab EDRO . EDRO
T8 SPE 7.8 SPE
g S’lr’ Unamended g E’Ir’ Unamended
g £ 5
23 23
o 7 o i
£ 7 a ab E ?
T T ab
E § ab £ 8
o | o 8§
s ! ab s ! ab
23 23 [
8 27 T oA
© © /

o o - é

0-2 224 224
Irradiation time (h) Irradiation time (h)
c 325 nm d _ 350 nm
B b
= ab EDRO 8 a EDRO
F SPE ! SPE

7 Unamended

Unamended

-2000 -3000

-1000
a, fading rate (m'1 (mol photons)'1)

a, fading rate (m'1 (mol photons)'1)

0

0-2 2-4
Irradiation time (h) Irradiation time (h)

Figure 3.3. Chromophoric dissolved organic matter absorption coefficient a, fading rates (ag
versus photon dose, m! (mol photons absorbed)™!) at (a) 280 nm, (b) 300 nm, (c¢) 325 nm, and (d)
350 nm. For photochemical irradiation time series experiment, using solid phased extract-
amended (SPE), electrodialysis reverse osmosis extract-amended (EDRO), and unamended
Skidaway River Estuary water. Rates were calculated between two adjacent time points.
Different letters on top of bars denote rates that are significantly different from each other

(ANCOVA, P <0.05), shared letters denote rates that are not significantly different from each

other (ANCOVA, P > 0.05). Error bars were + 1SE.
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Figure 3.4. Chromophoric dissolved organic matter (CDOM) spectral slopes (a) S»75-295 (nm’?),
(b) S350-400 (nm"), and (c) Sr, versus photon dose (Qa(int), mmol, photons absorbed by CDOM in
the sample, integrated from 280 nm to 600 nm). For photochemical irradiation time series
experiment, using solid phased extract-amended (SPE), electrodialysis reverse osmosis extract-

amended (EDRO), and unamended Skidaway River Estuary water. Error bars were + 1SE.
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Dissolved inorganic carbon photoproduction comparisons

Dissolved inorganic carbon photoproduction rates (Ppic) were higher in EDRO-DOM-
amended than SPE-DOM-amended samples when all time points are considered (ANCOVA, P <
0.05), but were not statistically different between unamended and either amendment types
(ANCOVA, P > 0.05. Figure 3.5a). For the 0-2 h time period, Ppic was higher in the EDRO-
DOM-amended samples than in either the SPE-DOM-amended or unamended samples
(ANCOVA, P <0.05), but was not different between the SPE-DOM-amended and unamended
samples (ANCOVA, P > 0.05. Figure 3.5b). Ppic remained unchanged in unamended samples
from 0-2 h to 2-4 h (ANCOVA, P > 0.05), but decreased in amended samples (ANCOVA, P <
0.05. Figure 3.5b). Ppic was higher in the unamended than in the amended samples for the 2-4 h
period (ANCOVA, P <0.05), but was not different between the amended samples (ANCOVA,
P> 0.05. Figure 3.5b).

Dissolved organic carbon normalized DIC photoproduction rate (Ppic/[DOC]) was higher
in the unamended than in the amended samples when all time points are considered (ANCOVA,
P <0.05), but was not different between the amended types (ANCOVA, P > 0.05. Figure 3.5¢).
The same trend was observed when considering the 0-2 h and 2-4 h time periods separately
(Figure 3.5 d). Ppic/[DOC] remained unchanged in unamended samples from 0-2 h to 2-4 h
(ANCOVA, P> 0.05), but decreased in amended samples (ANCOVA, P <0.05. Figure 3.5d).

Predicted DIC photoproduction calculated from the AQY spectra (Eq. (4) and (5)) agreed
well with measured values (R? > 0.80 for linear regressions of predicted versus measured DIC
photoproduction. Table 3.3). The AQY spectra were similar among the three amendment types

(Table 3.3, Figure 3.6). The ranges of predicted DIC photoproduction rates overlapped among
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the three amendment types (32.3 + 18.5 nmol h'!, 21.7 + 8.0 nmol h*!, and 18.9 £+ 7.7 nmol h*! for

EDRO-DOM-amended, SPE-DOM-amended, and unamended samples, respectively. Figure 3.7).

Table 3.3. Dissolved inorganic carbon apparent quantum yield (AQY) fitting parameters (m; and
m2) for photochemical irradiation experiments, using solid phased extract-amended (SPE),
electrodialysis reverse osmosis extract-amended (EDRO), and unamended Skidaway River

Estuary water. R? values were from linear regressions of predicted versus measured DIC

photoproduction.
mi m2 R? nRMSE (%)
EDRO 6.43 + 033]0.0180 + 0.0042| 0.87 26.0
SPE 6.50 + 0.23]0.0225 + 0.0035| 0.94 18.3
Unamended | 6.54 + 0.22]0.0239 + 0.0042 | 0.94 19.5
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Figure 3.5. (a) Dissolved inorganic carbon (DIC) photoproduction rates (Ppic, mM DIC (mol
photons absorbed)!), normalized to CDOM absorption and corrected for self-shading, (b)
Poic/[DOC] (mM L (mol photons absorbed)! mg!), Ppic normalized to time 0 DOC
concentration (mg L!) in the samples. For photochemical irradiation time series experiment,
using solid phased extract-amended (SPE), electrodialysis reverse osmosis extract-amended
(EDRO), and unamended Skidaway River Estuary water. (a, ¢) Ppic and Ppic/[DOC] values
calculated using all time point data, (b, d) Ppic and Ppic/[DOC] values calculated between two
adjacent time points. Different letters on top of bars denote rates that are significantly different

from each other (ANCOVA, p < 0.05), shared letters denote rates that are not significantly

different from each other (ANCOVA, p > 0.05). Error bars were + 1SE.

97



¢(k) (mol DIC (mol photons)™")

1077 { —— Unamended NN
EDRO
—— SPE )
1084 == 95 % confidence interval

360 350 460 45‘0 560 550 600
A (nm)
Figure 3.6. Dissolved inorganic carbon apparent quantum yield (AQY, ¢ (1)) spectra (vs.
wavelength 1) for photochemical irradiation experiments, using solid phased extract-amended
(SPE), electrodialysis reverse osmosis extract-amended (EDRO), and unamended Skidaway

River Estuary water.
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Figure 3.7. Predicted dissolved inorganic carbon (DIC) photoproduction rates (nmol h'),
estimated using apparent quantum yield spectra calculated from the fitting parameters, full
spectral downwelling irradiance (with daylight filter that cuts off wavelength below ~300 nm),
and colored DOM absorption coefficients of unirradiated unamended samples. For
photochemical irradiation experiments, using solid phased extract-amended (SPE),
electrodialysis reverse osmosis extract-amended (EDRO), and unamended Skidaway River

Estuary water. Error bars were + 1SE.

Discussion
Optical properties comparison

Chromophoric dissolved organic matter absorption decreased with photon dose in all
samples as expected (Table 3.2, Figures 3.1, 3.2, and 3.3), indicating photobleaching of CDOM
in the samples. There were no differences in a, fading rates at the wavelength tested among the

amendment types (Figure 3.2 and 3.3). It is likely that even though SPE and EDRO could lead to
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incomplete extraction of CDOM molecules (Helms et al., 2015; Wiinsch et al., 2018), and SPE
decreases absorbance (Wiinsch et al., 2018), they can still extract a representative suite of
CDOM molecules and thus do not significantly impact CDOM fading in the short term (hours).
It is worth noting that a, fading rate decreased over time in EDRO-DOM-amended samples for
all wavelength tested, and in SPE-DOM-amended samples at 350 nm, suggesting that the
changes in photoreactivity over time are different depending on the amendment type. It is
possible that EDRO and SPE preferentially extracted a collection of DOM molecules that can
photobleach rapidly and thus are consumed rapidly, so that fading decreases over time.

The similar initial spectral slope S275.205 and S3s0-400 values between EDRO-DOM-
amended and unamended samples (Figure 3.4a, b) suggests a similarity of optical properties at
the UV range between EDRO-extracted CDOM and the original whole water CDOM, and a
difference between EDRO-extracted and SPE-extracted CDOM. This agrees with the finding of
Chambers et al. (2016) that EDRO can extract a representative suite of fluorescent DOM
molecules, which is a fraction of CDOM, from the original whole water. The lower initial S275-295
values in SPE-DOM-amended samples agrees with the finding of Wiinsch et al. (2018) that the
SPE extraction efficiency is spectrally variable and SPE decreases S275-295. Unlike in Wiinsch et
al. (2018), there was no statistical difference in S3s0-400 values between SPE-DOM-amended and
unamended samples, but the difference in results could in fact support their hypothesis that SPE
leads to complex changes in the quality of CDOM, and these changes could be affected by
chemical properties of the original water extracted. The large error in S3s0-400 values in the
unamended samples may have also affected the statistical power of the comparisons. The
difference in Sr values between the EDRO-DOM-amended and unamended samples (Figure

3.4c) may also have been caused by the large errors in S3s0-400 values in unamended samples, but
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could also suggest that complex changes occur to CDOM molecules when they are EDRO
extracted.

The similarity in spectral slope values between EDRO-DOM-amended and unamended
samples may also suggest a similar distribution of molecular weights between EDRO-DOM and
the original whole water DOM, as a correlation was suggested between S»75.295 values and
molecular weights (Helms et al., 2008). These results again suggest that EDRO-DOM is
representative of the whole water DOM, although the effect of EDRO on molecular weights
could be more complicated because Sk values differed between the unamended and EDRO-
DOM-amended samples. It is interesting though that the lower S275.295 values in SPE-DOM-
amended samples would appear to suggest an average higher molecular weight of SPE-DOM
compared to the original whole water DOC, even though SPE is thought to be biased towards
small molecules (Arrieta et al., 2015). This result is again supportive of the hypothesis of
Wiinsch et al. (2018) that the changes occur during SPE are likely complex and qualitative,
instead of simply biased towards certain size fractions.

Spectral slope S275-205 and slope ratio Sk increased with photon dose (Figure 3.4a, ¢). This
is consistent with observed changes in slopes during photoirradiation from other studies, and
may also reflect the preferential degradation of higher molecular weight DOM and preservation
or production of lower molecular weight DOM typically occurs during DOM photodegradation
(Helms et al., 2008; Stubbins et al., 2010b). The rates of change were higher in unamended
samples, but not different between the amended samples, suggesting effects of extraction on
optical property and potentially molecular weight of DOM during photoirradiation, and

similarities of these effects between the two extraction methods.
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Since SUVA»s4 is a ratio of CDOM absorption at 254 nm to [DOC], it could provide some
insight into the relative proportion of CDOM to DOC in a sample. SPE-DOM has a higher ratio
of CDOM:DOC than both the EDRO-DOM and the original whole water DOM (Table 3.1),
because of a preferential extraction of CDOM by SPE. On the other hand, EDRO-DOM had the
lowest CDOM:DOC ratio and may suggest a better retention of non-chromophoric DOM that are
smaller and less hydrophobic.

SUVA»s4 values in unamended samples of this study (Table 3.1) were higher than those
reported in Skidaway River Estuary (SRE) in March, but were within the range of SUVA2s4
values found at SRE year round (Bittar et al., 2016). Values in all sample types were similar to
reported values of humic substances, particularly riverine fulvic acids (Weishaar et al., 2003).
These results suggest a high terrestrial input of DOM at the sample site, likely due to the
continuous heavy rains that carried terrestrial organic matter to the estuary prior to sample
collection, similar to what Bittar et al. (2016) found at the site during high freshwater discharge
period. In addition, the higher initial SUVA2s4 values in SPE-DOM-amended samples (Table 3.1)
may suggest increased aromaticity after extraction, since SUVA2s4 has been positively correlated
with aromaticity (Weishaar et al., 2003). This was consistent with the observed effect of SPE on
SUVAa2s4 values, which was attributed to either the effect of salt on sorption efficiencies of
aromatic DOM, or the selective sorption of aromatic DOM due to intrinsic differences in DOM

quality (Arellano et al., 2018; Cawley et al., 2009).
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Dissolved inorganic carbon photoproduction rates and apparent quantum yield
comparisons

The apparent quantum yield spectra for unamended water samples (Table 3.3) were in
relatively good agreement with previously published results of coastal estuarine systems in the
region (Reader and Miller, 2012). There were 13.3 %, 9.77 %, and 9.42 % differences in the
fitting parameter m, values between our result and the March 2009 high tide Dolby Sound,
Altamaha Sound, and Sapelo Sound samples in Reader and Miller (2012), respectively; and 38.1
%, 0.418 %, 25.5 % differences in m> values. Dolby Sound is more similar to the SRE in terms
of freshwater input, so the differences in fitting parameters, particularly in m2, between our
results and Reader and Miller (2012), could be the results of the slightly different AQY equations
used. There’s a third parameter m3 in the AQY equation used in Reader and Miller (2012), and
the estimated m3 value for Dolby Sound was 297.253. In contrast, we used a 290 fixed value in
place of the m3 parameter (Powers and Miller, 2015b). The differences in m and m> values
between SRE in our study and Altamaha Sound in Reader and Miller (2012) were much smaller,
likely due to the similarity of the fitted m3 value for Altamaha Sound (290.118) and the 290
value used in our study.

Since the calculations of DIC photoproduction rates (Ppic, mol DIC (mol photons
absorbed)!, measured from the time series experiment, Figure 3.5a, b; and nmol h™!, predicted
from apparent quantum yield spectra, Figure 3.7) used integrated photon doses which
incorporated CDOM absorption in the equation (equations 1 and 2), the rates were scaled by
CDOM absorption, thus can be evaluated as if the samples had the same initial CDOM
absorption. It is interesting that DIC photoproduction does not completely track with CDOM

photobleaching. While a, fading rates were not different among the amendment types and the
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rates of change in 275205 and Sr were higher in unamended samples but not different between
the amended samples, EDRO-DOM-amended samples had higher Ppic than SPE-DOM-amended
samples when all time point values were considered and for the 0-2 h period. In addition, EDRO-
DOM-amended samples had higher Ppic than unamended samples for the 0-2 h period, and both
amended types had lower Ppic than unamended for the 2-4 h period.

These differences in DIC photoproduction rates among the samples, and the difference
between the trends in CDOM photobleaching and DIC photoproduction, may be attributed to the
different types of molecules preferentially extracted by the two methods. It is conceivable that
EDRO extracts a collection of DOM molecules that are more efficient at producing DIC upon
photoirradiation, as compared to SPE and the original seawater where photochemical reactions
that do not lead to DIC photoproduction might be more common. For example, although the
comparisons were based on peatland porewater samples, Tfaily et al. (2012) found that EDRO
extracted a high abundance of carboxylic acids, which can efficiently carry out
photodecarboxylation and/or other photooxidation reactions, and produce DIC upon
photoirradiation (Budac and Wan, 1992; Xie et al., 2004). Tfaily et al. (2012) also found that
SPE using PPL had much lower extraction efficiency for carboxylic acids compared to EDRO.
The significant reduction of DIC photoproduction rate from 0-2 h to 2-4 h in the amended
samples while the rates in unamended samples remain unchanged between the two time periods,
suggests the preferential extraction by EDRO of a DOM fraction that photolyzes rapidly and
subsequently depleted faster in the amended samples.

In contrast to color-scaled DIC photoproduction rates (normalized to CDOM), the
difference among the amendment types changed when DIC photoproduction rate was normalized

to DOC concentrations (Ppic/[DOC], mM L (mol photons)! mg-!, Figure 3.4¢, d). Both amended
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types had lower Ppic/[DOC] than unamended samples whether all data were included or only
data between 0-2 h or 2-4 h were considered. This contrast suggests that both SPE and EDRO
extracts had lower CDOM:DOC ratios than the original SRE water. This result is contrary to that
suggested by SUVA»s4 that SPE-DOM has a higher ratio of CDOM:DOC than both the EDRO-
DOM and the original whole water DOM (Table 3.1). However, SUVA2s4 only provides the
optical information on CDOM at 254 nm, while comparison of the two sets of normalized Ppic
values likely provide a better evaluation of CDOM:DOC since the rates were normalized to the
full absorption spectrum.

The recovery rate for SPE in this study was high (77 %), as usually is the case for high-
terrestrial-content waters (> 60 %, Dittmar et al., 2008). The whole water sample used in this
study likely contained high terrestrial DOM, as the salinity was relatively low, and continuous
heavy rain occurred prior to sampling. Recovery rates for EDRO (59 % and 60 %) were higher
than the 51 % recovery rate of the SRE water in Young and Ingall (2010), likely due to the
reduced system volume and membrane surface area (50 L versus 10 L for our system). It is
difficult to completely drain the sample from the system, and the added membrane surface area
could lead to more sample loss. On the other hand, the EDRO recovery rates were lower than
those in Chambers et al. (2016) (71.3 + 6.5 %) where SRE water was also used, likely due to

sample loss to the added reverse osmosis membranes in our study.

Conclusions
When using DIC photoproduction rates of the amended samples to extrapolate to the
rates in the original water sample, our results suggest that extrapolation by color/CDOM can be

time sensitive. Extrapolation based on rates in the EDRO-DOM-amended samples can be a good
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approximation or overestimation of the original water rate, depending on which time period the
rate is calculated for (i.e., 0-4 h versus 0-2 h). SPE-DOM-amendment approximates the rates in
the original water well, both for the 0-4 h and 0-2 h periods, thus SPE-DOM-amendment could
be a better option for experiments to estimate initial DIC photoproduction rates and determine
AQY. Extrapolation by [DOC], on the other hand, can significantly underestimate DIC
photoproduction rates in the original water, using amended samples from extracts of either
extraction method.

Both the extraction and amendment methods performed well to approximate the DIC
photoproduction efficiency, as suggested by the similar AQY spectra and overlapping ranges of
predicted DIC photoproduction (Figure 3.7). The results of this study suggest that DOM
extraction and amendment to the original seawater could effectively concentrate CDOM and
DOM in the samples, but does not significantly change the CDOM fading rate or DIC
photoproduction efficiencies. Therefore, DOM extraction and amendment offers an excellent
opportunity to investigate the photochemical properties of seawater, especially when the property
is difficult to investigate in the original whole water, such as DIC photoproduction. By
concentrating CDOM and DOM, the method could increase the amount of photoproduced DIC in
the sample, to a level more easily measurable by the MoDIE method. Future studies with
iterations of this study, such as using samples from a variety of locations (inshore to offshore),
amended to different extract concentrations, and using different irradiation times, could reveal
more information about the differences among sample types (or lack thereof).

The extraction efficiency of SPE tends to be much lower for open-ocean DOM than for
coastal DOM (Chen et al., 2016; Dittmar et al., 2008; Green et al., 2014; Stubbins and Dittmar,

2012), whereas EDRO tends to have higher recovery in open seawater than coastal waters
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(Chambers et al., 2016; Helms et al., 2015; Vetter et al., 2007; Young and Ingall, 2010). The
types and abundance of molecules extracted could also be different between open ocean and
coastal water samples depending on the extraction method (Dittmar et al., 2008; Koprivnjak et
al., 2009). For example, SPE can extract terrigenous DOM more efficiently than marine DOM
(Dittmar et al., 2008), whereas EDRO can extract representative fractions of DOM for both
terrestrially-derived and marine DOM efficiently (Koprivnjak et al., 2009). The whole water
sample used in this study likely contained high terrestrial DOM, therefore, results might be
different when applying the method in this study to samples in the open ocean. Nonetheless,
given the difficulties in examining DIC photoproduction rates and efficiencies in the open ocean,

it is worth the effort to test this method in the open ocean.
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CHAPTER 4
TEXTILE-DERIVED MICROPLASTIC FIBER (MICROFIBER) PHOTODEGRADATION
AND CONCOMITANT PHOTOPRODUCTION OF DISSOLVED ORGANIC CARBON IN
AQUATIC ENVIRONMENTS
Introduction
In recent years, the ubiquity of microplastic pollution in aquatic ecosystems has raised
both environmental concerns and research interests (Aves et al., 2022; Bonanno and Orlando-
Bonaca, 2018; Dauvergne, 2018; Karbalaei et al., 2018; van Sebille et al., 2015; Wang et al.,
2021). Microplastics are defined as plastic fragments smaller than 5 mm in size (Arthur et al.,
2009; van Sebille et al., 2015) and could have significant adverse effects on aquatic organisms
(Cole et al., 2011 and references within; Huang et al., 2021and references within). Ecotoxicity of
microplastics could manifest due to direct ingestion of microplastics (Betts, 2008; Cole et al.,
2015; Rehse et al., 2016; Thompson et al., 2009), biohazardous chemicals released from
microplastic and plasticizer (plastic additives) leachates (Barnes et al., 2009; Lithner et al., 2009;
Lithner et al., 2011; Schrank et al., 2019; Talsness et al., 2009), and other pollutants adhered on
microplastics, which can include toxic metals (Ashton et al., 2010; Betts, 2008; Brennecke et al.,
2016), endocrine disrupting chemicals (Ng and Obbard, 2006), and persistent organic pollutants
(Rios et al., 2007).
One microplastic particle morphology found in the environment is microfiber. There is an

abundance of microfiber source materials globally. In 2015 alone, the production of plastics for

textiles was 5.9 x 107 metric tons, and on average these textile plastics are only used for 5 years
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before discarded (Geyer et al., 2017). Hartline et al. (2016) reported that machine washing
synthetic clothes could generate enough microfibers per wash to account for, on average, 0.2 %
of the unwashed garment mass, so that washing of synthetic clothing could be a major source of
microfibers in the environment (Browne et al., 2011). Despite the ability of conventional
wastewater treatment facilities to remove significant amount of microplastics, treated wastewater
may still act as a significant source of microplastics because the large volumes of effluents that
are discharged (Browne et al., 2011; Talvitie et al., 2017). Polyester and polyamide are the most
common commercially available textile plastics in clothing (Ravandi and Valizadeh, 2011), and
polyester and acrylic microfibers dominate sediments in marine habitats receiving sewage
effluent (Browne et al., 2011).

There could be as many as 1.5 x 10! microfibers in the ocean (Mishra et al., 2019).
Research has indicated the presence of up to 1 x 10'? microplastic particles in Georgia’s
intercoastal waterways, with the majority of these microfibers (Brandes and Sanders, 2019;
Sanders and Brandes, 2020). Microfibers are ubiquitous even in the remote Arctic Ocean (Ross
et al., 2021) and found in the diet of the King penguin in the Southern Ocean (Le Guen et al.,
2020).

Estimated oceanic inventories of plastic account for less than 1% of the land-based
plastic waste estimated to enter the ocean annually (van Sebille et al., 2015). It is thus apparent
that there are significant removal pathways for plastics in the ocean. Since microplastics are
frequently found in surface samples of the water column where they are exposed to sunlight
(Bohdan, 2022; Enders et al., 2015; Song et al., 2015; Song et al., 2014), photodegradation could
be an important abiotic removal pathway (Andrady, 2015; Gewert et al., 2015; Hakkarainen and

Albertsson, 2004; Lee and Kim, 2021; Ranby and Lucki, 1980; Wayman and Niemann, 2021).

116



However, photodegradation of microplastics in the aquatic environments remains poorly
quantified duo to a scarcity of environmentally relevant research (i.e., research conducted under
realistic temperatures and solar radiation spectrum). The majority of current research has been
conducted by polymer engineers who have different emphases and goals for studying polymer
degradation than environmental chemists (Gewert et al., 2015). For example, polymer engineers
might be interested in discoloration/coloration and fragmentation of plastics, and conditions that
would help prevent such decline in product quality, whereas environmental chemists might want
to know what chemicals are released into the environment as the plastic polymers degrade (Lee
and Kim, 2021).

Microplastics can affect organic matter cycling in the ocean (Boldrini et al., 2021;
Galgani et al., 2018; Galgani and Loiselle, 2019; Romera-Castillo et al., 2018). Chromophoric
dissolved organic matter (CDOM) and dissolved organic carbon (DOC) can leach from
microplastics (Galgani and Loiselle, 2019; Romera-Castillo et al., 2018). The presence of
microplastic can stimulate bacterial activity and enhance the microbial release of CDOM
(Galgani et al., 2018). On the other hand, the leached DOC can enhance microbial activity,
which could lead to increased processing of CDOM and thus decreased CDOM (Boldrini et al.,
2021). However, few studies have examined whether and how microplastic photodegradation
alone impacts the carbon cycling through DOC and CDOM production (Zhu et al., 2020b). With
the experiments reported here, we aim to fill this knowledge gap.

Microfibers, by their morphology, have larger surface to volume ratios than typical
macroplastics such as bottles, bags, and Styrofoam cups, and this alone may affect microfiber

photochemistry (Fahem and Yousif, 2017). Two potential products from microfiber
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photodegradation were examined in this study, DOC and CDOM. Comparisons were made

between the DOC/CDOM photoproduction rates in ultrapure water and in seawater.

Methods

Yarnbee™ Eternal Bliss art #43 100 % polyester red/18 yarn and Joann™ 1508-0229 100
% polyester Sumi Casa sanded satin bright white fabric were purchased from commercial craft
stores. The yarn and fabric were chosen because they were readily available and popular. Raman
microscopy confirmed that the polyesters were polyethylene terephthalate (PET). The yarn or
fabric was cut into small pieces using a sharp blade, then hand pulled into loose threads and
ground using a Spex Certiprep 6750 freezer mill to obtain microfibers. The default setting was
used that included 3 cycles of grinding (15 min pre-cooling, 2 min grinding, and 1 min cooling
each). The grinding cycles were repeated until most of the samples placed in the freezer mill
were of microfiber sizes. The microfibers obtained from the red yarn were then dried in a 60 °C
oven for two days before used. The microfibers obtained from the white fabric were stirred and
soaked in MilliporeSigma 18.2-MQ.cm Milli-Q® Type 1 ultrapure water (Milli-Q water)
overnight, then filtered onto a Whatman GF/F 0.7 um filter, before dried in a 60 °C oven. The
ground and dried microfibers have a powdery appearance, and most microfibers were in the tens
of um to < 1 mm length range, having an ~ 20 um diameter.

About 10 mg of microfibers were weighed onto pre-combusted aluminum foil and poured
into a cylindrical 10-cm-pathlength Spectrocell spectrophotometric quartz cell (cell, ~30 mL
volume). Any remaining microfibers on the aluminum foil were rinsed off with Milli-Q water or
seawater into the cell. The cell was then filled with either Milli-Q water or seawater and capped

with Spectrocell caps fitted with Microsolv Teflon-lined butyl septa. Effort was made to

118



eliminate headspace, by adding liquid until meniscus form before the cell was capped; however,
the cell couldn’t be overfilled to reduce loss of microfibers, and it was difficult to completely
eliminate air bubbles trapped in the caps. The seawater used in the experiments was surface (5
m) Atlantic subtropical gyre water from a Bermuda Atlantic Time-series (BATS) station
obtained on 13 May 2017. The seawater sample was re-filtered on 12 May 2020 using a 0.2 um
Whatman Polycap 36 AS nylon membrane cartridge filter.

Photodegradation experiments followed protocols modified from Powers et al. (2017b).
Cells were irradiated under an Atlas Suntest CPS+ or CPS solar simulator, both equipped with a
1.5 kW xenon lamp and a daylight filter (excluding light below ~300 nm). The cells were
vertically aligned inside a custom aluminum block to ensure the optical windows of the cells
were perpendicular to incoming radiation when placed inside the solar simulator, to eliminate
off-axis photons and ensure each cell receives a known photon dose. Water was circulated
through the aluminum blocks to maintain temperature (21 °C) throughout the experiment.
Experiment 1 used Milli-Q water only (6.25, 121.38, and 219.38 h irradiation), experiment 2
used seawater only (42.33, 90.33, 138.33, and 186.33 h irradiation), and experiments 3 and 4
used Milli-Q water and seawater (4, 8, 12, 24, 36, and 60 h irradiation, 12.1, 24.1, 36, 48, and
60.2 h irradiation, respectively). Experiment 1 and 2 used microfibers from the red yarn, and
experiment 3 and 4 used microfibers from the white fabric. Triplicate cells were used for each
time point. Triplicate dark controls for experiment 1 and 2, and duplicate dark controls for
experiment 3 and 4, were sampled for the last time point, using cells wrapped in aluminum foil
and placed in the water bath supplying cold water to the aluminum block.

The downwelling irradiance entering each cell was quantified using an Optronic

Laboratories OL756 Portable UV-Vis Spectroradiometer. The mean integrated incident
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irradiances (250-800 nm) at the cell surface were 395 W m2 for CPS+ and 405 W m™ for CPS
solar simulators. For reference, a 219.38-h irradiation under the solar simulator was equivalent to
12.4 and 12.7 July days respectively, under natural sunlight in Bermuda (32.3, -64.8).

Sample from each cell was filtered through a Whatman GF/F 1825-025 (25 mm diameter,
0.7 um pore size) filter. Approximately 20 mL of the filtrate was poured directly into a 24 mL
combusted borosilicate glass vial for DOC concentration measurements, and the remaining
filtrate was poured into another vial for CDOM measurements. In experiment 1, the cell was
rinsed with Milli-Q water multiple times to dislodge the microfibers adhering to the cell wall,
and the rinse water was filtered through the original filter to collect these microfibers. The
microfibers collected after irradiation were dried and weighed to determine the mass of
microfiber remaining after irradiation. It is worth mentioning that even after diligent rinsing with
Milli-Q water to collect as many microfibers as possible, some very small microfibers remained
in the cell and the filtration funnel. The filtration set was rinsed with copious amount of Milli-Q
water before used for the next cell.

Chromophoric dissolved organic matter absorbance (CDOM) (4(1)) in the filtrates was
measured using an Agilent 8453 UV-visible spectrophotometer with ChemStation software,
between 250 - 800 nm, at 1.0 nm intervals, in duplicate, and in a 1-cm-pathlength quartz cuvette.
Milli-Q water was used as blanks. The absorbance spectra were first corrected by subtracting the
average absorbance spectra of blanks from the absorbance spectra of the sample water, then by
subtracting the average absorbance at 690 - 710 nm to correct for potential offsets and instrument

drift (Stubbins et al., 2011). Napierian absorption coefficients (a4 (2); m") were calculated using

the following equation (Hu et al., 2002b): a,(A) = AQ In10 Lln =

, where L (m) is the pathlength.

ay (M) values were normalized to microfiber mass (mg) in each cell (a;(A)y, m™ (mg
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microfiber)™!) so that the differences in the initial masses of microfibers among cells can be
accounted for. Dissolved organic carbon concentrations ([DOC], mg L' C) in the filtrates were
determined by high temperature catalytic oxidation method using a Shimadzu TOC-V CPN Total
Organic Carbon Analyzer with autosampler (Stubbins et al., 2012), at Skidaway Institute of
Oceanography within a week of collection. [DOC] was also normalized to microfiber mass (mg)
in each cell ( [DOC]n, mg L' C (mg microfiber)™!).

The rate of change in microfiber mass with irradiation time was calculated using linear
regression (Im in R, RCoreTeam, 2021). The rates of change in CDOM and DOC between two
adjacent time points were calculated by dividing the difference in the parameter values by the
time difference (h).

All labware was first rinsed with copious amount of Milli-Q water, and soaked overnight
in 10 % HCI solution, then rinsed again with an excess of Milli-Q water. Glassware and GF/F
filters were baked at 450 °C for at least 5 h. Quartz cells used in photochemistry experiments
were cleaned following the same procedure but not baked. The cartridge filter used to filter
seawater was rinsed with 20 L of Milli-Q water before use. All acid solutions were made using

Fisher Chemical Certified ACS Plus Safe-Cote® HCI1 and Milli-Q water.

Results

No statistically significant change in microfiber mass with irradiation time was observed
for experiment 1 (P = 0.3. Figure 4.1), likely due to the difficulty in collecting all microfibers
from the cells and the filtration set. The large loss in microfiber mass in the dark control at the
last irradiation time point supported this hypothesis. The large error in measuring loss of

microfiber mass at each time point likely obscured any change occurring over time. Microfiber
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masses were not measured for the other experiments due to this lack of precision in measuring

losses.
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Figure 4.1. Loss of microfiber mass (mg) over irradiation time (h) for photoirradiation
experiment 1, microfibers in Milli-Q water. Orange red circles-irradiated samples, blue squares-

dark control.
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Figure 4.2. Chromophoric dissolved organic matter absorption coefficients at 280 nm,

normalized to initial microfiber mass (a¢(280)~, m™! (mg microfiber)!), versus irradiation time

(h) in photoirradiation experiments: (a, b, ¢) microfibers in Milli-Q ultrapure water, (d, e, f)

microfibers in open ocean seawater from the Atlantic subtropical gyre. (a) experiment 1, (d)

experiment 2, (b) and (e) experiment 3, and (c) and (f) experiment 4. Expressed as ratios of

a¢(280)x at any irradiation point (T) to ax(280)~ at time zero (To). Note the different irradiation

time among experiments. Experiment 1 and 2 used the same type of microfibers (from red

polyester yarn) while experiment 3 and 4 used a different type of microfibers (from white

polyester fabric).
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There was no statistically significant change in normalized absorption at 280 nm, 300
nm, 325 nm, and 350 nm in the filtrate with irradiation time in any experiment (linear
regressions, P > 0.05), however, there may be changes in normalized absorption values between
time points (Figures 4.2, 4.3 and Supplemental figures S4.1, S4.2, and S4.3).

Over the week-long experiments (experiment 1 and 2, Figure 4.2a, b and 4.3a), the rates
of change in ax(280)~ (ag(M)~ at 280 nm) of the filtrate with irradiation time were low, in the 1073
m!' (mg microfiber)! h'! range for microfibers in Milli-Q water and in seawater. az(280)n in the
Milli-Q water samples may have increased from 6.25 h to 121.38 h first, and then decreased.

In the shorter experiments 3 and 4 (Figure 4.2b, c, e, f and 4.3b, ¢), az(280)x increased
from time O to the first time point in both water types and remained high after (in experiment 3)
or decreased over time (in experiment 4). The rates of change in a,(280)x were in the 102 m!
(mg microfiber)! h'! range for both water types from 0-4 h in experiment 3, and 0-12.1 h in
experiment 4 (Figure 4.3b, ¢). The rates of change then decreased in magnitude, and in some
cases the signs were reversed, indicating fluctuations in CDOM absorption over time.

There were no net changes in normalized absorption at 280 nm, 300 nm, 325 nm, and 350
nm in any experiment (t tests between To samples and irradiated samples of last time point, P >
0.05, Figure 4.2 and Supplemental Figures S4.1, S4.2, and S4.3). The normalized absorption at
280 nm, 300 nm, 325 nm, and 350 nm in dark control samples at the last time point were also not
statistically different from those in To samples (t tests, P > 0.05, Figure 4.2 and Supplemental

Figures S4.1, S4.2, and S4.3).
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Figure 4.3. Rates of change (m™! (mg microfiber)! h!) for absorption coefficients at 280 nm
(a(280)) with irradiation time in photoirradiation experiments. ax(280) (m™') were normalized to
initial microfiber mass (mg). Microfibers were irradiated either in Milli-Q ultrapure water or
seawater from the Atlantic subtropical gyre. (a) experiment 1 and 2, (b) experiment 3, and (c)
experiment 4. Note the different irradiation time among experiments. Experiment 1 and 2 used
the same type of microfibers (from red polyester yarn) while experiment 3 and 4 used a different
type of microfibers (from white polyester fabric). Error bars are £1 standard error from

triplicates.
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Normalized DOC concentrations ([DOC]x) increased with time in the Milli-Q water
samples in experiment 3 (linear regression, P = 0.03). There was no statistically significant
change in [DOC]n with irradiation time in the rest of the experiments (linear regressions, P >
0.05), however, there may be changes in [DOC]x values between time points (Figures 4.4 and
4.5).

The rates of change in [DOC]n were in the 0-10 ug L' C (mg microfiber)! h! range
(Figure 4.5). For the week-long experiments using red microfibers, [DOC]x may have increased
before 6.25 h and subsequently decreased in the Milli-Q water samples (Figure 4.4a and 4.5a). In
seawater samples, [DOC]~ remained stable until 138.33 h, then decreased (Figure 4.4d and 4.5a).
Although the samples in Milli-Q water in the shorter experiments didn’t show initial rates of
increase in [DOC]n as large as that in the first time period of experiment 1, there was a trend of
increase followed by a decrease in [DOC] in experiment 3, and maybe fluctuations in
experiment 4 (Figure 4.4b, ¢ and 4.5b, c). The highest rate of increase occurred at 35 and 36 h in
Milli-Q water samples in experiment 3 and 4, respectively. [DOC]x fluctuated in the seawater
samples of the shorter experiments over time (Figure 4.4e, f and 4.5b, c).

Normalized DOC concentrations were higher in irradiated samples of the last time point
than in To samples in experiment 1 (microfibers in Milli-Q water; t tests between To samples and
irradiated samples of last time point, P = 0.01), but there were no net changes in [DOC]n in the
rest of the experiments (P > 0.05, Figure 4.4). [DOC]x in dark control samples at the last time

point were also not statistically different from those in TO samples (t tests, P > 0.05, Figure 4.4).
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Figure 4.4. Dissolved organic carbon (DOC) concentrations ([DOC]n), normalized to initial
microfiber mass (mg L' C (mg microfiber)!), versus irradiation time (h) in photoirradiation
experiments: (a, b, ¢) microfibers in Milli-Q ultrapure water, (d, e, f) microfibers in open ocean
seawater from the Atlantic subtropical gyre. (a) experiment 1, (d) experiment 2, (b) and (e)
experiment 3, and (c¢) and (f) experiment 4. Note the different irradiation time among
experiments. Experiment 1 and 2 used the same type of microfibers (from red polyester yarn)

while experiment 3 and 4 used a different type of microfibers (from white polyester fabric).
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experiment 1 and 2, (b) experiment 3, and (c) experiment 4. Note the different irradiation time
among experiments. Experiment 1 and 2 used the same type of microfibers (from red polyester
yarn) while experiment 3 and 4 used a different type of microfibers (from white polyester fabric).

Error bars are 1 standard error from triplicates.
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Discussion

Our results suggest that it is possible that CDOM/DOC can be produced from the
photodegradation of microfibers and be subsequently photodegraded, but the net change in
CDOM/DOC is not straightforward (Figure 4.2, 4.3, 4.4, and 4.5). It is highly likely that a
number of organic compounds were produced from the PET polymers in the microfibers,
through a range of reactions including photo-hydrolysis and photo-oxidation (Fagerburg and
Clauberg, 2003). Such compounds could include PET monomer ethylene terephthalate,
terephthalic acid, carboxylic acids, and dicarboxylic acids (Fagerburg and Clauberg, 2003;
Gewert et al., 2018; Gewert et al., 2015; Sait et al., 2021). Microplastics could also fragment
during photodegradation (Gewert et al., 2015; Lambert and Wagner, 2016; Sait et al., 2021; Zhu
et al., 2020b). Very small microplastic pieces or nanoplastics resulting from fragmentation may
be able to pass the 0.7 um filter we used in our study and be reported as DOC, unless they were
lost as COz. These can all contribute to any increase in DOC concentrations with irradiation
time.

An abundance of aromatic carboxylic acids could form during photodegradation of PET,
as PET is an aromatic polyester and contains benzene rings in its backbone (Fagerburg and
Clauberg, 2003; Gewert et al., 2015). These aromatic compounds could contribute significantly
to the absorption of ultraviolet (UV) light, and lead to the potential observed increase in CDOM
absorption.

Aromatic compounds could be highly photo-labile (Stubbins and Dittmar, 2015; Stubbins
et al., 2010b), therefore, it is not surprising that the produced CDOM could also be photo-labile
and be photodegraded following formation. The production and degradation of CDOM could

happen simultaneously and create a steady state, which might explain the lack of statistical
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significance in CDOM absorption change with time. In addition, photodegradation of
microplastic can produce an abundance of reactive oxygen species and other radicals (Fagerburg
and Clauberg, 2003; Zhu et al., 2020a), which could trigger a suite of photochemical processes
and transformations, and lead to the photo-oxidation of the newly released and/or native
DOC/CDOM (Mopper and Kieber, 2000a; Mopper et al., 2015).

Even though microfiber losses weren’t significant in this study due to the difficulty of
precise measurements, the production and subsequent degradation of CDOM/DOC reflected
carbon taken away from the microfibers and represented losses in microfiber mass. The highest
initial DOC photoproduction rate was 1.99 + 0.29 pg L' C (mg microfiber)! h'! in seawater
(Figure 4.5). This is equivalent to 0.0573 £ 0.0089 pg C (mg microfiber)! h! since the mean
volume of the cell was 28.8 + 1.6 for the cells used in obtaining this rate. The mass of the
microfibers added to these cells were 9.99 + 0.04 mg and the time difference between the two
time points were 16 h (this rate occurred between 8 h and 24 h of irradiation). The mass of
carbon produced via DOC photoproduction is thus 9.15 + 1.43 pg C (amount of carbon produced
per microfiber mass per unit time x microfiber mass x irradiation time). Percent carbon by mass
(66.7 %) in the PET polymer is estimated from the chemical formula of a generic PET in Gewert
et al. (2015). Based on this percentage and the microfiber mass in the cell, the photoproduced
DOC accounts for only 0.137 + 0.021 % of the microfibers irradiated in terms of carbon mass.
This is a very small portion of carbon compared to the initial mass of microfibers added to the
cells.

Using the above calculated carbon percentage of photoproduced DOC and estimated sea
surface microplastic mass, we can estimate an amount of DOC production from microfiber

photodegradation in the ocean. One study by Enders et al. (2015) found 6 % of the microplastics
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they captured in the surface Atlantic Ocean were polyester. Using this estimation, assuming only
6 % of the 2.7 x 10'! g microplastics floating at the sea surface (Eriksen et al., 2014) are
polyester microfibers, about (2.22 + 0.35) x 10° g DOC can be produced from polyester
microfiber photochemistry. This is a small amount of DOC compared to the (21.4 +5.3) x 1015 g
C y ! epipelagic production of biolabile DOC in the ocean. There are a few assumptions in this
estimation that need to be addressed. First, this estimation is based on DOC photoproduction
rates obtained from post-consumer plastic textile, essentially virgin plastics, however,
microplastics found in the ocean tend to be aged through physical abrasion and photodegradation
(Barnes et al., 2009). The aging of plastics could lead to increase in photodegradability (Gewert
et al., 2015; Stubbins et al., 2021). Second, the calculation assumes that the microfibers stay in
the sunlight region of the surface ocean, however, since polyester is denser than water, polyester
microfibers can sink out of the sunlit surface ocean and subsequently cease to produce DOC
photochemically. Third, the % carbon is a rough estimate based on a model chemical formula,
but real-world plastics frequently have impurities and additives that could change the carbon
ratio (Barnes et al., 2009).

Our results of possible DOC production from microfiber photodegradation were
consistent with Zhu et al. (2020b), even though different microplastic types were used. However,
there was no net accumulation of CDOM or DOC except for an increase in [DOC]~ in Milli-Q
water samples in experiment 1 (Figures 4.2 and 4.4). The Zhu et al. (2020b) study was longer
than ours. The longest experiment we carried out was 9.1 days, which was equivalent to 12.7
July days under natural sunlight in Bermuda, whereas the Zhu et al. (2020b) study conducted 54-
day and 68-day photoirradiation, which was equivalent to 54 and 68 solar days in the subtropical

ocean gyre. Therefore, the microfibers in our study were exposed to photoirradiation for shorter
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time. The DOC photoproduction was also very low at the beginning of the experiment (< 10
days) in Zhu et al. (2020b). It is possible that we captured the early stages of DOC/CDOM
photoproduction and subsequent photodegradation that are less apparent in a 54-day or 68-day
experiment. Photo-induced autoxidation can occur in PET, and as reactions proceeds, carboxylic
acid end groups formed during the cleavage of PET ester bonds can further promote
photooxidation (Gewert et al., 2015). More fragmentation of microfibers could also occur over
time, expose more surface area, making the inside plastic material available for degradation, and
further speed up microplastic photodegradation (Fahem and Yousif, 2017). Photoproducts that
are vulnerable to photodegradation, such as olefins, aldehydes and ketones, can form from
termination of the radical reactions (Gewert et al., 2015). Whether DOC accumulates could be
influenced by the relatively proportion of the formation of these photoproducts and their
simultaneous/subsequent degradation.

Nonetheless, short-term fluctuations in CDOM/DOC observed in our study can still be
significant if biology were considered. DOC can serve as food for microbes nearby who can take
advantage of the release immediately (Amon and Benner, 1996; Kroer, 1993; R. and E., 2017),
as well as provide protection from reactive oxygen radicals (Del Vecchio and Blough, 2002);
CDOM can offer a short-term protection from UV light at 280 - 400 nm (Arrigo and Brown,
1996). Any benefit provided to the microbial communities can in turn affect CDOM and DOC
processing of the immediate environment and lead to more changes in organic carbon cycling
downstream (Boldrini et al., 2021; Galgani et al., 2018).

Although neither was significant, the changes in az(280)x and [DOC]~ generally tracked
each other for both types of water (Figure 4.2 and 4.4). As CDOM is the light absorbing portion

of DOC and thus presumably the dominant photoreactant, CDOM absorption changes likely
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reflects the overall DOC changes during photoproduction and subsequent photodegradation
(Coble, 2007; Mopper and Kieber, 2000a; Nelson and Siegel, 2013). Any differences between
the rates of a,(280)n and [DOC]x~ photoproduction and subsequent photodegradation may be
attributed to the difference between CDOM and DOC. It is possible that a portion of DOC was
produced from microfiber photodegradation but does not absorb light. In addition, DOC
components that don’t absorb light can still participate in photochemistry through indirect
secondary photoreactions and photodegrade (Coble, 2007; Mopper et al., 2015).

The chemical environment of seawater might have affected the CDOM/DOC production
and degradation in ways different from Milli-Q water. The rates and changes in CDOM and
DOC were mostly different between samples in Milli-Q and in seawater. Seawater under solar
radiation produces a variety of oxidants, such as reactive oxygen species (Heller and Croot,
2010), and these reactive species may affect microfiber photodegradation. Furthermore, we used
Milli-Q water in this study because we wanted to provide baseline results in aquatic
environments, but microplastic photodegradation in freshwater samples from a river or lake
likely differs from that in Milli-Q water. For example, the presence of clay minerals such as
kaolinite promotes the photodegradation of PET, because kaolinite facilitates production of
hydroxyl radical, which in turn can promote microplastic degradation (Ding et al., 2022).

The photons absorbed by the sample were impossible to quantify in this study because
absorbance of the samples with microfibers was not measured. In addition, in each cell, some
microfibers floated on top, others sank to the bottom, and some very small particles may be
suspended in between. Light scattering is a major concern in the cells, and the light path, light
penetration and absorption might be different between duplicate cells as a result. There were also

a number of small bubbles that formed in each cell. Tiny microfiber particles tend to surround
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these air bubbles and form rings of concentrated particles around the bubbles. The cells were
shaken and left standing for a few hours after being filled, in an attempt to reduce air bubbles.
Sometimes the small bubbles coalesced to a large bubble, and then the large bubble was released
by opening the cap and the cell topped off with water. However, significant amounts of small
bubbles remained in almost all cells. The air bubbles could also affect the light availability for
photochemistry in the cells.

The access of the microfibers to sunlight may be called into question because many of
our microfibers sank to the bottom of the cells. It is worth noting that the microfibers were
allowed to settle in our experiments without interference; whereas in the natural environment, a
number of factors, such as capture in the sea surfaced microlayer (Song et al., 2015; Song et al.,
2014), and water mixing/turbulence (Browne et al., 2010), could keep the microplastics in the
surface with constant exposure to sunlight. Thompson et al. (2004) found microplastics among
archived plankton samples, and they were similar types of polymers to those found in sediments.
The majority of these microplastics were fibrous in morphology. The authors suggested that
polymer density was not a major control of distribution.

In conclusion, it is possible that DOC and CDOM were released during microfiber
photodegradation, and the DOC and CDOM produced are photolabile and can be simultaneously
photodegraded. These produced DOC and CDOM can still have biological and carbon cycling
impacts if microbes were there to take advantage of the production, but it is likely that there’s a
competition between biology and photochemistry for the produced DOC and CDOM. Marine
microbes may be in better position to take advantage of the produced DOC and CDOM, as there

could be short-term net productions in seawater.
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CHAPTER 5
CONCLUSIONS AND FUTURE DIRECTIONS

Photodegradation can be a sink of marine DOM, however, teasing out its relative
importance remains difficult. The work in this dissertation examined the photodegradation rates
and efficiencies of a range of DOM samples and attempted to find an alternative approach to
estimate difficult-to-measure properties, such as DIC photoproduction.

In Chapter 2, we presented work comparing the rates of CDOM photobleaching, DOM
photodegradation, and DIC photoproduction among humic substances amended, humic and
nutrients amended and unamended samples, in order to understand the role photodegradation
could play in remedying the browning effect in surface water caused by increased terrestrial
DOM input. The measurement of optical properties was quick and easy, the MoDIE method
produced excellent results in measuring DIC photoproduction for this site, and we determined
that photoirradiation could rapidly degrade added allochthonous CDOM and DOM in the
laboratory; however, the story is more complicated in sifu in the mesocosms. Photodegradation
can be an important sink based on laboratory a, fading rates and DIC photoproduction, however,
the relative importance of photodegradation remained difficult to determine. It was especially
surprising that nutrient additions did not lead to any major differences in the optical properties
and compounding the browning effect. Future studies to better constrain the importance of
photodegradation to remove added humic substances should include DIC quantum yield
experiments with in situ light measurements to better estimate in sifu DIC photoproduction rates

and infer DOM photodegradation rates.
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For sites that do not have easily measurable DIC photoproduction, such as marine sites
that have high DIC background and low DIC photoproduction, we attempted to approach the
problem using DOM extraction and amendment/enrichment (Chapter 3). The experiments need
to be repeated using amendment of different extract concentrations, and for a variety of locations
(inshore to offshore), but the results suggested that this extract-amendment method can be
effective. DOM extraction and enrichment could effectively concentrate CDOM and DOM in the
samples, which in turn can increase the amount of photoproduced DIC in the sample, to a level
more easily measurable by the MoDIE method. But DOM extraction and enrichment does not
significantly change the CDOM fading rate or DIC photoproduction efficiencies.

We applied this extraction and amendment method to some blue ocean water samples
(ag(325) < 0.25 m!) from the North Atlantic Subtropical Gyre (NASG) (Table 5.1). Following
the protocols in Chapter 3, we extracted DOM from the original seawater using SPE with PPL
resin. The SPE-DOM was then added to a blue water matrix from the same site. The DIC
photoproduction rates (Ppic, pmol mol!) in the amended samples were then measured and
extrapolated using either the [DOC] or ag(325) values. Specifically, a set of concentration factors
were calculated by dividing the [DOC] or ag(325) values in the amended samples by those in the
original blue water. The Ppic values in the amended samples were then divided by these
concentration factors to estimate the rates in the original blue water. We compared these
extrapolated rates to those of Gulf Stream from Powers et al. (2017b). The Gulf Stream sample
had initial a¢(325) of 0.299 m! and Ppic of 247 umol (mol)™! for the first time point. If we
assume a constant ratio of ag(325) to Ppic and use this Gulf Stream sample as a reference point,
then we should have 177 pmol (mol)! and 59.9 umol (mol)! DIC photoproduction for the two

NASG samples (calculate a ratio of ag(325) between the Gulf Stream sample and our sample,

145



and then use this ratio to extrapolate the Gulf Stream Ppic). The much lower number we obtained
from the amendment experiment provided us with more questions than answers: 1. Does SPE
NOT extract a representative pool of DOM that is capable of DIC photoproduction in the open
ocean? 2. Are DIC photoproduction rates inherently lower in blue ocean water? 3. Is color

extrapolation not applicable to the open ocean?

Table 5.1. DIC photoproduction extrapolated (Extrapolated Ppic, umol mol™!) from the rates in
solid-phase-extract-amended North Atlantic Subtropical Gyre (NASG) water. Ppic: DIC
photoproduction in solid-phase-extract-amended NASG water. Concentration factors were
calculated by dividing the [DOC] and a,(325) values in the amended samples by those in the

original blue water.

. Concentration | Extrapolated Ppic
Ppic Amended samples Original blue water Factors (umol mol™)
Expt. (umol
No. (mol
photon)™) [DOC] as(325) [DOC] as(325 | By By By By
(mg L) (m™) (mgL?') | )(@m?') | DOC | ax325) | DOC | ax(325)
1 113 678 £19 2.31 65.1+ 43 | 0.178 10 13 10.85 8.71
2 253 2143 £ 18 7.38 60.1£1.2 | 0.060 36 123 7.08 2.06

It remains difficult to directly measure DIC photoproduction in the open ocean and thus
answering these three questions will not be easy. The MoDIE method can measure DIC
photoproduction in coastal sites well, however, we have failed to apply the method to directly
measure rates in unamended blue ocean water. During photoirradiation experiments, a drift in &
13C signal occurs even in the dark control samples, thus producing a fake signal of DIC

photoproduction (Equation 3 in Chapter 3). We have taken many measures to try to prevent this
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from happening but were without success. Direct measurement of DIC photoproduction in blue
water will remain challenging, and we must keep improving our analytical abilities.

There might have been photochemical production and simultaneous degradation of
CDOM and DOM in our microfiber photoirradiation experiment, however, the trends were
unclear and variable (Chapter 4). The non-significant results of our microfiber photoirradiation
in terms of CDOM or DOM production may have been due to the difficulty in working with
microfibers in our existing irradiation system. The cells were not best suited for accommodating
particulate samples, and there was no uniform distribution of the microfibers to ensure that the
microfibers will receive equal quantity of light. Large flat quartz flasks may be better suited for
this purpose.

It is interesting that our results from the Baltic Sea humic substance amendment
experiments suggested that color change, or CDOM fading, may not be a good predictor of
DOM photodegradation, particularly for DIC photoproduction. Traditionally, it is assumed that
CDOM fading is proportional to DOM photodegradation, as CDOM is the light absorbing
portion of DOM and thus presumably the dominant photoreactant (Coble, 2007; Mopper and
Kieber, 2000a; Nelson and Siegel, 2013). This assumption is also supported by increased carbon
monoxide photoproduction in higher CDOM samples (Hong et al., 2014; Stubbins et al., 2011;
Xie et al., 2009; Zhang et al., 2006). However, this assumption may not hold for DIC
photoproduction. In Chapter 2, added humic substances reduced the CDOM fading rates, but did
not affect DIC photoproduction significantly. Photons absorbed in the samples may lead to other
photochemical reactions in CDOM/DOM but not complete remineralization, and DOM source

could have a large impact on DIC photoproduction rates.
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Results in Chapter 3 again provided support that color does not tell the whole story. Rates
in EDRO- and SPE-amended samples could overestimate or approximate well the DIC
photoproduction rates in unamended samples when the rates were scaled by color/CDOM
(Figure 3.5a, b), but both methods significantly underestimated the DIC photoproduction rates
when the rates were scaled by [DOC] (Figure 3.5¢c, d). The relationship between CDOM fading
and DIC photoproduction need to be investigated further, using water samples from a range of

site with differing CDOM and DOM properties.
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APPENDIX A. SUPPLEMENTAL FIGURES FOR CHAPTER 2
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Figure S2.1. Chromophoric dissolved organic matter absorption coefficient a), c¢), e) versus
photon doses (Qa(int), mol photons absorbed), and b), d), f) versus time (day), for JOMEX
amendment experiment samples that reflect the in situ conditions, a) b) at 280 nm, a,(280), m™!;
¢) d) at 400 nm, ax(400), m'!; e) f) integrated from 280 nm to 400 nm a,(int), m! nm. Samples
were taken right after the initial amendment (day 1), and around the same time in subsequent
days. Solid lines with corresponding colors are linear regression lines for each group, and dashed

lines are 95 % confidence bands for the slopes of the regression lines.
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Figure S2.2. Chromophoric dissolved organic matter absorption coefficients at a) d) g) j) m) p)
280 nm (ag(280), m!), b) €) h) k) n) q) 400 nm (a¢(400), m™!), and c) f) i) 1) o) r) integrated over
280-400 nm (ag(int), m™' nm) versus photon dose (Qa(int), mmol photons absorbed) for
laboratory irradiation experiments conducted on a) b) ¢) day 1, d) e) f) day 3, g) h) i) day 6, j) k)
1) day 8, m) n) o) day 10, and p) q) r) day 13 mesocosm samples of the JOMEX experiment (day
1 was the day of initial amendment). Samples were taken right after the initial amendment, and
around the same time in subsequent days. Solid lines with corresponding colors are linear
regression lines for each group, and dashed lines are 95 % confidence bands for the slopes of the

regression lines.

180



a4(280)7 : a4(280)r,

ag(int)r : ag(int)y,

ay(400)y : a4(400)r,

0.8

1.00

0.95

0.90

0.85

1.00

0.95

0.90

0.85

1.0

0.9

0.7

Day 3

e Control
= Humin
A Humin+Nutrients

T
0.0 0.5

T
1.0

T T T
15 2.0 25

Qa(int) (mmol photons absorbed)

Day 3

e Control
Humin
A Humin+Nutrients

T T T
0.5 1.0

T T T
1.5 2.0 25

0.0 3.0
Qa(int) (mmol photons absorbed)
Day 8
X e Control
\\\ = Humin

A Humin+Nutrients

T
0.0 0.5

T T T
1.0 15 2.0 25

Qa(int) (mmol photons absorbed)

1.1

1.0

ag(400)1' : ag(400)T0
0.9

0.8

0.90 0.95 1.00

ag(280)'|' : 39(280)1'0

0.85

ag(int)r : ag(int)r,
0.90 0.95 1.00

0.85

0.80

181

e Control
= Humin
A Humin+Nutrients

T
0.5

T
1.0

T
1.5

T
2.

T
0 2.5

0.0 3.0
Qa(int) (mmol photons absorbed)
Day 8
. ® Control
N = Humin
g ~o Y A Humin+Nutrients

T
0.5

T
1.0

T
1.5

T
2.0

0.0 25
Qa(int) (mmol photons absorbed)
Day 8
-| ® Control
Humin
A Humin+Nutrients
T T T T T T
0.0 0.5 1.0 1.5 2.0 25

Qa(int) (mmol photons absorbed)



Day 10 h Day 10
g o
AN e Control N NG e Control
S 4™ = Humin AN _t® Humin
2 . ) ~Q P . )
- \\\ A Humin+Nutrients o e A Humin+Nutrients
3 K
S S
0 1n o
S 8. 53
o © =)
© © o |
= =
o o
3] O o
o I o7
o o
S 24 ©
[oe]
@
~
S
T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Qa(int) (mmol photons absorbed) Qa(int) (mmol photons absorbed)
. Day 10
1
(=]
<
X
8
= O
o
©
Py
€ o
£ 8
o O
©
n
@
o | ® Control
Humin
A Humin+Nutrients

0.0 05 10 15 20
Qa(int) (mmol photons absorbed)

Figure S2.3. Ratios of chromophoric dissolved organic matter absorption coefficients at a) d) g)
280 nm (ag(280)r . ag(280)10), b) €) h) 400 nm (ag(400)t : ax(400)10), and c) f) 1) integrated over
280-400 nm (ag(int)7 . ag(int)to) versus photon dose (mmol photons absorbed) for laboratory
irradiation experiments conducted on a) b) c¢) day 3, d) e) f) day 8, and g) h) 1) day 10 mesocosm
samples of the JOMEX experiment (day 1 was the day of initial amendment). Samples were
taken right after the initial amendment, and around the same time in subsequent days. Ratios
were calculated by dividing the corresponding ag ratio at time T by that at time To. Solid lines
with corresponding colors are linear regression lines for each group, and dashed lines are 95 %

confidence bands for the slopes of the regression lines.
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Figure S2.4. Chromophoric dissolved organic matter absorption spectral slope S»75.205 (nm™!)
versus photon dose (Qa(int), mmol photons absorbed) for individual laboratory experiments,
using a) experimental day 8, and b) day 10, samples of the JOMEX amendment experiment.
Samples were taken right after the initial amendment (day 1), and around the same time in
subsequent days. Solid lines with corresponding colors are linear regression lines for each group,
and dashed lines are 95 % confidence bands for the slopes of the regression lines. Error bars
were £1 standard error for S275-295 (linear regression slopes of natural-log-transformed

absorbance versus wavelength at 275-295 nm).
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Figure S2.5. Specific ultraviolet absorbance SUVA2s4 (L mg™! m!) versus photon doses (Qa(int),

mmol photons absorbed) for laboratory irradiation experiments using a) day 3, and b) day 10
samples of the JOMEX amendment experiment. Day 1 was the day of initial amendment.
Samples were taken right after the initial amendment, and around the same time in subsequent
days. Solid lines with corresponding colors are linear regression lines for each group, and dashed

lines are 95 % confidence bands for the slopes of the regression lines.
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APPENDIX B. SUPPLEMENTAL FIGURES FOR CHAPTER 4
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Figure S4.1. Chromophoric dissolved organic matter absorption coefficients at 300 nm

(ag(300)), normalized to initial microfiber mass (m™! (mg microfiber)™!), versus irradiation time

(h) in photoirradiation experiments: (a, b, ¢) microfibers in Milli-Q ultrapure water, (d, e, f)

microfibers in open ocean seawater from the Atlantic subtropical gyre. (a) experiment 1, (d)

experiment 2, (b) and (e) experiment 3, and (c) and (f) experiment 4. Expressed as ratios of

normalized ag(300) at any irradiation point (T) to normalized a¢(300)) at time zero (To). Note the

different irradiation time among experiments. Experiment 1 and 2 used the same type of

microfibers (from red polyester yarn) while experiment 3 and 4 used a different type of

microfibers (from white polyester fabric).
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Figure S4.2. Chromophoric dissolved organic matter absorption coefficients at 325 nm
(ag(325)), normalized to initial microfiber mass (m™! (mg microfiber)™!), versus irradiation time
(h) in photoirradiation experiments: (a, b, ¢) microfibers in Milli-Q ultrapure water, (d, e, f)
microfibers in open ocean seawater from the Atlantic subtropical gyre. (a) experiment 1, (d)
experiment 2, (b) and (e) experiment 3, and (c) and (f) experiment 4. Expressed as ratios of
normalized ag(325) at any irradiation point (T) to normalized a¢(325)) at time zero (To). Note the
different irradiation time among experiments. Experiment 1 and 2 used the same type of
microfibers (from red polyester yarn) while experiment 3 and 4 used a different type of

microfibers (from white polyester fabric).
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Figure S4.3. Chromophoric dissolved organic matter absorption coefficients at 350 nm

(ag(350)), normalized to initial microfiber mass (m™! (mg microfiber)™!), versus irradiation time

(h) in photoirradiation experiments: (a, b, ¢) microfibers in Milli-Q ultrapure water, (d, e, f)

microfibers in open ocean seawater from the Atlantic subtropical gyre. (a) experiment 1, (d)

experiment 2, (b) and (e) experiment 3, and (c) and (f) experiment 4. Expressed as ratios of

normalized ag(350) at any irradiation point (T) to normalized a¢(350)) at time zero (To). Note the

different irradiation time among experiments. Experiment 1 and 2 used the same type of

microfibers (from red polyester yarn) while experiment 3 and 4 used a different type of

microfibers (from white polyester fabric).
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