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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 amongst the control, humic-, and humic+nutrients-amended
mesocosm samples towards the end of the amendment experiment, indicating degradation of the
excess CDOM/DOM through processes including photodegradation. Nutrient additions didn’t
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 (1-4), and plays an important role in many oceanographic processes
such as supporting microbial growth (5-7). Marine DOM can be autochthonous or allochthonous, and
one of the main allochthonous DOM sources is rivers (8), which supply from 0.17 Pg C y! (9) to 0.36
Pg C y! (10) of terrestrial DOM (tDOM) to the ocean. Humic substances, such as lignin polyphenols,
are a component of tDOM (11) and can have significant impacts on the biogeochemistry of coastal
waters (12). 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 (11). 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 (13, 14). Such effects, in turn, can affect carbon cycling and climate (15)
and significantly impact aquatic ecosystems (16-22). 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 tDOM (23, 24). In addition, increased tDOM could have complex
effects on coastal eutrophication processes depending on initial nutrients and tDOM conditions of the
system (23, 24). 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 (24).

Lauerwald et al. (25) 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 (11, 26, 27, 23),
through biotic (28-32) and abiotic processes such as flocculation (33, 34), sorption (35) and
photodegradation (36-39, 31, 40, 32).
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Photodegradation can lead to loss of color due to degradation of CDOM and subsequent decrease
in CDOM absorbance (41, 42, 11). 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 (11). 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 (42).
Photodegradation of CDOM can have multiple effects on the local ecosystems, by changing the light
availability, e.g., the penetration of photosynthetically active radiation and potentially harmful
ultraviolet (UV) radiation (11, 43). Photodegradation of DOM can also lead to changes in biolability
of DOM, for example, transformation of biologically recalcitrant DOM into biolabile substrates that
supports bacterial growth (44). In addition, DOM photodegradation could influence the ocean-
atmosphere fluxes of important atmospheric gases such as CO, through dissolved inorganic carbon
(DIC) photoproduction (42). 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 (45-47).
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 contribute to a large portion (~43 - 83 %) of the high
molecular weight DOM pool in the surface water (48), 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!) (44). As large numbers of Finland lakes and streams are currently experiencing
DOM concentration increases, or browning (14), 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 (49, 50). However,
the potential of photochemistry to remove additional inputs of tDOM in the Gulf of Finland, as well
as the 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
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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 (23, 24). 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 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.

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, Tvéirminne Zoological
Station (TZS), University of Helsinki, https://www.aquacosm.eu/mesocosm/tvarminne-mesocosm-
facility-tmt/) in the Western Gulf of Finland. This Baltic Sea site is a brackish water estuarine
environment (51, 52) and the experiment investigated the biological and physico-chemical 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).
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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 (NH4CI and
KH,PO,) were added to mesocosms on 26 June 2019 (day 1). The mesocosms were divided into three
treatment groups: 3 control mesocosms with no humic substances or nutrients added, 3 humic-
amended mesocosms with only humic substances added to a final concentration of 2 mg L-! in each
mesocosm, and 3 humic+nutrients-amended mesocosms with humic substances (2 mg L! final
concentration) and NH4C1 and KH,PO,4 (80 pug L' N and 20 ug 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 one 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 (day 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 two 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 (SkI1O), 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), 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 HCI 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 HCl and Milli-Q water.

Photoirradiation experiment: Photoirradiation experiments were carried out following the protocols
described in Powers et al. (2017) (53). Samples from the control, humic-amended, and
humic+nutrients-amended mesocosms were each partitioned into 6 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 3
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 (54, 53, 55). The solar simulator was fitted with a
daylight filter (excluding light below ~300 nm) to provide the cells with precisely 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 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 (56, 57) at the TZS.
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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 L1,
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.

<Table 1>

Optical measurements and analyses: After DOC samples were collected, absorbance (4(4)) 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 (58), before converting 4(4) to Napierian

absorption coefficients (ay(4); m™), using the following equation (59): a4(1) = Ahzilo, where L (m) is

the pathlength.

For laboratory irradiation experiments, the spectral downwelling irradiance E,(4) (mol photons m-
2 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 (Q,(4), mol photons s*! nm™!,
equation 1), and wavelength (280 - 600 nm) integrated photon dose Q,(int) (mol photons absorbed,
equation 2) were calculated following Powers et al. (2017) (53) and Hu et al. (2002) (60).

Q) = E,((1— e~ )5 (1)

where S (m?) is the area of the irradiated surface of the cells.
600

Qa(int) = tf,,Qa(D) (2)
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where ¢ (s) is the irradiation time.

The in situ wavelength- (380 - 490 nm) and depth- (3 m) integrated photon dose (Q,(int), mol
photons absorbed) was estimated following Fichot and Miller (2010) (61), using CDOM absorption
measured during the LightCycle experiment (ay4(4) in unirradiated samples), diffuse attenuation
coefficients estimated from measured absorption coefficients, and downwelling irradiance estimated
from modeled data,. Briefly, the diffuse attenuation coefficients (K,) at 412 nm were estimated using
measured a, at 400 nm (equation in Figure 5 of Kowalczuk et al. 2005 (62): 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 K,(412).
Assuming that the contribution to K, from CDOM absorption is consistent across the whole spectrum,
K ; 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 (61) using
clear-sky downwelling irradiance obtained from the radiative transfer model STAR (System for
Transfer of Atmospheric Radiation, (63)) 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 were expressed as a, fading rates (m'! (mol photons
absorbed)), calculated by linear regressions of a,(4) versus Q,(int). Similarly, the in situ a, fading
rates (m™! (mol photons absorbed) ') were calculated by linear regressions of in situ ay(4) (values in
unirradiated samples from each day’s laboratory experiment) versus in situ Q,(int). Laboratory a,
fading rates at 280 and 400 nm were selected as examples of the magnitude and changes of 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 a, differ between lower and higher wavelengths, the sum of total
absorption at 280 - 400 nm (64) was calculated as integrated a, across 280 - 400 nm (a,(int), m™! nm)
following the Simpson’s Rule. a,(int) fading rates by photon dose (m™! nm (mol photons absorbed)!)
were calculated from linear regressions of a,(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
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biodegradation, the in situ a, fading rates versus time (m! day! and m'! nm day!) were also
calculated (by linear regressions of in situ ay(A) and ag(int) versus time (day)) to provide a general
idea of CDOM loss in the mesocosms.

Chromophoric dissolved organic matter absorption spectral slope S;75.205s (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 (65). Specific ultraviolet
absorbance at 254 nm (SUVA;s54; L mg! m!) has been correlated to DOM aromaticity of standard
reference materials, and was calculated as the Decadic absorption coefficient at 254 nm (4(254)/L; m
1 divided by DOC concentrations (mg L) (66).

The laboratory rates of change of S575.,95 (nm! (mol photons absorbed)™!) and SUVA s, (L mg! m'!
(mol photons absorbed)!) were calculated using linear regressions of S,75.205 and SUVA 54 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-
I'day!,and L mg! m! (mol photons absorbed)”!, L mg-! m-! day!, 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'3C) isotope enrichment (MoDIE) (53). Briefly, water samples were enriched to about
5000 %o 0'3C-DIC using ~7 mg L-! of NaH!3CO3, equilibrated by stirring for at least 1 hour and then
distributed to quartz cells using gas-sampling techniques (53) and irradiated as mentioned above.
Samples were then injected into a ThermoFisher Delta V+ Isotope Ratio Mass Spectrometer through
an ThermoFisher Isolink interface (67), 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 (53). The DIC photoproduction rates Pp;c (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); pmol (mol photons absorbed) ') were calculated by
multiplying Pp;c by the average quartz cell volume (30 mL).
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Statistics: Linear regressions were performed using /m in R (68). Analysis of covariance (ANCOVA,
anova in R; (68)) was used to determine whether the rates of change (slopes of linear regressions) in
various parameters (over photons absorbed and 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; (68)) 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 1 and Figure S1, Supporting Information). 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 (Figs. 1, 2, and Figure S1, Supporting Information). By day 13,
absorption coefficients were more similar between all three mesocosms (Table 1 and Figure S1,
Supporting Information), corresponding to 7.8 % ag(280) and 4.2 % a,(400) losses in the control
mesocosm, 20 % a4(280) and 42 % a4(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 of 280 - 400 nm (Fig.
le, 1f, Table 1, and Figure S1, Supporting Information). 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 (Fig. le, 1f, Table 2, and
Figure S1, Supporting Information).

<Figure 1>

<Figure 2>

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
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coefficients in the amended mesocosms, which in turn was due to the higher absorption coefficients
(Fig. 1a, 1c, and 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 a, versus 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 ax(int) (Fig. 1, Table 2, and Figure S1, Supporting Information). There was no
statistically significant difference in a, fading rates between the humic- and humic-+nutrients-amended
samples at either wavelength or the integrated absorption (ANCOVA, p > 0.05. Fig. 1, Table 2, and
Figure S1, Supporting Information).

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 (Fig. 1b,
1d, 1f, and Figure S1, Supporting Information). 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! (Fig. 1
and Figure S1, Supporting Information). a, 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. a,(280) fading rates for the control and humic-amended
mesocosms were -0.11 £ 0.010 and -0.38 £ 0.030 m™! day"!, respectively; a,(400) fading rates for the
control and humic-amended mesocosms were -0.012 + 0.0080 and - 0.095 + 0.0092 m™! day-!,
respectively Fig. 1b and 1d). However, there was no statistically significant difference in a, 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, Fig. 1b and 1d). Similarly,
a,(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, Fig. 1f) but were not significantly different between the
amended mesocosms (ANCOVA, p > 0.05).

CDOM losses during laboratory irradiation experiments
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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. Figure S2,
Supporting Information). Between the amended samples, humic-amended samples had higher a,(280)
and ag(int) than the humic-+nutrients-amended samples in irradiation experiments conducted using the
day 10 and 13 samples, and higher a,(400) in day 13 samples (ANCOVA and ANOVA, p <0.05),
humic+nutrients-amended samples had higher a4,(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. Figure S2, Supporting Information).

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 towards the end of the
amendment experiment, the photons absorbed during laboratory irradiation experiments were similar
among all three groups (Fig. 3 and Figures S2 and S3, Supporting Information). Chromophoric
dissolved organic matter faded in laboratory irradiation experiments, as indicated by the consistent
decreases of absorption a,(280) and a,(int) with Figures S2 and S3, Supporting Information, photon
dose, for all treatment groups for all experimental days (linear regressions, p < 0.05, Fig. 3, Table 2,
and Figures S2 and S3, Supporting Information). The changes in a,(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 day 1, 3, and 10 control samples and day 3, 10, and 13 humic-amended
samples (linear regressions, p > 0.05, Fig. 3, Table 2, and Figures S2 and S3, Supporting Information).

At 280 nm, the a, fading rates (slopes of regression lines for a, versus 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, Fig. 3a, 3d and 3g, Table 2, and Figures
S2 and S3, Supporting Information). The a, fading rates at 400 nm were not statistically different in
the humic-amended and control samples for all days (ANCOVA, p > 0.05, Fig. 3b, 3e and 3h, Table 2,
and Figures S2 and S3, Supporting Information). 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 >
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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. Fig. 3, Table 2, and Figures S2
and S3, Supporting Information). Integrated absorption a,(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 a,(int) were not statistically different among groups
(ANCOVA, p = 0.05, Fig. 3¢, 3f, and 31, Table 2, and Figures S2 and S3, Supporting Information).

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). 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). The a,(400) and a,(int) fading rates of HuminFeed in Milli-Q water were
comparable to the laboratory a, fading rates of humic-amended mesocosm samples, but were only
about half of the average laboratory a, fading rates of humic-amended mesocosm samples at 280 nm
(Table 2).

<Figure 3>

<Table 2>

Changes in CDOM spectral slopes (5,75.295) in the mesocosms and during laboratory
experiments

The control mesocosm had higher initial S,75.,95 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 S,75.,95 values in the control mesocosm than in the amended mesocosms continued
throughout the amendment experiment. S»7s5_,95 values increased in sifu 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, Fig. 4). As a result,
rates of change in S575.,95 values (slopes of linear regressions for S575.,95 versus 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 104 £ 3.6 x 103 nm™! day’!, linear regressions, p < 0.05) than in the control mesocosm (1.8
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x 1074 6.6 x 10°° nm! (mol photons absorbed)! and 1.0 x 104+ 4.3 x 10° nm! day"!, linear
regressions, p < 0.05) (ANCOVA, p <0.05, Fig. 4). The S575.,95 values were not statistically different
between the two amended mesocosms for the duration of the amendment experiment, and the rates of
change in S575.595 values were not statistically different between the two groups (ANCOVA and
ANOVA, p>0.05.5.5x 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, Fig. 4). At the end of
the amendment experiment (day 13), S,75.295 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.

<Figure 4>

In individual irradiation experiments, S,75.95 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, Fig. 5 and Figure S4, Supporting Information).
However, it is possible that the missing data point in humic-amended samples on day 3 lead 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 5 and Figure S4,
Supporting Information).

In day 1 and 6 samples, the rates of change in S575.95 (slopes of linear regressions for S,75.295
versus 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, Fig. 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, Fig. 5 and Figure S4, Supporting
Information).

<Figure 5>

Dissolved organic matter (DOM) degradation
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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 6 and Table 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, Fig. 6). DOC
concentrations decreased in situ in both the control and humic-amended mesocosms with photon dose
and time (-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), although there was no
statistically significant difference between the rates of change (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 DOC concentrations with photon
dose when the HuminFeed in Milli-Q water samples were irradiated (linear regression, p = 0.4).

<Figure 6>

The initial after-amendment specific ultraviolet absorbance at 254 nm (SUVA,s,) values were 2.1,
2.4, and 2.1 L mg' m™! for control, humic-amended, and humic+nutrients-amended mesocosms,
respectively (Figure 7 and Table 1). The in situ SUVA,s, 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, Fig. 7). SUVA;s54 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'!

This article is protected by copyright. All rights reserved



day!. Linear regressions, p < 0.05), but there was no change in SUVA s, values in the control
mesocosm (linear regressions, p > 0.05) (Figure 7a and 7b). 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
SUVA,s, 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. SUVA s, 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 SUVA s, values with photon dose fluctuated
over the course of the amendment experiment. SUVA s, 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 7c-f and Figure S5, Supporting Information). 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 7c-
f).

The initial SUVA;s5, of HuminFeed in Milli-Q water was 10 2.3 L mg! m!. There was no
consistent change in SUVA s, values with photon dose when the samples were irradiated (linear
regression, p = 0.4).

<Figure 7>

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 umol
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 8). By day 6, the rates in control and humic-
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amended samples increased to 2.7 + 0.23 uM (mmol photons absorbed)! (AQY (int) = 82 + 6.8 pumol
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 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 pmol DIC (mol photons
absorbed)!). This rate was over 2 times higher than the laboratory DIC photoproduction rates of
humic-amended mesocosm samples on day 1.

<Figure 8>

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,
Table 1, and Figure S1, Supporting Information) and lower S75.,95 values (Figure 4), consistent with
added humic substances leading to higher absorption and with observed browning effects in surface
waters (13, 14). The amended samples absorbed less photons in situ than the control samples (Figure
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
possible also from particle formation induced by the added HuminFeed (69), 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 (70).

CDOM absorption coefficients generally decreased over time in situ and in laboratory irradiation
experiments (Figure 1, 2, 3, Table 2, and Figures S1, S2 and S3, Supporting Information), 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 sifu and in laboratory irradiation
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experiments of filtered samples. The in situ a, fading rates of amended samples were higher than
those of control samples even though the photon doses were lower in the amended mesocosms (Fig. 1,
Table 2, and Figure S1, Supporting Information), 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 a,(int), with a few exceptions (Fig. 3,
Table 2, and Figures S2 and S3, Supporting Information). 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 (71, 72, 69) or particle formation (69, 34, 33),
especially considering the reduced light availability in the mesocosms because of the cut off of short-
wavelength UV light by the acrylic cover.

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, e.g. at 280 nm. The slower
a, 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 a, 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). It is possible that much
higher background CDOM fading rates at 280 nm in the humic-amended mesocosm samples, i.e.
fading in the native mesocosm water comparable to control mesocosm samples (Fig. 3 and Table 2),
contributed to this higher fading rate.

It is also worth noting, that the a, fading rates in laboratory irradiation experiments were 3 to 5
orders of magnitude higher than the in situ a, fading rates in all samples (Table 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 (73, 74, 71).
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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 (73). These results were consistent
with our results of faster CDOM fading in laboratory irradiation experiments. Since allochthonous
tDOM makes a significant contribution to the high molecular weight DOM pool in the surface Baltic
Sea water (48), and tDOM frequently contains humic substances, such as lignin polyphenols (11), 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 sifu, 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 (75). 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 (76-78), but high laboratory
photodegradation rates suggests that there’s 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 (69).

It is also possible that CDOM is produced in situ by microbial activities (79), 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.

There was no difference in CDOM loss rates between humic-amended and humic+nutrients
amended samples in situ (Fig. 1, Table 2, and Figure S1, Supporting Information), suggesting that
either nutrients did not enhance CDOM biodegradation or that biodegradation of HuminFeed DOM is
not that important. Similarly, nutrient additions in general didn’t affect CDOM fading in laboratory
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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
towards the end of the amendment experiment (Fig. 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 (5,75.295) in the mesocosms and during laboratory
experiments

Spectral slopes were lower in amended samples than in control samples (Figs. 4, 5, and Figure S4,
Supporting Information), 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 (65), as
HuminFeed is characterized as having a high abundance of higher molecular weight aromatic
compounds (69). Spectral slopes increased with photons absorbed and time in amended samples in
situ and in laboratory irradiation experiments (with some exceptions) (Figs. 4, 5, and Figure S4,
Supporting Information), suggesting in situ degradation and photobleaching of CDOM, and may
suggest a decrease in molecular weight of CDOM as CDOM degraded (65).

Similar to the trends in in situ CDOM losses, the rate 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 (Fig. 4). In comparison, in laboratory experiments, the rates of change in
S575.205 were mostly not different among treatments with a few exceptions (Fig. 5 and Figure S4,
Supporting Information). 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
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(Fig. 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 (Fig. 6),
suggesting in situ degradation of DOM, although the addition of humic substances didn’t 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 situ 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 (8) may be responsible for the highly fluctuating change
patterns in the humic+nutrients-amended mesocosm (Fig. 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 (31) showed that there were only 9.4 - 30.7 % DOC loss during their 6 - 70 day
long-term irradiation experiment. The addition of humic substances or humic and nutrients didn’t
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
play 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 (77), and aliphatic compounds tend to be more photoresistant (80). In addition,
large phytoplankton blooms can occur from spring to autumn in the Baltic Sea (77), 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 (81), but Johannessen et al. (2007) found that algal-derived
DOM had higher photodegradation efficiency than river DOM did (82). 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 addition study at the IGB LakeLab (Stella
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Berger, personal communication), and iz situ processing of DOM (78) 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 (83).

The humic-amended mesocosm had higher specific ultraviolet absorbance SUVA,s, than control,
SUVA;s, values decreased in the humic-amended mesocosm, and the humic-amended samples had
higher rate of decrease in in situ SUVA,s, values than the control samples, although there was no
statistically significant change in SUVA,s, values in control samples over the course of the
amendment experiment (Fig. 7 and Table 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 (66) and a decrease in aromaticity during subsequent in situ degradation of the
added humic substance (84, 80), as HuminFeed is abundant in aromatic compounds (69). The
SUVA,s, values became similar again between the control and humic-amended mesocosms towards
the end of the amendment experiment (Fig. 7a and 7b). This pattern again may suggest a “recovery”
from the added humic substances to the original state in terms of specific ultraviolet absorbance.
SUVA3s4 values in the humic+nutrients-amended mesocosm were fluctuating with time (Fig. 6), again
may point to complex DOM changes brought on by a potential nutrients-induced phytoplankton
bloom (8).

The response of SUV A5, 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 (Fig. 7c-f and Figure S5,
Supporting Information). 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 (78). 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 SUVA s, values with
photon dose in the HuminFeed in Milli-Q water experiment, point to the likelihood that the changes in
SUVA;s, values in the control and humic+nutrients-amended samples were likely caused by other
properties in the samples than humic-substance-addition. Nutrient-addition didn’t appear to change
the SUVA,s, values either because the specific ultraviolet absorbance changes in the control and

humic+nutrients-amended samples seemed to track each other.
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The DIC photoproduction rates at day 1 were similar among all samples (Fig. 8), even though the
control samples had higher a, fading rates (Fig. 3 and Table 2). The production rates increased in
control and humic-amended samples at day 6 but remained the same in humic+nutrients-amended
samples (Fig. 8), again not in total agreement with the higher a, fading rates in the control samples
(Fig. 3 and Table 2). In addition, while integrated AQY for control (43 — 82 umol DIC (mol photons
absorbed)™!) in this mesocosm study is lower than that for estuarine water from the South Atlantic
Bight (128 £ 3.43 umol DIC (mol photons absorbed)!, (53)), and integrated AQY for humic-amended
samples (44 - 75 umol DIC (mol photons absorbed)™!) is lower than that for a dark water river (initial
ay(325) = 129 m'!, 279 + 14.0 umol DIC (mol photons absorbed)!, (53)), 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 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 (85), when compared to fresh terrestrial DOM isolated using
reverse osmosis (69), 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 (8) 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 (86), could
lead to fewer CDOM/DOM molecules capable of complete photooxidation to CO, (85).

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
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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
(42, 87, 47), instead of complete oxidation to CO,, so that the actual DOM degradation rates could be
much higher in both the control and the amended samples. Without further experiments to test the
lability of photo-reacted 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 (44, 76), 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 was 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 doesn’t completely equal to
DOM photodegradation, and DOM photodegradation doesn’t always lead to complete
remineralization.

Even though the optical properties in the amended mesocosms seemed to be “recovering” to the
“original” state, i.e., 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 to the ecosystem during and
after the “recovery”. Previous works in lakes and rivers show that browning can impact
phytoplankton and bacterial communities (17, 21, 22, 19, 24), 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 (44). This impact and the role of DOM photodegradation may also be the case in

estuarine systems even if the light field and optics differs from lakes and rivers.

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”
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from the excess CDOM/DOM, i.e., the CDOM absorption, spectral slopes and specific ultraviolet
absorbance values became similar to those in the control mesocosm towards 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 (44). 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 (69), 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 give 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 (69), 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 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 didn’t 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 didn’t 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 (8).
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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 (11). 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 photoproduction measurements, and provide a more
complete picture of the DOM changes after browning and photoirradiation of this Baltic Sea

ecosystem.

ACKNOWLEDGEMENTS: The authors would like to thank the scientists and staff at Tvarminne
Zoological Station and the JOMEX team for providing equipment and facilities, assisting
experimental setup and sample collection. We also thank Jaana Koistinen at Tvdarminne Zoological
Station for DOC sample analysis. In addition, we would like to thank Lee Ann DeLeo for assistance
with graphics. This work was supported by the Transnational Access Programme of the AQUACOSM
project grant 731065 funded by the European Union’s Horizon 2020 Research and Innovation
Programme, and Unite States National Science Foundation chemical oceanography grant 1635618.
This study has utilized research infrastructure facilities provided by FINMARI (Finnish Marine

Research Infrastructure network).

SUPPORTING INFORMATION

Additional supporting information may be found online in the Supporting Information section at the

end of the article:

Figure S1. Chromophoric dissolved organic matter absorption coefficient a), b), ¢) versus photon

doses (Q,(int), mol photons absorbed), and d), e), f) versus time (day), for JOMEX amendment
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experiment samples that reflect the in situ conditions, a) d) at 280 nm, a,(280), m’'; b) ¢) at 400 nm,
a,(400), m™; c) 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 - linear

regression lines, dashed lines - 95 % confidence bands for the slopes of the regression lines.

Figure S2. Chromophoric dissolved organic matter absorption coefficients at a) d) g) j) m) p) 280 nm
(a4(280), m™), b) e) h) k) n) q) 400 nm (a,(400), m™"), and ¢) f) i) 1) o) r) integrated over 280-400 nm
(a,(int), m™ nm) versus photon dose (mmol photons absorbed) for laboratory irradiation experiments
conducted on mesocosm samples of the JOMEX experiment (day 1 was the day of initial amendment).
Solid lines - linear regression lines, dashed lines - 95 % confidence bands for the slopes of the

regression lines.

Figure S3. Ratios of chromophoric dissolved organic matter absorption coefficients at a) d) g) 280

nm (ag(280)7: ag(280)79), b) €) h) 400 nm (a,(400)1: ag(400) 1), and c) f) 1) integrated over 280-400
nm (ag(int)y: ae(int)zy) versus photon dose (mmol photons absorbed) for laboratory irradiation
experiments conducted on mesocosm samples of the JOMEX experiment (day 1 was the day of initial
amendment). Ratios were calculated by dividing the corresponding a, ratio at time T by that at time T
Solid lines - linear regression lines, dashed lines - 95 % confidence bands for the slopes of the

regression lines.

Figure S4. Chromophoric dissolved organic matter absorption spectral slope S;75.,95 (nm™) versus
photon dose (Q,(int), mmol photons absorbed) for individual laboratory experiments, using samples
of the JOMEX amendment experiment. Samples were taken right after the initial amendment (day 1).

Solid lines - linear regression lines, dashed lines - 95 % confidence bands for the slopes of the

regression lines. Error bars were +1 standard error for S575.595 (linear regression slopes of natural-log-

transformed absorbance versus wavelength at 275-295 nm).
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Figure S5. Specific ultraviolet absorbance SUVA s, (L mg™! m™) versus photon doses (Q,(int), mmol
photons absorbed) for laboratory irradiation experiments using samples of the JOMEX amendment
experiment. Day 1 was the day of initial amendment. Solid lines - linear regression lines, dashed lines

- 95 % confidence bands for the slopes of the regression lines.
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FIGURE CAPTIONS

Figure 1. Ratios of chromophoric dissolved organic matter absorption coefficient a), c), €) versus
photon doses (Q,(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)r :
ag(280)1p; ¢) d) at 400 nm, a,(400)7 : ag(400)y; ) f) integrated from 280 nm to 400 nm, a,(int)r :
aq(int) . Ratios were calculated as values at different days to those at experimental day 1

(immediately after amendment).

Figure 2. Chromophoric dissolved organic matter absorption coefficients (a,, 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.

Figure 3. Ratios of chromophoric dissolved organic matter absorption coefficients at a) d) g) 280 nm
(ag(280)7: ag(280)19), b) €) h) 400 nm (ay(400)r: ay(400) 1), and c) f) 1) integrated over 280-400 nm
(aq(int)r: ae(int)ry) versus photon dose (Q,(int), mmol photons absorbed) for laboratory irradiation
experiments conducted on mesocosm samples of the JOMEX experiment (day 1 was the day of initial

amendment). Ratios were calculated by dividing the corresponding a, at time T by that at time T,
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Figure 4. a) Chromophoric dissolved organic matter absorption spectral slope S575.595 (nm!) versus
photon doses (Q,(int), mol photons absorbed) for JOMEX amendment experiment samples that reflect
the in situ conditions; b) S,75.,95 versus time (experimental day, day 1 was the day of initial
amendment). Error bars were £ 1 standard error for S,75.595 (linear regression slopes of natural-log-

transformed absorbance versus wavelength at 275-295 nm).

Figure 5. Chromophoric dissolved organic matter absorption spectral slope S575.,95 (nm!) versus
photon dose (Q,(int), mmol photons absorbed) for individual laboratory experiments, using
mesocosm samples of the JOMEX amendment experiment. Error bars were +1 standard error for S,75.

295 (linear regression slopes of natural-log-transformed absorbance versus wavelength at 275-295 nm).

Figure 6. Dissolved organic carbon (DOC) concentrations (mg L) a) versus photon dose (Q,(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.

Figure 7. Specific ultraviolet absorbance SUVA,s, (L mg™' m) a) versus photon doses (Q,(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) SUVA,s, versus photon dose
(Q.(int), mmol photons absorbed) for laboratory irradiation experiments using mesocosm samples of

the JOMEX amendment experiment.

Figure 8. Dissolved inorganic carbon (DIC) photoproduction rates (Pp;c, UM (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,pe10, M) versus photon absorbed

by CDOM (mmol photons absorbed), error bars were +1 standard error of the slope.
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Table 1. Initial chromophoric dissolved organic matter absorption coefficients at 280 nm, 400 nm, and integrated over 280 - 400 nm
(ag(280) (m™), a4(400) (m™), and ag(int) (m™ nm), respectively), dissolved organic carbon concentrations ([DOC], mg L™) and
specific ultraviolet absorbance at 254 nm (SUVAss, L mg™ m™), for JOMEX amendment experiment. These initial values reflect the
in situ conditions in the JOMEX mesocosms and starting conditions for laboratory irradiation experiments. Days represent
experimental days, and day 1 was the day of initial amendment. Irradiation time (h) were irradiation time points for laboratory

irradiation experiments using samples from different days of the JOMEX experiment.

Control Humic Humic+Nutrients
L a,(int) [DOC] SUVA a,(int) [DOC] SUVA a,(int) [DOC] SUVA
Day Irradiation time (h) a,280 a,400 of .1) [ ] 2! 2280 2,400 of .1) [ ] 2,280 2,400 of .1) [ ] 2
4 4 (M (mgL  (Lmg 1 4 (M (mgL (Lmg N 4 (M (mgL  (Lmg
(m7)  (m™) L N (m=)  (m™) L . (m7)  (m™) L o
nm) ) m™) nm) ) m™) nm) ) m™)
1 0,2,5,12, 19, 27 165 1.19 666 5.2 2.1 21.4 253 988 5.5 2.4 213 243 993 6.3 2.1
3 0,4,8,14,24,36 16.3 124 657 5.2 2.1 21.0 246 984 5.4 25 210 2.44 989 5.1 2.6
6 0,4,8,14,24,36 158 1.17 630 5.0 2.1 202 228 922 5.4 2.4 201 226 921 5.2 25
8 0,4,8 141,241,361 155 118 614 4.8 2.2 19.1 198 853 5.1 2.4 191 197 849 5.2 2.4
10 0,4,8,14,24,36 154 0.98 611 4.9 2.1 18.0 1.70 780 5.1 2.3 17.7 167 763 6.8 1.7
13 0, 4,8, 14,24, 36 152 114 598 4.8 2.1 17.0 145 701 5.1 2.2 166 146 688 5.0 2.2
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Table 2. Chromophoric dissolved organic matter (CDOM) absorption coefficient a4 fading rates (mean + 1SE), at 280 nm (a4(280)),
400 nm (ay(400)) (m™ (mol photons absorbed)™), and for integrated a4 over 280-400 nm (agy(int)) (m™ nm (mol photons absorbed)™),
in situ, in laboratory irradiation experiments of the JOMEX experiment mesocosm samples from different days (day 1 was the day of
initial amendment), and in laboratory irradiation experiment of HuminFeed in Milli-Q ultrapure water (2 mg L™ concentration).
Laboratory ag4 fading rates were calculated by linear regressions of ay versus photons absorbed by CDOM in the samples, and in situ
rates were calculated by linear regressions of aq versus estimated in situ photon dose. All rates were statistically significant (linear

regressions, p < 0.05) except for the ones in grey.

Laboratory irradiation experiments of mesocosm samples

Treatment in situ HuminFeed® in water
Day 1 Day 3 Day 6 Day 8 Day 10 Day 13

a4(280): absorption at 280 nm (m™ (mol photons absorbed)™)
Control -0.019430 + 0.0016770 -2043.9 =+ 120.87 -1104.8 =+ 76.694 -1379.1 + 78.087 -1227.8 + 68.923 -1287.8 + 40.721 -1336.4 =+ 12257 -

Humic -0.073339 + 0.0053850 -985.05 =+ 80.298 -729.84 =+ 11422 -1046.2 + 77.801 -1238.4 + 12795 -812.01 + 123.13 -1188.2 + 120.45 -44558 + 52317
Humic+Nutrients  -0.080494 + 0.0076050 -838.88 + 63.283 -865.54 + 72.941 -94828 + 11414 -1019.8 + 90.589 -1035.1 + 95.695 -1398.0 * 78.972 -

a4(400): absorption at 400 nm (m™ (mol photons absorbed)™)
Control -0.0022460 + 0.0012810 -174.44 + 76.034 -40.906 + 52.144 -12853 + 14565 -147.71 + 41.648 -43.833 % 73.144 -98.114 * 26.411 -

Humic -0.018342 + 0.0016410 -202.85 + 24.095 -63.226 + 30.507 -162.72 + 24.192 -17254 + 39.923 -114.65 + 48516 -98.671 + 35571 -188.80 + 37.097
Humic+Nutrients  -0.017235 + 0.0021540 -99.303 + 41.843 -167.42 + 14.965 -16452 + 32.958 -157.46 + 34.400 -213.57 + 41.808 -195.82 * 40.010 -

ay(int): absorption integrated over 280-400 nm (m™ nm (mol photons absorbed)™)
Control -1.0232 + 0.10660 -97988 + 10492 -44696 + 3653.7 -57853 % 3466.5 -50450 + 14155 -49018 + 4872.6 -50724 + 2889.0 -

Humic -5.1619 + 0.31680 -57712 + 54474 -44557 + 6121.7 -57659 % 3971.0 -64258 + 8544.6 -36571 * 10301 -42085 + 8188.1 -41557 + 5461.3
Humic+Nutrients -5.3015 + 0.50950 -43482 + 5216.5 -47918 + 3211.3 -55002 * 3871.3 -54307 + 3504.7 -53626 * 52449 -71232 + 3267.2 -
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