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and O. Zielinski*

We investigated the influence of solar radiation on biogeochemical parameters of the sea surface microlayer
(SML), including the spectroscopic composition of FDOM, and biotic and abiotic parameters. We calculated
the humification index, biological index, and recently produced material index from the ultraviolet spectra
to characterize the dynamic environment of the SML. The humification index ranged from 4 to 14 in the
SML and 14 to 22 in underlying water (ULW). An inverse relation for this index as a function of solar
radiation was observed, indicating photochemical decomposition of complex molecules present in fluores-
cent dissolved organic matter (FDOM). The biological index (along Leg 2) ranged from 1.0 to 2.0 for the
SML and 1.0 to 1.5 for ULW. The index for recently produced material ranged from 0.25 to 0.8 for the SML
and 0.5 to 1.0 for ULW. The FDOM enrichment process of the SML was influenced by the photochemical
decomposition of highly aromatic-like fluorophores, as indicated by the calculated indices. Fluorescence
intensity increased for humic C peaks (>0.5 Raman units) in the North Sea samples and for humic M peaks
(>1.0 Raman units) for Jade Bay. Spearman analysis for FDOM enrichment in the SML as a function of
PAR (for Leg 2) showed a weak positive correlation (Rho = 0.676, n = 11, p = 0.022). Abundance of small
photoautotrophic cells (Rho = 0.782, n = 11, p = 0.045) and of bacteria (Rho = 0.746, n = 11, p = 0.0082)
also showed a positive correlation as a function of PAR. Overall, we found positive trends between the
intensity of available light and the response of the constituents within the SML, highlighting the role of
the surface microlayer as a distinctive habitat characterized by unique photochemical processes.
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1. Introduction

The sea surface microlayer (SML), defined here as the upper
50-100 um of the water column, is an important habitat
of the ocean where air-sea exchange and transformation
processes take place (Wurl et al., 2016). Compounds from
natural and anthropogenic sources accumulate within the
SML enhancing their concentrations in comparison with
the water column. The relative abundance of organic mat-
ter within the SML provides a diverse range of substrates
for the growth of surface-dwelling heterotrophic microor-
ganisms (Reinthaler et al., 2008).
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Among the sources of organic substrates in the SML is
the dissolved organic matter (DOM; (Cunliffe et al., 2013).
DOM is a large mix of organic compounds, mainly the
products of biodegradation processes, and is comprised of
carbohydrates, proteins, lignin, organic acids, and humic
substances (Zhi et al., 2015). Two optically active compo-
nents of DOM are known: the colored dissolved organic
matter (CDOM) and the fluorescent dissolved organic
matter (FDOM). CDOM includes materials that are capable
of absorbing light, while FDOM refers to the mix of com-
pounds that can absorb light, emitting fluorescence at
certain wavelengths according to the presence of diverse
chemical functional groups (Coble, 1996; Stedmon and
Nelson, 2015). The SML is a highly dynamic and complex
habitat in which several processes transform the DOM.
These transformations are triggered by the environmental
factors of wind, solar radiation, and light availability, as
well as by microbial activity (Cunliffe et al., 2013).

Light availability in the water column is controlled by
two physical processes, absorption and scattering (Kirk,
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2011). The amount and type of dissolved and suspended
materials thus play a key role in the amount of light that
reaches the underlying water (ULW). The concentration
of suspended material has an important effect on light
penetration in the water column: absorption reduces the
intensity of light underwater while scattering changes the
direction of it, increasing the probability to be absorbed
by suspended materials.

Field measurements of light typically show a negative
exponential decay with depth in the water column; there-
fore, the SML is exposed to more intense radiation than
ULW (Gallegos, 2000). These differences in light intensity
promote diverse responses in the SML system, especially
regarding the decomposition of FDOM components.

FDOM decomposition due to interaction with solar radi-
ation is known as photobleaching, a process that provides
a source of smaller compounds increasing the availabil-
ity of carbon substrates in the ocean (Santos et al., 2014).
Besides photochemical decomposition, high exposure to
solar radiation, specifically to the more energetic wave-
lengths of ultraviolet (UV) radiation, leads to the growth
of unique microbial communities with specific survival
strategies for the harsh environment of the SML; e.g., the
release of sun blocker-like compounds (Gao and Garcia-
Pichel, 2011). Therefore, the SML is an important habitat
for the photochemical and microbial transformation of
DOM, which also influences gas exchange between the
ocean and atmosphere (Hardy, 1982; Zhang et al., 2013).

The production of marine DOM insituasaresult of micro-
bial exudation and excretions from larger phytoplankton
and zooplankton is well documented. Compounds of low
molecular weight and rich in nitrogen, such as amino
acids, urea and uric acid, are released mainly by animals.
The role of these compounds is very important in micro-
bial ecology due to high production rates, even though
their concentrations tend to be low due to rapid uptake
(Libes, 2009). In marine environment and in the SML hab-
itat, fresh FDOM is released and likely relates to microbial
activity (Osbourn et al., 2009; Romera-Castillo et al., 2011;
Santos et al., 2012; Landa et al., 2016).

Solar radiation acts as an important forcing parameter
for microorganisms inhabiting the SML, and has been
reported to promote specific adaptations in SML bacte-
rial populations (Agogué et al., 2005; Bonilla-Findji et
al., 2010). As a consequence of these adaptations, fluo-
rescent compounds are released in metabolic response
to changes in the intensity of solar radiation, and can
potentially be tracked through the spectroscopic charac-
teristics of their UV emission spectra (Parlanti et al., 2000;
Santos et al., 2012).

A powerful tool in the characterization of the optical
properties of FDOM is laboratory-based spectroscopic
analysis using excitation—emission matrix spectroscopy
(EEMS). This technique records, over a defined wavelength
range, the three-dimensional fluorescent spectra of FDOM
compounds (Moore et al., 2009; Baszanowska et al., 2013;
Watson and Zielinski, 2013). According to the location of
specific peaks in excitation—emission matrices (EEMs), the
main composition, source and transformations of DOM in
the samples are possible to describe (Coble, 1996). One
important characteristic of fluorescence spectroscopy

techniques, in samples not submitted to inner filter
effects, is the strong correlation of the fluorophore con-
centration with emission intensity (Kowalczuk et al., 2005;
Hudson et al., 2007; Miranda et al., 2016). This property
allows the tracing of production, transformation, and fate
of new fluorescent compounds in the SML and ULW as
was reported by Galgani and Engel (2016).

Based on EEMS properties, several indices have been
developed to identify main characteristics and transfor-
mations of DOM. High molecular weight compounds
containing condensed molecular structures tend to fluo-
resce at higher wavelengths (towards the red part of the
spectrum), while compounds with low conjugated struc-
tures fluoresce at shorter wavelengths (towards the blue
part of the spectrum; (Stevenson, 1982). The degree of
humification of DOM is a good indicator of the complex-
ity of the molecules present in water bodies, due to an
increase of the carbon/hydrogen ratio in the chemical
structure of the molecules, which is accompanied by a
shift to longer emission wavelengths (Senesi et al., 1991).
The humification index (HIX) enables description of the
degree of humification and provides an indirect proxy of
the chemical composition of DOM. HIX has been used to
characterize changes in the spectroscopic composition of
river waters, based on the quotient of specific peaks found
in the fluorescent emission spectra (Zhi et al., 2015).

Microbial metabolism is an important determinant of
the composition of FDOM. Generally, biological activity
is strongly related to the production and consumption
of carbon compounds, with fresh (autochthonous) FDOM
produced in the process (Benner and Biddanda, 1998;
Parlanti et al., 2000; Shimotori et al., 2012). Two indices
useful to investigating biological influences on FDOM in
the marine environment are the biological index (BIX),
considered to reflect photoautotrophic FDOM produc-
tion (Huguet et al, 2009), and the recently produced
material index (REPIX; Drozdowska et al., 2013), useful
in deducing microbial alterations of FDOM. More spe-
cifically, changes in the fluorescent intensity of selected
fluorophores, such as tyrosine and tryptophan-like peaks
(used in calculating REPIX), can provide good indicators
of the occurrence of freshly produced DOM (Kawasaki
and Benner, 2006).

The aim of this study was to investigate the influence of
solar radiation on processes that alter FDOM within the
SML, using the southern coastal North Sea as the study
area. In particular, we examined solar radiation condi-
tions, including photosynthetically available radiation
(PAR), and co-variations with FDOM indices and the abun-
dances of bacteria and small photoautotrophic cells over
short periods of time (hours).

2. Methodology
2.1. Sampling area
In order to characterize FDOM in the SML, samples were
collected during three legs of an expedition aboard the RV
Senckenberg between 14 and 16 June 2016. Legs 1 and
2 were in the southern North Sea, and Leg 3 was further
inshore in Jade Bay (Figure 1).

SML samples were collected using a glass disc sampler
mounted on a remotely controlled catamaran (Figure 2a),
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Figure 1: Sampling stations in the North Sea and Jade Bay. Stations sampled during Leg 1 on 14 June.2016 are
indicated by black circles; those sampled during Leg 2 on 15 June 2016, by green circles; and those sampled during
Leg 3 on 16 June 2016, by blue circles. Color bar refers to depth contours in meters. DOI: https://doi.org/10.1525/

elementa.278.f1

Figure 2: Deployment of the Sea Surface Scanner, S3, in the North Sea. a) Setting the remote controller prior to
sampling; b) Detail of the S* showing the set of six glass disc samplers (Ribas-Ribas et al. (2017). DOI: https://doi.

org/10.1525/elementa.278.f2

called Sea Surface Scanner (S%; (Ribas-Ribas et al., 2017). Six
rotating glass discs (diameter: 60 cm; thickness: 0.8 cm)
are mounted as a set (Figure 2b) between the hulls near
the bow of the S°. Samples of the SML are collected by
partially (15 cm of the disc diameter) immersing the set
of glass discs in the water. As the glass discs rotate, the
SML adheres to them through surface tension, a process
studied in detailed by Shinki et al. (2012). The catama-
ran is equipped with a collection of sensors to record in
situ data of various biogeochemical parameters in high
resolution, including conductivity, temperature, FDOM
and Chlorophyll a (Chl a) fluorescence. The position of
the catamaran is recorded by a GPS logger (GT-730FL-S,
Canmore, Taiwan).

Eight to eleven pairs of discrete samples from the
SML and ULW were collected at the indicated locations
(Figure 1) during Leg 1 (Table 1), Leg 2 (Table 2) and Leg
3 (Table 3). ULW samples were collected one meter below
the surface through a peristaltic pump system installed in
the S°. Both types of samples were stored in polypropylene

bottles placed inside an automatic carrousel. The bottle
carrousel is incorporated into an insulated container for
cold storage (<10°C via freezer packs) of the collected
samples. The sampling system is triggered by the pilot of
S? via remote control (Ribas-Ribas et al., 2017). Fewer sam-
ples were collected over a shorter period of time during
Leg 3 in Jade Bay due to vessel time limitation for this
transect. In plotting the resulting data from all three legs,
we rounded the PAR sampling times to the nearest half
hour. Variables were plotted against sampling time as
indicated in Tables 1-3.

In order to establish the biogeochemical and physico-
chemical characteristics of the SML and ULW system, we
calculated the difference between each layer for each
parameter: pH (dpH), salinity (dSal) and temperature (dT)
by subtracting the value for ULW from the SML value
(Equation 1):

dpH = pH SML— pH UWL (1)
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Table 1: Timing, GPS coordinates and physicochemical parameters for samples collected on 14 June 2016 during Leg 1
in the North Sea. DOI: https://doi.org/10.1525/elementa.278.t 1

Time Sample Layer Longitude Latitude pH dpH® Temperature dT°

(UTC) (East) (North) (°C)

07:23 1 SML 8.0002 53.8732  8.00 -0.09 180 3.6
07:26 2 ULW 7.9995 53.8732  8.09 14.4

07:49 3 SML 7.9984 53.8739 787 -0.25 17.3 2.8
07:52 4 UWW 7.9972 53.8735 8.12 14.5

08:14 5 SML 7.9935 53.8761 7.87 -0.26 16.8 2.3
08:17 6 ULW 7.9928 53.8759 8.3 14.5

08:39 7 SML 7.9847 53.8794  7.86 -0.27 171 25
08:42 8 ULW 7.9840 53.8802  8.13 14.6

09:04 9 SML 7.9753 53.8860  7.87 -0.26 171 26
09:07 10 ULW 7.9740 53.8865 8.13 14.5

09:25 11 SML 7.9673 53.8907 7.87 -0.26 16.7 2.3
09:28 12 ULW 7.9654 53.8912 813 14.4

09:51 13 SML 7.9550 53.8959  7.85 -0.28 171 25
09:54 14 ULW 7.9532 53.8975 8.13 14.6

10:16 15  ULW 7.9425 539024  7.85 -0.28 183 35
10:20 16 SML 7.9400 53.9041 8.13 14.8

10:58 17  SML 79225 539100 7.84 -0.29 191 4.0
11:01 18  ULW 7.9206 539109 8.13 15.1

11:39 19 ULW 7.9068 53.9153 7.84 -0.29 18.7 3.7
11:44 20 SML 7.9051 539164  8.13 15.0

2 Difference between the sea surface microlayer (SML) and underlying water (ULW) pH, calculated by subtracting the value for ULW

from the SML value.

b Difference between the sea surface microlayer (SML) and underlying water (ULW) temperature (T), calculated by subtracting the

value for ULW from the SML value.

Table 2: Timing, GPS coordinates and physicochemical parameters for samples collected on 15 June 2016 during Leg 2
in the North Sea. DOI: https://doi.org/10.1525/elementa.278.t2

Time Sample Layer Longitude Latitude pH dpH* Temperature dT°
(UTC) (East) (North) (°C)

07:37 1 SML n.a.c na. 847 0.33 147 0.2
07:47 2 UW 7.8905 53.8987 8.14 14.5

08:00 3 SML 7.8865 539032 8.49 0.32 14.6 0.1
08:03 4 ULW 7.8853 53.9038 8.17 14.5

08:09 5 SML 7.8828 539050 8.49 0.31 145 0.0
08:12 6 ULW 7.8817 53.9052 8.18 14.5

08:29 7 SML 7.8773 53.9083 8.50 0.33 145 -0.1
08:33 8 ULW 7.8860 53.8994 8.17 14.6

09:32 9 SML 7.8839 53.8991 8.51 0.34 149 03
09:26 10 ULW 7.8849 53.8987  8.17 14.6

09:41 11  SML 7.8803 53.8999 853 0.36 151 04
09:44 12 ULW 7.8793 53.9002 8.17 14.7

10:01 13 SML 7.8732 539033 853 0.36 152 04
10:05 14 ULW 7.8722 539033 8.17 14.8

10:21 15 SML 7.8672 53.9062  8.51 0.34 16.3 1.2
10:24 16 ULW 7.8667 53.9061 8.17 15.1

10:41 17  SML 7.8614 539074 852 0.36 17.1 1.8
10:44 18 ULW 7.8607 539076  8.16 15.3

12:11 19 SML 7.8839 539086 8.45 0.30 17.5 1.9
12:16 20 ULW 7.8832 539084 8.15 15.6

12:30 21 SML 7.8869 53.9088 843 0.28 185 24
12:36 22 ULW 7.8874 539088 8.15 16.1

aDifference between the sea surface microlayer (SML) and underlying water (ULW) pH, calculated by subtracting the value for ULW

from the SML value.

b Difference between the sea surface microlayer (SML) and underlying water (ULW) temperature (T), calculated by subtracting the

value for ULW from the SML value.
“Not available.
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Table 3: Timing, GPS coordinates and physicochemical parameters for samples collected on 16 June 2016 during Leg 3

in Jade Bay. DOI: https://doi.org/10.1525/elementa.278.t3

Time Sample Layer Longitude Latitude Temperature dT*
(East) (North) (°C)
06:42 1 SML 8.0745  53.7440 181 22
06:45 2 UW 8.0758  53.7437 159
06:56 3  SML 8.0752  53.7406 180 21
06:59 4 ULW 8.0755 53.7396 159
07:19 5 SML 8.0737  53.7323 179 2.0
07:22 6 ULW 8.0750  53.7311 159
07:34 7  SML 8.0742  53.7280 179 22
07:37 8 ULW 8.0740  53.7270 15.7
07:40 9 SML 8.0744  53.7259 178 22
07:43 10 ULW 8.0745  53.7248 15.6
07:48 11 SML 8.0754  53.7229 177 2.0
07:51 12 ULW 8.0759  53.7226 15.7
08:00 13 SML 8.0759  53.7209 175 19
08:03 14 ULW 8.0759  53.7204 15.6
08:10 15  SML 8.0761  53.7185 173 17
08:13 16 ULW 8.07615  53.7179 15.6

2 Difference between the sea surface microlayer (SML) and underlying water (ULW) temperature (T), calculated by subtracting the

value for ULW from the SML value.

As the SML acts as an interface between the ocean and
the atmosphere, these parameters were used as a frame
of reference to understand the main responses of the
SML environment to an environmental stimulus, such
as intensity of the solar radiation intensity or wind
speed.

2.2. Treatment of samples

During S* operation, we collected paired samples from
the first 50—-100 pm (SML) and 1 meter below the sur-
face (ULW) within an interval of three minutes. Thereaf-
ter, the samples were filtered through 0.2 um and stored,
protected from light, at 4°C until further analyses were
performed.

2.3. EEMS analysis

We completed spectrofluorometric measurements
within 24 hours for Jade Bay samples and 1 week for
North Sea samples after collection, using a 1-cm quartz
cuvette with a Perkin Elmer LS-55® spectrofluorometer
(PerkinElmer Ltd, Waltham, USA). Three-dimensional
fluorescent spectra of samples and MilliQ water were
determined at 10-nm bandwidth in both excitation and
emission. Excitation wavelength was fixed in a spectral
range of 200 nm to 400 nm, with steps of 5 nm. EEMs
were recorded over a wavelength range of 220 nm to
600 nm, with 5-nm steps. EEMs were blank-corrected
using freshly prepared Milli-Q deionized water. Follow-
ing normalization of the EEMs to Raman Units (RU), we
corrected the EEMs in order to eliminate Raman and Ray-
leigh scattering lines, and also performed an inner filter-
effect correction via DrEEM toolbox as reported by Mur-
phy et al. (2013). The peak selection was performed via
a homemade Matlab (MathWorks, Version 2015b) script,
according to Coble (1996).

2.4. Index calculations

The humification index (HIX) was calculated as the ratio
of two specific areas in the emission spectra: the area
between emission wavelengths 300 nm and 345 nm for
L; and between 435 nm and 480 nm for H (Equation 2):

HIX,,, =—= (2)

H  X(area between 435—480nm)
L X(area between300—345nm)
A high degree of aromaticity in DOM implies a red shift in
the emission spectrum (at excitation of 254 nm) resulting
from a gain in the H/L ratio and a consequent increase
in the HIX. These values correspond to maximal fluores-
cence intensity at long wavelengths and also indicate the
presence of complex molecules as high molecular weight
aromatic compounds (Senesi et al., 1991).
Photoautotrophic FDOM production can be evaluated
using the biological index (BIX). As a general trend, pho-
toautotrophic microorganisms exude several kinds of
chemical compounds into their surrounding media. These
by-products exert an important influence on the spec-
trofluorometric signature of FDOM, namely in the short
wavelength region where fluorophores with signatures of
amino acid-like and protein-like compounds are normally
found. BIX is calculated based on the broadening of the
emission spectra due to the presence of the § fluorophore
(excitation wavelength at 310 nm). In this study, BIX was
calculated by dividing the fluorescence intensity emitted
at 380 nm by the fluorescence intensity emitted at 430
nm, as reported by Parlanti et al. (2000), Equation 3:

_Intensity emmited 380 nm
310 7

BIX : :
Intensity emitted 430 nm
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Table 4: Fluorescent signature of main fluorophores in natural waters, as described by Coble (1996) and Parlanti et al.

(2000). DOI: https://doi.org/10.1525/elementa.278.t4

Excitation maximum Emission maximum Designation for peak Component type
(nm) (nm) By Coble By Parlanti
(1996) etal. (2000)
330-350 420-480 C a Humic, allochthonous
250-260 380-480 A o Humic, allochthonous
310-320 380-420 M B Marine humic, autochthonous
270-280 300-320 B Y Tyrosine- or protein-like
270-280 320-350 T 5 Trytophan-, protein-, or phenol-like

An increase in BIX is related to an increase in the concen-
tration of the P fluorophore and considered to indicate
the presence of chemical by-products of photoautotrophic
microbial activity in the samples.

More recently, a proposed index to differentiate recently
produced FDOM (REPIX) has been utilized to describe the
changes in EEMS signatures due to microbial degradative
activities (Drozdowska et al., 2013). REPIX is calculated as
the signals from M-like and T-like fluorophores (Table 4),
which are associated directly with the degradation or
transformation of protein-like DOM of biological origin,
divided by the summation of emission intensity for humic
A-like and humic C-like fluorophores (Table 4) in the
FDOM spectra (Equation 4):

intensity (M+T)
intensity (A+C) (4)

REPIX =

An increase in the ratio (>1) of REPIX implies the presence
of autochthonous FDOM due to an increase in microbial
activities. In contrast, low REPIX values (<0.6) imply the
presence of FDOM of allochthonous origin. REPIX values
between 0.6 and 1.0 indicate low DOM production.

2.5. Solar and photosynthetically available radiation
The relevant bands of the solar radiation spectrum for this
study are the shortwave ultraviolet (UV) band, Global Hor-
izontal Irradiance (GHI), and the visible band or photosyn-
thetically available radiation (PAR). Although UV radiation
is a minor component of solar radiation, it is a main driver
in photochemical transformations within the SML. The
relationship between UV radiation and FDOM photodeg-
radation is well documented: the shorter and more ener-
getic UV wavelengths can degrade complex molecules of
DOM, in the process enhancing microbial reprocessing of
DOM in the oceans (Vecchio and Blough, 2002; Vahatalo
and Wetzel, 2004; Santos et al., 2014; Helms et al., 2014).

GHI refers to the total amount of shortwave radia-
tion received from above by a surface horizontal to the
ground. This shortwave radiation contains enough energy
to induce photochemical reactions in the SML and thus
changes in chemical structures of FDOM compounds.
Intensities of GHI were recorded at the Times-series
Station Spiekeroog (TSS) with TriOS RAMSES hyperspec-
tral radiometers (TriOS GmbH, Rastede, Germany). All data
were interpolated every 5 nm between 305 and 405 nm
(Garaba et al., 2014a).

PAR corresponds to the spectral wave band of solar
radiation from 400 to 700 nm that photoautotrophic
organisms are able to utilize for photosynthesis. It is thus
a key parameter for photoautotrophic activity, and at
the same time is one of the drivers of transformation of
FDOM in the SML. Intensities of PAR were recorded at 3
meters above the sea surface with an Apogee instrument
MQ-220 sensor (Logan, USA), with a dynamic range of O to
3000 umol m= s7', spectral range of 410 nm to 655 nm,
and calibration accuracy of £5%. Reported PAR data were
averaged over a period of 30 minutes.

2.6. Bacterial and small photoautotrophic cell counts
The abundance of bacterial cells and small photoauto-
trophic cells was determined via Flow cytometry (Gasol
et al., 1999). This technique quantifies the abundance of
microbial cells based on fluorescent emission after stain-
ing and the relative size distribution of the detected cells.
We preserved the SML and ULW samples with glutaralde-
hyde (1% final concentration) in the dark for 0.5 to 4 h
on ice, then stored the samples at —20°C until analysis.
For analysis of bacterial cells, we stained 300 pL of each
sample with 33 pL of a 0.2 um-filtered SYBR Green I solu-
tion (0.02% final concentration, Molecular Probes) for
30 min in the dark. Counting was performed for 3 min
using a FACScalibur flow cytometer (Becton & Dickinson,
San Jose CA, USA) equipped with a laser emitting at 488
nm and a constant flow rate of 26.8 uL min~". Cells were
detected by their signature in a plot of side scatter (SSC)
versus green fluorescence (FL1). Yellow-green latex beads
(0.5 um, Polysciences) were used as an internal standard.
Small photoautotrophic cells were counted according
to Marie et al. (2005). Samples were fixed and stored as
described above. Cells were counted at a constant flow
rate (35 mL min") using the FACScalibur flow cytometer.
All small photoautotrophic cells or phytoplankton were
detected by their signatures in a plot of orange versus red
fluorescence. The error associated with counting by flow
cytometry was determined in a previous study, where the
coefficient of variation of replicate measurements was
<4.2% (Rahlff et al., 2017).

2.7. FDOM enrichment factor

We measured fluorescence in both the SML and ULW
with an FDOM sensor (microFlu-CDOM, TriOS, Rastede,
Germany) that has an ultraviolet light-emitting diode as
light source with an excitation wavelength of 370 nm
and peak detection at an emission wavelength of 460
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Figure 3: Corrected EEMs for samples of the SML and ULW from Legs 1 and 2. Elevations in fluorophore intensi-
ties (color bar in Raman units, R.U.) are observed in specific domains (Ex/Em: 225/400 and 300/400 nm) for Leg 2
coastal water from Jade Bay (A and B) and for Leg 1 seawater in the North Sea (C and D). Comparisons between the
SML (B and D) and ULW (A and C) intensities indicate greatest enrichment in the coastal SML. DOI: https://doi.

org/10.1525/elementa.278.f3

nm (Ribas-Ribas et al., 2017). The enrichment factor (EF)
for FDOM was calculated as the ratio of the fluorescence
intensity for the humic C-like peak (Coble, 1996) in the
SML divided by the intensity of the same fluorophore
peak value in ULW (Equation 5):

r_ SML fluorophore intensity
UWL fluorophore intensity (5)

The enrichment of fluorophores in the SML is described
by EF > 1, while their consumption or depletion in the
SML characterized by EF < 1.

3. Results and Discussion

3.1. EEMS

Specific features were detected in the EEMs of our SML
and ULW samples, including a major peak of fluorescent
intensity at Ex/Em: 225/400 (Figure 3). The fluorescent
intensity of this peak was approximately 0.5 Raman
units higher in the SML. This domain in the EEMs corre-
sponds to the humic A-like fraction (Coble, 2007), and
is associated with the distribution of FDOM in coastal
regions. Drozdowska et al. (2017) recorded a clear spa-
tial pattern in the Gdansk Bay region from coastal to
open-sea samples, with higher median values for fluo-
rescence intensity of peaks A, C, M and T observed in
the coastal SML samples. A general trend for increased
fluorescent intensity indicative of the humic A-like frac-
tion of FDOM can be inferred for the study area, from
the North Sea to Jade Bay, and the comparative fluores-
cent signatures between the SML and ULW show the
enrichment of this fraction in the SML (Figure 3).

The production of low molecular weight compounds
has been reported as a function of DOM concentration;
i.e,, strong enrichment of carbonyl compounds due to
photochemical production was observed in the open
ocean SML (Zhou and Mopper, 1997). Microbial activity in
estuarine water helps to explain the FDOM enrichment in
the SML, and bacterial abundance has been related to the
concentration of total organic carbon (Obernosterer et al.,
2005). The SML is enriched not only with DOM and micro-
organisms, but also with anthropogenic compounds, such
as PCB and PHA, which in coastal areas can accumulate
at several times the concentration in ULW, as reported by
Wurl and Obbard (2004). An FDOM EF of about 1.5 has
been reported for the SML in upwelling regions of the
Baltic Sea (Mustaffa et al., 2017).

In our study, we found that the fluorescence intensity in
SML samples was greater than in the corresponding ULW
samples (Figures 3) not only for the humic A-like fraction
but also for a second specific domain in the EEMs at Ex/Em:
300/400 nm. This domain corresponds to the DOM frac-
tion produced in situ known as marine humic M (Coble,
2007). The fluorescent intensity of this domain was higher
in the SML by approximately 1.0 Raman units for Jade Bay,
and by approximately 0.5 Raman units for the North Sea.
Although our ULW samples also contained FDOM, the flu-
orescence intensity for the humic A-like and marine humic
M compounds was relatively low, such that the enrichment
of these fluorophores in our SML samples is consistent
with previous reports (Galgani and Engel, 2016).

The microbial reprocessing of DOM has been reported
as a source of freshly produced DOM (Hansen et al., 2016)
that supports the enrichment of FDOM in the SML. The
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Figure 4: Temporal profiles of PAR for Legs 1, 2 and 3. Photosynthetically available radiation (PAR) at each sam-
pling time (UTC) for Legs 1 and 2 in the North Sea (open symbols) and Leg 3 in Jade Bay (asterisks). DOI: https://doi.

org/10.1525/elementa.278.f4
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Figure 5: Global horizontal (downwelling) irradiance data from the Time-series Station Spiekeroog. GHI data
(mW m=, 305-405 nm) for June 10 (A), June 11 (B), June 12 (C), and June13 (D) of 2016 (UTC). DOI: https://doi.

org/10.1525/elementa.278.f5

distribution of DOM in the water column is driven by sev-
eral processes and, while upwelling can bring DOM to the
surface, riverine input of DOM, and therefore CDOM and
FDOM, leads to an increase in near coastal areas. Open
waters are typically characterized by lower concentra-
tions of DOM than coastal and estuarine waters (Garaba
et al.,, 2014b). Our SML example from the offshore North
Sea, with its lower content of humic-like fractions com-
pared to coastal Jade Bay (Figure 3), is consistent with
this generality.

3.2. Influence of solar radiation on HIX

Meteorological conditions along the three transects
depict different scenarios for solar radiation (Figure 4).
Along Leg 1 cloud coverage was prevalent, such that solar
radiation intensity, in particular PAR, was moderate to low.
During Leg 2 clear sky conditions prevailed, and maximum
intensities of PAR were recorded. In contrast, Leg 3 had
heavy cloud coverage and slight rain after the sampling
had begun, affecting physical and chemical properties
of the SML (i.e., salinity and pH; Table 3). PAR intensity
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Figure 6: Temporal profiles of HIX for SML and ULW samples during Legs 1-3. The HIX value (black symbols)
was calculated according to Eq. 2. PAR (blue squares) indicates photosynthetically available radiation data from Leg 2
(depicted in A-B for comparative purposes). The sampling intervals for each leg varied, with the earliest at 06:30 am
(UTC, Leg 3) and the latest at 12:30 pm (UTC, Leg 2). Full profile for Leg 3 was not sampled due to vessel time limita-
tion for this transect. DOI: https://doi.org/10.1525/elementa.278.f6

ranged between 10 and 800 umol m=s~' for Legs 1 and 3,
and more widely for Leg 2, from near zero to a maximum
of 1500 umol m=2 s~! around noon.

The influence of solar radiation on microbial activity,
especially that of photoautotrophic microorganisms, has
been reported previously (Kolber et al., 2000; Karlsson
et al., 2009). The same holds true for solar radiation as
a main driver for the transformation and photochemi-
cal bleaching of DOM in the SML (Galgani and Engel,
2016). Long term exposure of DOM compounds to solar
radiation, studied for periods up to 111 days, showed
a decrease in the FDOM intensity (Helms et al., 2014),

which is equivalent to photochemical bleaching of
FDOM compounds in SML. Data recovered from the TSS
show that the mean intensity of GHI ranged between
400 and 1120 mW m~ nm the week prior to our sam-
pling cruises (Figure 5). Unfortunately, GHI data for
the sampling cruise days were not available due to pro-
gramed service at the TSS.

The HIX values we calculated for samples taken in the
SML and ULW during the three legs showed a similar pat-
tern for Legs 1 and 3 (for the period of time in common
between these legs; Figure 6), but a sharp decrease of
HIX was observed for Leg 2 coincident with the increase
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Figure 7: Temporal profiles of the enrichment factor for HIX in samples from Legs 1-3. The enrichment factor
(EF) was calculated as the ratio of fluorophore intensity in the SML versus paired ULW sample (Eq. 5) at a given sam-
pling time (UTC). DOI: https://doi.org/10.1525/elementa.278.f7

in solar radiation intensity around noon (UTC). Although
this observation was limited to Leg 2, this HIX pattern in
our near-surface samples is consistent with the bleaching
process caused by solar radiation (Zhang et al., 2013). This
process is responsible for the photolysis of aromatic com-
pounds typically enriched by 30% in the SML (Carlson,
1982) and produces low molecular weight (LMW) com-
pounds degradable by microorganisms inhabiting the
SML. Zhou and Mopper (1997) estimated the residence
time of LMW compounds to be in the range of tens of
seconds to minutes, and suggested that rapid microbial
uptake is a major sink of LMW compounds in the SML; i.e.,
these compounds act as carbon sources for heterotrophic
microorganisms.

HIX values in SML along Leg 2 ranged between 4 and 14,
which suggests that FDOM compounds in the SML were
highly degraded by photochemical processes (Figure 6A).
Compared to the SML samples, HIX values in ULW sam-
ples showed fewer fluctuations. The HIX is affected to a
lesser extent for Leg 1 and 3. In the case of Leg 2, it can
be observed that the HIX for the ULW ranged between
14 and 22 (Figure 6B). These values are consistent with
a coastal environment receiving high inputs of humic
organic material (Para et al., 2010). Bleaching efficiency
of FDOM can reach up to 96% of the humic materials
with exposure of 3 to 7 days to equivalent natural solar
radiation (Para et al., 2010). With decreased intensity of
solar radiation, due to increased depth and factors inher-
ent to seawater (i.e., turbidity, scattering and absorption),
the HIX values in ULW tend to be higher than in the
SML. Previous reports have indicated that primary pro-
duction by phytoplankton releases fresh DOM into the
surface layer, while the reprocessing of resuspended bot-
tom sediments may help to explain low HIX variability in
underlying waters (Loginova et al., 2016).

The HIX values tended to be lower in the SML during
Leg 2 compared to Legs 1 and 3 (Figure 6A), and all but
one of the HIX enrichment factors was lower than one
(Figure 7). These patterns are consistent with depletion
processes taking place in the SML environment through
the photochemical processing of organic material.
Negative correlations between the SML HIX and expo-
sure to solar radiation have been reported by Santos et al.
(2014), and associated with a low content of fluorophore
groups corresponding to humic-like fractions (Engel and
Galgani, 2016). Our observations are consistent with the
loss of fluorescent intensity from FDOM compounds due
to photochemical degradation in the SML.

Solar radiation is one the most important environmental
factors relevant to changing the structures of FDOM. As a
general rule, the longer the exposure to solar radiation, the
greater the efficiency of the bleaching process of FDOM in
the SML. During Leg 2, we recorded an event in which PAR
reached a maximum intensity value and appeared to directly
affect (reduce) the HIX values in both the SML and ULW.

For Leg 2, before the maximum of irradiance, HIX values
in the SML ranged from 4 to 14, while in ULW samples
they ranged from 14 to 22 (Figure 6a, b). The lower indi-
ces in the SML show that the bleaching process in the SML
is more effective than in the ULW. Although the photo
bleaching process can occur over a short period of time,
we observed a delay between the peak of solar radiation
and the decrease in HIX. Along the Leg 2 transect, HIX val-
ues for the SML were lower than for ULW, when moderate
changes of intensity in the solar radiation were recorded.
After the peak of PAR, the HIX values for both samples
decreased rapidly to reach comparable levels. We attribute
the apparent equivalence in photobleaching for FDOM
compounds in both the SML and ULW to the greater
penetration of solar radiation into the water column.
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Figure 8: Temporal profiles of BIX for SML and ULW samples during Leg 2 juxtaposed with PAR. Note changes
in BIX (calculated according to Eq. 3) for the SML and ULW following the maximum in PAR intensity (in pmol m=2s")
around noon (UTC). DOL: https://doi.org/10.1525/elementa.278.f8

From the trend observed for HIX in our SML samples,
we infer an inverse relation between HIX and PAR, which
is consistent with the described bleaching process for the
FDOM in both environments. Previous studies have shown
that chromophore groups contained in DOM lose their
fluorescent signature when irradiated with short wave-
lengths (Vecchio and Blough, 2002). Photodegradation
experiments have also shown greater loss in fluorescence
intensity in CDOM when exposed to natural sunlight
(Zhang et al., 2013). Our findings in samples from the
North Sea are consistent with these published results, as
we have observed a greater decrease in the HIX for SML
samples after exposure to stronger solar radiation.

For our SML samples, there was a basal HIX value about
4, which may represent the limit of effectiveness for the
bleaching process due to solar radiation. Under moderate
solar radiation intensities during Leg 1, basal HIX values
at 7:30 and 8:30 am were close to 17, and for Leg 3 HIX
values were close to 15 (Figure 6A). These higher values
are consistent with the lower intensity of solar radiation
inferred for those legs (Figure 5), and the consequently
lower photodegradation of FDOM compounds.

3.3. Influence of PAR on BIX

The BIX values in the SML and ULW samples ranged
from 1.0 to close to 2.0 and 1.0 to about 1.5, respectively
(Figure 8). These ranges indicate a strong role for biologi-
cal activity in determining the characteristics of FDOM in
both the SML and ULW samples. As shown in Figure 8,
after the maximum solar radiation was reached, the BIX
for the SML decreased, which could be attributable to

photoinhibition of the photoautotrophic microorganisms
at the surface. For ULW, however, the BIX increased rap-
idly after the radiation maximum. Recent reports indicate
that under UV stress microorganisms release compounds
that can act as sunblock and shift metabolism to protect
against irradiation damage (Santos et al., 2012). At the
same time, more solar radiation to underlying water can
stimulate small phytoplankton. An increase in the amount
of available light has been related to the release of fluores-
cent compounds in the SML and the reprocessing of DOM
compounds in ULW (Engel and Galgani, 2016).

The apparent biological response in ULW to the solar
radiation maximum we observed can be explained by the
consequent greater penetration of solar radiation into the
water column, modifying conditions for growth in ULW
that would favor the activity of photoautotrophic micro-
organisms. A positive trend was observed between the
intensity of the solar radiation and the population size of
both bacteria and small photoautotrophic cells (Table 5).
Larger microbial populations in both the SML and ULW
can exert an impact on the fluorescent signature of the
FDOM that is recorded in the BIX. The same potential
increase in microbial activity described for ULW appears
to be stronger for the SML, as reflected in the BIX values
shown in Figure 8, We find that these results indicate that
the stronger the solar radiation, the greater the increase
in the BIX.

The calculation of BIX provides a basic understanding
of microbial activity based on the fingerprints obtained
by fluorescence spectroscopy. Microbial activity as a
key driver in altering the composition of FDOM is well
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Table 5: Photosynthetically available radiation (PAR), microbial populations, and enrichment factor (EF) of humic C-like
FDOM in the SML during Leg 2. DOI: https://doi.org/10.1525/elementa.278.t5

Sampling GPS coordinates PAR (pmol Number of bacteria Number of small photoauto- EF FDOM
time (UTC) East North m?s’) (x10 6 mL™") trophic cells (x10 4 mL™") (Eq. 5)

06:54 8.0002 53.8732 179 1.66 0.87 0.15
07:24 7.9984 53.8739 229 1.55 1.22 0.24
07:54 79935 53.8761 396 1.75 1.54 0.28
08:24 7.9847 53.8794 361 1.64 1.13 0.33
08:54 79753 53.8860 227 1.56 1.18 0.51
09:24 7.9673 53.8907 278 1.65 1.21 0.69
09:54 7.9550 53.8959 305 193 1.97 0.73
10:24 7.9400 53.9041 315 2.29 3.22 0.51
10:54 79225 53.9100 655 1.99 212 0.73
11:54 7.9051 53.9164 1477 3.27 9.19 0.80
12:54 7.8844 53.9228 813 6.46 8.21 1.40

documented (Aluwihare and Repeta, 1999; Kawasaki and
Benner, 2006; Osterholz et al., 2015; Hansen et al., 2016),
because heterotrophic microorganisms use the DOM pool
as substrates, and the final products of microbial trans-
formation are in turn detectable by means of EEMS. As
can be seen in Figure 8, BIX in ULW is rather constant
for Legs 1 and 3, with values close to one, but shows a
progressive increase during Leg 2. The BIX in the SML
during Leg 2 reaches a plateau of nearly two towards
noon, which is consistent with the maximum value of
PAR (Figure 4). For ULW samples, the observed pattern
was similar, but the increase was about 50% less than
the increase in the SML. Values of BIX greater than one
are considered to indicate a predominance of biological
activity and are associated with fresh DOM production
(Huguet et al., 2009). Values under one indicate the pre-
dominance of humic-like fluorophores in the DOM, and
are associated with estuarine systems and coastal waters
with high inputs of terrestrial organic material (Loginova
et al., 2016).

3.4. Influence of PAR on REPIX

The REPIX calculation (Eq. 4) allows detailed investigation
of the microbial response to sudden changes in environ-
mental parameters such as PAR. REPIX is calculated as the
sum of peaks T and B (representing autochthonous fluo-
rophores; Table 4) divided by the sum of A and C peaks
(representing allochthonous fluorophores; Table 4),
with changes in the fluorescent intensities of these peaks
paired to the concentration of these fluorophores. As
shown in Figure 9, REPIX values for Leg 2 were higher
for SML than ULW samples during the first three sam-
pling hours. Between 10:00 and10:30 am, an inversion is
observed in these indices, and the REPIX in ULW remains
higher than in the SML from noon onwards. This pattern
in REPIX in the first stage of the sampling suggests a
relationship between microbial activity and the amount
of solar radiation. The microorganisms in the SML are
exposed to higher though still moderate (non-inhibitory)
intensities of PAR than microorganisms in ULW. Photoau-
totrophic cells in the SML may thus increase their activity
and release more fluorescent compounds into the SML,
explaining the higher REPIX compared to ULW.

At the end of the sampling, when maximum PAR is
reached, environmental conditions in the SML limit the
activity of the organisms, particularly light inhibition.
However, such conditions also promote the photolysis
of FDOM, explaining why no further increase of REPIX is
observed. In ULW we observed a general positive trend in
the increase of the REPIX, probably reflecting a more opti-
mal level of solar radiation reaching underlying waters
and stimulating microbial activity. An exception was
observed around 10:45 am, when a low REPIX value was
observed, although the next sampling point presents the
highest ULW value for the transect, corresponding with
the maximum intensity in solar radiation.

3.5. FDOM enrichment factor in the SML

The enrichment factor for the humic C-like fraction
(Ex/Em: 370/460 nm) in the SML along Leg 2 follows the
pattern of solar radiation during sampling (Table 5). This
enrichment is associated with the photolysis of DOM com-
pounds and increase in microbial activity, which leads to
the reprocessing of photodegraded DOM and therefore
FDOM enrichment in the SML. The EF for FDOM in the
SML samples is presented on a transect plot for Legs 1and
2 in Figure 10. Along Leg 1, the EF is greater than one,
which can be explained by the lower intensities of solar
radiation, leading to less photobleaching of the FDOM in
the SML.

In order to evaluate the response of the SML bacteria and
small photoautotrophic cells to changes in PAR radiation,
we examined the data from Leg 2. Two FDOM enrichment
events were recorded during this leg: a smaller one during
the first quarter of the transect, and a more accentuated
one towards the end of the sampling. Both events cor-
respond with increases in PAR and simultaneously with
increases in the abundance of heterotrophic bacteria in
the SML. Engel and Galgani (2016) reported the existence
of a positive correlation between heterotrophic bacterial
abundance and FDOM production in the SML. In our
study, this correlation appears to be linked to the increase
of PAR along the sampling transect (Table 5).

The Spearman correlation analysis for FDOM enrich-
ment in the SML as function of PAR for Leg 2 shows a posi-
tive correlation, with Rho = 0.676 and the two-tailed value
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Figure 9: Temporal profiles of REPIX for SML and ULW samples during Leg 2 juxtaposed with PAR. Note higher
REPIX (calculated according to Eq. 4) in the SML than ULW during the first 3 hours of sampling, but the reverse at and
after maximum PAR (in pmol m2s-') was recorded around noon (UTC). DOI: https://doi.org/10.1525/elementa.278.f9
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Figure 10: Transect plots for the FDOM enrichment factor during Legs 1 and 2. The enrichment factor for the
humic C-like fraction of FDOM (EF FDOM, color bar) in the SML is shown for the Leg 1 (A) and Leg 2 (B) transects.
Corresponding values for PAR (umol m= s7') and bacterial abundance (number of cells x 10° mL™") are noted along
the transects. DOL: https://doi.org/10.1525/elementa.278.f10

of P = 0.022. The same analysis for photoautotrophic
small cell abundance in the SML as function of PAR
shows a value of Rho = 0.782 and the two-tailed value of
P =0.0045 (n = 11); for heterotrophic bacteria abundance
in the SML as function of PAR, Rho = 0.746 and two-tailed
P =0.0082 (n = 11). These results indicate statistically sig-
nificant associations between these variables.

4. Conclusions

The study of the spectroscopic properties of the SML
showed positive trends between several parameters, both
biogeochemical (BIX and REPIX) and microbial (abun-
dance of bacteria and of small photoautotrophic cells).
Statistically significant correlations were not detected
for the parameters examined, due to the limited number
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of samples in our estimation. However, changes in the
amount of solar radiation, specifically PAR, appeared to
trigger a series of modifications both in the composition
and the use of FDOM in the SML. Due to the time gap
between the solar radiation peak, which occurred late in
our sampling scheme, and measures of the response in
the SML, we were not able to observe the full response in
the SML.

The enrichment of FDOM in the SML samples exam-
ined was associated with an increase in fluorescent
intensity in certain domains of the UV emission spec-
tra. These increases ranged between 0.5 and 1.0 Raman
units for fluorophores corresponding to the humic A
(allochthonous) and humic M (marine autochthonous)
fractions in the coastal area and open ocean samples,
respectively. The HIX pattern presented a negative trend
with solar radiation, suggesting that the efficiency of
FDOM photodegradation is proportional to the solar
radiation that reaches the SML and ULW. From this
observed trend we infer that a greater number of organic
compounds with simpler structures, resulting from the
greater photochemical decomposition of DOM, will be
accessible in the SML for microbial consumption and
further alteration. The observed influence of PAR in sup-
porting DOM reprocessing and the enrichment of FDOM
in the SML may lead to increased growth of the micro-
bial populations, which simultaneously would result in
the metabolic release of fluorescent compound products,
ultimately modifying the observed biological activity
indices (BIX and REPIX).

The present study has provided new evidence for the
intrinsic relationship between solar radiation and the
response of microorganisms present in the SML, including
the reuse of compounds derived from DOM photolysis.
This relationship is relevant to understanding the influ-
ence of abiotic factors on the SML and the photochemical
processes therein.
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