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Absorbance and fluorescence spectroscopy are economical tools for tracing the
supply, turnover and fate of dissolved organic matter (DOM). The colored and
fluorescent fractions of DOM (CDOM and FDOM, respectively) are linked by the
apparent fluorescence quantum vyield (AQY) of DOM, which reflects the likelihood that
chromophores emit fluorescence after absorbing light. Compared to the number of
studies investigating CDOM and FDOM, few studies have systematically investigated
AQY spectra for DOM, and linked them to fluorescence quantum vyields (®) of
organic compounds. To offer a standardized approach, a MATLAB toolbox for the
determination of apparent quantum yields of DOM (aquaDOM,), featuring two calculation
approaches, was developed and used to derive AQYs for samples from the Norwegian
Sea. @ of the organic compounds varied between 0.00079 and 0.35, whereas the
average AQY for DOM samples at 350nm was 0.011 4+ 0.003. The AQY at 350 nm
increased with depth, while the AQY at 250 nm showed no trend. Laboratory tests
indicated that ® of compound mixtures are additive and represent an intermediate of
the constituents. Additionally, the presence of non-fluorescent chromophores greatly
suppressed calculated AQYs. Similar trends in the DOM AQY at 350 nm were observed
in natural samples. We therefore hypothesize that fluorescence AQYs can indicate
changes in the relative abundances of CDOM and FDOM. Additionally, the optical
properties of 15 potential DOM constituents were determined and compared to
more than 200 modeled spectra (PARAFAC components) in the OpenFluor database.
Apparent matches, based on spectral similarity, were subsequently evaluated using molar
fluorescence and absorbance. Five organic compounds were potential matches with
PARAFAC components from 16 studies; however, the ability to confirm matches was
limited due to multiple compounds exhibiting very similar spectra. This reiterates the
fact that spectral similarity alone is insufficient evidence of the presence of particular
compounds, and additional evidence is required.

Keywords: aquaDOM, OpenFluor, PARAFAC, spectral matching, EEM, FDOM, CDOM
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INTRODUCTION

As the largest pool of reduced carbon, dissolved organic matter
(DOM) plays an important role in the biogeochemical processes
of aquatic environments (Prairie, 2008). Furthermore, it links soil
and aquatic ecosystems (Jansen et al., 2014), is a key factor for
the attenuation of light in the water column (Morris et al., 1995;
Williamson et al., 1999), and affects the solubility and transport
of metals (Ravichandran, 2004).

DOM can be analyzed via ultraviolet and visible spectroscopy.
A fraction of DOM absorbs light, and its optical properties can be
characterized by absorbance and fluorescence spectroscopy. The
measurement of the colored fraction of DOM (CDOM) can be
considerably faster than the detailed compound-specific chemical
analysis of DOM. Moreover, CDOM dynamics can be monitored
across large scales using satellite remote sensing (Siegel et al.,
2005). However, the link between chemical and optical properties
of DOM remains poorly understood despite recent efforts to
link molecular signatures with optical properties (Stubbins et al.,
2014; Kellerman et al., 2015). Moreover, the relative contribution
of fluorescent DOM (FDOM) to CDOM, as well as CDOM to
DOM, is largely unknown (Stedmon and Nelson, 2015).

For pure fluorophores, the fluorescence quantum yield (&)
represents the probability of a fluorophore to emit light while
returning to its ground state after being excited by light of
higher energy (Lakowicz, 2006). Given this definition, the
absorbance and fluorescence properties of DOM are linked by ®
of FDOM (Green and Blough, 1994). However, since CDOM is a
complex mixture of organic molecules, not all of which fluoresce,
its fluorescence efficiency represents a combined signal. The
quantum yield of CDOM is therefore referred to as the apparent
fluorescence quantum yield (AQY) to emphasize the contrast
to @, which can only be determined for pure fluorophores or
mixtures of fluorophores.

Compared to the number of studies focusing on optical
properties of DOM, its AQY has not been studied extensively
in the past. However, studies have shown that the apparent
quantum yield of DOM changes as a function of the excitation
wavelength, with values generally ranging from 0.1 to 2.8%, while
distinct emission bands in the ultraviolet can cause significantly
higher DOM AQYs of 5-7% (Green and Blough, 1994; Del
Vecchio and Blough, 2004; Andrew et al., 2013; Cawley et al.,
2015). All previous studies show that the AQY is highest around
370 nm, while subsequently decreasing steadily with wavelength
(Sharpless and Blough, 2014).

Several studies have revealed links between DOM AQYs and
biogeochemical parameters. Ferrari et al. (1996) showed that
increased algal abundance can increase DOM AQYs, presumably
due to the production of highly fluorescent polyphenols. AQYs
are also generally higher in deep than in shallow waters (Ferrari,
2000; Cawley et al., 2015) and increase with salinity in estuaries
(Zepp et al., 2004). Moreover, an early study by Stewart and
Wetzel (1980) highlighted the observation that the ratio between
fluorescence and absorbance differs between molecular weight
fractions of DOM by a factor of four, with the low molecular
weight fraction exhibiting greater fluorescence per unit of
absorbance. A recent study by Catala et al. (2015) reported

increasing AQYs for aging water masses. Together, these studies
highlight the potential for DOM apparent quantum yields to
indicate changing DOM characteristics as a result of microbial
turnover of DOM (i.e., “humification”).

Recent efforts to link optical and chemical properties of DOM
include the comparison of fluorescence excitation-emission
matrices (EEMs) with ultrahigh resolution mass spectrometry
using correlation analysis (Stubbins et al., 2014). However, due
to analytical limitations during sample preparation and analysis
(Dittmar et al.,, 2008; Hertkorn et al., 2008), the comparison
of data originating from mass-spectrometry and fluorescence
spectroscopy remains a challenge. To assess the plausibility
of chemical formulae and/or structure assignments to FDOM
components in this context, knowledge of fluorescence quantum
yields is essential, since it reflects the likelihood of molecules
to fluoresce. Nonetheless, with the exception of functional
fluorophores used as probes, sensors and reporters (Wirth
et al., 2013), the quantum yield of many organic compounds is
unknown or not available in an accessible database.

The purpose of this study is to provide an indication
of the chemical structures contributing to DOM fluorescence
by comparing the fluorescence characteristics of organic
compounds with those of natural samples. Moreover, the aim
was to introduce an open-source MATLAB toolbox to allow the
comparable determination of apparent quantum yields of DOM
and @ of organic compounds. The objective was to first compare
approaches for determining quantum yields, and afterwards
assess the informative value of spectral data for AQYs of natural
samples and @ of pure compounds.

MATERIALS AND METHODS

Samples

Natural DOM samples were collected from 25 to 28 May 2015
along a transect from Tromse (Norway) to Hirtshals (Denmark)
on the research vessel Dana. The transect consisted of 11
stations along the Norwegian coast (Figure 1A). Samples were
gravity-filtered directly from Niskin bottles using a 0.2 um flow-
through filter (PALL Life Sciences). The filter was rinsed with
400 mL seawater between usages. Samples were stored at 4°C
in 40mL combusted amber glass vials (VWR International).
Fluorescence and absorbance spectra were collected within 30
days of sampling. Subsamples for the determination of dissolved
organic carbon (DOC) were stored at —20°C in acid-cleaned
HDPE bottles (10% w/v hydrochloric acid, VWR International).
A suite of 15 organic compounds was also purchased and
characterized (Supplementary Table 1). All compounds were
dissolved in 1 mmol L™! phosphate buffer (Fluka Analytical)
adjusted to pH 7.5. The compounds were selected as they
have previously been suggested to be structures in DOM or to
represent similar fluorophores (Yamashita and Tanoue, 2003;
Aiken, 2014; Stedmon and Nelson, 2015).

Measurements
Absorbance measurements were carried out using a Shimadzu
UV2401PC spectrophotometer in combination with a 10cm
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FIGURE 1 | Map (A) and vertical profiles of various biogeochemical parameters (B-I) of the transect along the Norwegian shelf and the Skagerrak. The
transect direction was north (starting in Tromse, green dot) to south (ending in Hirtshals, red dot). A total of 11 stations were sampled. Eight stations in the Skagerrak
were sampled for surface waters; three stations along the Norwegian shelf included vertical profiles.

quartz cell. The absorbance signal of ultrapure water, 1 mmol L™}
phosphate buffer (pH 7.5), and 0.1 N H,SO4 was subtracted from
samples, organic compounds and quinine sulfate, respectively.
Small residual baseline offsets were corrected by subtracting the

average absorbance signal between 700 and 800 nm. The noise
level of absorbance measurements was estimated from the range
of absorbance values in the 2nd derivative spectrum between 550
and 600 nm.
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Fluorescence measurements were obtained using a HORIBA
Jobin Yvon AquaLlog fluorometer. Calibrations for excitation
monochromators and the emission detector, as well as optical
immaculacy of cuvettes, were validated daily using a fixed routine
(Supplementary Material). Fluorescence emission wavelengths
were 240-600 nm (increment 2 nm) and excitation wavelengths
240-600 nm (increment 5nm). The emission integration time
was adjusted to account for varying FDOM concentrations
between samples. The obtained fluorescence data was processed
in MATLAB using the drEEM toolbox (version 0.2.0, Murphy
etal., 2013). For quantum yield standards, the respective solvents
(ultrapure water for salicylic acid, 0.1N H,SO4 for quinine
sulfate) were used as blanks, while ultrapure water was used
as blanks for CDOM samples. Since a quantum yield standard
calibration was carried out daily, no Raman normalization
was performed. Instead, the EEMs were normalized to a 1s
integration time, and raw fluorescence counts were used as
basis for quantum yield calculations. For organic compounds, a
one-component parallel factor analysis (PARAFAC, e.g., Murphy
et al., 2013) model was fitted to reduce noise and allow
extrapolation of signals to scatter-affected regions of the EEM
(Murphy et al., 2014b).

DOC was measured using high-temperature catalytic
oxidation, whereby organic carbon was oxidized to carbon
dioxide, then measured with a non-dispersive infrared detector
(TOC/Vcpy, Shimadzu). A 15mL sample was poured into a
combusted glass vial and acidified to pH 2 using hydrochloric
acid. Samples were subsequently sparged with CO,-free air to
remove inorganic carbon. Acidified samples were injected onto
the catalyst (heated to 680°C) and DOC concentrations were
averaged over the best three of up to seven repeated injections.
The instrument was calibrated using acetanilide (Cauwet, 1999).
For quality control of measured DOC concentrations, a deep-sea
reference (Hansell laboratory, Miami) was used.

(Apparent) Quantum Yield Calculation

A MATLAB® toolbox for the calculation of apparent quantum
yields of DOM (aquaDOM) was developed and utilized in
this study (available in the Supplementary Material). Since the
calculation of @ of pure compounds and DOM AQYs do not
differ, this section explains the calculations exemplarily for DOM
AQYs. The determination of the DOM AQYs of a sample, X, was
based the relative approach using a quantum yield standard, St,
as follows (Parker and Rees, 1960):

600
240nﬂmm Fx (M) * Ast (Amax) N 772X

600nm = (D

AQYx (1) = Oy % :
Ax (A) * 240nm Fg ()\max) st

where AQY is the apparent fluorescence quantum yield,
JF(A)/A(X) represents the ratio of the integral of the
fluorescence emission F and the absorbance A at excitation
wavelength A, and 7 is the refractive index. Since the refractive
index of water across the salinity range of seawater varies by
only 0.5% at 404 nm (Austin and Halikas, 1976), the last term of
Equation (1) can be omitted and Equation (1) simplifies to:

600nm

Fx (1) * Ast (hmax)
AQYx (M) = g # 220w = "o~ = ZF - (2)
Ax (X) * 240nm Fst (Amax)

To determine AQYs, two variations of the relative approach were
tested. In the first approach, a single absorbance and fluorescence
measurement was carried out to determine [ Fx (A)/Ax (A)
experimentally. This approach forces the intercept of the single
point regression through zero (hereafter called “zero-intercept
approach”). The precision of determined AQYs was estimated
(only for selected samples) for every excitation wavelength using
the standard error propagation approach as follows:

2 2
OAQY O‘fFX UAXZ O‘fFSt UAStZ

= g, + = t+t—=—= ., )
AQYy TFx Ax  [Fy As

where o4qy is the precision estimate, o f F and o0 A represent
the range of absorbance and fluorescence observations in

five repeated measurements, and [F and A represent the
average fluorescence integral and average absorbance level of
five repeated measurements. In the second approach, a five-
point dilution series of standards and samples was measured
to determine f Fx (A)/Ax (L) by robust linear regression,
allowing non-zero intercepts to account for instrument-specific
differences in fluorescence and absorbance detection limits
(hereafter called “variable-intercept approach”). The precision
of AQYs in this approach were determined using the 95%
confidence interval of the slope estimate. AQYs were only
reported if the signal-to-noise ratio (S/N) for absorbance
measurements exceeded 25 for both approaches (if not otherwise
stated), since this ratio-filter excluded visibly erroneous AQYs.
Additionally, in the variable-intercept approach, linear fits with
R? < 0.95 were discarded (if not otherwise stated).

To confirm the accuracy of the obtained AQYs, cross-
calibrations with reference materials were performed daily.
Five-point dilution series (in the case of the variable-intercept
approach), or five replicate measurements (in the case of the
zero-intercept approach) of quinine sulfate (NIST standard
reference material 936a dissolved in 0.05M H,SO4 @ = 0.51 at
350 nm, Melhuish, 1961; Velapoldi and Tennesen, 2004), and
salicylic acid (dissolved in ultrapure water, ® = 0.36 at 296 nm,
Pozdnyakov et al, 2009) were measured. Cross-calibrations
were performed by treating one reference material as a sample
while the second reference material was used to estimate &
(and vice versa). Further sample measurements were conducted
only if the cross calibration resulted in deviations of <10%
from the literature values. Since quinine sulfate is a widely
recognized standard in luminescence spectroscopy (Brouwer,
2011), its properties were always used as the basis for the AQY
determination of CDOM samples, while salicylic acid was used
to confirm its validity.

To calculate the Stokes shift of organic compounds,
wavelength dependent intensities I; in the EEMs were converted
to wavenumber intensities (Iy) as follows (Lakowicz, 2006):

Iy = A2, (4)
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I was used to calculate the Stokes shift as the difference between
the position of the fluorescence emission peak and the highest
excitation peak. This result was converted from cm™! to eV to
express the Stokes shift as an energy difference.

Spectral Matching

Purchased organic compounds were compared to more than 200
modeled spectra available in the OpenFluor database! (Murphy
et al., 2014c). The database assesses spectral similarity using the
Tucker congruence coeflicient (Tucker, 1951). Spectral matches
were restricted to Tucker congruence coefficients of >0.9 in
emission and excitation, while the combined Tucker congruence
coeflicient was restricted to >0.81.

RESULTS

Optical Properties of Samples and Organic

Compounds

The waters sampled along the Norwegian shelf reflected
three groups: comparatively warm and less-saline surface
water with high DOC (>80 M) influenced by continental
run off; intermediate waters with depths of 100-400 m,
essentially representing Atlantic water; and Norwegian Sea
bottom water with sub-zero temperatures (Figure1). The
fluorescence characteristics resembled those expected for shelf
waters (Blough and Del Vecchio, 2002; Stedmon and Nelson,
2015) with a broad fluorescence peak at visible wavelengths, and
a pronounced UVA peak (Figure 2).

'http://openfluor.org

The fluorescence properties of the purchased organic
compounds are shown in Figure 3, and described in Table 1.
The molar absorptivity ranged from 153 (phenylalanine) to
15,791 L mol~! cm™! (caffeine). Peaks in absorbance spectra
extended from 256 (phenylalanine) to 295nm (salicylic acid),
while absorbance was measureable up to a maximum of 550 nm
(ferulic acid). The molar fluorescence varied between 0.03
(benzoic acid) and 38.50 Raman units Lumol™! (indole).
Stokes shifts extended from 0.32 (benzoic acid) to 1.38 eV
(ferulic acid). Organic compounds seemingly fell into two
groups; the first group with Stokes shifts ranging from 0.32
to 0.57eV and emission maxima from 281 to 339nm, and
the second group with Stokes shifts of 0.97-1.38eV with
emission maxima from 333 to 413nm. In some cases (e.g.,
coumarin or coniferyl alcohol), absorbance spectra did not
match the fluorescence excitation loadings (Figure 3), although
these should theoretically be identical for pure compounds.
However, for other compounds (e.g., phenylalanine, tyrosine,
and tryptophan), absorbance and fluorescence excitation spectra
were a close match. Compounds with identical fluorophore
groups had similar optical properties. For example, the two
phenols p-Cresol and Tyrosine were characterized by relatively
similar molar absorptivity maxima (1928 and 1206, respectively),
similar quantum yields (0.11 and 0.13, respectively) and similar
stokes shifts (0.45 and 0.49 eV, respectively). However, other
structurally related compounds such as tryptophan and indole
showed noticeably differing ® (0.15 and 0.28, respectively),
although other optical properties were highly similar (Table 1).
The excitation and emission spectra of all purchased organic
compounds have been uploaded to the OpenFluor database
(Murphy et al., 2014c).
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Organic compounds with identical fluorophores were
characterized by highly similar fluorescence emission peaks,
while absorbance spectra differed in peak positions and shapes
(e.g., benzoic acid derivatives, Figures 3A-C). Furthermore, the
two phenols (p-cresol and tyrosine, Figures 3H,J), as well as the
two indols (Figures 3L,M), had highly similar peak positions
and shapes for both absorbance and fluorescence emission peaks.
Organic compounds with the highest degree of conjugation
(coumarin, ferulic acid, salicylic acid, Figures 3E,EN) exhibited

the broadest emission peaks, compared to narrow emission
peaks of organic compounds with a lower degree of conjugation
(e.g., p-cresol, and phenylalanine, Figures 3H,I).

Method Comparison: Apparent Quantum
Yield Calculations

To compare the two AQY calculation approaches (variable-
intercept vs. zero-intercept approach), results were compared
for three Norwegian Sea samples and a Suwannee River XAD-8
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TABLE 1 | Optical properties of organic compounds dissolved in 1 mmol L1 phosphate buffer (pH 7.5).

Name Molecular Molecular Mmax Aem Molar Molar Stokes ® (+ %)
formula weight (nm) (nm) fluorescence absorbance shift
(g mol—1) (R.U.pmol=11) (L mol’ cm—1) (eV)
Caffeine CgH1gN405 194.19 258 - - 15,791 -
Coniferyl alcohol C1oH1203 180.2 262 11,854
295 338 20.59 7210 0.49 0.10(9)
Coumarin CgHgOo 146.14 276 9228
306 385 0.20 5357 1.19 <0.001 (2)
p-Cresol C7HgO 108.14 276 307 10.06 1930 0.49 0.11 (27)
Ferulic acid C1oH1004 194.18 287 413 0.06 14,147 1.38 0.002 (30)
Gallic acid C7HgOs 170.12 258 341 0.99 8283 1.37 0.006 (4)
Indole CgH7N 11715 269 340 38.50 5235 0.93 0.28 (10)
Benzoic acid C7HgO2 122.12 223 7772 0.32
266 315 0.02 553.9 <0.001
L-Phenylalanine CgH11NO» 165.19 256 281 0.15 153 0.43 0.018 (6)
L-dihydroxy-phenylalanine CgH11NOy4 197.19 278 318 0.724 2296 0.57 0.075 (25)
Salicylic acid C7HgO3 138.12 295 407 2.95 3464 1.16 0.35(3)
Syringic acid CgH100s5 198.17 260 333 0.03 14577 1.02 0.009 (34)
DL-Tryptophan C11H12No 0o 204.23 277 350 8.03 5358 0.94 0.15(7)
L-Tyrosine CgH11NO3 181.19 274 304 22.93 1207 0.45 0.13 (31)
Vanillic acid CgHgO4 168.14 250 8816 0.57 0.03 (17)
285 325 0.75 4043

The molar absorbance is reported for the absorbance maximum and the secondary absorbance peak in if present, while the molar fluorescence is only provided for the the absorbance
maximum. The quantum yield precision was estimated using the 95% confidence interval [see Section (Apparent) Quantum Yield Calculation] and is stated as the percentage of the

estimated quantum yield.

fulvic acid extract (Figure 4). For both approaches, the AQY
accuracy typically varied between 0.1 and 6% (all data not
shown). Calculated AQYs, as well as the overall spectral
shape were highly similar between approaches. However, the
spectral range of viable AQYs differed; for the majority of
samples, the variable-intercept method consistently yielded a
narrower wavelength range of viable AQYs (i.e., exceeding the
signal to noise threshold of 25). For example, for Suwannee
River fulvic acid, the zero-intercept approach yielded AQYs
up to an excitation wavelength of 565 nm, while the variable
intercept approach yielded AQYs only up to 515 nm (Figure 4D).
In addition, the two approaches provided different precision
estimates. Across the whole AQY spectrum, the zero-intercept
approach resulted in higher precision (e.g., for the AQYat 350 nm,
precision estimates were £2.4% and £1.3% using the variable-
and zero-intercept approach, respectively).

Apparent Quantum Yields of CDOM and ¢

of Organic Compounds

The AQY spectra of the 28 samples from the Norwegian
shelf transect were very similar (Figures 2D, 4), with minima
around 250nm increasing to maxima between 340 and
380nm. For samples with low organic matter concentrations
(predominantly deep sea samples, DOC < 60 pM), the AQYs
could not be determined for wavelengths >~350nm due to
low signal-to-noise ratios in both absorbance and fluorescence
measurements at longer wavelengths.

AQYs at 350nm (AQY350) ranged from 0.006 to 0.021, with
AQYs in surface waters (< 10 m, n = 12, average 0.009 £ 0.001)
significantly lower than in deep-sea waters (>100 m, n = 8,
average 0.014 £ 0.003, one-tailed student t-test p < 0.001,
Figures 1H,2D). In contrast, AQYs at 250 nm (AQY350) were less
variable (average 0.004 £ 0.0006) and exhibited no observable
trends with depth or latitude (Figure 1I).

To identify the key parameter responsible for the vertical
AQY3s0 variability, absorbance at 350nm (Azsp) and
fluorescence at 350/450nm (F3s0/450) were normalized to
the maximum for each station. The ratio of the normalized
F350/450 and A3so was then used to investigate the vertical change
in absorbance and fluorescence (Figure 5A). Surface waters
were dominated by ratios <1, indicating a relative lack of DOM
fluorescence or an excess of CDOM absorbance. In contrast,
[with the exception of two samples that showed unusually low
fluorescence and high absorbance (samples at 197 m and 548 m,
respectively)] subsurface waters showed ratios >1, indicating
excess DOM fluorescence or a lack of CDOM absorbance.
Moreover, AQY359 was significantly correlated to absorbance
levels at 350 nm (Figure 5B).

® of organic compounds at their respective absorbance peak
varied from 0.00079 for benzoic acid to 0.35 for salicylic acid
(Table 1), and were spectrally featureless for many compounds
(e.g., phenylalanine, vanillic acid, gallic acid, Figure 6A).
However, for other compounds (e.g., salicylic acid, coniferyl
alcohol, and indole) @ did vary with wavelength. Spectral
structure was observed in various scenarios. Firstly, ® was
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often unstable at wavelengths where the molar absorptivity
was low, whereby the direction of the variability for a given
compound varied on a daily basis. Particularly for salicylic
acid, @ increased in some measurement runs and decreased in
others (Supplementary Figure 1). Secondly, spectral structure
in ® for organic compounds was found in regions with high
molar absorptivity. For example, ® of salicylic acid consistently
dropped from 0.35 at 295 nm to 0.15 at 250 nm. Another example
of spectral dependence of ® was coniferyl alcohol, which showed
a distinct minimum of 0.06 at 300 nm, and two maxima at 250 nm
and 315nm (0.11 and 0.16, respectively). The comparison of
absorbance and fluorescence excitation spectra for these organic
compounds revealed distinct differences. Therefore, spectral
dependence of ® might originate from the presents of impurities.

To investigate the behavior of ® for mixtures of organic
compounds, & was determined for an equimolar mixture
of tyrosine, tryptophan and salicylic acid. ® of the mixture
(Figure 6B) exhibited optical properties that were intermediate
to the isolated constituents. However, at wavelengths where there
was no overlapping absorbance, ® of the mixture resembled that
of the specific compound. This is particularly clear at wavelengths
above 310nm, where only salicylic acid absorbed (Figure 3).
Therefore, ® of a mixture of i fluorescing organic compounds
is determined as follows:

Fi(x Ast (Amax
¢X(A>=¢St*2f ) (1 A3t Coma) (5)

i f Fgy ()Lmax) .

Spectral Matching of Organic Compounds
with PARAFAC Spectra

The OpenFluor fluorescence database contains excitation and
emission spectra for more than 200 PARAFAC components,

mathematically extracted from fluorescence EEMs of NOM
mixtures. The database was searched for matches with the
14 fluorescing organic compounds in this study. Potential
spectral matches were found for p-cresol, tryptophan, indole,
L-dihydroxyphenylalanine, tyrosine, coumarin, salicylic acid,
ferulic acid, and benzoic acid (in order of frequency, see Table 2
for complete list, and Figure 7 for examples). Numerous matches
for the emission spectrum of ferulic acid were found; however,
the excitation spectrum of ferulic acid was often blue-shifted
compared to the PARAFAC spectra. The spectra of p-cresol and
tryptophan, as well as indole and tyrosine, were very similar
and each pair yielded hits for the same PARAFAC components
(Figure 8). Therefore, unambiguous matching of PARAFAC
component with organic compounds was impossible for these
fluorophores.

DISCUSSION

DOM Apparent Fluorescence Quantum

Yields

With typical values ranging from 0.001 to 0.02, the apparent
fluorescence quantum yields of FDOM are regarded as very low
(Sharpless and Blough, 2014). This is particularly evident in
comparison to ® of organic compounds (up to 0.35, Figure 6A).
However, ® of mixtures of fluorescing organic compounds is
dependent on the relative contribution of each fluorophore
(Figure 6B, Equation 5). Moreover, DOM consists of FDOM, as
well as non-fluorescent CDOM, which is the reason why DOM
quantum yields can only be reported as “apparent” quantum
yields. The implications of this fact can be demonstrated with
simple mixtures of organic compounds using Equation (5): ®
of salicylic acid in 1mmol L™! phosphate buffer at 258 nm
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FIGURE 5 | Trends in AQYs of natural samples from the Norwegian
shelf and Skagerrak. (A) Depth profile of F350,450 divided by Agsg (both
normalized to station maximum) for samples from 11 stations in the Norwegian
Sea and Skagerrak (n = 28). Red line indicates a ratio of 1 and represents
equal relative contribution of fluorescence and absorbance. Subsurface waters
were characterized by a strong fluorescence contribution, with the exception
of two samples with abnormally low fluorescence (197 m) and abnormally high
absorbance (548 m). Surface waters either showed equal FDOM and CDOM
levels or dominant CDOM absorbance contribution. (B) AQY vs. absorbance
at 350 nm. The black line represents a power fit (a x a350nmb+ c,
a=09.821x10"6 b =—-1.181, ¢ = 0.0074, R? = 0.75).

was determined to be 0.24 in this study (Figure6). At the
same wavelength, the apparent quantum yield of an equimolar
mixture of salicylic acid and the non-fluorescent compound
caffeine would drop to 0.0046 since (apparent) quantum yields
assume intermediate values of the individual components as
demonstrated above (Figure 6). Similarly, the AQYs of a mixture
of 1 mol L™} salicylic acid and 0.01-1mol L™} caffeine drop
from 0.15 to 0.0046 (Figure 9, see Supplementary Material for
detailed calculation). However, since caffeine does not absorb
above 310 nm, the AQY resumes a value of 0.35 at wavelengths
exceeding 310nm, and becomes a true quantum yield again.
Similarly, in relative terms, the gradual increase of FDOM AQYs
from 240 to 350 nm suggests that CDOM absorbance dominates

between 240 and 300 nm while DOM fluorescence prevails over
DOM absorbance from 300 to 380 nm. Moreover, all studies thus
far report similar spectral shapes for AQY, indicating a stable
spectral CDOM to FDOM relationship (Green and Blough, 1994;
Del Vecchio and Blough, 2004; Andrew et al., 2013; Cawley et al.,
2015). The fact that the effect of the addition of non-fluorescent
material (Figure 9) closely resembles the observations made in
natural samples (Figure 5B) suggests that AQYs can be used to
systematically observe changes in the ratio of FDOM to CDOM.
However, to further investigate this hypothesis, knowledge about
a greater number of the optically active DOM constituents, as
well as the behavior of DOM AQYs of a larger number of aquatic
systems, is needed.

The range, as well as the spectral distribution of AQYs for
FDOM samples from the Norwegian Sea and the Skagerrak
(0.011 £ 0.003 at 350nm) was similar to previous studies
(e.g., Green and Blough, 1994; Andrew et al., 2013). Romera-
Castillo et al. (2011) also reported similar trends in the vertical
distribution of AQY3s5p for the Ria de Vigo (Spain) as those
reported here for the Norwegian shelf, with high AQY359 in
deep waters and low AQY in surface waters. With our data,
Fn/Aj, was derived to distinguish between CDOM and FDOM
to elucidate this significant vertical variability. Our observation
of Fn/An > 1 for subsurface waters suggests a proportionally
greater production of FDOM relative to CDOM at depth in
association with the remineralization of organic matter. At UVA
wavelengths, both CDOM and FDOM are known to increase
with depth in the global ocean (Stedmon and Nelson, 2015),
which might suggest a constant AQY. In the waters sampled in
this study, the trend of low AQY at the surface appears to be
driven by the presence of high-CDOM waters (Figure 1), which
represent terrestrial DOM from the Baltic and German Bight
(Osburn and Stedmon, 2011). The fact that the ratio increases
in association with the organic matter remineralization horizon
indicates that there is a proportionally greater increase in FDOM
relative to CDOM in association with microbial turnover of
detrital organic matter (although no clear trend was apparent
with oxygen utilization for this relatively limited dataset).

For wavelengths > 380nm, AQYs have previously been
described as monotonously decreasing (Sharpless and Blough,
2014 and references therein). However, one should bear in mind
that fluorescence EEMs are affected by a diagonal region of
Rayleigh and Raman scatter. This diagonal scatter also represents
the physical limit of the fluorescence phenomenon, since
emission of fluorescence always occurs at wavelengths greater
than the applied excitation wavelength. Since EEMs are generally
recorded over a fixed emission range (e.g., 240 to 600 nm), the
number of data points capturing relevant fluorescence emission
therefore decreases linearly with increasing excitation wavelength
due to the incision made by the scatter region. In a theoretical
scenario, the fluorescence intensity of a mixture of organic
compounds affected by these limitations would therefore have
to increase in order to exhibit spectrally flat AQYs (assuming
a constant absorbance of the mixture). For DOM however, due
to the near-exponential decrease of absorbance with wavelength,
such an increase in fluorescence intensity is not plausible.
It is therefore likely that the gradual decrease in AQYs at
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wavelengths >400nm (Figure 4D) can in part be attributed
to the methodological and physical constraints of fluorescence
spectroscopy, rather than specific electronic phenomena.

Method Comparison: Quantum Yield

Calculations

Both approaches for the calculation of AQYs of DOM samples
yielded comparable results with regards to accuracy of AQY
estimates. However, the variable-intercept approach yielded less
precise estimates compared to the zero-intercept approach. The
variable intercept approach also generally provided AQYs for a
smaller spectral range since a multiple-point dilution is required
to obtain AQYs with confidence. This results in absorption
measurements in particular falling below the detection limit,
and therefore hinders the determination of sensible AQYs.
Since the zero-intercept approach only requires a sample to
be measured once, it is the less time-consuming approach.
We therefore conclude that, since both approaches provide
comparable estimates (Figure 4), the zero-intercept approach is
most suitable for the routine determination of AQYs of DOM
samples.

Conversely, for the complete spectral characterization of
specific organic compounds, the variable-intercept approach
offers advantages. Especially at low S/N levels, instrumental noise
and baseline offsets can cause the absorbance and fluorescence
of organic compounds to vary independently. The variable-
intercept approach provides quantum vyields via the slope of
linear fits, whereby the intercept is allowed to vary, thus
accounting for wavelength-dependent instrument noise. Unlike
for CDOM samples, the signal intensity for organic compounds
is generally high, and the variable-intercept approach can
produce stable quantum yields over a wide spectral range.
In addition, the approach provides more appropriate means
(compared to a single measurement method) to estimate the
molar fluorescence and absorptivity of organic compounds due

to increased confidence of measurements obtained in a dilution
series.

Since @ represents a physical property of an individual
chemical compound, it should be spectrally constant, and thus
is typically reported at a single wavelength (the absorbance
maximum, e.g., Pozdnyakov et al., 2009). However, ® of the
organic compounds in our study did not appear spectrally
flat. Unstable ® in areas with low molar absorptivity represent
an analytical challenge that can be addressed to some extent
with an adequate pathlength for absorbance measurements,
and appropriate data processing. For example, baseline offset
correction is a crucial step during data processing; it mitigates
monotonic @ trends in areas with low fluorescence or
absorbance, as well as spurious ® offsets. Moreover, for the
determination of @, the chemical purity of compounds is
important for the spectral stability and overall accuracy. For
example, spectral instability of & (along with mismatching
absorbance and excitation spectra) was repeatedly seen in
salicylic acid at short wavelengths, and across the spectrum of
coniferyl alcohol (Figure 6A). These observations are consistent
with the presence of impurities affecting a small part of the
spectrum in the case of salicylic acid, and large portions of
the spectrum for coniferyl alcohol, benzoic acid, and coumarin.
Moreover, impurities probably lowered ® of chemicals with
mismatching absorbance and fluorescence excitation spectra, and
also affected the reported molar absorptivity and fluorescence.
Therefore, some compounds should be purified prior to
determining ®.

The optical properties of organic compounds generally
matched those of previous studies. For example, in the case
of salicylic acid, the excitation and emission peak position
was within 1nm of values reported in Pozdnyakov et al.
(2009), while molar absorbance, ®, and Stokes shift differed
by 1.3, 2.9, and 0.4%, respectively. Similarly, for ferulic acid,
fluorescence spectra shown in Meyer et al. (2003) indicate
a close match in peak positions. Moreover, ® of tyrosine
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TABLE 2 | Similarities between fluorescence spectra of PARAFAC components in the OpenFluor database and the spectra of organic compounds.

Name Study Component TCC excitation TCC emission TCC excitation x
emission
Coniferyl alcohol -
Coumarin CS-Flocc? 2 1 0.96 0.96
Swimpool® 1 0.94 0.94 0.89
p-Cresol Florida Keys® 3 0.98 0.97 0.95
cwrd 4 0.97 0.98 0.95
LiverpoolBay® 6 0.94 0.94 0.88
AtlanticBAMT20 4 0.97 0.99 0.95
BWE79 1 0.97 0.96 0.93
Recycle_ WRAMS" 3 0.96 0.96 0.92
Beringa2005! 5 0.91 0.91 0.83
HF2005! 8 0.97 0.96 0.93
ONRK 6 0.92 0.90 0.84
0.92 0.91 0.83
Ferulic acid CS-Flocc? 2 0.92 0.91 0.84
Gallic acid -
Indole LiverpooIBayd 5 0.93 0.97 0.90
AtlanticBAMT20® 3 0.99 0.93 0.92
BWE7® 6 0.98 0.94 0.92
Antarctic 3 0.95 0.98 0.93
CS-Galathea™ 2 0.93 0.98 0.91
Benzoic acid Recycle_StMary9 4 0.96 0.95 0.92
L-Phenylalanine -
L-dihydroxy-phenylalanine FIoridaKeysb 3 0.96 0.95 0.91
Cwrte® 4 0.96 0.96 0.92
Kauai" 6 0.96 0.96 0.92
Recycle_ WRAMSY 3 0.95 0.98 0.93
ONR 6 0.96 0.98 0.94
Salicylic acid AtlanticBAMT20® 5 0.99 0.98 0.97
Beringia2005" 6 0.99 0.99 0.98
Syringic acid -
L-Tyrosine FIoridaKeysb 3 0.97 0.96 0.93
cwre 4 0.96 0.95 0.91
LiverpooIBayd 6 0.96 0.97 0.93
Atlantic6AMT20® 4 0.99 1 0.99
BWE7® 1 1 0.98 0.98
Kauai1® 5 0.94 0.97 0.91
Recycle_ WRAMSY 3 0.96 0.93 0.89
HF2005' 8 0.95 0.97 0.92
DL-Tryptophane Atlantic6AMT208 3 0.98 0.92 0.90
Horsens5° 5 0.94 0.93 0.87
HF2005' 7 0.94 0.99 0.93

Vanillic acid -

Matches were restricted to Tucker congruence coefficients (TCC) of >0.9 and peak deviations <15nm. @Sendergaard et al. (2003); P Seredyriska-Sobecka et al. (2011); € Yamashita
et al. (2013); 9Yamashita et al. (2011a); € Yamashita et al. (2011b);  Kowalczuk et al. (2013); IMurphy et al. (2006); "Murphy et al. (2011); 'Walker et al. (2009); ! Stedmon and Markager
(2005); *Osburn and Stedmon (2011); 'Stedmon et al. (2011); ™Jargensen et al. (2011); "Murphy et al. (2008); °Murphy et al. (2014a).

and tryptophan was similar to previously published values
(Chen, 1967). However, ® of phenylalanine was 25% lower
compared to values reported in Chen (1967). One explanation
of this discrepancy is the presence of impurities, as those
would likely lower ®. This supports the conclusion that some

compounds should be purified before measurements, as stated
above.

As previously observed (Cawley al, 2015), the
determination of sensible AQYs for wavelengths > 450 nm
is analytically challenging due to overall low signal intensities in

et
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this spectral region, particularly for oceanic samples (as observed
in this study). Since absorbance is the less sensitive measurement,
it represents the limiting factor in AQY determinations; even
when using a pathlength of 10cm. We therefore recommend
reporting either AQY wvalues for specific wavelengths (e.g.,
350 nm), or the spectral maximum AQY, since such values can
usually be obtained with confidence.

Linking Optical and Chemical Properties

Current efforts to link optical and chemical properties of
DOM include the combined characterization of DOM by
means of ultrahigh-resolution mass spectrometry, PARAFAC
of EEMs, as well as absorbance spectroscopy and subsequent
comparison using correlation analysis (Stubbins et al., 2014;
Kellerman et al.,, 2015). An additional approach is to compare
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FIGURE 9 | Calculated apparent quantum yields of a mixture of 1 mol
L1 salicylic acid solution with variable molar parts of caffeine (0.01-1
mol L‘1) at 258 nm. The apparent quantum yield decreases from 0.15

(0.01 mol L= caffeine) to 0.0046 (1 mol L~ caffeine). Calculations were
based on Equation (5) and are explained in the Supplementary Material.

the growing database of natural DOM fluorescence spectra
obtained by PARAFAC analysis (Murphy et al., 2014c) to the
spectra of organic compounds. Besides comparing excitation and
emission spectra, additional optical information, such as molar
absorptivity and fluorescence, represent valuable Supplementary
Data since they can be used to dismiss otherwise reasonable
spectral matches between organic compounds and modeled
FDOM spectra. Specific organic compounds in marine waters
can reach concentration on the order nanomoles per liter (e.g.,
amino acids, Yamashita and Tanoue, 2003). The plausibility of
the presence of the organic compounds investigated in this
study can be assessed by comparing the information on molar
absorptivity and fluorescence (Table2) with absorbance and
fluorescence levels observed in natural samples. Absorption
coefficients of CDOM in the ocean typically range between 0
and 0.1 m~!, depending on wavelength, geographical location,
and season, while fluorescence typically ranges from 0 to
0.02 Raman units (Stedmon and Nelson, 2015). The molar
absorptivity and fluorescence of an equivalent of 1nmol L~}
yields 35 x 107> to 0.0036m~! for absorbance, and 25 x
107> to 0.038 Raman units for fluorescence for the organic
compounds investigated in this study. Since these values are
within the range of observed signals in natural samples,
it is plausible to assume that they can be constituents of
CDOM/FDOM.

On the basis of molar absorptivity and fluorescence, spectral
matches with the OpenFluor database for indole, tyrosine,
p-cresol, salicylic acid, and L-dihydroxyphenylalanine are
reasonable. However, the ability to match chemical compounds
with  PARAFAC components is limited by the resolving
power of fluorescence spectroscopy, which is defined by the
instrument or chosen by the user in form of excitation
increments. As is clear from Figure3, subtle changes in
chemical structure influence the absorption properties to a
large extent. However, the fluorescence emission spectra are

less variable, and the position and peak width is particularly
influenced by double-bond conjugation. These observations
are especially apparent for indole and tryptophan, as well as
p-cresol and tyrosine, as they could not be unambiguously
distinguished using spectral matching. Therefore, rather than
representing chemical compounds, it is more likely that
PARAFAC components resemble fluorophores (i.e., for example
benzoic acid, phenol, or indole), and are comprised of a
number of organic compounds [as proposed earlier in Stedmon
and Bro (2008)]. The individual compounds within these
fluorophore groups are possibly characterized by drastically
different molar fluorescence and absorbance levels. Therefore,
PARAFAC components should only be assigned to specific
organic compounds if spectral matches with very high Tucker
congruence coefficients (>0.99) are obtained in both excitation
and emission spectra, and measured concentrations appear
plausible on the basis of the molar fluorescence for the assigned
organic compound.

The organic compounds investigated in this study only
exhibited significant quantum yields from 240 to 325nm.
However, a considerable amount of fluorescence in EEMs
occurs at excitation wavelengths above 325nm. It is therefore
necessary to characterize additional organic compounds, and
obtain further spectral matches between organic compounds
and PARAFAC components in order to proceed in linking
optical and chemical properties of DOM. The results shown
here indicate that compounds with extended conjugation will
likely result in visible humic-like fluorescence. However, the
ability to match spectra of organic compounds with humic-
like fluorescence is challenging, since such molecules likely
contain multiple fluorophores that are profoundly affected
in their fluorescence emission maximum and efficiency by
neighboring moieties. For example, this is a known factor
in tryptophan fluorescence of proteins (Vivian and Callis,
2001). An exact match would likely only be found if such a
molecule could be obtained and characterized in its pure form.
Moreover, some factors influencing spectral matching might
also be particularly challenging to recreate in vitro, considering
the large number of possible individual molecules in DOM
(as evident my ultrahigh-resolution mass spectrometry, e.g.,
Hertkorn et al., 2013). For example, large, humic-like molecules
with multiple fluorophores are likely to be particularly influenced
by changes in their matrix with regards to e.g., pH, and ionic
strength (Gao et al., 2015). Moreover, recent studies suggest that
humic-like fluorophores are significantly influenced by charge-
transfer interactions (Sharpless and Blough, 2014). Therefore,
the investigation of the importance of these factors for the
fluorescence of individual organic compounds needs to be subject
of further studies.

CONCLUSIONS

In an effort to link optical and chemical properties of DOM,
matching of fluorescence spectra of organic compounds with
modeled spectra of natural samples provided valuable insights.
In addition, the comprehensive characterization of potential
DOM constituents is vital to assessing their plausibility. However,
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the capability to distinguish between organic compounds using
spectral matching is limited, as many organic compounds
show highly similar spectral properties. This reinforces the fact
that spectral similarity alone is insufficient evidence for the
presence of a particular compound, and PARAFAC components
represent fluorophores, rather than specific compounds. The
presented open-source MATLAB toolbox is a reliable tool
for the systematic investigation of DOM AQYs, as well as
® of organic compounds and paves the way for a more
systematic cross-system analysis of apparent quantum yields. By
investigating simple mixtures of organic compounds, the additive
behavior of ® was demonstrated, and the influence of non-
fluorescent compounds on suppressing AQYs was illustrated.
In connection with these findings, the vertical trends in AQYs
of marine DOM were driven by changes in absorbance levels.
Therefore, DOM AQYs mainly represent an interference of
CDOM absorbance, and indicate changes in the ratio of CDOM
to FDOM.
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