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Abstract

Advancing our understanding of the behaviour of dissolved organic matter (DOM) in aquatic environments
necessitates efforts to combine complementary analytical data sets. However, some analytical measurements
require sample pre-treatment, while others are carried out on bulk water samples, and it remains unclear if the
resulting data sets can be compared. Here, we investigated the impact of solid-phase extraction with PPL resins
on DOM optical properties. In samples from contrasting Arctic fjords, extraction efficiencies based on optical
properties varied spectrally with averages between 31+13% at 411 nm and 40+ 12% at 363 nm for
chromophoric DOM. Similarly, the extraction efficiency for specific fluorescence components varied between
37 £ 16 % and 58 + 18 %. Solid-phase extraction also decreased S,;s.,05, fluorescence index, and the freshness
index, but increased Szso400, and apparent fluorescence quantum yields, indicating that the extraction process was
qualitatively selective. Six fluorescence components identified independently for bulk water and extracted DOM
data using parallel factor analysis exhibited different behaviours. Three had identical spectral properties before
and after extraction, although their extraction efficiencies varied with water mass characteristics and DOM
composition, whereas three other components appeared to change after extraction. With the exception of one
fluorescence component, the dynamics of optical properties in bulk water samples were not accurately reflected
by DOM extracts. These results indicate that solid-phase extraction imparts a qualitative selectivity that leads to
the homogenization of DOM extracts relative to their original samples. Efforts to integrate chemical information

from different analytical methods should prioritize comparisons of measurements obtained on the same samples.
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Introduction

The biogeochemistry of dissolved organic matter (DOM) and its chemical characterization has been the focus of
much research in past decades due to its important role as a carbon and nutrient reservoir (Hansell and Carlson,
2015). Studies increasingly recognize the need to connect findings from different analytical techniques in order
to mitigate the limitations of any single technique and connect between disciplines, such as metabolomics and
metagenomics (Moran et al., 2016). A crucial point to consider, however, is that the analytical windows of
different methods usually only partially overlap. A suite of techniques to quantify and characterize DOM are
available (Fellman et al., 2010; Mopper et al., 2007; Sandron et al., 2015). Some approaches, such as elemental
analysis or absorbance and fluorescence spectroscopy can be used to characterize DOM in its original matrix at
natural concentrations (Stedmon and Nelson, 2015), while other approaches such as nuclear magnetic resonance
(NMR) spectroscopy or ultrahigh resolution mass spectrometry require sample enrichment and desalting prior to
analysis (Mopper et al., 2007). Therefore, efforts to combine output from analytical techniques typically involve
comparisons between bulk water samples and DOM extracts. Howewver, many aspects of extraction remain
poorly quantified. Specifically, there is a need for a comprehensive comparison of optical properties in bulk
water versus extracted samples, in order to assess the severity of extraction-introduced biases and to guide

methodological decisions in future studies.

Solid-phase extraction (SPE) is a popular method for the isolation of organic compounds and salt-removal due to
relatively simple procedures, availability of prepacked cartridges, and relatively high dissolved organic carbon
(DOC) recoveries. In recent years, PPL (styrene divinyl benzene polymer) has emerged as the most-popular
extraction sorbent, able to extract an average of 43 % of deep sea DOC and up to 65 % of freshwater DOC
(Dittmar et al., 2008). The increasing reliance on SPE sorbents has inspired studies focusing on their
representativeness and selectivity primarily for molecular characterizations, since these analytical techniques
largely rely on extracttd DOM. For example, Raeke et al (2016) compared the ultrahigh resolution mass

spectrometry characterization of terrestrial DOM in original (unextracted) versus isolated DOM using PPL and



C18 resins and concluded that SPE did not significantly alter terrestriall DOM mass spectra since poorly-
extracted compounds in any case equated to formulas that cannot be efficiently ionized by electrospray
ionization (Raeke et al., 2016). However, a recent study of specific marine metabolites suggests that the picture
may be more complex; extraction efficiencies for a set of 89 organic compounds varied between compounds and
in some cases depended on the sample matrix for a given molecule (Johnson et al., 2017), suggesting that SPE

can introduce biases depending on environmental conditions.

The effect of SPE using C18 sorbents on the optical properties of fluorescent (FDOM) and chromophoric
(CDOM) fractions has been investigated previously on the basis of raw fluorescence characteristics and
absorbance spectral slopes. Green and Blough (1994) found that C18 extraction of freshwater DOM decreased
CDOM absorbance spectral slopes (slope of an exponential curve fit to CDOM absorbance spectra) and was
most efficient for long-wavelength FDOM, varying from 65 % at 460 nm to 34 % at 330 nm. Boyle et al. (2009)
subsequently verified this trend for a combination of freshwater and marine DOM. Recently, Andrew et al.
(2016) also observed higher extraction efficiencies for long-wavelength CDOM but noted that original and
extracted DOM had similar fluorescence quantum yields and responded similarly to NaBH, reduction, indicating
a high degree of similarity between extracted and original CDOM. However, few studies have compared original
and extracted FDOM obtained with PPL sorbent, and only one has compared pre- and post-extraction samples
using parallel factor analysis (PARAFAC) of emission-excitation matrix (EEM) fluorescence data sets (Murphy
et al., 2018; Rottgers and Koch, 2012). Since EEM-PARAFAC is a widely-used technique for tracing FDOM
fractions and correlations to other analytical measurements are increasingly being reported (Herzsprung et al.,
2012; Kellerman et al., 2018; Stubbins et al., 2014), it is important to investigate the selectivity of extraction

process for DOM fluorescence spectra.

The aim of this study was to compare the optical properties of bulk water DOM with PPL-extracted DOM
originating from the same samples. Specifically, two hypotheses were tested: i) PPL-extraction reduces the

variability in DOM optical properties by extracting similar DOM fractions in different samples; and ii) the



efficiency of CDOM and FDOM extraction with PPL depends on the composition of DOM. These hypotheses
were tested on the basis of spectral extraction efficiencies of bulk CDOM and FDOM, CDOM spectral slopes,

PARAFAC spectra and fluorescence intensities, and apparent fluorescence quantum yields (AQY?s).



Materials and Methods

Sample Collection

Samples were collected onboard R/V Maria S Merian (cruise MSM56, Ecological Chemistry in Arctic Fjords)
over a three-week period in July 2016. The transect encompassed three Fjords: Kongsfjorden (Longyearbyen),
Scoresby Sound (East Greenland), and Arnarfjorour (West Iceland) spanning from 79 °N to 65 °N and 28 °W to

12 °E (Fig. S1).

Water samples were collected at variable depths (1.5 — 1 470 m) with a CTD Rosette equipped with Niskin
bottles, and immediately filtered using pre-combusted GF/F filters (0.7 um, Whatman) by applying a vacuum of
< 200 mbar. Subsamples of the filtrate were stored in pre-combusted 40 mL amber glass vials at 4 °C in the dark
and optical properties were measured within 6 h after filtration (see below). Samples for solid-phase extractions
were immediately acidified (pH 2) after filtration using concentrated hydrochloric acid (Suprapur grade, Merck)
and stored in glass bottles at 4 °C in the dark until further processing. DOM was subsequently solid-phase
extracted using PPL-resins as described previously (Dittmar et al., 2008). Briefly, PPL cartridges (200mg,
Agilent Technologies) were rinsed with 6 mL methanol (Suprapur grade, Merck) and preconditioned with 6 mL
acidified ultrapure water (pH 2 using hydrochloric acid, ultrapure water > 18.2 MQ). Five hundred mL acidified
sample was applied to the cartridge under gravity and inorganic residues were subsequently removed with 6 mL
acidified ultrapure water. Cartridges were dried using N, (purity grade 5.5) and stored at -20 °C until elution of
DOM with ca. 600uL methanol (exact volume was determined for each sample by weight). Samples were
subsequently stored at -18° C. In total, 191 FDOM samples and 216 CDOM samples were taken that

encompassed a salinity and temperature range of 10.6 to 35.1 PSU and -1.7 to 11.7 °C, respectively (Table S1).



Spectroscopic measurements

Spectroscopic measurements of original bulk water samples were carried out onboard. Fluorescence
measurements of bulk samples were obtained using a HORIBA AqualLog fluorometer with a 10 mm quartz
cuvette, while absorbance was measured using a Shimadzu UV2401PC spectrophotometer with a 100 mm quartz
cuvette. Fluorescence emission was detected in the range of 240 — 600 nm (increment ~3.3 nm) with an
integration time of 15 s at excitation wavelengths between 240 nm and 450 nm (increment 3 nm between 240
and 360 nm, 9 nm between 360 and 450 nm). Accuracy of the excitation monochromator, emission detector, and
the optical immaculacy of cuvettes were validated daily following a previously described protocol (Winsch et

al., 2015).

For extracted samples, 50 pL of DOM extract (in methanol) was dried using a gentle stream of N, at room
temperature, reconstituted in 4mL 150 mM ammonium acetate (pH 7) in pre-combusted, amber glass vials, and
equilibrated at room temperature for 30 minutes. These buffer conditions were chosen since additional size-
exclusion separations performed on the same samples necessitated these conditions. The possible influence of
buffer conditions is discussed below. Since all extracted samples were measured in ammonium acetate, this
buffer was also used as the spectroscopic blank and new blanks were measured for every batch of buffer. Due to
sample volume constraints, fluorescence and absorbance of extracted samples were both measured using a
HORIBA AqualLog with identical instrument settings (wavelength ranges and increments) compared to the
original samples (except for a lower fluorescence integration time of 8 s, accounting for higher concentrations).
A separate absorbance measurement was carried out after the measurement of fluorescence EEMs to measure
absorbance between 240 and 600 nm at increments matching the fluorescence excitation. Signals obtained in an

SPE methanol extract Xmetanor are related to the original signals Xor, as follows:

_ Vextraction
X Methanol = xorg * Vetution (Eq 1)



where Veracion IS the volume of original water that was extracted (0.5 L), and Veuion S the methanol elution
volume (determined by weight for every sample, usually ca. 600 pL). EEM fluorescence and CDOM absorbance
in a dried and reconstituted aliquot (Xaiqot) Can thus be corrected for the SPE enrichment to recover the original

signal xpp, as follows:

Vetution * Vbus fer
XppL = Xaliquot - - , (Eq. 2)
Vextraction* Valiquot

where, Vyrer is the volume of ammonium acetate that the sample was reconstituted in (0.004 L), and Vajiqut IS the
volume of methanol extract that was dried before reconstitution in ammonium acetate (50 pL). This results in a
unitless, sample-specific factor that is used to account for the enrichment during the extraction. Apparent
extraction efficiencies E were calculated as the ratio between extracted and original CDOM absorbance (as
function of wavelength), FDOM fluorescence (as function of emission and excitation wavelengths), and Fax-
values of corresponding PARAFAC components (product of component score, and the spectral maximum of

emission and excitation loadings, expressed in the same unit as fluorescence EEMs, i.e. Raman units) as follows:
Xorg

where Xpp. Was the measured signal in the PPL extract, and X, Was the corresponding signal measured in the
original sample. Since the calculation of extraction efficiencies partially involves comparisons between signals
with low overall intensities, some signal-to-noise-based filters were applied to exclude heavily affected signals
from further analysis (Fig. S2, a detailed description can be found in the Sl). It should be stressed that since
absorbance and fluorescence are physical phenomena related to structural characteristics of organic compounds
rather than intrinsic properties with known molar absorbance and fluorescence, the calculated values of E

represent apparent, rather than absolute, extraction efficiencies.



The fluorescence data was processed in MATLAB (v9.4, Mathworks Inc.) using the drEEM toolbox [version
0.3.0, Murphy et al. (2013)]. Briefly, data were corrected for inner filter effects using the absorbance-based
method (Kothawala et al., 2013) and normalized using the Raman peak area at 350 nm (integration between 378
and 424 nm). Frist and 2™ order physical scatter was removed and not interpolated. Freshness index (Wilson and
Xenopoulos, 2009), fluorescence index (Cory and McKnight, 2005), Sso0600 (Jerlov, 1968; Markager and
Vincent, 2000), S,75.205, S350-400 (Helms et al., 2008), and apparent fluorescence quantum yields (Winsch et al.,
2015) were calculated as described in the respective references. A summary of all optical parameters along with

their definition and a description is listed in Table S2.

It should be noted that pH and ionic strength were sources of variation between bulk water and extract samples
(pH 7, ionic strength 0.15 M in extracts versus pH ~8, ionic strength 0.2 -0.7 M in bulk waters). The impact of
pH differences on CDOM and FDOM was investigated for a set of 10 diverse coastal and marine PPL extracts
(Timko, 2015; Timko et al., 2015) and determined to be subtle (Table S3, Figs. S3-4; experimental details are
provided in the SI). When comparing optical properties at pH 7 to those at pH 8, systematic differences in pH
did not change CDOM spectral slopes by more than 0.75 um™, did not change fluorescence indices significantly,
led to relative changes of AQYs of < 2%, and lowered extraction efficiencies by < 4%. Additionally, our
analyses indicated that changes in pH did not lead to significant changes in PARAFAC spectra of a Suwannee
River NOM extract (International Humic Substances Society standard 2R101N). Past studies have concluded
that the ionic strength of the matrix does not significantly affect FDOM EEMs (Boyd and Osburn, 2004; Mobed
et al., 1996; Osburn et al., 2014), or the absorbance of bulk CDOM (Guo et al., 2007). However, more recent
work concluded that ionic strength may influence CDOM absorbance in a similar fashion as pH (Gao et al.,
2015). Thus, in addition to pH, differences in the ionic strengths between bulk-water and DOM extracts could
also have lowered the apparent extraction efficiencies of CDOM. However, since the range of ionic strengths

range investigated in previous studies was outside the range of seawater samples measured in our study, a



quantification of the effect was not possible. Further aspects of the inorganic matrix as source of error in

comparisons between bulk samples and DOM extracts are discussed below, and in the SI (SI, Fig. S5).

Chemometrics

The underlying components of fluorescent DOM were isolated with PARAFAC using the drEEM toolbox for
Matlab (Murphy et al., 2013). A set of 191 corresponding bulk water and extracted FDOM samples were
independently modeled as separate datasets. Models with different numbers of components were explored (five
to seven components). Ultimately, a six-component model was found to be most appropriate for both datasets.
Both models were successfully validated using the split-half validation of random halves (Figures S6-7). The six
component models had core consistencies of 1.5 and 1.4 % and explained 99.5, and 99.9 % of the dataset
variability for original samples and extracted FDOM, respectively. Components were named according to their
fluorescence emission maximum. The Tucker congruence coefficient (TCC) was used to assess spectral
similarity between PARAFAC fluorescence spectra of bulk water samples and extracted DOM (Lorenzo-Seva

and ten Berge, 2006). The cut-off for sufficient spectral congruence was set as TCCecitation X TCCemission > 0.95.

To determine differences in parameters between original and extracted samples, one-sided analysis of variance
tests (ANOVA) were performed. Furthermore, a principle component analysis (PCA) was carried out to explore
relationships between extraction efficiencies of PARAFAC components and water mass and DOM composit ion.
To do so, all included parameters were centered by subtracting the mean and scaled by dividing by the vector

norm.



Results

The optical properties of the original water samples were typical for marine DOM: CDOM absorbance increased
approximately exponentially with decreasing wavelength and averaged 0.15 + 0.07 m™ at 375 nm. Examples of
typical CDOM absorbance spectra and FDOM EEMs are shown in Figure S8. Spectral slopes averaged
20.5+2.8, 28.1+2.9, and 20.5+ 4.8 pm™ for Szp-00, So75-205, aNd Sazso-400, Fespectively. Fluorescence EEMs
featured typical peaks consistent with peak A, T, M, and C (Coble, 2007) with averages of 0.04 +0.01,

0.02 + 0.007, 0.02 +0.008, and 0.02 + 0.008 Raman Units (R.U.), respectively.

Spectral extraction efficiency of CDOM and FDOM

For the sum of absorbance and fluorescence (referred to as bulkk CDOM and FDOM), extraction efficiencies
were significantly different (average values for bulkk FDOM 39.0 + 5.8 %, and bulk CDOM 34.6 +7.5 %, one-
sided ANOVA p<0.01). Spectral extraction efficiencies were calculated for every sample using CDOM
absorbance spectra and FDOM fluorescence EEMs of original and extracted water samples. Average CDOM
absorbance extraction efficiencies varied from a maximum of 39.5+12.3% at 363 nm to a minimum of
30.7 £ 13.4 % at 411 nm. Efficiencies could not be reliably determined above 418 nm since more than 50 % of
CDOM absorbance measurements were below the limit of detection (Figure S2). Average CDOM extraction
efficiencies generally featured two regions. The first was below ca. 360 nm, where the average extraction
efficiency showed an increase from 31.5 + 4.5 % at 240 nm to the maximum at 363 nm. The second region, from

363 nm to 411 nm featured steadily decreasing extraction efficiencies (Fig. 1a).

The bulk FDOM extraction efficiencies also varied spectrally but grouped in certain EEM wavelength regions
(Fig 1b). Overall, extraction efficiencies seemed to follow fluorophore-like patterns in the wawelength ranges of
predefined peaks (Coble, 2007). For example, high efficiencies of approximately 43 = 8 % were observed in the
region of peak C (excitation 260 — 350 nm, emission 350 — 450 nm). On the other hand, low efficiencies of

approximately 31 +6 % were observed in the region of peak D (excitation 260 — 300 nm, emission 450 —



550 nm). A second region with similarly low efficiencies was located at similar emission wavelengths at
excitation 360 — 420 nm. Higher, and more variable efficiencies were observed above excitation 340 nm and

emission 500 nm (Fig. 1b-c).

Absorbance and spectral slopes

If extracted materials reflect the variability and underlying properties of their original samples, the spectral
variability of CDOM absorbance within a dataset of extracts should mirror that of the original bulk water
samples. In order to assess this, the standard deviations of CDOM spectra for each dataset were calculated. To
focus on qualitative differences, all spectra were first divided by their integral, giving each sample a similar
leverage. For simple, variable mixtures, the standard deviation of normalized spectra may reveal parts of the
absorbance properties of underlying chromophores. However, the bulk-water standard deviation spectra did not
reveal much structure, but rather featured two main regions (Fig. 2a). In the region between 240 and 300 nm,
variability was greatest, increasing towards shorter wavelengths. In the region above 300 nm, the variability was
lower with a broad peak centering at approximately 370 nm. CDOM absorbance in solid-phase extracts showed
notably less variability (lower standard deviations) than in the bulk water samples, and only near 300 nm was the

standard deviation of both datasets similar in magnitude.

Spectral slopes of original and extracted CDOM were compared in order to investigate if solid-phase extractions
impacted the overall values and relative changes of these popular optical proxies (Fig. 3a). With average values
of 20.5+ 2.8 and 20.5+ 1.7 pm™, Ss00.600 did not differ significantly between original and extracted samples
(one-sided analysis of variance (ANOVA), p =0.88), although the variability was less for the extracted
materials. Conversely, average values for the spectrally narrower slopes S,7s.05 and Saso.400 differed between the
bulk water samples and the solid phase extracts. S,.,0s Was significantly lower in the extracts, having an
average of 28.1 = 2.9 in bulk water samples but only an average of 26.0 £ 2.4 um'1 in extracts, while S;5q.490 ON

the contrary increased from an average of 20.5 + 4.8 to 24.3 + 3.3 um™ (one-sided ANOVA p<0.01 in both



cases). While all spectral slopes of extracted samples were significantly correlated to bulk water samples
(p < 0.01, Fig. S9), Pearson R*-values were low (0.30, 0.52, 0.07, for Szoo-s00, Sars-205, Saso-ac0, respectively). Ssoo.
o0 Nas been shown to increase with decreasing molecular size (Green and Blough, 1994; Wiinsch et al., 2018),
but its relationship with a;;s has also been used to indicate qualitative differences between CDOM from different
sources (Stedmon and Markager, 2001). The comparison between original samples and extracted material clearly
indicated a loss of variability in extracted samples and a significant alteration of the relationship between Szpg.00

and as;s (Fig. S10).

Fluorescence

As seen with absorbance, the variability in the fluorescence of the extracted materials was lower than in the bulk
samples (Fig. 2b-c). In the area of peak T (Ex/Em 275/ 350 nm), the standard deviation was lower in extracted
materials by a factor of two, while in the area of peak D (excitation > 380 nm, emission >450 nm), it was higher
by a factor of up to 1.5, and equal in the area of peak A and C (excitation 260 — 300, emission 400 - 500). It was
also notable that compared to the bulk water FDOM standard deviation EEM, the extracted materials showed
more distinct gaussian-shaped peaks (Fig. 2c, e.g. excitation 300 nm, emission 400 nm and excitation 430 nm,
emission 510 nm). Fluorescence index and freshness index decreased significantly from 1.67 +0.12 to
1.56 + 0.05, and 0.90 £ 0.09 to 0.81 + 0.05 (one-sided ANOVA p < 0.01 in both cases, Fig. 3b). Moreover, while
significantly correlated (p < 0.01), the freshness and fluorescence index of extracted samples was a poor predictor
of corresponding values in bulk water samples (Pearson R* 0.08, and 0.31, for fluorescence and freshness index,
respectively, Fig. S9). Apparent fluorescence quantum vyields increased significantly in the range of excitation
261 to 351 nm. For example, at 276 nm, AQYs increased from an average of 1.66 +0.31% in bulk water
samples to 3.12+0.35% for extracted samples (one-sided ANOVA p<0.01, Fig. 3b). Similar to the
fluorescence indices above, the AQY of extracted samples at 276 nm was also not a good indicator of the

corresponding bulk water AQYs (Pearson R*=0.29, p < 0.01, Fig. S9).



For each of the bulk water and solid-phase extracted FDOM data sets, a six-component PARAFAC model was
successfully validated. The model of the bulk water samples featured components with emission maxima at 330,
350, 410, 420, 440, and 500 nm (components will henceforth be referred to by these emission maxima). A six-
component model of the extracts was only slightly different (Fig. 4). Css, Ca, and Cy exhibited Tucker
congruence values exceeding 0.96, while Cssp, Cas0 and Csy differed in either their excitation or emission

spectrum, resulting in overall congruence values between 0.88 and 0.91 (Table S4).

Under the assumption that the components in each model (Fig. 4) corresponded directly despite partially
changed spectral properties, F..-values were compared. In all but seven of 1,146 paired comparisons (6
components in 191 samples, 0.6 %), F.x of the extracted PARAFAC component was lower than in the original
sample FDOM (Fig. 3c, one-sided ANOVA, p-value < 0.01). Also, for all components, the variability in Fpax
values was much lower in the extracted than the bulk samples (Fig. 3c). Awerage extraction efficiencies were
different for all components, averaging 45 + 14 %, 58 £ 18 %, 49 £ 15 %, 37 £ 15 %, 32 £ 7 %, and 17 + 4 % for
Cs30, Cas0, Ca10, Caz, Caso, and Csoo, respectively (Table 1). Extraction efficiencies varied visually between
components with respect to their distribution (Fig. 5). Compared to the bulk FDOM extraction efficiency
(average 39.0 + 5.8 %), C,10 and Css, extracted with greater efficiencies, while Csoo, and C,40 Were extracted less
efficiently and C,4,0 most closely followed the bulk FDOM extraction efficiency. The distribution of extraction
efficiencies of all components did not resemble unimodal normal distributions; rather, they featured visibly
distinct, overlapping populations of extraction efficiencies (Fig. 5). With the exception of C,.0, the Fiux-values of
extracted PARAFAC components were relatively poor predictors of bulk water fluorescence (Fig. S11). In all
comparisons, Fn.-values of extracted samples were significantly correlated with corresponding bulk water
values (p < 0.01), although R*-values were generally relatively low (Pearson R? = 0.14 (Csy), 0.38 (Csso), 0.66
(Cu10), 0.71 (Cus0), and R? = 0.42 for Csgo). However, F of the extracted C,powas a good predictor of the bulk

sample fluorescence intensities of Cyy (R* = 0.92).



Since multiple factors, such as salinity, sample origin, and DOM composition may influence the extraction of
DOM, a PCA model was used to explore the variation in extraction efficiencies of spectrally congruent
PARAFAC components (Csso, Ca10, Caz) along with CDOM absorbance at 254 nm. Principle components one
(PC1) and two (PC2) explained 29.48 and 21.45 % of the variability (Fig. 6). The extraction efficiency of Cji
was negatively correlated to salinity, while the extraction efficiencies of Csso, Cu20, and CDOM absorbance at

254 nm were correlated with spectral slope values.



Discussion

The extraction of DOM using the PPL resin led to a reduction in absorbance and fluorescence signals
(Figs. 1,3,5), as well as changes in spectral properties of CDOM and FDOM (Figs. 24). These differences
between bulk samples and extracted DOM may originate from the extraction process itself but can also be
caused by disturbances that affect the comparison attempted in this study. In the following section, we first
evaluate the various sources of error and then proceed to discuss the potential impact of solid-phase extraction

on the optical properties of DOM.

Matrix effects and modeling arte facts

Before attributing differences of optical properties (Figs. 2 - 4) between bulk water and extracted DOM to the
selectivity of the extraction process with PPL, the potential influence of different sources of error should be
evaluated. Here, we consider three potential sources of error and attempt to quantify their relative importance in
this study. (i): Differences in the inorganic matrix of bulk water and extractted DOM influencing the optical
properties of chromophores; (ii): The partial removal of non-chromophoric DOM during the extraction causing
changes in optical properties of extracted DOM; (iii): Different signal-to-noise ratios and overall noise structures

in bulk water and extract DOM data sets leading to artefacts in comparisons and PARAFAC modeling.

The inorganic matrix as a potential source of error (point i above) requires the consideration of two factors.
Firstly, since absorbance and fluorescence are physical phenomena, they depend on the solvent used during
measurements. Compared to the average seawater conditions (pH 8, ionic strength 0.7 M), extracts were
measured at lower pH and lower ionic strength (pH 7, ionic strength 0.15 M). Based on previous work (Boyd
and Osburn, 2004; Guo et al., 2007; Mobed et al., 1996), as well as on a pH titration experiment (see Sl, Figs.
S2-3), we conclude the potential bias introduced by systematic differences in the inorganic sample matrix did not

exceed the uncertainties reported for optical parameters and extraction efficiencies.



Secondly, there will inevitably be differences in the inorganic matrix between bulk DOM (featuring a variable
inorganic matrix, especially when spanning a large geographical range) and DOM extracts (featuring constant
solvent composition) that may introduce artificial differences between bulk samples and extracted DOM. If bulk
water matrices significantly impact the spectral characteristics of DOM fluorescence moieties, then they will
also affect the PARAFAC decomposition. In contrast, in PPL extracts measured at constant conditions, there will
be no spectral shifts caused by the inorganic matrix. Our investigation on the influence of pH (Fig. S2-3), and
previous work focusing on ionic strength (Boyd and Osburn, 2004) indicated that pH and ionic strength would
not have impacted the fluorescence properties sufficiently to explain changes observed in our study (Figs. 2, 3a-
b, 4). In contrast, for CDOM absorbance, a recent study estimated the effect of ionic strength and found it to be
similar to the effect of pH (Gao et al., 2015). Since, in this study, bulk CDOM was measured across a wide
salinity range (10.6 — 35.1 PSU), the variability of bulk CDOM (Fig. 2a) could have in part reflect changes in
ionic strengths between samples. However, our investigation of absorbance in different salinity ranges indicated
that compositional change, rather than ionic strength, was the primary mechanism for variability in bulk CDOM
(SI, Fig. S5). The differences in optical properties caused by variable bulk-water matrices thus appeared to fall

within the range of uncertainty associated with characterizing a large sample set.

The loss of non-chromophoric DOM during the extraction (point ii above) may also have contributed to the
differences in optical properties between bulk sample and extracted DOM through the conformational
reorganization of extracttd DOM. Significant changes in the optical properties of Tryptophan, caused by
interactions with non-chromophoric moieties in peptides and proteins, have been demonstrated (Vivian and
Callis, 2001). The loss of high-molecular size DOM in extracts hints at conformational changes when DOM
undergoes extraction (Raeke et al., 2016). However, compared to amino-acid fluorescence in proteins, the
relationship between the three-dimensional supramolecular assembly of DOM and its optical properties is not
well understood. For fluorophores in pure solutions, the position and broadness of fluorescence emission is

generally connected to the degree of double bond conjugation, while the substitution of the central aromatic



structure influences a fluorophore’s absorbance spectrum (Winsch et al., 2015). The exact three-dimensional
assembly of DOM could have similar impacts through electronic interactions between quasi-stable assemblies
that may change after the removal of a significant portion of DOC. For the PARAFAC components in our study,
relatively low spectral similarity of Css9, Cy40, and Cse Was due to significant matches in either excitation or
emission spectra and disagreement in the other spectrum. In the light of a conformational reorganization of
DOM, this could indicate distinct changes in the assemblies influencing the properties of DOM’s chromophores.
However, due to the complexity of DOM, the conformational changes remain unknown and their exact impact

on the optical properties of extracted DOM cannot be quantified.

Finally, artefacts stemming from different noise level and structures in the compared data sets (point iii above)
can also be a significant source of error, particularly for PARAFAC modeling. Due to the nature of the
respective samples, both investigated data sets have different average signal-to-noise ratios (Fig. S7), feature
different overall noise-structures (Fig. 2b-c), and show different degrees of autocorrelation between
concentrations of DOM constituents (here: chromophores). Importantly, these factors do not necessarily favor
the analysis of DOM extracts over bulk samples, and strongly depend on the dataset. The significant influence of
measurement noise was particularly visible in bulk CDOM extraction efficiencies (Fig. 1), where the uncertainty
in extraction efficiencies exceeded the potential influence of pH and ionic strength (as discussed above).
Moreover, the lower absorbance values registered in DOM extracts in particular led to the exclusion of many
samples at wavelengths > 400 nm and thus prevented the reliable determination of extraction efficiencies at these

wavelengths.

While the carbon concentration, and thus signal-to-noise ratios in extracts would be expected to favor DOM
extracts, the selective extraction process (as discussed below) might lead to increased levels of autocorrelation
between fluorescence signals. In severe cases, the occurrence autocorrelated fluorescence components violates
the variability assumption of PARAFAC and can lead to physically and chemically meaningless model solutions

(Murphy et al., 2013). In the present study, such correlations were overall not severe, but occurred less severely



in the bulk sample data set (0.01 < R*< 0.8, average 0.27) compared to the DOM extracts (0.17 < R*< 0.82,
average 0.55). Thus, the combined modeling of both data sets could improve adherence to the variability
assumption of PARAFAC. However, attempts to fit one model to both data sets, or fitting the extract DOM
mode| to bulk samples (and vice versa) led to significant residuals or improper representations of fluorescence in
one or both data sets. While difficult to quantify, modeling artefacts likely influenced the PARAFAC solutions
to some degree since a recent study has demonstrated that PPL extracts contain spectrally indistinguishable
fluorescence fractions compared to their bulk samples (Murphy et al., 2018). In cases where changes in
fluorescence properties are apparent (Csso, Ca0, Cs00) Caution is warranted when interpreting apparent extraction
efficiencies, as the reported values can be severely influenced by modeling artefacts. The respective components

were therefore excluded from in-depth analysis (e.g. Fig. 6).

Impact of solid-phase extractions on CDOM absorption

The PPL-resin extracttd CDOM with spectrally-variable extraction efficiencies, indicating selectivity in the
extraction procedure. The CDOM extraction efficiencies for PPL were similar to those previously reported for
the C18 resin (Green and Blough, 1994). However, PPL extracted less long-wavelength absorbing CDOM. This
coincided with a loss of spectral variability in extracted materials, particularly at long wavelengths (> 370nm).
Because long-wavelength absorbing CDOM is associated with larger-average-molecular-size DOM (Helms et
al., 2008; Reader et al., 2015), the low recovery of CDOM at long wavelengths could point towards a loss of
large- molecular-size material during the extraction with PPL. However, we observed no significant changes in
Ss00-600 TOr PPL extracts, although average values of S,75.,95 increased and Szso.400 decreased significantly. Also,
considering that none of the spectral slopes in extracted samples were accurate predictors of bulk water CDOM
slopes, our results point towards complex gualitative changes in CDOM rather than a preferential extraction of
certain size fractions. The relationship between Szu.600 and azz in extracted samples furthermore showed that
PPL extractions reduced spectral variation in CDOM by extracting particular fractions of CDOM (Figure S9).

This selectivity seemed in part to depend on the character of the bulk DOM that was subjected to extraction,



since the PCA analysis indicated covariance between CDOM extraction efficiency at 254 nm and shifts in DOM
character as observed by Ssp0.c00 (Fig. 6). Together, these results indicate that solid-phase extracts do not

accurately reflect the variability of bulk water samples.

There is evidence that long-wavelength absorption by CDOM may arise from charge transfer interactions
between donor and acceptor molecules (Del Vecchio and Blough, 2004) although this has been recently
challenged (McKay et al., 2018). In the context of the charge-transfer hypothesis, the preferential loss of, and
decreased variability in, long-wavelength absorbance, may point towards a disruption of charge-transfer in DOM
extracted with PPL. Andrew et al. (2016) reported that the C18-resin retains long-wavelength absorbing material
efficiently and that C18 extract responded similarly to chemical reduction with NaBH, compared to bulk water
DOM, indicating representative recovery of the moieties involved in charge-transfer interactions. Thus, PPL-
extractions appear to show opposite selectivity compared to C18 extractions. Comparisons between C18 and

PPL extracts could aid the investigation of charge-transfer as potential model for the photophysics of CDOM.

Impact of solid-phase extractions on FDOM properties

The wavelength dependence of FDOM extraction efficiencies (Fig. 1b) indicated that PPL did not recover
different FDOM fractions equally well. Green and Blough (1994) reported that C18 recovers between 34 and
65 % of FDOM at different excitation wavelengths. Here, the PPL resin recovered 39 % of FDOM on average,
which is similar to typical DOC recovery rates of around 43 % (Dittmar et al., 2008). The fact that bulk FDOM
extraction efficiencies were in the same range as bulk DOC suggests that the loss of DOC during extractions is
reflected in a comparable loss of FDOM. However, the extraction process impacted the composition of FDOM.
For example, the fluorescence and freshness index, both popular proxies used to indicate compositional changes
of DOM, were decreased by extraction [making extracts appear to be both ‘more terrestrial’ and ‘older’ than

bulk samples (Cory and McKnight, 2005; Parlanti et al., 2000)], suggesting a change in character that did not



reflect the bulk water samples. Moreover, none of the investigated fluorescence indices of extracted samples

accurately reflected the changes in bulk water samples (R* <0.31 in all cases).

Spectral decomposition of the fluorescence data using PARAFAC revealed that extracted and original FDOM
consisted of spectrally-similar underlying fluorescence components. Components Czsg, Cai, and Cyy Were
indistinguishable in both the bulk water and extracted data sets, indicating that solid-phase extractions retained
the characteristics of the associated fluorophores, whereas spectral differences were observed for Cssy, Cuso, and
Csoo. The recovery rates of spectrally unchanged fluorescence components differed significantly from the
average rates found for bulk FDOM. High variability in average recovery rates also led to an inaccurate
reflection of bulk water F..-values by corresponding extracts. The principle component analysis revealed that
extraction efficiencies of PARAFAC components were partially-correlated to water mass and DOM
characteristics. However, C,5, was a notable exception, since its extraction efficiency was least influenced by
DOM composition or water mass characteristics (Fig. 6), and Cy4’s fluorescence intensities were strongly-

correlated between extracts and corresponding bulk water samples.

In addition to providing a means to concentrate DOM and separate it from its saline matrix, solid-phase
extraction can also be seen as a simple chromatographic technique that distinguishes two DOM fractions based
on their affinity to the resin (retained and lost during the extraction). Importantly, if PPL extracts are
representative of bulk water DOM, then recoveries should be similar for all fractions. Moreover, if PARAFAC
components are specific proxies for distinct, isolated chemical compounds, then extraction efficiencies should be
normally distributed since they would interact with PPL in a characteristic, predictable fashion. However,
numerous recent studies indicate that fluorescence components are part of supramolecular assemblies with larger
molecular size (Cuss and Guéguen, 2015; Romera-Castillo et al., 2014; Wiinsch et al., 2018, 2017) and that a
single fluorescence component may track a range of molecular formulas (Herzsprung et al., 2012). Consistent
with the picture that fluorescence components represent extremely diverse classes of DOM, PARAFAC

components were recovered with variable average extraction efficiencies. Since PPL is known to retain



moderately-polar to nonpolar substances (Dittmar et al., 2008), these components must be associated with a wide

range of DOM of varying hydrophobicity.

Previous studies have directly correlated measurements on bulk DOM with measurements on DOM extracts in
order to identify apparent links (Herzsprung et al., 2012; Kellerman et al., 2018; Stubbins et al., 2014). For
example, Stubbins et al. (2014) reported that protein-like fluorescence (similar to Csso and Csso in our study)
correlated with 14% of molecular formulas detected in PPL extracts, while a long-wavelength fluorescence
component (resembling Csgo in our study) correlated with fewer than 1% of formulas. Since our results indicate
that Csso should be extracted with much higher efficiency (58 %) than Csoo (17%), this result may in part be
attributable to differences in extraction efficiencies. Stronger correlations, in particular for poorly extracted
components, can likely be established in future studies if both measurements are performed on extracted

samples.



Implications and perspectives

Our findings have important implications for studies seeking to combine DOM optical measurements with
molecular-level characterizations of extracted DOM in the pursuit of either rapid approaches to tracing specific
DOM fractions, or a better understanding of the origins of the optical signals. While bulk water and extracted
DOM contain similar fluorescence fractions, their relative proportions differ. Also, the extraction process serves
to homogenise DOM composition trough the inherent selectivity of the extraction resin. Therefore, if
relationships exist between the molecular characteristics and optical properties of extracted DOM, it is likely that
they can be extrapolated to bulk samples. However, links between chemical and optical DOM datasets should
always be established using measurements performed on samples subject to identical pre-treatment (e.g. PPL
extraction). Routinely measuring optical properties on both bulk water and extracted DOM would be valuable

since it would allow extrapolation of these established relationships to bulk water DOM.

The recovery of DOM optical signatures in this study depended partly on water mass and DOM characteristics.
Apparent differences between samples at the opposite ends of environmental gradients may therefore reflect
extraction biases in addition to differences in DOM source material. Our study highlights the potential for
misrepresenting bulk DOM biogeochemistry when relying on a single, selective sample pre-processing
technique. However, this risk also extends to the widespread reliance on single characterization techniques. It is
thus of great importance that analytical techniques that exclusive ly characterize extracted materials are linked to
techniques that are capable of characterizing both bulk water and extracted samples. This is necessary to
leverage the superior analytical depth of advanced techniques relying on DOM extracts, such as high-resolution
mass spectrometry, to interpret in-situ DOM measurements that provide superior spatio-temporal resolution,

such as in situ fluorescence and absorbance sensors.
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Table 1: Awverage extraction efficiencies of PARAFAC components. Standard deviations are provided to indicate ranges. ¢*’

indicates that given extraction efficiency was calculated between components with low spectral congruence.

Component Mean Extraction Mean bulk extraction

efficiency efficiency at Fpax
Cazo™ 0.45+0.15 0.40+0.12
Csso 0.58 + 0.18 0.40+0.10
Cao 0.50 £ 0.15 0.40 £ 0.07
Ca20 0.37 £ 0.16 0.43 +0.08
Caao 0.33+£0.07 0.39+£0.75
Csoo 0.17 £ 0.04 0.32 £ 0.09
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Figure 1: Extraction efficiencies of CDOM and FDOM. (a) shows average extraction efficiencies of CDOM as a function of
absorbance wavelength (gray area shows standard deviation). (b) shows the average FDOM extraction efficiency and (c) shows
the standard deviation of extraction efficiencies. CDOM extraction efficiencies are only shown for wavelengths < 418 nm since

more than 50 % of values were below the limit of detection above 418 nm.
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Figure 2: Spectral variability of CDOM and FDOM. (a) shows the spectral variability of original CDOM (black line) and
extracted CDOM (blue line). (b) and (c) show the qualitative variability of original and extracted FDOM, respectively. All CDOM
and FDOM spectra were normalized by their integral to facilitate the qualitative comparison. Color scales in (b) and (c) are equal

to facilitate direct comparison of variabilities.
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Figure 3: Comparison of optical properties between original and extracted CDOM (a) and FDOM (b-c). FI: FDOM fluorescence
index; Frl: FDOM freshness index. CDOM Spectral fits (a) were restricted to R? > 0.99. This restriction resulted in 188, 197, and
70 comparable samples for spectral slopes for Szpe00, S275.205, and Sas400, Fespectively. Average values are shown as horizontal,

solid, black line. In (c), the * denotes comparisons between components with Tucker congruence values < 0.95.
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Figure 4: Comparison of six-component PARAFAC models fit independently to original (black lines) and extracted (blue lines)

DOM samples. Spectral congruence coefficients are shown above each plot. Excitation spectra are shown as dashed lines and
emission spectraas solidlines.
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Figure 6: Principal Component Analysis biplot of extraction efficiencies and biogeochemical parameters. Scores are shown as
dots and colored according to sample location (see Figure S1 for station locations). Loadings of extraction efficiencies are colored
red (named e.g. Eqy), relative PARAFAC F.«-Vvalues are black, and temperature (“Temp.”), salinity (“Sal.”), and spectral slope
(S300600) are blue. Extraction effidencies of Cazp, Cas9, and Csog Were not included in the analysis due to low spectral congruence

between bulk water samples and extracted DOM.

Graphical abstract
Highlights:
» Solid-phase extraction occured at spectrally-variable recoveries for CDOM and FDOM
» Extraction changed widely-used fluorescence indicies and CDOM slopes
» Three of the six whole-water fluorescence components changed upon extraction
» Unchanged FDOM components were extracted with efficiencies between 37 and 58 %

« Extracts did not accurately reflect changes of most optical properties in bulk samples



