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Abstract

Dissolved organic matter (DOM) in the transition zone from freshwater to marine systems was analyzed with
a new approach for parameterizing the size distribution of organic compounds. We used size-exclusion chroma-
tography for molecular size analysis and quantified colored DOM (CDOM) on samples from two coastal envi-
ronments in the Baltic Sea (Roskilde Fjord, Denmark and Gulf of Gdansk, Poland). We applied a Gaussian
decomposition method to identify peaks from the chromatograms, providing information beyond bulk size
properties. This approach complements methods where DOM is separated into size classes with pre-defined fil-
tering cutoffs, or methods where chromatograms are used only to infer average molecular weight. With this
decomposition method, we extracted between three and five peaks from each chromatogram and clustered
these into three size groups. To test the applicability of our method, we linked our decomposed peaks with
salinity, a major environmental driver in the freshwater-marine continuum. Our results show that when mov-
ing from freshwater to low-salinity coastal waters, the observed steep decrease of apparent molecular weight is
mostly due to loss of the high-molecular-weight fraction (HMW; >2 kDa) of CDOM. Furthermore, most of the
CDOM absorbance in freshwater originates from HMW DOM, whereas the absorbing moieties are more equally

distributed along the smaller size range (< 2 kDa) in marine samples.

The aquatic pool of organic carbon is one of the largest
dynamic carbon reservoirs on Earth, comparable to the atmo-
spheric CO; reservoir (Jiao et al. 2010). Most of this aquatic
organic carbon is in dissolved form (dissolved organic carbon,
DOC), which is the main fraction of dissolved organic matter
(DOM) and often used as a proxy to understand overall DOM
biogeochemistry. Riverine inputs are significant sources of ter-
restrial DOM to the oceanic carbon pool (Cole et al. 2007).
During the passage along the estuarine gradient, the DOM
dynamics are driven by two different general mechanisms:
mixing of freshwater with seawater and biogeochemical
processing (Stedmon and Markager 2003; Boyd and
Osburn 2004; Asmala et al. 2016). Deviations from conserva-
tive mixing between fresh and saline end-members can be uti-
lized as indicators for biogeochemical processing along the
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salinity gradient (Massicotte et al. 2017). Previously, it has
been shown that apparent molecular weight (i.e., the size of
the DOM molecules) does not conform with conservative
mixing, but decreases rapidly with increasing salinity, and
faster than the colored fraction of DOM (CDOM) (Sholkovitz
et al. 1978; Zhou et al. 2016; Asmala et al. 2018). This implies
that the molecular composition of DOM can change in a pro-
found way during transport from land to sea and importantly,
these changes can be observed with optical measurements.
There are large differences in typical DOM molecular size dis-
tributions between freshwater and marine systems. The pro-
portion of large DOM molecules (molecular weight > 1 kDa) of
the total DOM pool decreases from 50% to 20% along the
estuarine gradient from freshwater source to sea (Benner and
Opsahl 2001). Further, during the estuarine transit, the aver-
age DOM molecular weight decreases from 1000 to 1500 Da in
the freshwater end-member to 300-500 Da in the coastal sea
end-member (Asmala et al. 2016). The size spectrum of
organic compounds in freshwater and marine systems has
been proposed to follow the so-called size-reactivity contin-
uum (Amon and Benner 1996), where larger dissolved mole-
cules are more reactive and degraded or removed first by
various biogeochemical processes such as photodegradation

1381


https://orcid.org/0000-0002-9150-1227
https://orcid.org/0000-0003-0016-6118
mailto:eero.asmala@helsinki.fi
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Flno.11692&domain=pdf&date_stamp=2021-01-26

Asmala et al.

(Dalzell et al. 2009), bacterial mineralization (Moran et al. 1999)
and flocculation (Sholkovitz et al. 1978). The DOM pool can be
classified according to the size of the molecules, which is typi-
cally carried out by choosing an operational cutoff based on,
e.g., filter membrane pore sizes. For instance, low and high-
molecular-weight fractions (LMW and HMW, respectively) can
be discriminated using a cutoff at 1000 Da (Amon and
Benner 1996). Additional intermediate classifications have been
used, such as medium molecular weight (MMW) in between
LMW and HMW (1000-4000 Da; Ogawa 2000; Malik
et al. 2016), and even very low molecular weight (VLMW) has
been used, which is in the lower end of the DOM size spectrum
(< 200 Da; Mayorga and Aufdenkampe 2002). As these cutoffs
are based on technical and operational selection processes, they
might systematically ignore relevant information contained in
the continuous size spectrum of DOM.

To overcome the limitations of applying such thresholds
where only a few discrete DOM size classes are examined,
methods have been employed to examine the continuous size
spectrum of the natural organic matter; size-exclusion chro-
matography being one of the most common ones. In size-
exclusion chromatography, molecules are separated according
to their size when a sample solution flows through a column
of porous gel material (Kirkland and Antle 1977; Kostanski
et al. 2004). Principally, as the sample passes through the col-
umn, the small compounds permeate the pores of the matrix
to a larger extent than the larger compounds and are retained
longer within the column, resulting in the largest molecules
eluting first, and the smallest last. This method is suitable for
natural samples with high variability in DOM size (Hongve
et al. 1996). There are multiple variations in size-exclusion
chromatography methodology regarding the technical details
of the analysis. Among them, the choice of size separation col-
umns, eluents and detectors have important implications on
the results derived from the analysis (Peuravuori and
Pihlaja 1997; O’Loughlin and Chin 2001). The eluent is the
aqueous solvent carrying analytes through the gel matrix of
the size-exclusion chromatography column and past the
detector. The choice of eluent plays a critical role in studying
aquatic organic matter with size-exclusion chromatography
methods (Peuravuori and Pihlaja 1997). The most important
effect of the choice of the eluent is the resolution in the chro-
matograms of natural organic matter, as some eluents are able
to produce more detailed chromatograms than others. This is
due to the non-size-exclusion interactions of humic sub-
stances in DOM with the gel matrix in the column, which can
be effectively suppressed by adding electrolytes and hydropho-
bic solvents to the eluent, leading to higher accuracy of the
analysis (Swift 1999).

Size-separated DOM molecules are commonly detected and
analyzed with absorbance or fluorescence detectors in size-
exclusion chromatography setups (Shimotori et al. 2016). The
chosen detector wavelength has also important consequences
on the results. Most studies wusing size-exclusion
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chromatography method have used a single wavelength (typi-
cally in the UV range, due to high signal-to-noise ratios) for
organic matter detection. The few studies that have expanded
the analytical window beyond one wavelength, have shown
that the molecular size characteristics (such as apparent
molecular weight) are wavelengths-dependent (O’Loughlin
and Chin 2001; Yan et al. 2012; Wiinsch et al. 2018). Other
detection methods such as DOC detection (Huber and
Frimmel 1994; Dittmar and Kattner 2003; Shimotori
et al. 2016) and mass spectrometry (Minor et al. 2002; Wu
et al. 2004) have been used to analyze the size-separated mole-
cules. Each size-exclusion chromatography analysis yields a
detailed chromatogram with a wealth of information, which is
usually not utilized to its full potential with traditional metrics
of, e.g., average molecular weight.

Optical measurements of bulk (non-size-separated) DOM
are widely used in aquatic sciences due to their relatively low
cost and labor intensity. A wide range of wavelengths (most
commonly ranging between 250 and 450 nm) has been used
to measure the absorbance of CDOM (acpowm) for studying the
CDOM dynamics in various aquatic environments. Typically,
the highest level of detail in the acpom spectra and best pre-
dictive power for other water quality variables (e.g., DOC con-
centration) have been found when using the ultraviolet
(UV) spectral region (Massicotte et al. 2017). The choice of
wavelengths (i.e., the spectral range) to measure dcpom can
influence the results in aquatic biogeochemistry, but the
underlying mechanisms behind this wavelength-dependency
are uncertain. The tradeoff of the relative simplicity of this
approach is its low chemical and structural specificity. How-
ever, in recent years, focused efforts have been made to link
the optical properties of DOM to its chemical characteristics
(Stubbins et al. 2015; Asmala et al. 2016; Osburn et al. 2016).
Many recent advances in CDOM characterization have been
made by moving on from single-wavelength proxies to a more
in-depth analysis of the shape and features of the CDOM spec-
tra (Loiselle et al. 2009; Reader et al. 2015; Massicotte and
Markager 2016). Alongside with CDOM absorbance, fluores-
cence of CDOM has been used to study DOM biogeochemistry
(Coble 1996; Stedmon et al. 2003). These approaches have
been useful in assessing the biogeochemical processing of
DOM in the aquatic environment.

The overall objective of this study was to examine the
molecular weight dynamics of the DOM pool along two
coastal salinity gradients using (a) multiple detector wave-
lengths in size-exclusion chromatography and (b) mathemati-
cal decomposition of the resulting size spectra. We aimed to
increase the amount of information gained from individual
size-exclusion chromatograms with the decomposition, while
retaining the continuous spectral properties of natural DOM.
With this novel approach, we further aimed to bridge the
knowledge gap between the molecular weight and optical
properties across the absorbance spectrum of DOM in coastal
environments. Specifically, we wanted to resolve how
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different size fractions of DOM contribute to the total absor-
bance of natural organic matter, and investigate the origin
and fate of these different size fractions. We hypothesized that
the relationship between apparent molecular weight and the
chosen absorbance wavelength of natural DOM is different
across the aquatic continuum from land to sea. To test this
hypothesis, CDOM absorbance (acponm) was measured with
both spectrofluorometric (bulk optical properties) and size-
exclusion (size-resolved optical properties) methods. For
additional insights about linkages between size and optical
properties of DOM, we mathematically decomposed the chro-
matograms to individual components representing different
size classes of chromophoric material. Finally, we evaluated
the suitability of the discrete cutoff methods for studying
DOM in the land-to-sea gradient.

Materials and methods

Study area

The two study sites were located in coastal Baltic Sea; Roskilde
Fjord in Denmark and Gulf of Gdansk in Poland. The details and
locations of the sampling campaigns can be found in Asmala
et al. (2018) for the Roskilde Fjord and in Reader et al. (2019) for
the Gulf of Gdansk. Briefly, samples from five streams and three
marine sites in Roskilde Fjord were collected on eight sampling
campaigns between November 2014 and November 2015,
resulting in 43 samples analyzed with size-exclusion chromatog-
raphy (27 marine samples and 16 freshwater samples). Alongside
the sampling, basic physico-chemical parameters (temperature,
pH, salinity) were measured with a hand-held multiparameter
logger (ProDSS, YSI, Inc.). The sampling campaign in the Gulf of
Gdansk was carried out in the plume of the Vistula River onboard
the R/V Alkor in February 2015, resulting in 20 surface samples
analyzed with size-exclusion chromatography. Water column
properties were sampled using a Seabird 911plus CTD-rosette
water sampling system. The dataset consisted of 63 samples in
total, which were grouped into three salinity categories: freshwa-
ter (salinity 0), oligohaline (6-11) and mesohaline (14-25). Dis-
solved organic carbon (DOC), a proxy for DOM concentration,
ranged from 723 + 143 (mean + 1SD) in the freshwater end-
member to 401 + 112 ymol L™! in the mesohaline end-member
(Asmala et al. 2018).

Laboratory analyses

For analysis of DOM properties, water samples were fil-
tered through pre-combusted (450°C for 4 h) 0.7 um glass
fiber filters (Whatman). An aliquot of the filtered sample for
CDOM was stored in acid-washed HDPE vials at 4°C until
absorbance measurements within 2 weeks from sampling.
Another filtered fraction for the size-exclusion chromatogra-
phy (SEC) measurement was stored in acid-washed glass vials
at —20°C until analysis. The size-exclusion chromatography
analyzer setup consisted of a Shimadzu HPLC system
(Shimadzu Corporation, Kyoto, Japan) equipped with a
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linear-type column (TSK G2000SWyy, column, 7.8 x 300 mm,
5 pum particle size, Tosoh Bioscience GmbH), a guard column
(Tosoh Bioscience GmbH), and a UV-Vis diode array
(Shimadzu SPD-M10AVP) set to measure a range between
250 and 400 nm with 5 nm intervals. The eluent was 0.01 M
acetate buffer at a pH of 7.00 (Vartiainen et al., 1987). This
eluent type has been shown to retain a high-resolution level
in the resulting chromatograms, compared to, e.g., concen-
trated NaCl-based eluents with higher ionic strength
(Peuravuori and Pihlaja 1997). The system was calibrated
using acetone (58 Da) and differently sized polystyrene
sulphonate standards of 1.1, 3.61, 4.23, 6.52, and 10.6 kDa.
Sample runs were calibrated daily. A log-linear calibration
relationship was used over the apparent molecular weight
(AMW) range for each wavelength individually (Fig. S1).
From baseline-corrected and calibrated chromatograms we calcu-
lated the number-averaged and weight-averaged apparent molec-
ular weights (AMW,, and AMW,,, respectively; Chin et al. 1994).
Polydispersity (p) was calculated as the ratio between these two
(AMW,,/AMW,) to assess the molecular weight distribution of
the mixture of organic compounds of varying sizes (O’Loughlin
and Chin 2001). Dissolved organic carbon (DOC), dissolved
organic nitrogen, CDOM absorbance and fluorescence (peaks C
and T; Coble 1996) data were from Asmala et al. (2018). Com-
parison between integrated area under the size-exclusion chro-
matogram curve and CDOM absorbance measurements yielded
a linear correlation coefficient that ranged between 0.952 and
0.975 over the wavelength range 250-400 nm, indicating a high
recovery of CDOM with the size-exclusion chromatography
method (Fig. S2).

Sample baseline and instrumental drift corrections

To correct for possible baseline drift occurring during the
measurement after calibration, baseline correction was per-
formed by using a linear regression calculated on the average
absorbance values calculated at the beginning (60-120 s)
and the end (1680-1740 s) of each measurement, when no
signal from the absorbance detector was expected. Day-to-
day instrumental drift was corrected for using the time dif-
ference between the daily acetone reference sample and the
acetone sample in the calibration set (Fig. S3). The timing of
the acetone peak was used in scaling chromatography col-
umn retention times to actual molecular weight values
(in Da). Examples of calibrated chromatograms are shown in
Fig. S4.

Gaussian decomposition

A Gaussian decomposition of the chromatograms was per-
formed based on a modified version of the method used to
decompose CDOM absorbance spectra proposed in Massicotte
and Markager (2016). Briefly, the procedure aims to decom-
pose the measured absorbance of the chromatogram (A(x), xe
[0.8;4] kDa) into a distinct number of fundamental Gaussian
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components, each described by the probability density func-
tion with three parameters:

(x-p)?

f(x,1,0;0) = pe 2?

(Eql)

where u is the position parameter for the center of the peak, o is
the SD parameter controlling the width of the component, and ¢ is
the height parameter of the component peak. The chromatogram
was estimated as a linear combination of a varying number (n¢; up
to 5) of Gaussian components:

(=)’

ne =
A, 0,0)= . mie T +e

(Eq2)

where i = 1,...,nc denotes a particular Gaussian component and &
are the residuals representing the variability not accounted for by
the Gaussian components. The Bayesian information criterion was
used to identify the optimal number of Gaussian components
(Schwarz 1978). The Bayesian information criterion is based on the
principle of parsimony, helping to identify the model that accounts
for the most variation with the fewest parameters (or the fewest
number of Gaussian components; Fig. 1). The optimal number of
Gaussian components ranged between two and five. The parame-
ters of the Gaussian components (¢, o, @) were estimated in Matlab
using the “peakfit.m” toolbox (O’Haver 2020).

Statistical analyses

Clustering analysis was used to classify identified Gaussian
peaks. First, a hierarchical cluster analysis using the hclust
function in R software (R Core Team 2019) was used to deter-
mine the number of peak classes, based on peak characteristics
(position, width, and height) from the Gaussian decomposi-
tion. Using silhouette analysis (which measures how well an
observation is clustered by estimating the average distance
between clusters; Kaufman and Rousseeuw 2009), the optimal
number of three clusters was defined. This is visualized by the
silhouette plot, displaying a measure of how close each point
in one cluster is to points in the neighboring clusters (Fig. S5).
Second, a k-means clustering with the predefined number of
clusters from the previous analysis was carried out using the
kmeans function in R software. The k-means analysis parti-
tions the points into groups by minimizing the sum of squares
from points to their assigned cluster centers using the algo-
rithm of Hartigan and Wong (1979). Each peak was assigned
to one of the three distinct size classes based on the Gaussian
decomposition metrics.

Results

Dissolved organic matter size distribution along the land-
to-sea gradient

Apparent molecular weight measured at 250 nm (AMW,5()
along the salinity ranged between 120 and 1252 Da (Fig. 2a).
The mean AMW,s, value for freshwater samples was 1010 Da
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(range 670-1252 Da), while for estuarine and marine samples
the mean value was 240 Da (range 120-489 Da). Strong non-
conservative behavior of AMW,5, was observed, as even the
lowest freshwater values were considerably higher than
predicted by linear regression of the marine AMW,s5, values
vs. salinity (Fig. 2a; intercept at 378 + 37 Da). Polydispersity, a
proxy for heterogeneity of molecular weight distribution
within samples, ranged from 2.08 to 3.21 (higher values indi-
cating higher heterogeneity; Fig. 2b). The lowest values were
observed in the freshwater endmember, and the highest
values in mid-salinities (salinity 5-15), after which polydisper-
sity decreased again. Despite that samples were collected over
an annual cycle in Roskilde Fjord, no apparent seasonality was
observed (Fig. S6).

Effect of detector wavelength on bulk size parameters

Estimated AMW varied along the spectral range used to
measure CDOM (Fig. 3a). In all sample types, the lowest aver-
age AMW values were observed at 250 nm. In freshwater sam-
ples, AMW increased linearly with wavelength from ~1000 Da
at 250 nm to ~1300 Da at 400 nm. With increasing salinity,
the position of maximum AMW shifted towards lower wave-
lengths: 320 and 280 nm for oligohaline and mesohaline sam-
ples, respectively. Overall, there was a linear decrease of the
detector wavelength at the maximum value of AMW, across
the salinity range 0-25 (Fig. 3b).

Decomposition of size-exclusion chromatograms

We decomposed the 63 chromatograms into 3-5 distinct
peaks per sample, the total number of peaks ranging from
158 at detector wavelength of 250 nm to 111 at 350 nm. The
identified Gaussian peaks measured at 250 nm were distrib-
uted along a size range from 60 to 4000 Da (Fig. S7). Higher
local densities of peaks were found at around 130, 1100, and
3100 Da. First, Gaussian peaks were assigned to three
predefined size classes (Fig. S7a): LMW, low molecular weight
(< 1000 Da), MMW, medium molecular weight
(1000-2000 Da); and HMW, high molecular weight (> 2000
Da), based on classifications used in previous studies (Amon
and Benner 1996; Ogawa 2000; Mayorga and
Aufdenkampe 2002; Malik et al. 2016). Interestingly, the
Gaussian peaks were also optimally partitioned into three sep-
arate clusters (k-means clustering; Fig. S7) with boundaries
shifting slightly compared to those established in the litera-
ture. The boundary between LMW and MMW shifted from
1000 to 800 Da, whereas the boundary between MMW and
HMW did not change (Fig. S7). Our revised grouping criteria
were used in subsequent analysis. Detector wavelength had an
influence on the peak position, as all peak clusters shifted
towards higher molecular weights with increasing wavelength
(Table 1). Peaks belonging to LMW DOM were identified from
all samples. On the other hand, peaks of the largest DOM size
class (HMW) were found in all freshwater samples, but only in
3 out of 27 of marine samples.

1384



Asmala et al.

Coastal dissolved organic matter size components

a
12000
© 9000 -
m
6000 |
1 2 3 4
Number of Gaussian components
b
50 ne=1 9" —5
40 4 40 -
30 30 -
— 204 20 -
3
S 104 10 -
8 o4 0 -
3 50 50
= Best model Ng=3 =4
8 404 c1(0 08 ¢ 109 u 219) 40 A
a C2 (o 017 ¢ 3918 y 219)
< 30 c3loo7mmy 273w 3.04) 30 -
20 20 -
10 4 10 -
0 L T T o ) T T
1 5 3 4 1 2 3 4

Molecular weight (kDa)

Fig. 1. lllustration of the Gaussian decomposition method. Equation ((2)) was estimated for nc = 1-4 Gaussian components and the optimal model had
the lowest Bayesian information criterion (nc = 3; panel a). In panel b, the black line is the measured absorbance and the thick red line is the sum of all
Gaussian components (thin lines of different colors). Parameters of the three Gaussian components are inserted for nc = 3.
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Fig. 2. DOM molecular weight characteristics across salinity: (a) apparent molecular weight and (b) polydispersity at 250 nm detector wavelength.
Freshwater and mesohaline samples are from Roskilde Fjord and oligohaline from Vistula Estuary. The linear regression line (excluding freshwater samples)
in panel (a) emphasizes the non-conservative behavior of apparent molecular weight (AMW) along the salinity gradient, with its extrapolation shown
with a dashed line. In panel (b), a non-parametric local smoothing function (LOESS) is applied for visualizing a possible relationship.
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Fig. 3. Relationships between (a) apparent molecular weight (AMW,) and detector wavelength (UV range; 250-400 nm) in freshwater, oligohaline, and
mesohaline samples, and (b) detector wavelength of the maximum AMW, and salinity. Symbols in panel (a) are mean values with error bars indicating
one SD of the samples. Some observations in panel (b) were overlapping, as indicated with different symbols.

Table 1. Classification and summary statistics of the three clusters identified with the k-means clustering analysis of the positions of
the Gaussian components. LMW, low molecular weight; MMW, moderate molecular weight; and HMW, high molecular weight. Mean
value £ SD and range of the peak position for each Gaussian component is given for three detector wavelengths (250, 300, and
350 nm). For each salinity group, the number and proportion of samples with identified Gaussian components in the three weight clus-
ters are shown (number of components in each sample did not change with detector wavelengths). Note that as 3-5 peaks were identi-
fied from each sample, multiple peaks from the same sample may be included in the same weight cluster.

Peak position (Da)

Number of samples with an identified component in the cluster

Classification At 250 nm At 300 nm At 350 nm Freshwater (n=16) Oligohaline (n=20) Mesohaline (n=27)

LMW 187 + 130 221 + 148 365 + 256 18 (100%) 27 (100%) 32 (100%)
(60-682) (67-740) (104-931)

MMW 1233 + 235 1426 + 287 1664 + 306 18 (100%) 27 (100%) 30 (94%)
(801-1753) (878-2114) (1087-2340)

HMW 2695 + 419 3096 + 450 3326 + 366 18 (100%) 12 (44%) 3 (9%)
(2073-3488) (2365-3903) (2677-4005)
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Effect of salinity and detector wavelength on Gaussian
peaks

The peak positions of the Gaussian components decreased
with increasing salinity for each size cluster across measured
wavelengths (Fig. 4). The peak positions of the largest DOM
size class (HMW) decreased more steeply with increasing salin-
ity, about three times faster than for MMW and four times
faster than LMW. The mean molecular sizes decreased almost
1000 Da for HMW, and about 350 and 250 Da for MMW and
LMW, respectively, across the salinity range. The peak posi-
tion increased in all three size groups with increasing wave-
length from 250 to 350 nm. Inversely, peak height decreased
with increasing wavelength in all size groups, which was also
the case with peak width. The other peak metrics (height and
width) also varied along the salinity gradient. Overall, peak
height of HMW decreased steeply with increasing salinity
across wavelengths, MMW also decreased, but LMW either
increased or did not change with salinity. The Gaussian com-
ponents were also in general getting broader when moving
towards the sea, but with some variability among size classes
and detector wavelengths.

The contribution of each decomposed peak to the total
absorbance of the sample was calculated from the integrated

Coastal dissolved organic matter size components

area under the peak. The absorbance for each size class and
their relative contribution to the total absorbance varied
between sample types (Fig. 5). In freshwater, the absorbance
of different size classes increased from 3.4 a.u. in LMW to
16.3 a.u. in MMW, and up to 40.6 a.u. in HMW (70% of the
total freshwater absorbance). In saline samples, the highest
absorbances were observed in MMW size class with 11.3 and
7.7 a.u. for oligo- and mesohaline samples, respectively
(corresponding to 67 and 59% of the total absorbance). The
contribution of the HMW size class to total absorbance was
minor in saline samples (8 and 2% for oligo- and mesohaline
samples, respectively).

Discussion

Chromatogram decomposition and peak clustering
Traditional methods focusing on DOM molecular size are
typically not capturing the continuous nature of the size dis-
tribution, but relying on either operational cutoffs
(e.g., tangential ultrafiltration techniques) or simplifying indi-
ces of the size spectrum (e.g., averaged molecular weight from
size-exclusion chromatography). However, Shimotori et al.
(2016) showed that photochemical characteristics of natural
DOM depend on molecular sizes. In order to examine the
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Fig. 4. Relationship between peak position, height and width of the Gaussian components and salinity for each size cluster at detector wavelengths

250, 300 and 350 nm. Regression values are presented in Table S1.
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Fig. 5. Total absorbance (area under the Gaussian peak) of each size class at detector wavelength 250 nm. Insert shows the proportion of each size class
of total absorbance at 250 nm for each three salinity classes. Error bars indicate 1SD.

continuous DOM size distribution in more detail, we applied a
decomposition method that aims to utilize all the potential
information contained in the size-exclusion chromatograms.
Decomposing analyte chromatograms is an established tech-
nique (Maeder 1987), but only recently it has been applied to
natural CDOM absorbance spectra (Massicotte and
Markager 2016; Omanovic et al. 2019). By using these spectral
decomposition techniques with size-exclusion spectra, we
were able to separate distinct chromophore groups based on
their size. We fitted between three and five Gaussian peaks to
each chromatogram, and these peaks potentially reflect the
number of different chromophore groups in the sample. The
number of peaks was similar among the different detector
wavelengths tested, indicating that each identified size-
resolved chromophore group absorbs light to some extent
across the measured CDOM spectrum (Sharpless and
Blough 2014). The decomposed peaks were typically highly
overlapping (Fig. 1), making it very challenging to obtain simi-
lar results from the complete chromatograms, thus emphasiz-
ing the value of information gained from the mathematical
decomposition of the chromatograms. The peaks also show
the heterogeneity of the chromophore sizes in the CDOM
pool, resulting from its chemical diversity (Gonsior
et al. 2017).

Despite the inherent chemical and compositional diversity
of natural organic matter (Hertkorn et al. 2013; Kellerman
et al. 2014), it can be expected that some compounds are more
abundant than others in the environment. We used clustering
analysis to group the decomposed peaks, and three groups
with different peak positions emerged from the analysis
(Fig. S7). This number of different size groups is consistent
with previous size classifications based mostly on ultrafiltra-
tion methods (Amon and Benner 1996; Mayorga and
Aufdenkampe 2002; Malik et al. 2016). Also the size ranges
aligned well with the previous studies, and the changes in cut-
offs separating groups from the cluster analysis were <200 Da.
The distribution of the peaks was not consistent throughout
the size range measured, as some sizes appear more frequently
than others (Table 1). For instance, a peak at around 0.2 kDa
(LMW) was found in all samples. This suggests a common
presence of a chromophore or group of chromophores in this
size range, such as fragments of lipids or carbohydrates from
microbial DOC degradation (Ali and Tremblay 2019). On the
other hand, the largest peak around 3 kDa was found in all
freshwater samples, but only from a minor proportion of
marine samples. This peak likely represents terrestrial “humic”
substances, such as fulvic acids (Aiken et al. 1989; Huber
et al. 2011).
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DOM molecular size distribution in different salinity
regimes

Our results support earlier findings suggesting that the
apparent molecular weight of DOM at 250 nm (AMWss()
decreases drastically when moving from freshwater to marine
systems (Fig. 2). A likely cause for this phenomenon is salt-
induced flocculation, which is known to preferentially remove
large compounds from the DOM pool (Sholkovitz et al. 1978;
Asmala et al. 2014). Further, the hydrodynamic diameter of
terrestrial humic substances may decrease due to intramolecu-
lar contraction or coiling induced by increasing ionic strength
(Dittmar and Kattner 2003). Simultaneously, biological degra-
dation and photolytic processes are changing the DOM pool
towards smaller size and decreased reactivity (Amon and
Benner 1996; Moran et al. 2000; Aarnos et al. 2012). As the
apparent molecular weight for marine samples was lower than
in freshwater samples, the contribution of small molecules to
the bulk optical properties increased with increasing salinity
(Batchelli et al. 2009). In addition to the average size of the
DOM molecules, the size distribution of molecules is also an
important characteristic of the DOM pool, and polydispersity
is so far the most widely used indicator of the heterogeneity
in molecular weight distribution (Chin et al. 1994). In both
freshwater and mesohaline samples, the size spectra were
dominated by one peak (Fig. S4), whereas in oligohaline sam-
ples there were two discernible peaks, resulting in a relatively
large difference between number- and weight-averaged molec-
ular weights, and thus high p. This supports the hypothesis
about enhanced transformation of the DOM pool at low salin-
ities, resulting in smaller average DOM molecules and higher
heterogeneity in the size distribution. A potential mechanism
for this is that with increasing salinity the proportion of
smaller molecules increases in the DOM pool as large mole-
cules are removed in early stages of mixing with seawater
(Asmala et al. 2014). But part of the larger, terrestrial mole-
cules escape this estuarine filter and results in increasing dif-
ference between number- and weight-averaged MW
(i.e., polydispersity).

Differences in spectral properties between freshwater and
marine environments

By extending the analytical window beyond a single wave-
length, we could confirm the previous findings of apparent
molecular weight increasing almost linearly with increasing
wavelengths in freshwater DOM (Fig. 3; see also Zhou
et al. 2000; O’Loughlin and Chin 2001). This is the result of
chromophores (i.e., compounds in DOM pool responsible for
its color) absorbing light at higher wavelengths being larger in
size compared to those absorbing in lower wavelengths. How-
ever, our results show that in saline coastal waters this rela-
tionship changes so that the AMW,, does not increase linearly
with wavelength, but the highest AMW, in coastal samples is
observed at detection wavelengths between 280 and 320 nm
(Fig. 3). In other words, CDOM molecules absorbing in UV-B
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region (280-315nm) are on average larger than molecules
absorbing at UV-A wavelengths (315-400 nm) in marine
samples.

The difference between freshwater and marine samples
could be attributed to the effective removal of allochthonous
material in the early stages of the estuarine salinity gradient.
Terrestrial humic substances are characterized by larger mole-
cules that absorb across a wide spectral range at UV-A and
visible wavelengths (O’Loughlin and Chin 2001). Marine
humic-like material, on the other hand, is derived from
autochthonous processes and has different optical properties
compared to terrestrial humic substances (Murphy
et al. 2008). Our findings underline the importance of the
selection of detection wavelength, as the inferred molecular
weight of DOM will be strongly influenced by the wavelength.
As this relationship is linear only in freshwater samples,
extrapolation of molecular weight information from measure-
ments done on one wavelength to another in saline samples
is rather challenging. We speculate that the relatively large
DOM molecules absorbing at higher wavelengths are present
in freshwater, but removed in early stages in estuarine mixing
(Kowalczuk et al. 2010; Massicotte et al. 2017).

The average molecular size of DOM decreases rapidly along
the coastal salinity gradient from freshwater towards the open
sea (Sholkovitz et al. 1978; Asmala et al. 2014). This change is
typically non-conservative, indicating that the observed
decrease cannot be attributed solely on the mixing with sea-
water, but other biogeochemical processes are affecting the
DOM size distribution (Asmala et al. 2018). Salt-induced floc-
culation leads to partial removal of the largest DOM molecules
via sedimentation to the seafloor (Jilbert et al. 2018), and
larger DOM molecules have higher propensity for both photo-
lytic and bacterial degradation (Lepane et al. 2003; Dalzell
et al. 2009; Asmala et al. 2013). Our decomposed data confirm
that the largest DOM size class (HMW) decreased most rapidly
when moving from freshwater to marine environment
(Fig. 4). It should be noted, that there are gaps in the salinity
range our data covers, resulting in some uncertainties about
the continuity of the processes along the coastal salinity gradi-
ent. Decreases in MMW and LMW are considerably smaller,
indicating selective removal of molecules in the largest size
class. Peaks were highest (i.e., the highest maximum absor-
bance) in freshwater samples in MMW and HMW size groups,
but relatively constant in marine samples. The results also
show that LMW components are present in all samples in all
three salinity groups, and MMW size class in almost all sam-
ples (Table 1). The HMW size class is very rare in mesohaline
samples, but still abundant in freshwater samples. In other
words, the abundance of LMW remains high throughout the
salinity gradient, MMW decreases to a minor extent towards
higher salinities and the abundance of HMW decreases sub-
stantially. This explains the observed decrease in average
molecular weight, which is not the result of the bulk of DOM
getting smaller, but a disproportional removal of the largest
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molecules. Indeed, the removal of these large compounds can
be quite effective, as the HMW peaks in freshwater samples
were not always present in oligo- and mesohaline samples.
Such effective removal, observed in the transition from fresh
to salt water, could be caused by salt-induced flocculation and
subsequent aggregation into sinking particles (Forsgren
et al. 1996; Jokinen et al. 2020).

The total absorbance of the samples was distributed
unevenly among size classes. The peak area (i.e., total absor-
bance of the chromophore) varied 12-fold among size classes
in freshwater samples, but only three- and fourfold in
oligohaline and mesohaline samples, respectively (Fig. 5).
Marine DOM is typically processed more extensively (i.e., is
further down the diagenetic continuum) compared to fresh-
water DOM (Amon and Benner 1996). This is reflected in the
proportional contribution of each size class to total absor-
bance, as the largest size class (HMW) is the most important
in freshwater and MMW in marine waters. This is consistent
with previous findings showing that molecules larger than
1 kDa are responsible for the majority of the total absorbance
(Helms et al. 2008). As a result, the relative importance of
small molecules in CDOM absorbance increases with distance
from the river mouth towards the sea. Even the wavelength at
which absorbance is measured had an effect on the observed
DOM size characteristics (Fig. 4). Increasing detector wave-
length typically leads to higher AMW values (Fig. 3;
O’Loughlin and Chin 2001). These findings also provide
potential explanations about the mechanism behind the
observed tight relationship between molecular weight and
spectral CDOM absorbance characteristics, E2 : E3 ratio
(A250 : A365) and slope S;75 295 (De Haan and De Boer 1987;
Peuravuori and Pihlaja 1997; Helms et al. 2008). Essentially,
the relative contribution of chromophores absorbing at higher
wavelengths, such as at 350 nm, have lesser impact on spec-
tral CDOM as S,75_205 and E2 : E3 expectedly increase with
salinities (Fig. 4 and Table S1). Moreover, as indicated by the
regression intercept of the peak position, the apparent molec-
ular weight of these chromophores is in general larger, which
in turn results in smaller apparent molecular weight at high
salinities, linked with higher S,;5 295 and E2 : E3 values. Our
data shows that the linear increase in AMW is the result of
peak position shifting towards larger sizes across all detector
wavelengths used, but holds true only in freshwater (Fig. 3).

Conclusions

Despite that mathematical approaches for deconvoluting
chromatograms have been used for decades in other disci-
plines, here we used the approach for the first time to assess
the size-dependent changes in the optical properties of natural
DOM in the aquatic continuum from land to sea. Our data
show that different chromophores have different size ranges,
and thus using different wavelengths for measurements will
result in different CDOM molecules being detected. CDOM
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absorbance results from different size groups in freshwater and
marine waters, and there is no “universal” CDOM molecule,
but instead a wide range of different absorbing molecules
(chromophores). We also observed notable shifts in molecular
weight from freshwater to the marine environment, which
indicate large changes in the composition of chromophores
responsible for CDOM absorbance. It is apparent that CDOM
in freshwater results from relatively large molecules, whereas
in marine systems small molecules are responsible for most
CDOM absorbance. Our findings show that the relatively large
molecules in freshwater samples are transformed and/or
removed effectively in the early stages of estuarine mixing.
The largest molecules are uncommon in the marine samples
and hence, they are unlikely to be produced autochthonously
in the coastal environment and most likely of terrestrial ori-
gin. We argue that studies using different CDOM wavelengths
are essentially detecting different pools of chromophores,
which are however partially overlapping. Since the molecular
size is of key importance when analyzing biogeochemical
cycling of DOM in aquatic environments, further information
is needed to link size, chemical properties and optical charac-
teristics of DOM, which could be achieved by the mathemati-
cal decomposition methods that provide details about the
DOM size spectrum beyond the bulk properties.
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