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• Aromatic SOMs with larger sizes are
enriched in particles rather than in pore
water.

• Tyrosine-like PARAFAC component
could discriminate DOM and POM in
sediments.

• EEM-PARAFAC describes different dis-
tribution behaviors of various SOMs.

• Reductive environment, land uses, and
population may affect DOM–POM dis-
tribution.
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In this study, we examined the distribution behavior of sediment organic matter (SOM) between dissolved and
particulate phases and the potential influencing factors by comparing the spectroscopic features of pore water
organic matter (PWOM) and alkaline-extractable organic matter (AEOM) of river sediments. The characteristics
of SOM were described by several selected spectral indicators and fluorescence excitation emission matrix
(EEM)-parallel factor analysis (PARAFAC). The spectral indicators showed that larger sized SOM molecules
with a higher aromatic content were more enriched in sediment particles than in pore water. The relative ratios
of humification index betweendissolved and particulate phases revealed that the SOMconstituentswith a higher
degree of structural condensation were preferentially distributed onto sediment particles. EEM-PARAFAC dem-
onstrated different distribution behaviors of protein-like (tyrosine-like and tryptophan-like) and humic-like sub-
stances in sediments. The relative abundance of tyrosine-like component was much higher in PWOM than in
AEOM, whereas the other three components tended to be more abundant in AEOM. The predominant presence
of tyrosine-like component suggests its potential operation as a discriminant indicator between PWOM and
AEOM. Spearman correlations and non-metric multidimensional scaling further revealed that distribution of
protein-like components onto sediment particles might be associated with reductive environments, aluminum
minerals, and anthropogenic activities of upstreamwatersheds. This study demonstrated a successful application
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of using EEM-PARAFAC to examine the distribution behavior of different SOM constitutes between dissolved and
solid phases.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Sediments operate as the sinks and sources for natural organic car-
bon and anthropogenic contaminants in aquatic ecosystems through
the settling and the release of large amounts of organic matter. Various
mechanisms have been suggested for the exchanges between dissolved
(DOM) and particulate organic matters (POM) such as biogeochemical
transformation, adsorption, desorption, aggregation, and dissolution
(Aufdenkampe et al., 2001; Komada and Reimers, 2001; Accornero
et al., 2002; Kleber et al., 2007; Kang and Xing, 2008; von Wachenfeldt
and Tranvik, 2008). Such DOM–POM exchanges occurring in
sediment-water interfaces play a crucial role in organic matter cycling
(Chen and Hur, 2015), interplay with aquatic organisms (Mayer et al.,
2011), and bioavailability of pollutants (Eriksson et al., 2004).

The relative abundance of sediment organic matter (SOM) between
dissolved andparticulate phases can reveal the existence of thedynamic
balance of organic matter (OM) in solid-water interfaces (Kang and
. 1. Sediment sampling sites and the
Xing, 2008; Osburn et al., 2012). The partition or the distribution behav-
ior of OMmainly depends on the functional groups andmolecular struc-
tures of OMand the particle surface properties (Kleber et al., 2007; Liang
et al., 2011). It was reported that the distribution dynamics can be facil-
itated by amphiphilic properties of OM (e.g., humic-like and protein-
like substances) and/or the presence of hydrous iron oxide (FeOOH)
on mineral surfaces (Kleber et al., 2007; Liang et al., 2011). Solution
chemistry may operate as a critical factor to determine the relative dis-
tribution of OM between dissolved and particulate phases through al-
tering the binding mechanisms (Kang and Xing, 2008; Osburn et al.,
2012). The sources of OM and sediment redox conditions are also
known to affect the adsorption-desorption behavior of OM in water–
solid interfaces (Wilson and Xenopoulos, 2009; Riedel et al., 2013).
However, no effort has beenmade so far to explore their roles in the dy-
namic DOM–POM interactions in sediments.

Fluorescence and UV–visible spectroscopy have been widely
employed for characterizing the optical properties of both DOM and
major watersheds in South Korea.
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POM in the environments dominated by solid particles (e.g., soil, sedi-
ment, and suspended solids) (Stedmon et al., 2003; Nkhili et al., 2012;
Osburn et al., 2012; Hur et al., 2014). Excitation emission matrix com-
binedwith parallel factor analysis (EEM-PARAFAC) has proved its appli-
cability for tracing the behaviors of different individual OM constitutes
and the associated sources (e.g., autochthonous and allochthonous) in
sediments (Hur and Kim, 2009; Brym et al., 2014). It has also been
used to understand DOM–POM exchange like photo-enhanced dissolu-
tion of POM from sediments (Shank et al., 2011) and adsorption behav-
iors of DOM onto sediments (Yang et al., 2013b). For example, Osburn
et al. (2012) used the partition ratios of different fluorescent groups,
which were decomposed by EEM-PARAFAC, between the dissolved
and the particulate phases of suspended solids to demonstrate the de-
pendency of OM's distribution behavior on salinity.

The objectives of this study were (1) to examine the distribution be-
haviors of SOMbetween porewater and sediment particles by comparing
selected spectroscopic indicators and EEM-PARAFAC between dissolved
andparticulate phases, and (2) to suggest their associated influencing fac-
tors based on multivariate analysis. The sediment DOM and POM were
represented here by pore water organic matter (PWOM) and alkaline-
extractable organic matter (AEOM) from solid sediments, respectively.
Fig. 2. Typical EEMs of PWOM (a) and AEOM (b) in sediments, a
The sedimentswere collected from16different streams/rivers distributed
across the country (South Korea), which are affected by a variety of up-
stream land uses and different degrees of anthropogenic impacts.
2. Materials and methods

2.1. Sampling sites and site description

Sampling sites arewidely located in streams/rivers belonging to four
major watersheds (Han River Watershed, Nakdong River Watershed,
Geum River Watershed, and Yeongsan River Watershed) in South
Korea (Fig. 1). Their geographical coordinates and the location informa-
tion are summarized in detail in Table S1. The land use, and the popula-
tion density and pollutant discharge (biochemical oxygen demand;
BOD, total nitrogen; TN, total phosphorus; TP) of the sub-watersheds,
where sampling sites are located, are listed in Tables S2–S3 based on
the open sources from the Water Resources Management Information
System (WAMIS, http://www.wamis.go.kr/ENG/). Influence of land
use on SOM has been well-discussed in previous studies (Kalbitz et al.,
2000; Wilson and Xenopoulos, 2009).
nd the contour plots (c) of four EEM-PARAFAC components.

http://www.wamis.go.kr/ENG/


Fig. 3. Box plot of the ratios of selected spectral indicators (SUVA254, SR, HIX, and BIX) in
AEOM (IndAEOM) to PWOM (IndPWOM).
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2.2. Sampling, pretreatment, and extraction of SOM

A detailed description on SOM sampling was provided elsewhere
(Chen et al., 2015). In brief, 31 paired sediment and pore water samples
were collected using core sampler (Neo&bizCorp., South Korea) in Au-
gust and November, 2014. After removing the top 1 cm surface-
oxidized layer of the sediment column, the deeper 5 cm of sediment
was cut as the studied sediment for this study. After obtaining the
pore water by centrifuging the homogenized sediments at 5000 rpm
for 10 min and filtration with 0.45 μm cellulose acetate membrane fil-
ters (Advantec, pre-washed with 150 mL of deionized distilled water
(Milli-Q) suggested by Khan and Subramania-Pillai (2006)) under an-
oxic condition, the remaining sedimentwas freeze-dried, homogenized,
ground slightly, sieved through 710 μmmesh, and stored at room tem-
perature. In this study, AEOMwas obtained from the solid sediments as
a representative POM, following the procedures employed in previous
studies (Osburn et al., 2012;Hur et al., 2014). In brief, the sediment sam-
ple was soaked with 0.1 N NaOH and shaken for 24 h under nitrogen
purging before centrifugation and filtration using pre-washed 0.45 μm
pore-sizedmembrane. The supernatantwas diluted, and the pHwas ad-
justed to ~7. Disturbing cations were removed by contacting the alka-
line extracts with cation exchange resin. The purified AEOM solution
was stored at 4 °C until dissolved organic carbon (DOC) and spectro-
scopic measurements.

2.3. Instrumental analyses and quality assurance

DOC concentration was determined by a Shimadzu V-CPH TOC ana-
lyzer with a relative precision of b3% (Yang and Hur, 2014). The pH of
the purifiedAEOM and PWOMwas adjusted to ~3 prior to themeasure-
ments of UV–Vis spectra and fluorescence EEMs to minimize the ad-
verse effects of metals (Chen et al., 2003). Note that the pH
adjustment of the samples allows one to compare the spectroscopic
properties of SOM (chemical composition) without the potential inter-
ferences and biases from different pH and/or metal binding. Shimadzu
UV-1300 spectrometer was used with 1-cm cuvette to scan the absorp-
tion spectra, and the EEMs were obtained using a luminescence spec-
trometer (Perkin Elmer LS-55) at the excitation/emission wavelengths
of 250–450/280–550 nm with excitation at a 5-nm step and emission
at a 0.5-nm step. According to an inter-laboratory standardmethod pro-
posed by Murphy et al. (2010), the EEM data was corrected with water
blank and both primary and secondary inner filter effects using
automatical Matlab code, namely, FDOMcorrect. Total aluminum (Al)
and iron (Fe) of the solid sedimentswere determined by ICP-AES (Opti-
ma 7300DV, PerkinElmer Inc., USA). The total ammonia (T-NH4) and
hydrogen sulfide (H2S) data were collected from pore water under an
anaerobic glove box following the standard methods described in
(Chen et al., 2015). Themeasured solution pH values fell within a limit-
ed range from 6.9 to 7.7 (Chen et al., 2015).

2.4. Calculation of spectral indicators and statistical analyses

The spectral indicators used for this study included specific UV ab-
sorbance at 254 nm (SUVA254), spectral slope ratio (SR, slope over
275–295 nm to slope over 350–400 nm) (Yang et al., 2014); Chen
et al. (2015), humification index (HIX)(Zsolnay et al., 1999), and biolog-
ical index (BIX) (Huguet et al., 2009). The calculation procedures of
those indicators have been well-described in previous studies (Chen
et al., 2015). All the spectral indicators data are included in Table S5.

PARAFAC model was performed based on a total of 62 EEMs of
PWOM and AEOM using Matlab toolbox, namely, DOMFluor (Stedmon
and Bro, 2008). Distinct EEM features between PWOM and AEOM for
different sampling sites caused the inapplicability of split-half validation
for identifying PAFARAC components. Therefore, the core consistency
diagnostic combined with the explained variances was used to identify
the number of the PARAFAC component (Bro and Kiers, 2003; Yang
et al., 2015). As shown in Fig. 2 and Table S6, 4-component model was
finally chosen to describe the EEM features for all the samples as indicat-
ed by a good core consistency (55.3%) and a high explained variance
(98.7%) (Fig. 2). According to the quantitative comparison of PARAFAC
components suggest by Parr et al. (2014), we employed a self-edited
Matlab code (namely, comPARAFAC.m) to compare the identified com-
ponents with a library containing 38 PARAFAC models (Table S7) (He
and Hur, 2015). The compared components in the literature with
mTCC N 0.95 indicated excellent coincidence. The normalized concen-
tration in Raman unit (RU) and the percent abundance of each
PARAFAC component were estimated based on the Fmax output from
DOMFluor (Tables S8–S9) (Saadi et al., 2006; Yang et al., 2015).

Statistical analyses, including Mann–Whitney Test (MWT) and
Spearman correlation, were conducted by SPSS v13.0 software. Because
most data did not obey normal or logarithm normal distribution, the
nonparametric comparison method was employed to examine the dif-
ferences or the similarities of the spectral indicators between AEOM
and PWOM. In addition, non-metric multidimensional scaling (NMDS)
was performed to ordinate all the relative ratios of the spectral indica-
tors in AEOM to the corresponding PWOM (IndAEOM/IndPWOM), which
can offer an accurate representation of the underlying data structure
(Clarke, 1993). The influencing factors were identified based on their
fitting to NMDS ordinates. The NMDS analysis was conducted by
vegan package (vegan 2.3-0) using R v3.1.0.

3. Results and discussion

3.1. Differences in non-PARAFAC indicators between DOM and POM

SUVA254, denoting relative content of aromatic structures, is an ab-
sorbance indicator widely applicable to OM originating from soils,
water, and sediments (Fellman et al., 2008; Hur and Kim, 2009; Yang
et al., 2015). In suspended solids, the SUVA254 of POM (or AEOM)
ranged from0.1 to 0.6mg-C−1m−1 L (Osburn et al., 2012). Because sed-
iments are influenced by both allochthonous and autochthonous
sources (Yuan et al., 2014), the aromatic contents, which are represent-
ed by the SUVA254 values of 1.9 to 3.7 mg-C−1 m−1 L in various aquatic
ecosystems, were higher than those in water but lower than those
found in soils (Hur and Kim, 2009). For this study, the SUVA254 of the



Table 1
The locations of the excitation and emission maxima for four EEM-PARAFAC components
and their brief descriptions.

Component Excitation
(nm)

Emission
(nm)

Descriptions

1 275 303 Tyrosine-like
2 280 371 Tryptophan-like
3 b250/305 414 UVC + UVA humic-like or fulvic-like,

autochthonous source
4 275/370 480 Terrestrial humic-like
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sediment AEOM (i.e., POM) had a median value of 3.7 mg-C−1 m−1 L
(Table 2, Fig. S1), which was significantly higher than that of PWOM
(p b 0.05) (Chen et al., 2015). The resultwas also confirmed by the ratios
of IndAEOM/IndPWOMmostly higher than1.0 (Table 2 and Fig. 3). Howev-
er, it contrasted with the results of Osburn et al. (2012) based on
suspended solids, in which the IndPOM/IndDOM of SUVA254 in overlying
water wasmuch lower than 1.0. In other word, aromatic organic matter
exchange between dissolved and particulate phases in sediments was
different from that occurring in overlying water. The possible explana-
tions is that aromatic substances coated on sediment particles is likely
to stay longer in the sequestered environments and thus havemore op-
portunity to experiencemicrobial humification compared to suspended
solids in overlying water (Loh et al., 2008). Furthermore, aromatic moi-
eties in pore water are easily transported into sediments by settling and
adsorption (von Wachenfeldt and Tranvik, 2008). The resuspension of
sediments (i.e., suspended solids) caused by hydrodynamics might
lead to increased aromatic substances in water phases through their
contact with diluted water followed by desorption (Komada et al.,
2002). Moreover, sunlight in overlying water would not only photo-
dissolute the POM into DOM (Schiebel et al., 2015), but also make the
POM less aromatic than DOM (Osburn et al., 2012).

Although different types of human activities may result in variations
in the SUVA254 values of SOM (Hur et al., 2014), the AEOM in this study
showed consistently higher SUVA254 values than PWOM (p b 0.05).

Relative spectral slope (SR)was proposed as an indicator for tracking
the changes in the ratios of low-molecular-weight to high-molecular
weight (LMW/HMW) DOM, and the sources and photo-bleaching of
DOM (Helms et al., 2008). In this study, the SR values of most AEOM
samples (~95%) were below 1.0, indicating that HMW fraction was
more abundant in AEOM than LMW fraction. Considering that POM of
sediments is unlikely to experience substantial photo-bleaching, the
low SR values of AEOM may be more associated with the sources of
algal ormicrobial organicmatters fromupstream areas and/or plant de-
tritus from the surroundingwatersheds (Helms et al., 2008) rather than
with photo-bleaching effects. Meanwhile, the SR values of PWOMwere
significantly higher than those of AEOM (p b 0.001, Table 2), indicating
Table 2
Statistical analysis of the characteristics of SOM in pore water (PWOM) and particulate sedime

PWOM A

SUVA254 (mg-C−1 m−1 L) 1.4 (0.2–4.2)
SR 1.0 (0.4–5.2)
HIX 2.70 (0.18–5.58)
BIX 0.90 (0.70–1.36)
C1 (RU) 0.021 (0.000–3.770) 0
C2 (RU) 0.056 (0.025–1.976) 0
C3 (RU) 0.072 (0.049–0.976) 0
C4 (RU) 0.043 (0.029–0.346) 0
C1 (%) 13.0 (0.2–60.3)
C2 (%) 25.2 (18.4–65.7)
C3 (%) 36.7 (10.1–44.2)
C4 (%) 22.1 (2.9–34.5)
P/H 0.65 (0.24–5.89)

Notes: P/H— ratio of protein-like components to humic-like components. The data are shown
ences between PWOM and AEOM.
that more LMW fractions were present in the pore water than in the
sediment particles. This finding further implies stronger association of
HMW versus LMW constituents with the sediment surfaces (or the
minerals) (von Wachenfeldt and Tranvik, 2008). Again, our results did
not agree with Osburn et al. (2012) based on suspended solids, in
which the SR,POM/SR,DOM ratios (N1.0) were much higher than those of
our study. The disagreement may be attributed to the exposure of
suspended solids to sunlight and the subsequent changes in the molec-
ular weight of POM (Osburn et al., 2012).

HIX values of AEOM were significantly higher than those of PWOM
(p b 0.001, Table 2 and Fig. 3), indicating that the SOM molecules,
with higher degrees of the condensation in aromatic structures and
the conjugation in unsaturated aliphatic chains, are likely to be more
distributed into sediment particles (Fuentes et al., 2007). Our observa-
tion is in line with preferential adsorption behavior of larger molecular
sized and/or more humic DOM molecules onto mineral surfaces (Hur
and Schlautman, 2003). However, the exact distribution behavior of
SOM appears to depend on the sources. For example, the IndAEOM/
IndPWOM ratios of HIX were much higher in Nakdong River and Geum
River watersheds, which are covered by less forest land use, than in
Han River and Yeongsan River watersheds (Table S10).

BIX typically represents recent biological activities, and the higher
valuesmay indicate the increase of freshly algal- or/and bacterial inputs
(Yang et al., 2014). For this study, no significant differences in BIX were
found between PWOM and AEOM, indicating that both dissolved and
particulate phases of the sediments were evenly influenced by fresh
biomass input. The range of the BIX values in PWOM was much
narrower than that of AEOM, suggesting more sensitivity of POM to
the variation of SOM sources compared to the dissolved phase of sedi-
ments (Table 2).

3.2. Distributions of PARAFAC components between DOM and POM

Typical EEM features of PWOM and AEOM are shown in Fig. 2 and
Fig. S2. PWOM had more number of peaks compared to AEOM, with
an additional EEM peak shown at the ex/em wavelengths of 275 nm/
340 nm. Based on the previous studies (Stedmon et al., 2003; He and
Hur, 2015), four components were extracted from the EEM dataset
and compared with a 38-model database for this study (Table 1,
Fig. 2c, and Table S7). C1, with the ex/em wavelengths of 275/303 nm,
was only found in 4 PARAFAC models and assigned to tyrosine-like
fluorophore (Chen et al., 2015). This component was more common in
wastewaters and marine waters rather than in freshwater (Hudson
et al., 2007; Henderson et al., 2009). The occurrence of C1 in the sedi-
ment porewatermight be caused by its reductive environment and sur-
rounding anaerobic microorganisms, and high degree of anthropogenic
influences. C1 was dominantly present in PWOM (96.8%) but found in
nt (AEOM).

EOM p-Value IndAEOM

/IndPWOM

3.4 (1.7–9.6) 0.000 2.5 (0.6–33.0)
0.3 (0.2–0.6) 0.000 0.3 (0.0–1.5)

4.40 (1.62–14.50) 0.000 2.2 (0.6–27.8)
0.80 (0.56–2.00) 0.323 1.0 (0.4–2.3)
.000 (0.000–0.034) 0.000 0.0 (0.0–1.1)
.041 (0.014–0.086) 0.092 0.7 (0.0–2.6)
.054 (0.032–0.125) 0.002 0.8 (0.1–1.7)
.034 (0.017–0.093) 0.017 0.8 (0.1–1.6)
0.0 (0.0–17.0) 0.000 0.0 (0.0–1.6)

27.8 (16.5–52.1) 0.102 1.1 (0.3–2.5)
41.0 (25.3–50.7) 0.001 1.2 (0.8–4.2)
29.7 (9.2–36.8) 0.006 1.4 (0.4–10.9)
0.39 (0.20–1.52) 0.003 0.6 (0.1–2.6)

as the median (5th to 95th percentile). Mann–Whitney Test was performed for the differ-



Fig. 4. Comparison of the normalized concentrations (a) and the relative abundances (b) of PARAFAC components between PWOM and AEOM. The line in the figures represents a 1:1
relationship.
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only 19.4% of AEOM, and its relative abundance in PWOM was signifi-
cantly higher than that in AEOM (p b 0.001, Table 2). Such differences
were commonly observed for all four watersheds (Table S10 and
Fig. S3a). These results may imply soluble and mobile properties of
tyrosine-like substances in sediments. C2, which was found in 20
PARAFAC models, peaked at the ex/em wavelengths of 280/371 nm
with emission wavelength ranges from 300 to 530 nm (Fig. 2). It was
similar to tryptophan-like fluorophore but appeared to include a part
of humic-like fluorophores (Fellman et al., 2011; Kothawala et al.,
2012; Yang et al., 2013a). Overall, the relative abundance of C2 was
not much different between PWOM and AEOM (Table 2 and Fig. 4).

The third PARAFAC component, C3, with the ex/em wavelengths of
b250(305)/414nm,was presented in 28 PARAFACmodels andwas sim-
ilar to UVC + UVA humic-like fluorophore, which absorbs light in UVC
and UVA regions (i.e., 200 nm–275 nm, N300 nm)(Ishii and Boyer,
2012). The PARAFAC component has also been considered as biological
production of humic substances from autochthonous sources (Fellman
et al., 2011; Cory and Kaplan, 2012; Kothawala et al., 2012). Alternative-
ly, it can be assigned to fulvic-like component (Holbrook et al., 2006).
This component dominated the fluorescent organic matter (FOM) for
both PWOM and AEOM. Although the normalized concentrations of
C3 were higher in PWOM than in AEOM, its relative composition
Table 3
Spearman correlations between IndAEOM/IndPWOM and potential influencing factors.

SUVA254 SR HIX BIX P/H C1

Chemical species contained in pore water or sediment particlesa

T-NH4 0.21 −0.34 0.15 0.4 −0.17 −0.27
H2S −0.02 0.38 −0.14 0.53⁎⁎ 0.05 −0.23
TOC −0.12 0.13 0.03 0.2 0.01 −0.05
Al −0.50⁎ 0.29 −0.18 0.04 0.27 −0.14
Fe −0.17 −0.01 0.01 0.24 0.06 0.22

Land use (%)
Building −0.33 0.36 −0.21 0.27 0.28 −0.07
Paddy 0.05 −0.03 −0.02 −0.33 0.05 0.04
Dry paddy 0.2 −0.32 0.05 −0.34 −0.06 0.15
Forest 0.28 −0.12 0.16 −0.03 −0.23 0.01
Grass −0.3 0.07 −0.21 0.34 0.2 −0.16
Marshy −0.29 0.08 −0.13 −0.01 0.23 0.06
Bare −0.49⁎⁎ 0.13 −0.29 0.37⁎ 0.39⁎ −0.09
Waters −0.02 0.03 −0.03 −0.29 0.06 −0.04

Population
Density −0.46⁎⁎ 0.31 −0.15 0.28 0.22 −0.21

⁎ Denotes p b 0.05.
⁎⁎ Denotes p b 0.01.
a T-NH4 and H2S are total ammonia and hydrogen sulfide in pore water; TOC, Al, and Fe are
between PWOM and AEOM showed the opposite trend (p = 0.001,
Table 2 and Fig. 4). C4, with the ex/em wavelengths of 275(370)/
480 nm, was found in 13 PARAFAC models. It can be assigned to terres-
trial humic-like fluorophore, but it may have the sources from other
humic-like substances (Walker et al., 2009; Stedmon et al., 2011). C4
had similar trends with C3 in terms of the normalized concentrations
and the relative abundances between PWOM and AEOM (p b 0.01,
Table 2 and Fig. 4).

Based on the relative composition of the assigned PARAFAC compo-
nents, the ratios (P/H) of protein-like components (i.e., C1 and C2) to
humic-like components (i.e., C3 and C4) were calculated and compared
between PWOM and AEOM in Table 2. The results revealed more en-
richment of protein-like fractions in PWOM as indicated by the higher
ratios of PWOM versus AEOM (p = 0.003, Table 2) although the same
trendwas not obvious for theHan RiverWatershed (Table S10). Overall,
the normalized concentrations of PARAFAC components were consis-
tently higher for PWOM than for AEOM whereas the opposite trends
were found for their relative abundances with an exception of C1.
Tyrosine-like component (C1) was predominantly present in PWOM,
possibly serving as a discriminant indicator between PWOM and
AEOM (or between DOM and POM) in sediments. Our study demon-
strated that EEM-PARAFAC could offer a clearer picture of the
C2 C3 C4 C1% C2% C3% C4%

−0.07 0.01 −0.12 −0.29 0.12 0.27 0.1
−0.02 −0.26 0.17 −0.23 0.23 −0.15 0.18
−0.06 −0.06 0.21 −0.02 −0.04 −0.1 0.1
0.4 0.37 −0.14 −0.16 0.24 −0.25 −0.37
−0.1 −0.15 0.02 0.27 0.06 −0.11 0.12

0.17 −0.04 0.2 −0.06 0.05 −0.39⁎ −0.15
−0.01 0 −0.18 0.04 −0.03 0.01 −0.1
−0.08 0.02 −0.29 0.15 0.03 0.21 −0.1
−0.14 0 0.12 −0.01 −0.13 0.23 0.22
0.28 0.14 0.11 −0.16 0.19 −0.25 −0.19
0.09 −0.07 −0.19 0.1 0.1 −0.24 −0.21
0.40⁎ 0.21 0.1 −0.07 0.24 −0.40⁎ −0.33
0 −0.02 0 −0.03 −0.02 −0.07 −0.04

0.23 0.12 0.28 −0.21 0.02 −0.33 −0.12

total organic carbon, aluminum, and iron in sediment particles.



Fig. 5.Non-metricmultidimensional scaling (NMDS) of all the relative ratios of spectral indicators (IndAEOM/IndPWOM) for selected 26 sampling sites (a) and influencing factorsfitted to the
NMDS ordinates (b). Ordinations are based on Bray–Curtis distance (k= 2, stress= 0.11). In chart b, Bd, Pd, DP, Fr, Gr, Mr., Br, Wt, Pop denote building site, paddy-field, dry paddy-field,
forest, grass land, marshy land, bare land, waters, and population density, respectively, in Table 2.
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distribution/partition behavior of different SOM constitutes between
pore water and sediment particles and thus the applicability might be
superior to the conventional spectral indicators previously used.

3.3. Potential influencing factors on SOM distribution behavior

Potential associations between SOM distribution behavior and other
internal or external factors were investigated using Spearman correla-
tions between IndAEOM/IndPWOM ratios and the variables of the factors
(Table 3). The internal factors included chemical species (T-NH4, H2S,
TOC, Al, and Fe) of sediments (pore water or sediment particles) while
land uses and population density of surrounding watersheds for the
sampling sites were considered for the external factors. Total organic
matter (i.e., TOC) of sediment particles did not affect the DOM–POMdis-
tribution as evidenced by the absence of significant correlationswith all
the spectral indicators. The mineral metals (i.e., Al and Fe) could form
hydroxylated metal-oxide coating on sediment surfaces, which en-
hances the adsorption of OM onto particle phase (Kleber et al., 2007).
H2S represents reductive environments of sediments. Such an anoxic
condition may reduce FeOOH (coated on the sediment surface) into Fe
(II) (Skoog et al., 1996), which may interfere with the adsorption of
humic-like substances onto sediment surfaces. For this study, significant
correlationswere found between H2S and BIX (Table 3), suggesting that
autochthonous SOMmolecules may be more distributed into sediment
particles under reductive condition.

The major land uses (e.g., forest, farmland) did not exhibit any sig-
nificant correlations with either the ratios of the spectral indicators or
PARAFAC components except for bare land use. The IndAEOM/IndPWOM

ratios of SUVA254 showed significant negative correlations with bare
land use and the population density of surrounding watersheds. It was
also found that land uses with less or no vegetation (e.g., building,
grass, marshy, water, and bare) were negatively correlated with aro-
matic substances' distribution in POM probably due to the low organic
carbon contents of the soils belonging to the land uses (Deng et al.,
2015). Moreover, high human activity and dense population likely in-
creased input of aromatic molecules in forest and farmland to overlying
water, subsequently leading to its enrichment in pore water (Wilson
and Xenopoulos, 2009).

Non-metric multidimensional scaling (NMDS) of the sampling sites
is shown in Fig. 5a. The two ordinateswere identified based on the loca-
tions of the indicator ratios in Fig. 5b. Thefirst ordinate (MDS1) revealed
the similarities and the differences among indicators. The protein-like
components (C1%, C2%, and P/H) were located in the positive side,
whereas humic-like substances (C3%, C4%, HIX, and SUVA254), in the
negative side, indicating that protein-like and humic-like substances'
exchange between DOM and POM were totally different. The 2nd ordi-
nate (MDS2) appears to relate to the predominant presence of tyrosine-
like component in porewater as shownby the remote location of C1 and
C1% in the negative side of theMDS 2. From the interpretation of NMDS,
different watersheds seem to affect the distribution behavior of either
protein-like or humic-like OM between dissolved and solid phases of
sediments. For example, most sampling sites belonging to the Han
River and Geum River watersheds were located in the positive side of
theMDS 1 (Fig. 5a). Reductive environments (H2S) and aluminummin-
erals (Al) seem to link with the partition of protein-like substances into
sediment particles as indicated by their locations in the positive side of
the MDS 1 (Fig. 5b). With respect to the external factors, more enrich-
ment of protein-like substances in AEOM was associated with human
activity-related land uses (e.g., building site, bare land, and grass land)
and population density (Fig. 5b).

4. Conclusions

In the present study, the distribution behavior of SOM between dis-
solved and particulate phases in river sediments was explored by using
several selected spectral indicators and EEM-PARAFAC components
from PWOM and AEOM. Our spectroscopic data showed that SOMmol-
ecules with higher aromatic contents and larger sizes were more
enriched in sediment particles than in porewater. Tyrosine-like compo-
nent (C1) can be suggested as an indicator to distinguish between DOM
and POM in sediments due to its predominant presence in pore water.
The two humic-like PARAFAC components tended to bemore distribut-
ed to sediment particles. Spearman correlations and NMDS analysis re-
vealed that reductive environments and aluminum minerals could be
associated with the distribution of protein-like substances into the
solid phase of sediments. The distribution behavior of SOM also appears
to be affected by the external factors relating to human activities such as
building sites, bare land and population density. Our study demonstrat-
ed that, compared with the conventional spectral indicators, EEM-
PARAFAC could offer a clearer picture of the distribution/partition be-
havior of different SOM constituents between dissolved and particulate
phases of sediments. Further investigations based on sediment samples
fromdiverse geographical locationswould be required to generalize our
findings into all river sediments.
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