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� PARAFAC could probe low to moder-
ate levels of anthropogenic signature
of SOM.

� Metal enrichment was positively
associated with tryptophan-like sub-
stances of SOM.

� High metal binding affinity of humic-
like component was not evident in
sediments.

� Probing SOM for metal enrichment
revealed coupled discharge of metals
and organics.
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Sediment organic matter (SOM) was extracted in an alkaline solution from 43 stream sediments in order
to explore the anthropogenic signatures. The SOM spectroscopic characteristics including excitation-
emission matrix (EEM)eparallel factor analysis (PARAFAC) were compared for five sampling site
groups classified by the anthropogenic variables of land use, population density, the loadings of organics
and nutrients, and metal enrichment. The conventional spectroscopic characteristics including specific
UV absorbance, absorbance ratio, and humification index did not properly discriminate among the
different cluster groups except in the case of metal enrichment. Of the four decomposed PARAFAC
components, humic-like and tryptophan-like fluorescence responded negatively and positively, respec-
tively, to increasing degrees of the anthropogenic variables except for land use. The anthropogenic
enrichment of heavy metals was positively associated with the abundance of tryptophan-like compo-
nent. In contrast, humic-like component, known to be mostly responsible for metal binding, exhibited a
decreasing trend corresponding with metal enrichment. These conflicting trends can be attributed to the
overwhelmed effects of the coupled discharges of heavy metals and organic pollutants into sediments.
Our study suggests that the PARAFAC components can be used as functional signatures to probe the
anthropogenic influences on sediments.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Inland sediment is considered to be an archive of human activ-
ities and pollution history in aquatic ecosystems. It operates as an
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important compartment in the processes of nutrient cycling and
material exchange (Li et al., 2014; Yang et al., 2014b), being
responsible for their sources and sinks through sorption, resus-
pension, and diffusion (Komada et al., 2002). Sediment organic
matter (SOM) can be enriched and altered by increasing anthro-
pogenic activities through direct (e.g. organic pollutant discharge)
and indirect (e.g., algal bloom) routes (Zhang et al., 2014). It has
been observed that SOM characteristics vary with the types of
anthropogenic disturbances and the subsequent chemical/biolog-
ical processes. Awell-known anthropogenic variable is the land use
of the surrounding watersheds (Kalbitz et al., 2000; Hosen et al.,
2014). For example, using mineral fertilizers in agricultural areas
stimulates the production of vascular plants, which may ultimately
alter the properties of SOM via non-point discharge into water
bodies (Kalbitz et al., 2000; Rodrigues de Azevedo and Nozaki,
2008). Other variables such as population density, pollution
discharge, and metal enrichment can account for anthropogenic
influences (Li et al., 2000).

Alkaline extractable organic matter (AEOM) is generally
accepted as the most representative isolate to describe the chem-
ical properties of SOM as well as its sources (Rodrigues de Azevedo
and Nozaki, 2008; Luo et al., 2011; Osburn et al., 2012). The char-
acteristics of AEOM can be determined via bulk analysis and/or
molecular exploration (Chen and Hur, 2015). The bulk indicators for
SOM include dissolved organic carbon (DOC) (Yang et al., 2014b),
ultraviolet and visible (UVeVis) spectroscopic indices (Peuravuori
and Pihlaja, 1997), and fluorescence indicators including parallel
factor analysis (PARAFAC) components (Santín et al., 2009; Luo
et al., 2011). The molecular level-characterization has been
explored through elemental composition and ultrahigh resolution
mass spectrometry (Kalbitz et al., 2000; Schmidt et al., 2014;
Stubbins et al., 2014), apparent molecular weight (Lepane et al.,
2004), and the composition of the functional groups via infrared
spectrum and nuclear magnetic resonance spectrum (K€ogel-
Knabner, 1997; Sakellariadou, 2006). Although it is undeniable
that the four methods above provide more detailed information,
they typically require time-consuming pretreatments for sample
purification and concentration, and also have a high cost, all of
which are infeasible for the routine monitoring of SOM widely
distributed over a broad area. At the current level of technology,
UVeVis and fluorescence spectroscopy can be suggested as the
preferred and convenient tools for monitoring SOM characteristics
before the advanced methods become commonly used. Further-
more, fluorescence excitation emission matrix (EEM) combined
with PARAFAC has proven to be a powerful spectroscopic technique
for probing the sources and the composition of SOM as well as the
biogeochemical processes (Santín et al., 2009; Hur et al., 2014b).

In aquatic ecosystems, organic matter (OM) serves as a carrier of
heavy metals via the binding (Anawar et al., 2013), rendering sed-
iments as a coupling storage of OM and metals (Yuan et al., 2015).
The enrichment of heavy metals in sediments is not necessarily
consistent with the SOM amounts expressed as the total organic
carbon (TOC, %) (Reza et al., 2011). Considering the complexity and
the heterogeneity of the sediment environments affected by mul-
tiple anthropogenic variables, it would be highly valuable to
explore frequently used SOM spectroscopic indicators for assessing
the degree of the anthropogenic influences on sediments. The ob-
jectives of this study are 1) to explore the common spectroscopic
indicators of SOM to probe different degrees of anthropogenic in-
fluences, and 2) to suggest the proper anthropogenic signatures
among the tested SOM indicators. This study is based on a
nationwide sampling campaign for stream sediments in South
Korea.
2. Materials and methods

2.1. Sampling sites and description of anthropogenic influences

Forty three sediment samples were collected from the lowest
reaches of the tributaries (streams) widely located in the four major
watersheds (including Han River, Nakdong River, Geum River, and
Yeongsan River watersheds) of South Korea (Fig. 1). The
geographical coordinates and other location information are pro-
vided in Table S1. In this study, the land use, the population density,
and the annual loadings of organics and nutrients (biochemical
oxygen demand; BOD, total nitrogen; TN, total phosphorus; TP)
discharged into the corresponding sub-watersheds were consid-
ered to be the anthropogenic variables possibly affecting the sedi-
ment quality. All the data are summarized in Tables S2 and S3,
which are based on the information available fromWater Resources
Management Information System (WAMIS, http://www.wamis.go.
kr/ENG/).

2.2. Sampling and pretreatment

Sediment samples were collected using a core sampler in August
and November, 2014. After the top 1 cm-surface layer was removed
from the sediment column, the portion at the deeper depth (down
to ~5 cm) was cut and used for this study with special attention
paid to the minimum contact with oxygen (Chen and Hur, 2015).
The collected sediments were kept in an ice box and transported
into a laboratory. They were freeze-dried, homogenized, ground
slightly, sieved through 100-mesh screen (149 mm), and kept at a
room temperature before the extraction of AEOM and the digestion
for heavy metals. Although size variability among different sedi-
ment sites might also influence the species of metals and/or their
concentration, this study chose only clay-slit (<63 um) and fine
sand (63e125 um) fractions of sediments because SOM strongly
relates to larger specific surface area of sediments (e.g., slit and
clay), and metals tend to be enriched in slit (Bergamaschi et al.,
1997; Chen et al., 2007).

2.3. Extraction and purification of AEOM

The extraction and purification of AEOM generally followed the
procedures previously described in other studies (Osburn et al.,
2012; Hur et al., 2014b). In brief, 5 g of the grounded sediments
were soaked with 50 mL 0.1 N NaOH with nitrogen purging, and
shaken at 180 rpm for 24 h before the centrifugation at 10,000 rpm
for 20 min. The supernatant was filtered through a pre-washed
0.45 mm pore-sized membrane (cellulose acetate, Toyo Roshi Kai-
sha, Ltd., Japan). The obtained AEOM solution was appropriately
diluted and the pH was adjusted to ~7.0 by adding 0.1 HCl solution.
The existing cationswere removed by passing the solution though a
column filled with cation exchange resin (Dowex 50WX8,
50e100 mesh, SigmaeAldrich), which was initially converted into
free-acid forms using 500 mL of 0.1 N HCl before the sample
loading. The purified AEOM solution was stored at 4 �C until the
measurements of DOC, UVeVis and fluorescence spectra.

2.4. Sediment digestion for heavy metals

The selected dried samples (25 out of 43) were further ground
into finer particles on agate mortar. A small quantity (0.2 g) of the
ground sediment was added into a Teflon reaction container with
10 mL of a mixed acid solution consisting of nitric acid (HNO3, 65%),
hydrofluoric acid (HF, 40%), and perchloric acid (HClO4, 70e72%) at
the ratios of 4: 4: 1. The digestion container was kept at a room
temperature for 4 h, tightly covered with lid and digested on heat
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Fig. 1. Sediment sampling sites for this study.
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plates at 120e150 �C for over 24 h. After cooling to room temper-
ature, the containers were opened and heated again until only
0.5e1 mL of the liquid was left. Then 10 mL of Aqua Regia (hydro-
chloric acid (HCl, 37%): HNO3 (65%) ¼ 3: 1, v/v) was added into the
containers, and the reaction system was kept at a room tempera-
ture for another 4 h. Similar to the process above, each container
was closedwith a tight lid and digested on heat plate at 100e120 �C
for another 24 h, followed by volatilizing the acids until a small
volume (0.5 mL) was left. Finally, 1% nitric acid was used to dilute
the remaining solution, which was transferred into a 10-mL volu-
metric flask before the metal analyses using inductively coupled
plasma coupled with atomic emission spectrometry or mass
spectrometer (ICP-AES or ICP-MS).

2.5. Instrumental analyses and quality assurance

DOC concentration of the AEOMwas determined by a Shimadzu
V-CPH TOC analyzer with a relative precision of <3%. The pH of the
AEOM was re-adjusted to ~3.0 prior to spectroscopic
measurements in order to minimize the fluorescence quenching
due to metal binding in present study. It was noted that precipi-
tation of humic acids would typically occur at the pH lower than 2.0
and that a lower pH might decrease DOM fluorescence. Shimadzu
UV-1300 spectrometer was employed with 1-cm cuvette to scan
the absorption spectra at the wavelengths from 200 nm to 800 nm.
The EEM spectra, with the excitation wavelengths from 220 to
500 nm at 5 nm increments and the emission wavelengths from
280 to 550 nm at 0.5 nm increments, were measured using a
luminescence spectrometer (Perkin Elmer LS55). The samples were
diluted to keep their UV/Vis absorbance at 254 nm < 0.2 before EEM
scanning. According to an inter-laboratory standard method pro-
posed by Murphy et al. (2010), the EEM data was corrected with
instrumental spectral correction factors, water blank, and the inner
filter effect using an automatic Matlab code, namely, FDOMcorrect.
The fluorescence intensity was calibrated using quinine sulfate
dehydrate solution (10 mg L�1).

Chromium (Cr), copper (Cu), nickel (Ni), lead (Pb), and zinc (Zn)
were determined by ICP-AES (Optima 7300DV, PerkinElmer Inc.,



W. He et al. / Chemosphere 150 (2016) 184e193 187
USA). Arsenic (As) and cadmium (Cd) were measured by ICP-MS
(Elan DRC-II, PerkinElmer Inc., USA). The detection limits, the re-
coveries of the reference sediment (IAEA-405, International Atomic
Energy Agency, Austria), and the relative standard deviation (RSD)
of the metal determination are summarized in Table S4. The re-
coveries of the reference sediment for specific heavy metal ranged
from 85.3% to 119.2% and the RSD values were all below 7%.

2.6. Indicator calculation and statistical analysis

The UVeVis indicators generally includes specific UV absor-
bance at 254 nm (SUVA254), the ratios of absorbance at 254 nm to
absorbance at 365 nm (E2/E3), and spectral slope ratio (SR, the
relative slope over 275e295 nm to 350e400 nm). Fluorescence
index (FI), humification index (HIX), and biological index (BIX)
were included for the fluorescence indicators (Yang et al., 2014b;
Chen et al., 2015). FI is a ratio of the fluorescence intensities at
the emission wavelengths of 450 nme500 nm with an excitation
wavelength of 370 nm (McKnight et al., 2001). HIX is a ratio of the
areas under the emission spectra over 435e480 nm to 300e345 nm
with an excitation wavelength of 255 nm (Zsolnay et al., 1999). BIX
is a ratio of the fluorescence intensity at the emission wavelengths
of 380 nme430 nm with the excitation wavelength of 310 nm
(Huguet et al., 2009).

PARAFAC modeling was performed based on a total of 43 EEMs
using Matlab toolbox, namely, DOMFluor (Stedmon and Bro, 2008).
Due to the limited samples and distinct individual EEM features of
the AEOM, it was difficult to use the split-half analysis for themodel
validation. Therefore, the core consistency diagnostics combined
with the explained variances was employed to identify the number
of the PARAFAC components (Bro and Kiers, 2003; Yang et al., 2015).
As shown in Table S5 and Fig. S1, 4-component model was finally
chosen for this study as indicated by the second highest core con-
sistency (68.9%), a relatively higher explained variance (94.1%), and
a lower residual of ‘structure’ (11,193). The relative concentration of
each PARAFAC component was estimated by the Fmax value from
DOMFluor. For this study, the DOC-normalized Fmax values (F/DOC)
and the percent abundance of each component (%C1e%C4) were
included as PARAFAC indicators (Saadi et al., 2006; Yang et al.,
2015). In the present study, the relative indicators (e.g., SUVA254,
C1/DOC, and C1%) were employed for SOM evaluation because
sediments are a solid phase and thus the extraction recoveries of
AEOM are different for each sediment. It would be more reasonable
to use TOC (%) rather than the absolute indicators of AEOM in
estimating the total concentration of organic matter in sediments.
Moreover, SUVA254 was typically employed to describe the organic
matters' properties in both dissolved and particulate phases
(Fellman et al., 2008; Yang et al., 2013; Yuan et al., 2014), making it
much easier to compare the SOM between dissolved and particu-
late phases.

To reflect the anthropogenic enrichment of metals only, the geo-
accumulation index (Igeo), which is a background level-normalized
metal concentration, was calculated by the equation, Igeo ¼ log2(Cn/
1.5Bn), where Cn is the measured concentration of metals in the
sediment and Bn is the geochemical background concentration of a
given metal (n) recommend by Lai et al. (2013). The factor 1.5 is a
background matrix correction factor due to lithogenic effects. The
classification criteria based on Igeo follow those described in Lai
et al. (2013).

Statistical analyses, hierarchical cluster analysis (HCA), Man-
neWhitney test (MWT) were conducted by SPSS 13.0 software. In
the HCA, the Ward method was applied for the algorithm, and the
similarity among the cluster was measured using the squared
Euclidean distance. Because most data did not exhibit normal or
logarithm normal distributions, a non-parameter comparison
method, MWT, was used to examine the differences or the simi-
larities of the indicators among the classified sample groups. To
illustrate the degree of the associations of selected spectral in-
dicators (SUVA254, E2/E3, SR, FI, HIX, BIX) with the enrichment of
heavymetals in sediments, winderose diagrams were drawn based
on their Pearson correlation coefficients. Canonical correlation
analysis (CCA) for multivariate direct gradient analysis was per-
formed by the Canoco 4.5 to identify the key influencing factors and
the responsible SOM indicators.

3. Results and discussion

3.1. Classification of the sampling sites

Four anthropogenic variables, including land use, population
density, pollutant discharge of upstream sub-watersheds, and the
Igeo values (Table S6) of the individual heavy metals in sediments,
were separately considered for HCA to classify the sampling sites
into five different groups (Table S7). In general, group 1 to 5 rep-
resented increasing degrees of anthropogenic activities. For the
land use-based classification, the most sites belonging to group 1
are located in the mountainous areas covered with the minimum
occupation of building sites and agriculture while, in groups 4 and
5, the anthropogenic land use accounted for over 60% (Table S7). For
the population-based classification, most sampling sites were
assigned to groups 1 and 2, which had relatively low population
densities. For the classification based on pollutant loading, the
group with a higher number was associated with increasing dis-
charges of BOD, TN, and TP into sediments. For the Igeo-based
classification, the medium values of each group showed increasing
trends with the group number for all the metals with an exception
of Pb in group 5.

3.2. Spectroscopic characteristics of SOM for different classified
groups

3.2.1. Non-PARAFAC spectroscopic indicators
In contrast to soil-derived organic matter, which is dominantly

affected by terrestrial sources with relatively high SUVA254 values
(Fellman et al., 2008; Nkhili et al., 2012), the SUVA254 value of SOM
likely depends on the variance of different contributions of
allochthonous and autochthonous sources (Yuan et al., 2014) For
this study based on a broad sampling area, the SUVA254 of SOMwas
4.2 ± 1.9 mg-C�1 m�1 L (Table 1), indicating 31 ± 16% of aromatic
content in SOM based on the relationship formula between
SUVA254 and aromaticity by 13C NMR (Weishaar et al., 2003). A
higher E2/E3 ratio is associated with the lower degree of aroma-
ticity and smaller molecular sizes. The E2/E3 values of SOM in this
study were lower than 3.8 for about 75% of the collected samples,
suggesting the dominance of large sized aromatic structures in
SOM of most sediments. The SR values of the most samples (~95%)
were lower than 1.0, indicating again that high molecular weight
molecules are dominant in SOM.

For the fluorescence indicators, FI had a median value of 1.89,
corresponding to the abundance of autochthonous origins such as
microorganisms/attached algae in the pore water or on the sedi-
ments (Li et al., 2014). It can be deduced that protein-like sub-
stances with autochthonous sources were easily adsorbed onto the
sediment minerals and/or retained by the microorganisms on the
sediments (Aufdenkampe et al., 2001; Azam and Malfatti, 2007).
The HIX values of our samples ranged from 0.64 to 22.42, which fell
within the ranges previously reported for other SOM (Hur and Kim,
2009; Hur et al., 2014b). BIX typically stands for microorganisms'
activities, and the value is higher with increasing algal- or/and
bacteria-derived particulate organic matter (Yang et al., 2014b). For



Table 1
Statistics of selected characteristics of SOM investigated for this study.

N Mean SD Min Max Percentiles

5 25 50 75 95

TOC (%) 43 2.32 2.00 0.31 8.50 0.36 0.95 1.61 2.74 7.63
SUVA254 (mg-C�1 m�1 L) 43 4.2 1.9 1.4 10.7 1.9 2.7 3.9 5.3 8.7
E2/E3 43 3.8 1.8 2.4 11.9 2.5 3.0 3.4 3.8 9.1
SR 43 0.4 0.2 0.1 1.4 0.1 0.3 0.3 0.4 1.0
FI 43 1.99 0.41 1.44 3.09 1.49 1.66 1.89 2.30 2.86
HIX 43 5.45 3.84 0.64 22.42 0.94 3.16 4.89 7.40 12.47
BIX 43 0.84 0.26 0.50 1.68 0.53 0.64 0.76 0.93 1.39
C1/DOC (mg QS mg-C�1) 43 20.5 16.6 2.9 85.1 4.0 9.9 14.1 25.2 63.5
C2/DOC (mg QS mg-C�1) 43 28.2 18.3 7.6 91.0 9.1 15.2 24.1 33.3 77.2
C3/DOC (mg QS mg-C�1) 43 8.5 6.7 0.0 31.2 0.7 4.8 6.8 10.0 24.4
C4/DOC (mg QS mg-C�1) 43 4.6 3.7 0.0 18.4 0.7 2.0 3.6 5.4 12.8
F/DOC (mg QS mg-C�1) 43 61.8 34.3 18.8 183.3 24.3 41.3 53.4 68.0 147.4
C1 (%) 43 31.8 12.2 5.0 79.0 14.2 25.0 31.0 39.0 46.0
C2 (%) 43 45.3 12.2 17.0 76.0 22.8 38.0 46.0 52.0 66.4
C3 (%) 43 15.0 10.4 0.0 50.0 2.2 7.0 13.0 19.0 40.2
C4 (%) 43 7.9 5.2 0.0 28.0 1.2 5.0 7.0 9.0 21.6

Notes: SD e standard deviation, Min e minimum, Max e maximum.
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this study, it ranged from 0.50 to 1.68 with an average of 0.84.
Human activities seem to play a considerable role in determining
BIX of AEOM in sediments, which was close to the pore water
(0.86), indicating both pore water and AEOM in sediment were
influenced by recent biological activities (Chen et al., 2015).
3.2.2. PARAFAC indicators
Four PARAFAC components, including two humic-like compo-

nents (C1 and C4), one tryptophan-like component (C3), and one
unidentified component (C2), were decomposed from all measured
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Fig. 2. PARAFAC components from 43 EEMs of SOM (i.e., sediment alkaline extractable
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EEMs as shown in Fig. 2. According to modified Tucker's Congru-
ence Coefficient (mTCC) (Table S8), the quantitative and visual
comparisonwas made with other PARAFAC components previously
reported in the literature (Parr et al., 2014; He and Hur, 2015). The
compared components with mTCC >0.95 indicate excellent coin-
cidence. C1, with the Ex/Em ranges of <220e400 nm and
360e550 nm, represents a photo-refractory humic-like substance
with autochthonous or terrestrial origin (Ishii and Boyer, 2012; Lutz
et al., 2012), which was found in 24 PARAFAC models (Table S8).
This component can also be attributed to the presence of a quinone
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derivative, specifically a ketal (Cory andMcKnight, 2005). The DOC-
normalized C1 ranged from 2.9 to 85.1 mg QSmg-C�1 with a median
of 14.1 mg QS mg-C�1, which constitutes a major component (31.0%
of F/DOC) among the three identified fluorophores (C1, C3, and C4).
C2, with the Ex/Em ranges of <220e350 nm and 340e450 nm, was
an unspecific combined component. It is located in the overlapped
region of humic-like and tryptophan-like fluorescence (Yang et al.,
2013). This component was found in dissolved organic matter
(DOM) from other sediments and usually appeared together with
C3 as one component of DOM (Yuan et al., 2015). It was present in
28.2 ± 18.3 mg QS mg-C�1, accounting for 46.0% of all the four
PARAFAC components. This dominated component had few
matched components in the database built by Parr et al. (2014),
suggesting the presence of the unique characteristics of SOM. C3,
with the Ex/Em ranges of <220e325 nm and 340e425 nm, was
assigned to tryptophan-like component, which commonly found in
many aquatic environments (Stedmon and Markager, 2005;
Murphy et al., 2008). The component accounted for 15.0 ± 10.4%
of the four components. C4, with the Ex/Em ranges of 260e290
(320e440) nm and 425e525 nm, may relate to humic-like sub-
stances (Yamashita et al., 2011). The component had the lowest
abundance among the four PARAFAC components
(4.6 ± 3.7 mg QS mg-C�1).

3.2.3. Comparison of spectroscopic characteristics for different
groups

Selected SOM characteristics were compared for the five site
groups clustered by different anthropogenic variables in Fig. 3,
S2eS4, and the differences among the groups were tested by MWT
and summarized in Tables S9eS12. For this study, there were no
explicit relationships between the upstream land use and the SOM
characteristics (Fig. S2 and Table S9) as revealed by no distinct
differences among the five groups for most of the tested indicators.
Our results did not agree with recent findings for aquatic DOM
(Hosen et al., 2014; Hur et al., 2014a).

This disagreement in the anthropogenic influence on aquatic
DOM and SOM may be caused by the more sensitive nature of the
former in responding to different upstream land uses. Although
SOM characteristics are initially influenced by different sources of
organic input from the upstream watersheds, they could be easily
and ultimately altered upon various biogeochemical processes for a
long accumulation time, resulting in higher “noise” to the “signal”
of land use signature in SOM. Furthermore, the high hydrodynamic
force of streams may keep the riverine sediments disturbed.

Population density affected the SOM characteristics of TOC, FI,
BIX, and some PARAFAC components (C1 and C3), particularly
among the first three groups with the medium population density
between 80 and 1049 capita km�2 (Fig. S3 and Table S10). Our re-
sults indicate that increasing population density might lead to the
enhancement of the bulk SOM, and the SOM fractions likely relate
to autochthonous origins (e.g., algal bloom) and/or organic pollu-
tion (e.g., sewage) Indeed, the pollutant loadings of BOD, TN, and TP
exerted the similar but more pronounced influences on the SOM
characteristics as indicated by the increased bulk SOM and higher
C3-related fluorescence features (autochthonous origins) for more
polluted group (Fig. S4 and Table S11).

It was reported that the enrichment of heavy metals in stream
sediments is highly associated with anthropogenic activities (Lai
et al., 2013; Yang et al., 2014a). However, no relationships were
found for this study between overall anthropogenic variables (land
use, population density, and pollutant loading) and metal enrich-
ment, indicating thatmetalsmight be associatedwith specific point
sources in small areas rather than overall anthropogenic activities
surrounding the watersheds. Nevertheless, among the anthropo-
genic variables examined here, metal enrichment showed the
closest association with the variations of many SOM characteristics
as revealed by the statistical differences found among the groups
classified by Igeo values (Fig. 3 and Table S12). In detail, groups 1 and
3 were distinguished by SUVA254, E2/E3, and BIX values (p < 0.05)
while SR and HIX were not good indicators in discriminating the
two groups. Typical humic-like component (C1) exhibited the
lowest DOC-normalized values in group 3 and can be used to
distinguish among the groups 1, 2 and 3 (from unpolluted to
moderately polluted sites) (Table S12). The opposite trend was
found for the tryptophan-like component (C3). The percent abun-
dance of C1 (%C1) had a decreasing tendency with the metal
enrichment for the first three groups (Fig. 3m), which were sta-
tistically distinguishable by %C1 values (p < 0.05). MTW results
revealed no significant differences in the DOC-normalized C2 for all
the five groups (p > 0.05) although the medium values showed a
decreasing tendency for the first four groups (Fig. 3j). No distinct
association of C4 with metal enrichment was found from the
comparison among the groups. Taken together, both humic-like
(C1) and tryptophan-like (C3) components could be suggested as
good indicators to assess the degree of anthropogenic influences on
sediments, particularly, for discriminating the sediments from
relatively unpolluted to moderately polluted areas. It should be
note that although SOM characteristics did not exhibit any clear
trend with increasing anthropogenic influence, they showed
different patterns between groups 1e3 and groups 4e5.

3.3. Association of characteristics of SOM with the individual metal
enrichment

In general, the six indicators in winderose diagrams could be
divided into two categories according to the associationwith heavy
metals: the positive correlations (E2/E3, FI, and BIX) and the
negative correlations (SUVA254, SR, and HIX) (Fig. 4). The combined
results suggest that the heavy metals tend to be more enriched in
the sediments containing the DOM fractions with lower aromatic
structures and molecular weight, which relates to microbial OM
sources from microbial activities (e.g. fatty acid or amino acids). As
shown in Table S13 and Fig. 4, HIX and SR poorly correlatedwith the
heavy metals, indicating that humification and high molecular
weight organic substances might not be the key factors influencing
the abundance of those metals. Alternatively, the metals might be
simultaneously discharged together with less humified OMs (e.g.,
effluent wastewater).

The association of the two PARAFAC components (i.e., C1 and
C3) with the anthropogenic enrichment of each heavy metal was
further explored via correlation analysis (Table S13 and Fig. 5). In
the studies of DOM-metal binding, fluorescence quenching upon
metal binding were noticed and used to describe the binding af-
finity (Yamashita and Jaff�e, 2008; Xu et al., 2013; Yang et al., 2014a;
Yuan et al., 2015), in which humic-like component was much more
sensitive to the quenching than tryptophan-like component. In the
real environment, however, the correlation between PARAFAC
components and metal enrichment may be controlled not only by
their affinity but also the pollution discharge from the upstream
catchments and many other environmental factors (Lai et al., 2013).
In this study, the Igeo values (i.e., anthropogenic enrichment) of
heavy metals were positively correlated with tryptophan-like
component (C3) but negatively with humic-like substances (C1)
(Fig. 5). In detail, the logarithm values of %C3 were significantly
correlated with all the metals except for Cr (p < 0.05). The positive
relationships between the Igeo values and %C3 suggest that the
metal enrichment likely co-varied with organic pollution in the
sediments. Our results imply that the correlations between metals
and PARAFAC composition in SOM should be examined with
caution because the main anthropogenic signature for probing
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metal enrichmentmight not relate to the binding affinity but rather
 to the coupled pollution from the upstream catchments as shown
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Fig. 5. The linear fitting curves between SOM PARAFAC components (%C1 and %C3) and Igeo values of heavy metals in sediments based on Pearson correlation analysis in Table S13.
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in this study.
CCA offered a clear and graphic insight into the associations

between SOM characteristics and environmental factors. In the CCA
ordination biplot (Fig. 6a), building site, baer & grass land, popu-
lation density, BOD, TN, and TPwere associatedwith each other and
assigned as major human activates, while forest, agriculture, and
wetland showed different behavior from the above-mentioned
environmental factors. After Monte Carlo Permutation test, it was
found that building site and wetland were the two factors actually
contributing to the explained variance as indicated by the signifi-
cance test results (p < 0.05, Table S14). From the locations of the
two variables, the axis 2 appears to be more associated with human
activities, while the axis 1 may indicate natural impacts. CCA
generally could provide a sequence for the species (i.e., SOM in-
dicators in present study) as indicated by the order of the species'
projection on the arrow of the environmental factors. Thus, we
found that C3 (DOC-normalized and %), C4 (DOC-normalized and
%), and TOC were more associated with human activities than other
SOM characteristics. On the contrary, C1%, C2%, and SUVA254 were
more related to forest land. DOC-normalized C1 and C2 and HIX
depended on agricultural land. Wetland also influenced many SOM
characteristics including TOC, C3%, E2/E3, and BIX. The influence of
observed heavy metals on the SOM characteristics was investigated
in Fig. 6b. Cd and Cu were the two factors actually contributing to
the explained variance as indicated by the significance test results
(p < 0.05, Table S14). The negative sign of axis 1 was associatedwith
the abundance of metals as indicated by the direction of the arrows
for most metals. It was interesting to note that C3 and BIX were in
parallel with the enrichment of metals in the direction, whereas C1
and HIX were negatively associated with metals. To sum up, PAR-
AFAC components could be used as good SOM signatures for rough
estimation of anthropogenic activities especially with low to
moderate levels in sediments. Fluorescence signatures does not
seem to show a gradient response to increasing levels of anthro-
pogenic activities, rather they may indicate a threshold response
although further investigation is warranted for the verification.
4. Conclusions

PARAFAC composition of SOM showed better performance in
discriminating different degrees of anthropogenic influences when
compared with non-PARAFAC spectroscopic indicators. All tested
SOM characteristics failed to distinguish between the sediment
groups classified by different land uses. Among the five classified
sediment groups, the first three groups with unpolluted to
moderately polluted sediments were statistically discriminated by
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two PARAFAC components. The abundance of humic-like (%C1) and
tryptophan-like (%C3) fluorescence components showed a
decreasing and an increasing trend with the degree of anthropo-
genic variables, respectively, suggesting that the two PARAFAC in-
dicators could be well functioning spectroscopic signatures for
anthropogenic influences. The Igeo values of heavy metals showed
positive relationships with the logarithm values of %C3, but nega-
tive correlations with %C1 even though humic-like fluorescence
was reported to be more responsible for metal binding. Our results
suggest that the association between the actual metal enrichment
and PARAFAC composition of SOMmay be governed by themultiple
contaminations of metals and organics in sediments rather than by
the binding affinity of SOM for metals.
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