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a  b  s  t  r  a  c  t

Dissolved  organic  matter  (DOM)  is  an  important  component  of  the  carbon  cycle  and  a critical  driver  in
controlling  a variety  of biogeochemical  and  ecological  processes  in  aquatic  environments.  We reported
the spatial  variability  of  DOM  quantity  and  composition  which  collected  from Lake  Wuliangsuhai  in arid
and  semi-arid  region.  This  study  could  serve  as  a useful  tool  to  assess  the  dynamics  of DOM  in similar
complex  wetlands  or lakes  and  provide  a support  for ecological  environment  governance  and  restoration.
The  results  showed  that  five  fluorescent  components,  including  three  humic-like  (C1,  C2  and  C4),  and
two  protein-like  components  (C3  and C5),  can  be  identified  by excitation  emission  matrix  (EEM) spectra
combined  with  parallel  factor  analysis  (PARAFAC)  in  Lake  Wuliangsuhai.  The  spatial  variation  of  the  com-
ponents  showed  the difference  in  the  dominant  fluorescent  component.  There  were  dominant  protein-like
component  C5 and  humic-like  component  C2 in  water  and  pore  water.  Components  C3  and  C4  were the
main  fluorescent  components  in  0–10  cm  sediments.  In 10–20  cm sediments,  C1  and  C3  were  the domi-
nant  humic-like  and  protein-like  component  respectively.  The  PARAFAC–PCA  displayed  four  PCA  factors.
The  humic-like  components  C2  and  C4 concurrently  showed  positive  factor  1 loadings.  Factor  2 was  mainly

explained  by  terrestrial  and  marine  humic-like  component  C1.  The autochthonous,  tryptophan-like,  fluo-
rescent  component  C3,  showed  positive  factor  3 loadings.  The  autochthonous,  tyrosine-like,  fluorescence
component  C5,  having  a low  factor  loading  in other  three  factors,  showed  extremely  high  factor  4  loading.
The  EEM–PARAFAC  combined  with  PCA  showed  varying  contributions  of terrestrial  versus  autochthonous
DOM  sources  for the  different  regions  in the wetland,  suggesting  that  differences  in  human  activities
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control  DOM  dynamics.

. Introduction

Dissolved organic matter (DOM) is known to play many impor-
ant roles in freshwater ecosystems, which influences water
uality, the speciation and transport of metals, the distribution
nd bioavailability of hydrophobic contaminants, and the cycling
f trace elements (Backhus et al., 2003; Holbrook et al., 2006;
amashita and Jaffé, 2008). The changes in the structure, composi-
ion, and the relative abundance of DOM controlled many of these

rocesses. The DOM can be mainly divided into two groups – natu-
al organic matter (NOM) and anthropogenic organic matter (AOM,
.e., agricultural wastes, and industrial organic pollutants) (Wang
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t al., 2007). Rapid development of industry and agriculture has
ncreased the amount of AOM entering the total DOM pool, which
esults in great differences in the structure, composition and the
elative abundance of DOM. The reactivity and release of DOM from
quatic ecosystems to the atmosphere may  vary depending on its
verall composition (Benner and Kaiser, 2011). Due to the com-
lexity and heterogeneity of DOM, tracing the difference in the
omposition of DOM with traditional chemical analysis is rather
ifficult. However, the changes in DOM fluorescence can reflect
he variations in DOM composition from several autochthonous
r allochthonous sources resulting from physical, biological, and
hemical processes that occur in the water column (McKnight et al.,
001; Stedmon et al., 2007; Singh et al., 2010).
Fluorescence spectroscopy provides information about the
omposition and source of DOM, without requiring isolation or
oncentration prior to analysis, which has been widely used to
haracterize the DOM in aquatic environments (Stedmon and

dx.doi.org/10.1016/j.ecoleng.2013.10.032
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Fig. 1. Map  of the Lake Wuliangsuhai shows (a) the locations of three canals and
three drains, (b) agricultural irrigation and drainage network at the upstream area
of  Lake Wuliangsuhai and (c) seven sample sites: W1  (40◦59′35.2′′ N, 108◦49′56.8′′

E), W2 (40◦59′49.2′′ N, 108◦56′28.0′′ E), W3 (40◦53′06.8′′ N, 108◦44′42.3′′ E), W4
(40◦53′23.64′′ N, 108◦52′19.59′′ E), W5 (40◦52′37.85′′ N, 108◦50′19.70′′ E), W6
(
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arkager, 2005; Wei  et al., 2009; Kowalczuk et al., 2010; Lai et al.,
013). Three-dimensional excitation–emission matrix (EEM) spec-
roscopy has also been used to distinguish different types and
ources of DOM in natural waters, which can characterize the DOM
nd identify protein-like and humic-like fluorescence peaks in
ater samples from different aquatic environments (Coble, 1996).
owever, traditional peak picking techniques might not evalu-
te the exact changes in fluorescence intensity of protein-like and
umic-like because of different fluorescence peaks overlap (Maie
t al., 2007). Recently, statistical tools such as parallel factor anal-
sis (PARAFAC) have been used to identify individual fluorescent
omponents in a water sample (Stedmon et al., 2003; Kowalczuk
t al., 2009; Hong et al., 2012).

PARAFAC analysis of EEM data has also been used to character-
ze the fluorophore DOM and trace photochemical and microbial
eactions with organic matter (Stedmon and Markager, 2005;
tedmon and Bro, 2008), which can be applied to decompose
uorescence EEMs into different independent groups of fluores-
ent components and reduce the interference among fluorescent
ompounds (Andersen and Bro, 2003). The PARAFAC model pro-
ides a unique solution to the EEM dataset of DOM and is argued
s a powerful tool for the assessment of DOM. Humic-like and
rotein-like substances are two primary fluorescing groups in
he DOM. Humics are complex mixture of aromatic and aliphatic
ompounds derived from the decay of organic matter while
rotein-like substances are associated with high biological activity
Singh et al., 2010). PARAFAC modeling can efficiently identify
hese two classes of fluorophores from the DOM and determine
he dominance of a particular class in an environment. Principal
omponent analysis (PCA) of fluorescence EEMs was  identified as

 viable tool for monitoring the performance of pretreatment in
embrane-based drinking water (Peiris et al., 2010; Peldszus et al.,

011). Moreover, to comprehensively assess the spatial differences
nd variability in the DOM, the PCA on the EEM–PARAFAC data set
an also be used (Yao et al., 2011).

It has been widely reported on the biogeochemical cycling
f DOM in the lakes. However, data are still scarce especially
n arid and semi-arid region, and that serious soil erosion and
alinization is spreading in that region. Further studies are still nec-
ssary for the sources and variability of DOM. Lake Wuliangsuhai
108◦43′ ∼ 108◦57′ E, 40◦27′ ∼ 40◦03′ N) is the biggest fresh water
etland in the Inner Mongolia, Yellow River basin. The soils around

he Lake Wuliangsuhai region have suffered from serious erosion
nd salinization as reported by Yu et al. (2010). The wetland is filled
y the drainage from surrounding agriculture and the upstream

ndustrial wastewater and domestic sewage water. The former
ccounts for 96% of total volume of water in the wetland, and the
est contributes to only 4% of water. These effluents discharged
nto the Yellow River after being purified by Lake Wuliangsuhai.
he wetland protects the ecological environment of the Yellow
iver. Meanwhile, these contaminants resulted in the difference

n the structure and composition of DOM. The aims of this study
ere to (1) investigate the variability and differences of DOM from
ater, pore water and sediment in Lake Wuliangsuhai using the

EMs combined with PARAFAC modeling, and (2) characterize the
ources, spatial differences and similarities of the components and
bundance of DOM by EEM–PARAFAC and PCA.

. Materials and methods

.1. Sample collection and pretreatment
Seven typical representative water samples (W1–W7) were
ollected from Lake Wuliangsuhai with thoroughly rinsed

 l pre-washed polyethylene bottles on November 18, 2009 (Fig. 1).

(
w
t
a

40◦51′28.68′′ N, 108◦47′34.08′′ E) and W7  (40◦46′49.0′′ N, 108◦42′14.6′′ E).

1 is located in the downstream areas of the Total Drain and
eceived the upstream industrial wastewater and domestic sewage
rom the Total Drain. W2 is close to Nature Reserve. W3  is influ-
nced by drainage of farmland irrigation from the Ninth Drain.
4,  W5 and W6  are located in the eastern lake, where has no

ndustry or dense residential area. W7  is located in the lake out-
et area. Water samples were collected from the half of water
epth. They were immediately placed into a foam insulation box
ith refrigerant and transferred to the laboratory. On return to

he laboratory, they were filtered through Whatman GF/F fil-
ers (nominal pore size 0.45-�m),  and then stored in the dark at
◦C.

Seven core sediment samples were collected using a home-
ade gravity sampler, whose geographic coordinates were

onsistent with water samples. All samples were immediately
laced into foam insulation boxes with refrigerant to preserve
he samples and transferred to the laboratory on ice. Two  pro-
les sediment samples (0–10 and 10–20 cm)  which were named
s DS and DN, respectively were used in our study. Sediments
ere freeze-dried using lyophilizer (FD-1A-50, Bilon, China) and

round, followed by passing 100 mesh sieve. DOM extractions of
even samples were conducted by mixing one part of solid sam-
le with two  parts of ultrapure water and continuously shaking

t for 24 h. Extracts were centrifuged for 10 min  at 7000 rpm at
◦C and filtered through a 0.45-�m membrane. Duplicate extracts
ere carried in the same way. Then, twenty eight sediment DOM

amples were used to the next fluorescence scan. The surface sedi-
ent sample (0–10 cm)  was centrifuged at 10,000 rpm for 10 min,

ltered through a 0.45-�m membrane filter. These extracts were
ediment pore water (P1–P7) for our study.

All DOM samples do not exceed 24 h in the dark at 4 ◦C until
hey were analyzed. Dissolved organic carbon (DOC) concentra-
ions were measured using a total organic carbon (TOC) analyzer
muti N/C 2100, Analytikjena, Germany). Duplicate measurements

ere made depending on the volume of sample available. The con-

ainer used in the experiment was soaked in dilute HNO3 overnight
nd washed with ultrapure water.
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Table 1
Summary of DOC, pH, SUVA254 and FI.

Sites DOC (mg  C/L) pH SUVA254 (L/mg C m)  FI

W1  50.17 7.77 0.49 1.73
W2  62.48 8.79 0.58 1.61
W3  44.96 7.70 0.44 1.75
W4  58.29 7.94 0.78 1.59
W5  57.93 7.85 0.67 1.60
W6 59.16 8.09 0.73 1.59
W7  66.77 8.58 0.51 1.60
P1 173.60 7.96 0.12 1.82
P2 164.70 8.04 0.30 1.58
P3 231.30 8.19 0.13 1.63
P4 121.00 8.08 0.47 1.58
P5 116.10 8.09 0.38 1.62
P6 119.20 8.12 0.42 1.58
P7 98.91 8.40 0.37 1.57
DS1 81.38 8.14 0.67 1.71
DS2 91.50 8.00 0.75 1.59
DS3 49.10 8.47 0.63 1.51
DS4 81.63 8.26 1.22 1.55
DS5 128.50 8.23 1.27 1.72
DS6 42.38 8.40 1.33 1.48
DS7 85.13 8.65 0.87 1.75
DN1 33.27 8.21 4.17 1.71
DN2 63.78 8.05 1.50 1.53
DN3 22.62 8.71 3.51 1.59
DN4 54.72 8.34 2.80 1.56
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.2. Spectral analysis

UV–vis absorbance spectra were collected using a double-beam
pectrophotometer (UV-1700, Shimadzu, Japan) in a 1 cm quartz
uvette at room temperature (20 ◦C) over the wavelength range of
00–500 nm with ultrapure water as the reference. The apparatus
as controlled by a computer using UVProbe software. DOC data
ere used to determine SUVA, which is an indicator of DOM aro-
aticity and defined as the UV absorption at 254 nm in inverse
eters normalized to the DOC concentration in mg  C/L (Weishaar

t al., 2003).
All EEM fluorescence spectroscopy of DOM was  measured

sing a Hitachi F-7000 fluorescence spectrometer (Hitachi, Japan)
ith a 150-W Xenon arc lamp as the light source. The scan-
ing ranges were 200–450 nm for excitation, and 280–550 nm

or emission. The slit widths were 5 nm for excitation and emis-
ion monochromators. Readings were collected at 5-nm intervals
or both excitation and emission wavelengths, using a scanning
peed of 1200 nm min−1. The bandpass widths were 5 nm for both
xcitation and emission. Duplicate measurements were carried
ut depending on the volume of sample available. A fluorescence
esponse to a blank solution (Milli-Q water) was subtracted from
he spectra of each sample to eliminate the water Raman scatter
eaks (McKnight et al., 2001; Chen et al., 2003). Each blank sub-
racted EEM was multiplied by the respective dilution factor and
aman-normalized by dividing by the integrated area under the
aman scatter peak of the corresponding Milli-Q water (Lawaetz
nd Stedmon, 2009) and the fluorescence intensities reported in
aman units (RU).

.3. PARAFAC modeling

The EEM data obtained from the filtered and extracted DOM
amples was modeled with PARAFAC, a decomposition method for
educing an EEM dataset into a set of trilinear terms and a residual
rray (Bro, 1997):

ijk =
F∑

f =1

aif bjf ckf + εijki = 1, . . .,  I; j = 1, . . .,  J; k = 1, . . .,  K

(1)

here F is the number of components (individual fluorophore moi-
ties) and εijk are the residual elements of the model; Xijk is the
uorescence intensity of the ith sample at the kth excitation and

th emission wavelength; aif is directly proportional to the con-
entration of the fth fluorophore in the ith sample (defined as
cores); bjf and ckf are estimates of the emission and excitation
pectra respectively for the fth fluorophore (defined as loadings),
espectively (Stedmon et al., 2003). Finally, εijk is the error term
epresenting the variability not accounted for by the model. The
rinciple behind the model is to minimize the sum of squared
esidual εijk.

The EEM spectra samples were analyzed via PARAFAC. The anal-
sis was carried out in Matlab 7.0 using the DOMFluor toolbox
Stedmon and Bro, 2008) and split-half analysis was  further per-
ormed to validate the reliability of the model results (Stedmon
t al., 2003). The utility of using PARAFAC with EEM data is that
ndividual fluorophores moieties can be identified and their rela-
ive concentrations quantified in complex mixtures if the correct

umber of components are chosen and outliers are first identified
nd then removed from the dataset. Fmax (R.U., i.e. Raman units)
ives an estimate of the relative concentration of each component
Stedmon and Markager, 2005).

D
m
d
T

DN5 28.74 8.17 2.87 1.56
DN6 12.96 8.42 2.91 1.57
DN7 42.57 8.59 4.60 1.68

.4. Principal components analysis (PCA)

PCA was  performed using the SPSS 16.0 statistical software. PCA
s used to identify the principal components (PCs) that can be inter-
reted as ‘type’ spectra that permit the identification of compounds
hich comprise, and account for the bulk of the variation in the
uorescence spectra of DOM. The potential non-independence of
he spectral data can affect the result of PCA. Therefore, KMO  and
artlett’s test were used to test partial correlation and dependence.
eanwhile, all spectral data were rotated using the Varimax Raw

lgorithm to maximize the variance between spectra and maximize
he loading on individual PCs in the data matrix.

. Results and discussion

.1. DOC, pH and optical properties

The DOC concentrations, pH and two spectral parameters for
ach site are summarized in Table 1. For poor irrigation and
rainage management, increasing salts have accumulated in the
etland. Therefore serious salinization occurred around the wet-

and that resulted in all samples appeared an alkaline pH between
.70 and 8.79. DOC ranged from 44.96 to 66.77 mg  C/L in water sam-
les, where site W3 showed a relatively low concentration of DOC.
ig. 1 showed that site W3 was located in the estuary of the Ninth
rain which transported the drainage of farmland irrigation into

he wetland. However, due to the impact of serious soil erosion
nd salinization, the drainage of farmland irrigation appeared the
igh salt content and low DOC concentration (Guo et al., 2011).
he sedimentation of particulate organic matter (POM) from sur-
ace waters toward the sediment and the export of DOM  from the
urface to deeper waters by mixing and downwelling of water
arcels. Consequently, the pore water showed significantly high

OC concentration. Both POM and DOM are subject to microbial
ineralization, and most of the organic carbon will be returned to

issolved inorganic carbon within a few decades (Jiao et al., 2010).
he result is that DOC concentration decreased with increasing
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epth in sediments, suggested a microbial degradation. However,
n evidently high DOC concentration existed at site DS5 owing to
he rotten reeds.

The SUVA values were observed to be significantly higher for
N sediment samples compared to all the other samples, suggest-

ng significant contributions of highly aromatized DOM exported
rom the DN sediments. The increased contributions of microbial-
erived DOM with pore water (and associated enhancements in
OM degradation) may  result in a decrease in the aromaticity. The

ubsequent PARAFAC analysis will indicate the increased contribu-
ions of microbial-derived DOM in the pore water. Water samples
lso obtained relatively lower the SUVA values compared to sed-
ment samples, indicating a low aromaticity resulting from the

ater inflow of high salt content, especially in the site W3.
The Fluorescence index (FI) was determined as the ratio of the

mission intensity at a wavelength of 450 nm to that at 500 nm,
btained at an excitation of 370 nm (McKnight et al., 2001). A value
f 1.4 indicates that the DOM is terrestrial in nature while a value
loser to 1.9 is an indicator that the source of aquatic DOM is micro-
ial (McKnight et al., 2001). FI values ranged from 1.48 to 1.82
hroughout all samples, with the highest value observed in site
1, while the DS6 site had the lowest value. Due to the impact of
ndustrial wastewater and domestic sewage from the Total Drain,

1,  P1, DS1 and DN1 obtained a significantly high FI value, sug-
ested high microbial sources of DOM. Hood et al. (2003) suggested

 high FI value around 1.74 resulting from microbial sources of DOM
ominate. FI values reflected the contributions of terrestrial versus
utochthonous DOM sources in Lake Wuliangsuhai.

.2. Fluorescent components of DOM

The spectral characteristics of the modeled PARAFAC compo-
ents are presented in Fig. 2. Five separate fluorescent components
ere identified for DOM spectra from the PARAFAC model. Fig. 2

xplains the excitation and emission loadings identified in the
ve component PARAFAC model. All components have two  peaks,
xcept for component 1. In general, the components have single
mission maxima with two excitation maxima. Component 1 (C1)
s centered at a maximum excitation/emission (Ex/Em) wavelength
air of 305/425 nm and relates to the marine humic-like fluores-
ence peak M (Murphy et al., 2008; Yamashita et al., 2008; Baghoth
t al., 2011) that is defined as a mixture of dissolved and colloidal
ubstances produced in situ as a byproduct of microbial respiration
Parlanti et al., 2000) and has been proposed to be produced by the
egradation of the DOM by heterotrophic microbes (Pautler et al.,
012). However, traditional EEMs did not detect the component
Guo et al., 2011, 2012a) (Fig. 3).

Component 2 (C2) had a primary fluorescence peak at an
x/Em wavelength pair of 230 nm/408 nm and a secondary peak at
05 nm/408 nm,  which also relates to marine and terrestrial humic
ubstances whose main constituent is fulvic-like acid (Holbrook
t al., 2006; Stedmon et al., 2007; Kowalczuk et al., 2009). This com-
onent was categorized as the traditional terrestrial humic-like
eaks A. The spectral features were also similar to those reported
or terrestrial-derived humic-like PARAFAC components (Murphy
t al., 2008; Yamashita et al., 2008). Studies suggested that the C2
s similar to those with terrestrial and marine precursors (Zhang
t al., 2009; Osburn and Stedmon, 2011).

Component 3 (C3) was composed of two excitation max-
ma  at 230 and 275 nm,  with one emission peak centered at
45 nm,  which was a typical protein-like substance, such as

n autochthonous tryptophan-like fluorescence that has been
bserved as an autochthonous tryptophan-like fluorescence peak

 in both marine and terrestrial waters (Coble, 1996; Murphy et al.,
008; Fellman et al., 2010).
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Component 4 (C4), at 260/460 nm and 360/460 nm respectively,
s thought to represent humic material exported from terrestrial
ources that were similar to the traditional terrestrial humic-like
uorescence peak C (Coble, 1996). C4 has been identified in DOM

rom a wide variety of aquatic systems, including those domi-
ated by terrestrial and microbial inputs (Stedmon and Markager,
005; Cory and McKnight, 2005; Ohno and Bro, 2006; Guéguen
t al., 2011). Organic substances with fluorescence signals at short
avelength are associated with the presence of simple structural

omponents with a low aromaticity, whereas fluorescence signals
t long wavelength are related to the presence of complex struc-
ural components with a high conjugation degree (Senesi et al.,
003; He et al., 2011). Therefore, compared with C2, C4 has a red
hift, indicating a higher degree of aromatic polycondensation and
reater chemical stability.

Component 5 (C5) was  protein-like component with
yrosine-like material, possessing a primary (secondary) exci-
ation/emission wavelength pair of 230 (275)/308 nm. These
uorescence characteristics were categorized as the previously
efined autochthonous tyrosine-like fluorescence peak B. This
omponent was also similar to autochthonous protein-like
ARAFAC components (Murphy et al., 2008; Yamashita et al.,
008).

.3. Spatial variability of PARAFAC component scores

Fig. 4a shows that the C5 is the main protein-like component
ith tyrosine-like material. Site W1  has a very high relative abun-
ance of C5, which accounting for a total concentration of 55.76%.
eanwhile, the C3 also showed a higher relative abundance in

ight W1  relative to the other sites. Site W1  is located in the
ownstream areas of the Total Drain and received the upstream

ndustrial wastewater and domestic sewage from the Total Drain.
hese pollutants made an increasing fluorescent protein-like sub-
tances which induced by microbial activity. Due to the impact of
ollutants from the Total Drain, C3 and C5 showed relatively high
bundance at site W2,  15.46% and 20.68% respectively. The relative
bundance of C3 and C5 were the lowest at site W3 in comparison
ith the other six sites. They were 10.63% and 11.69% for C3 and C5

espectively. Site W3 was  influenced by the drainage of farmland
rrigation from the Ninth Drain, which has the high salt content
nd low microbial activity, and resulted in the lowest fluorescent
rotein-like components (Guo et al., 2012b).

The C2 occupied the dominant humic-like substances at seven
ites, which have a relatively higher abundance than those of com-
onents C1 and C4. However, the relative abundance of humic-like
ubstances in site W1  was obviously lower than those of other
ix sites. The results suggested that the pollution of industrial
astewater and domestic sewage has affected the distribution of
uorescent humic-like substances. Previous research showed a low
uorescence intensity of humic-like materials at site W3  (Guo et al.,
011). However, due to the impact of drainage of farmland irriga-
ion, the high salt content and low microbial activity, humic-like
ubstances became the dominant fluorescent component. There-
ore, there were a high relative abundance of C2 and C4 at site W3.
urthermore, reeds acted as a natural filter, which resulted in the
igh relative abundance of C2 and C4 at sites W4,  W5,  W6 and W7.

In pore water DOM, the C2 was a more dominant fluorescent
omponent (Fig. 4b). Site P3 obtained the highest relative abun-
ance of the C2. In addition to site P7, the relative abundance
f C1 has a slight increase in comparison with water DOM. The

5 was  still the main protein-like component. However, site P7
as the highest relative abundance of C5 (31.41%). There was an
bvious decrease in the relative abundance of C5 (30.45%) at site
1compared to site W1.  Moreover, the relative abundance of the
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Fig. 2. Fluorescent components of DOM from Lake Wuliangsuhai identified by the PARAFAC model.

Fig. 3. Excitation (black lines) and emission loadings (blue lines) of the five components identified by the DOMFluor-PARAFAC model. (For interpretation of the references
to  color in the artwork, the reader is referred to the web version of the article.)
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ig. 4. The relative abundance of five fluorescent components in four types of sam
10–20  cm)  samples.

3 had an obvious increase at sites P1, P5 and P7 than those at W1,
5 and W7.
There was a major change in the distribution of fluorescent

omponent that C3 became a dominant protein-like fluorescent
omponent (Fig. 4c). These results suggested that the protein-like
uorescence from autochthonous microbial activity shifted from
horter wavelength to longer wavelength. Especially in site DS7,
3 obtained the extremely high relative abundance (81.44%). There
as a possible reason that the accumulation of pollutants from the
pstream sewage and the Yellow River’s backward flow provided
he carbon source for the activity of microorganisms. It can also be
een from Fig. 4c that sites DS4 and DS7 presented a significantly
ow the relative abundance of C5, 0.57% and 1.50% respectively.

Fig. 4c showed that the dominant humic substance showed a
ransition from fulvic-like acid (C2) to humic-like acid (C4). The
uorescence signals of organic substances at short wavelengths
re related to simple structural components with a low degree of
romatic polycondensation, whereas fluorescence signals at long
avelengths are associated with complex structural components
ith a high degree of conjugation. Organic substances with a higher

egree of aromatic polycondensation generally have higher chem-

cal stability, increasing the residence time of organic matter in
he environment (Santos et al., 2010). Therefore, DOM indicated a
igher degree of aromatic polycondensation and chemical stability

w
c

 W,  P, DS and DN represent water, pore water, sediment (0–10 cm) and sediment

n 0–10 cm sediment than those in water and pore water. Com-
ared to sites P2 and P4, the relative abundance of the C1 has an
bvious increase in sites DS2 and DS4.

Fig. 4d showed that C1 has a significant increase in 10–20 cm
ediment which was  the main humic-like fluorescent component.
he dominant C3 obtained an extremely high the relative abun-
ance in sites DN1 and DN7 (57.09% and 64.85% respectively) than
hose in the other sites. Site DN6 was  the only one site which can
nd all five components. Although C5 was present in sites DN4,
N5 and DN6, their relative abundance was  very low. C2 can be

ound in sites DN2 and DN6. However, the relative abundance of
2 appeared extremely low (1.09%) in site DN2.

Overall, fluorescent components identified by PARAFAC model
n Lake Wuliangsuhai showed a spatial variability. Different sources
nd pollution situation were the main factors to cause such a dif-
erence. The combination of EEMs and PARAFAC is a powerful tool
n the assessment of DOM in the wetland ecosystems.

.4. Principal component analysis of PARAFAC component
istributions
To further assess the changes in fluorescent components, PCA
as performed for the EEM–PARAFAC data set, by using the relative

oncentration of the five PARAFAC components. The communality
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Fig. 5. Property–property plot

xtracted from five components ranges from 0.961 to 0.999, indi-
ates that more information was retained when variances convert
o factor space. Two parameters, Kaiser-Meyer-Olkin (KMO) mea-
ure and Bartlett’s test of sphericity (P) can be used to test the
easibility of PCA. PCA shows a smaller partial correlation between
ariables (KMO = 0.865) and a high dependence (P < 0.001). In gen-
ral, the KMO  value is higher than 0.5 and the P value is lower
han 0.05 can be viewed as suitable for PCA. The PCA of all
omponents yielded 4 PCs that account for 97.96% of the vari-
nce.

For all fluorescent PARAFAC components, the first and second
xes of the PCA (factors 1 and 2) accounted for 31.09% and 23.34%,
espectively, of the variance in fluorescent component. Similarly,
he third and fourth axes of the PCA (factors 3 and 4) accounted for
2.74% and 20.79%, respectively. Each PCA factor is a linear com-
ination of the five fluorescent components where the measured
actors are dimensionless and can be either positive or negative:

actor1 = 0.074C1 + 0.874C2 − 0.037C3 + 0.871C4 + 0.157C5

(2)

actor2 = 0.974C1 − 0.196C2 + 0.032C3 + 0.387C4 − 0.172C5

(3)

actor3 = 0.030C1 − 0.314C2 + 0.993C3 + 0.225C4 + 0.036C5

(4)

actor4 = −0.183C1 + 0.245C2

+ 0.036C3 + 0.030C4 + 0.971C5 (5)

The humic-like fluorescent components 2 and 4 concurrently
howed positive factor 1 loadings. The two humic-like components
ad a high factor loading, indicated that there were dominated
umic substances for the factor 1. Factor 2 was  mainly explained
y terrestrial and marine humic-like component C1, which showed

ositive factor 2 loadings. The autochthonous, tryptophan-like, flu-
rescent component C3, showed positive factor 3 loadings. The
utochthonous, tyrosine-like, fluorescence component 5, having a
ow factor loading in other three factors, showed extremely high

c

i

A factor scores of all samples.

actor 4 loading. Hence, the PARAFAC–PCA in this study could
eparate the characteristics of the DOM fluorescent components,
amely the source strength of the humic-like components versus
he contributions of protein-like components in the total fluores-
ence analyses (Yamashita et al., 2010; Yao et al., 2011).

The PCA factor scores of all samples are plotted in. The figure
hows a marked difference in different samples. Most samples were
ore relatively scattered in Fig. 5a. However, water samples were
ore clustered except site W1.  Site W1  obtained a very low factor

 score, indicated a low relative concentration of fluorescent com-
onent C1 (4.42%). Similarly, sediment samples (10–20 cm) were
ore clustered except site DN2. Site DN2 showed an extremely

igh factor 2 score, which also indicated a high relative concentra-
ion of terrestrial and marine humic-like component C1 (54.63%).
urthermore, in 0–10 cm sediment samples, DS2  demonstrated the
ighest first and second PCA scores (1.398 and 2.025, respectively),
uggested a higher humic-like fluorescent components (including
1, C2 and C4, a total relative abundance of 76.54%). Sample P2 was

ocated in the region with higher first and lower second PCA score
ompared to the other pore water samples, which indicated a high
otal relative abundance of C2 and C4 (66.07%).

However, Fig. 5b showed that most samples were more rela-
ively clustered. Four samples including a water sample (W1) and
hree 0–10 cm sediment samples (DS1, DS5 and DS7) showed an
bvious difference compared to the other samples. W1  obtained
he highest factor 4 score, showing that component C5 was  the
ominated protein-like fluorescent component. The result was
onsistent with the PARAFAC in Fig. 4. Similarly, DS1, DS5 and DS7
amples showed higher factor 3 score, which had the dominated
omponent C3. Moreover, DS1 sample also obtained a relatively
igh factor 4 score, suggested a higher relative abundance of com-
onent C5 than those in other 0–10 cm sediment samples. In pore
ater samples, P1 and P7 showed relatively high factor 4 score,

uggesting high microbial sources of DOM. It was  consistent with
he results of FI values that relatively high microbial sources of
OM were observed at sites DN1 and DN7. However, FI value sug-
ested a high autochthonous DOM at site W3,  but the results of PCA
ave not shown obviously high factor 3 score or factor 4 score. The

ncreasing salt content from the agricultural water discharge was
 possible reason for the changes in fluorescent component.

.5. Analyzing the sources of DOM using the EEM–PARAFAC

ombined with PCA

The PCA in conjunction with EEM–PARAFAC is a powerful tool
n analyzing the relative abundance of PARAFAC components. The
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eparation of samples along the PCA axes can explain clearly the
ariability in DOM between water and sediment samples. More-
ver, PCA of the relative abundance of PARAFAC components can
lso identify sources of DOM and water pollution (Yao et al.,
011). The PCA results suggest that there are both terrestrial
nd autochthonous DOM inputs from drainage channels to Lake
uliangsuhai, including humic-like and protein-like components.

gricultural return water, industrial wastewater and domestic
ewage of terrestrial humic-like components play an important
ole in the wetland DOM. The fulvic-like component, C2, was  a dom-
nant component in water and pore water (Fig. 4). This dominance
orresponds to the impact of terrestrial humic-like components.
he PCA results also showed a higher relative abundance of humic-
ike component C1 in 10–20 cm sediments compared to other types
Fig. 4). This type of fluorescence was originally thought to only
ersist in productive oceanic environments but now has also been
bserved in freshwaters impacted by agriculture (Stedmon and
arkager, 2005; Coble, 2007; Jørgensen et al., 2011).
The main contribution of autochthonous tryptophan-like com-

onents C5 to wetland samples is due to the autochthonous
roduction of DOM in the wetland ecosystems. Due to the increas-

ng terrestrial pollutant inputs, frequently microbial activity has
ore significantly affect the DOM in water and pore water than

hose in sediments. Specifically, W1 samples showed the highest
actor 4 score, which highlighted the effect of industrial wastewater
nd domestic sewage in DOM quality.

The PCA results suggest that the tyrosine-like component, C3,
as a dominant component in sediments. In addition to terres-

rial pollutant inputs, the rotten reeds were a good carbon sources
or microbial activity. Although far away from pollution sources,
ites DS4 and DS5 also showed a high relative abundance of C3.
n the wetland outlet area, water intrusion from the Yellow River
arried a number of pollutants into the wetland. By sedimentation,
hose pollutants provided abundant nutrient for microorganisms
nd resulted in an autochthonous tyrosine-like fluorescence.

The EEM–PARAFAC combined with PCA showed varying con-
ributions of terrestrial versus autochthonous DOM sources for
he different regions in the wetland, suggesting that differences
n human activities control DOM dynamics.

. Conclusions

The PARAFAC and PCA techniques applied to fluorescence spec-
roscopy to study the DOM in Lake Wuliangsuhai presented unique
esults that the dominant protein-like and humic-like fluores-
ent components showed a transition in different source samples.
urther, this study enabled us to quantify the compositional con-
ributions by different fluorescent components in the wetland. The
elative abundance of the identified components showed their dis-
ribution by allochthonous and autochthonous dissolved organic

aterial in different sampling sites. This study supported the use of
xcitation emission matrix fluorescence in combination with paral-
el factor analysis and PCA to distinguish between different sources
f dissolved organic matter. Its applicability could serve as a useful
ool to assess the dynamics of DOM in similar complex wetlands or
akes and provide a support for ecological environment governance
nd restoration.
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