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� Autochthonous end-members were
characterized by optical spectroscopy
and FT-ICR-MS.

� Autochthonous DOM was more
aliphatic and less oxidized than
allochthonous DOM.

� Molecular DOM composition was
directly associated with their optical
properties.

� Multivariate analysis with FT-ICR-MS
was useful for source analysis of
freshwaters.
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Autochthonous dissolved organic matter (DOM) is increasingly released in lakes due to eutrophication,
and thus affects the composition and environmental behaviors of DOM in eutrophic lakes. However, there
are only limited studies on the molecular characteristics of autochthonous DOM and its influencing
mechanisms. Herein, end-member DOM samples of macrophytes, algae, sediments and freshwater
DOM samples in eutrophic lakes (Ch:Taihu and Dianchi) were collected and characterized by optical spec-
troscopy and Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS). The results
revealed the chemical structures of autochthonous DOM were more aliphatic and less oxidized, which
was marked by increases in lipid compounds and decreases in the lignin components as compared to
the allochthonous DOM-dominated freshwaters. More specially, algae-derived DOM contains more lipid
compounds, while macrophyte-derived DOM was dominated by lignin and tannin compounds according
to Van Krevelen plots. Sediment-derived DOM contained more N-containing compounds. The traditional
optical indices indicated the relative aromaticity covaried with polyphenolic and polycyclic aromatics,
whereas those reflecting autochthonous DOM covaried with more aliphatic compounds. Multivariate
analysis of FT-ICR-MS data of end-members and freshwaters revealed the predominant terrestrial input
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to Lake Taihu and greater contribution of algae released DOM to Dianchi. This study provides critical
information about the characteristics of autochthonous DOM at a molecular level and confirmed auto-
chthonous DOM was compositionally distinct from allochthonous DOM. Overall autochthonous DOM
should be gained more attention in the eutrophic lakes.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

Dissolved organic matter (DOM) is a compositional diverse
assembly of molecules that is ubiquitous in natural waters (He
and Wu, 2015; Patriarca et al., 2018). DOM plays a fundamental
role in marine and lacustrine water. Increased knowledge of the
composition of DOM will allow a better understanding on how it
plays its biogeochemical functions (e.g., mobility, bioavailability
and effects in the fate of organic pollutants and trace metals)
(Cabaniss, 2011; Yan and Korshin, 2014). In addition, an improved
understanding of its composition is also helpful in source identifi-
cation of DOM in complex ecosystems (Antony et al., 2014;
Kellerman et al., 2015; Ohno et al., 2010).

DOM is a pool of organic molecules that have various origins
either autochthonous or allochthonous (Stedmon et al., 2007).
Broadly, DOM is considered allochthonous when derived from
degraded terrestrial material, and autochthonous when derived
from aquatic macrophytes, phytoplankton, and sediments
(McIntyre and Guéguen, 2013; Yang et al., 2016). In the last dec-
ades, autochthonous DOM increasingly released from biomass of
algae or macrophyte due to the eutrophication and cyanobacterial
bloom, and have a significant impact on DOM quality and reactiv-
ity in lakes (Zhou et al., 2018). However, limited information is
known about the specific molecular characteristics of autochtho-
nous end-member DOM and their possible influence to the biogeo-
chemical processes of lake ecosystems (Gonsior et al., 2019).

Compositional and functional characterization of DOM is gener-
ally conducted with wet chemistry and traditional spectroscopic
techniques, such as elemental analysis, ultraviolet–visible spec-
troscopy (Uv–Vis), excitation-emission matrix fluorescence spec-
troscopy (EEM), nuclear magnetic resonance spectroscopy (NMR)
and bulk isotope compositions (Kellerman et al., 2018; Liu et al.,
2018b, 2017; Song et al., 2019). However, advanced characteriza-
tion needs more sophistic techniques on molecular levels. Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR-
MS) is such an ultrahigh resolution instrumental analysis, which
provides detailed information on the molecular constituents
through detecting and calculating thousands of individual molecu-
lar formulas (Kellerman et al., 2014, 2015). The combination of
optical spectroscopy with FT-ICR-MS and the exploration on their
linkage would provide more complementary information for
DOM characterization (Cortés-Francisco et al., 2014; Herzsprung
et al., 2012).

Lake Taihu is one of the regions in recent decades with the most
rapid economic growth in China. Its eutrophication has gradually
extended from Meiliang Bay to the entire northwest zone of the
lake, which has caused the drinking water crisis in late May 2007
(Qin et al., 2010). With a series of pollution control measures
implemented since 2007 (Stone, 2011), the water quality has not
further deteriorated, but the harmful cyanobacterial blooms still
persist and the bloom induced anaerobic ‘‘black water” recur
throughout summers in this lake (Zhang et al., 2016b). Dianchi
Lake, another representative eutrophic freshwater lake in China,
also explodes blue algae every year and received much attention
in China and even throughout the world. The source identification
and alleviation of nutrients are essential in blue algae manage-
ment. With those concerns of cyanobacterial blooms, there are
urgent needs to clarify the sources of organic matters and possible
variations of DOM composition in these two lakes. Thus, in this
study, DOM from the two lake waters as well as end-member
source materials including algae, macrophyte and sediment was
analyzed by UV–Vis, EEM and FT-ICR-MS. Multivariate statistical
approaches were applied to explore the correlation of FT-ICR-MS
spectral data and bulk properties of those DOM. Objectives of this
study were: 1) characterizing molecular compositions of DOM in
collected lake waters and end-member source materials; 2) linking
their DOM molecular features to bulk properties and environmen-
tal factors; and 3) employing hierarchal cluster analysis (HCA) for
their molecular formula assignments to derive insight on DOM
source analysis for natural freshwaters.

2. Material and methods

2.1. Sample collection and preparation

For investigation of macrophyte-derived DOM, we studied
Myriophyllum verticillatum L., the most abundant submerged spe-
cies in Lake Taihu. The macrophytes were collected from the Xukou
Bay in Lake Taihu and gently rinsed with distilled water, then
cleaned using Milli-Q water. Its whole biomass was air-dried,
ground to pass through a 1-mm sieve and then stored at �20 �C
before use. It should be noted that the whole metabolome was
investigated, not just the exo-metabolome, which is generally
believed to affect the waters while the macrophytes lived.

For investigation of phytoplankton-derived DOM, 50 L water
sample was collected from macrophyte free littoral region of Meil-
iang Bay in Lake Taihu. The sample was diluted and cleaned to
remove CDOM attached on algal bloom using 10 L Milli-Q water.
Then the sample was centrifuged through several 50 mL aliquots
at 5000g for 30 min by using Thermo SORVALL� RC-6 Plus to sep-
arate mucilaginous cyanobacterial aggregations, and then freeze-
dried, ground and stored at �20 �C before use.

Sediments were collected from two sites of Lake Taihu, macro-
phyte free littoral of Meiliang Bay and phytoplankton free littoral
of Eastern Lake, respectively (Fig. S1), by use of a grab dredge. Sed-
iments were transported to the laboratory on ice and immediately
centrifuged at 8000g for 15 min. Filtrates were stored at �20 �C
until use.

In order to verify the feasibility of source identification of fresh-
waters by using the chemical composition of end-members, sev-
eral water samples were also collected from eutrophic lakes.
Water samples were collected from eight sites throughout Lake
Taihu and one site in Lake Dianchi for comparison (Supporting
Information, SI, Fig. S1, Table S1) in 2-L glass bottles (acid-
washed and precombusted) in May 2018 and transported to the
laboratory in ice boxes within 4 h. After sampling, the water was
immediately filtered with 0.47 lm GF/F glass fibers (Whatman,
precombusted at 450 �C) and kept at 4 �C until analysis.

2.2. DOM extraction and bulk analysis

After the samples collected, DOM was extracted using a com-
mon method that allowed extraction of relatively fresh DOM
because no further decomposition treatment was required (Bai
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et al., 2017a). Details of the extraction procedure have been
reported previously (Liu et al., 2016a,b). Briefly, the sample powder
(1 g of macrophyte or 100 mg algae) were shaken in 30 mL Milli-Q
water (1:30 w/v for macrophyte, 1:300 w/v for algae) for 18 h,
respectively on a shaker at room temperature (25 �C). The DOM
fractions in these supernatants, as well as in the supernatants of
sediments and water samples were directly used for chemical anal-
ysis, UV–Vis and EEM measurement. For FT-ICR-MS, those samples
were further enriched by solid phase extraction (SPE) as described
below (Dittmar et al., 2008).

Dissolved organic carbon (DOC) and total dissolved nitrogen
(TN) concentrations were determined by a multi N/C 3100 analyzer
(Jena, Germany). Total phosphorous (TP) was determined using the
molybdenum blue method after digestion at 120 �C for 40 min
(Zhu et al., 2008). Chlorophyll-a (Chl-a) was quantified by use of
spectrophotometry at wavelengths 665 nm and 750 nm, following
extraction with hot (~80 �C) ethanol (90%) (Zhang et al., 2013).

UV absorbance spectra from 200 to 600 nm were measured
with a UV–vis spectrophotometer (Agilent 8453, Wilmington, DE,
USA), by use of a 1-cm path length cell. Specific ultraviolet absor-
bance (SUVA254, L/mg�m) is the absorbance of ultraviolet light in
a water sample at 254 nm that is normalized for dissolved organic
carbon (DOC) concentration. The absorption ratio of E2:E3 is the
ratio of absorbance at 250 to 365 nm and E4:E6 is the ratio of absor-
bance at 465 to 665 nm. Spectral slope of absorbance coefficients
between 275 and 295, and 350 and 400 nm, were obtained by
non-linear fitting of the exponential model: ak = ak0 eSðk0�kÞ where
k0 > k and S is the spectral slope in the k0 > k spectral range. The
spectral slope ratio (SR) was defined as the ratio of the spectral
slopes S of the shorter (275–295 nm) to the longer (350–400 nm)
wavelength ranges (Helms et al., 2008b).

Three-dimensional excitation-emission matrices (EEMs) fluo-
rescence spectroscopy were measured using a Hitachi F-7000 fluo-
rescence spectrometer (Hitachi High-Technologies, Japan) with a
400-voltage xenon lamp at a scanning speed of 2400 nm/min and
at room temperature (20 ± 2 �C). The scan ranges for excitation
and emission were 200–450 nm (every 5 nm) and 250–600 nm
(every 1 nm), respectively. The bandpass widths for excitation
and emission were both set to 5 nm. Fluorescence index (FI) was
calculated as the ratio of emission intensity at 450 nm to that of
500 nm for a fixed excitation wavelength of 370 nm (Cuss and
Guéguen, 2015b).
2.3. FT-ICR-MS sample preparation and analysis

The DOM fractions in extracts of macrophyte and algae, as well
as in the supernatants of sediments and water samples were fur-
ther enriched with solid phase extraction cartridges for molecular
characterization using Bruker Solarix 9.4 T FT-ICR-MS (Li et al.,
2016). First, the SPE cartridges (Varian Bond Elute PPL, 1 g/6 mL)
were rinsed with two cartridge volumes (6 mL) of methanol (MS
grade). Each DOM sample was acidified with pure HCl to pH 2
and passed through the SPE cartridges by vacuum pump at a flow
rate of about 2 mL/min. Then, the cartridges were rinsed with two
cartridge volumes of 0.01 M HCl for the complete removal of salts.
After the washing step, the cartridges were dried with nitrogen gas
for 10 min and were then eluted with 10 mL of methanol (at the
same ratio for up-scaling experiments). Aliquots leachates (1 mL)
were N2 dried and then diluted by 50 mL Milli-Q water to measure
and calculate extraction efficiency by PPL. The remaining leachates
were freeze-dried and re-dissolved in methanol (LC-MS Chroma-
solv grade) for the analysis of FT-ICR-MS.

For mass spectral analysis, the above leachates in methanol (i.e.,
DOM samples) were diluted with ultrapure water to DOC concen-
tration of 20 mg/L for analysis on the 9.4 T FT-ICR-MS instrument.
Samples were continuously infused into the electrospray ioniza-
tion (ESI) unit at a flow rate of 120 lL/h in negative ion mode.
The lower and upper mass limit was set to m/z 150 and 2000,
respectively. Spray shield voltage was set to 3.0 kV. The capillary
voltage was set to 3.5 kV, and the capillary column end voltage
was �320 V. Mass spectra were collected over 500 scans, with an
ion accumulation rate time of 0.02 s. Mathematically possible for-
mulas were calculated with a signal-to-noise ratio �6. The detec-
tion error was limited to within 1 ppm absolute mass.

Molecular formulas containing the elements C, H, O, N, and S
were assigned using a self-written software routine (Riedel et al.,
2012) based on previously suggested criteria (Koch et al., 2007;
Stenson et al., 2003). The modified aromaticity index (AI-mod)
(Koch and Dittmar, 2006) and double bond equivalent (DBE) were
calculated for each assigned molecular formula. These molecular
descriptors are both indicative of the degree of aromaticity within
a molecule. These and other molecular parameters (m/z, H/C, O/C,
etc.), derived from peak formula assignments were expressed as
intensity-weighted average (wa) values. Therefore, these values
directly reflected the relative contribution of each m/z peak to
the entire DOM mass spectrum.

Van Krevelen diagrams can help distinguish compound classes
in samples on the basis of characteristic elemental ratios that each
major biogeochemical compound class generally exhibits
(Sleighter and Hatcher, 2007). The groups are delineated by the
aromaticity index (AI) and H/C cutoffs (Kellerman et al., 2014;
Koch and Dittmar, 2006): combustion-derived polycyclic aromat-
ics (AI > 0.66), vascular plant-derived polyphenols
(0.66 � AI > 0.50), highly unsaturated and phenolic compounds
(AI � 0.50 and H/C < 1.5), and aliphatic compounds (2.0 � H/
C � 1.5). The van Krevelen space for this study was also divided
into seven discrete regions by elemental ratios (Hockaday et al.,
2009): lipids (H:C = 1.5–2.0; O:C = 0–0.3); proteins (H:C = 1.5–2.2;
O:C = 0.3–0.67; N/C � 0.05); lignins (H:C = 0.7–1.5; O:C = 0.1–
0.67); carbohydrates (H:C = 1.5–2.0; O:C = 0.67–1.2); unsaturated
hydrocarbons (H:C = 0.7–1.0; O:C = 0–0.1); condensed aromatic
structures (H:C = 0.2–0.7; O:C = 0–0.67); and tannin (H:C = 0.5–
1.5; O:C = 0.67–1.2).
2.4. Statistical analysis

Linear correlation analyses (Pearson) of FT-ICR-MS data and
optical parameters, water quality parameter were performed with
IBM SPSS Statistics software (Version 22, IBM Corp.). Redundancy
analysis (RDA) of FT-ICR-MS data and these parameters in R was
conducted by package vegan. Hierarchal cluster analysis (HCA)
was determined using between-groups linkage by applying
squared Euclidean distance to measure the degree of similarity of
FT-ICR-MS data of DOM between end-member and lake water
samples. Deriving the squared Euclidean distance between two
data points involves computing the sum of the squares of the dif-
ferences between corresponding values. The similarities between
the analyzed samples were presented in the dendrogram for each
sample. The dendrogram similarity scales that are generated by
the SPSS program range from zero (greater similarity) to 25 (lower
similarity).
3. Results and discussion

3.1. Bulk spectral parameters analysis

Optical indices of UV–Vis absorbance and fluorescence spec-
troscopy of DOM from end-members and freshwaters were listed
in Table S2. SUVA254 values of DOM extracted from algae (0.09 L/
mg�m), macrophyte (0.06 L/mg�m) and sediment (0.43–0.48 L/
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mg�m) were lower than those in lake waters (0.83–2.33 L/mg�m)
(Table S2). This observation revealed the low aromaticity and
degree of humification of these end-member materials, apparently
due to the fact that they were the precursors of DOM in water of
lake (Cuss and Guéguen, 2015a; Zhang and He, 2015). Values of
E2/E3, S275–295, and SR were lower in macrophyte-derived DOM
than other collected DOMs, which might indicate the relatively lar-
ger percentage of high molecular weight in macrophyte-derived
DOM than others. Inversely, algae- and sediment-derived DOM
showed greater values, suggesting their lower molecular weight
compared with macrophyte-derived DOM (Baker, 2001). FI deter-
mines source of DOM, which is either: microbial (high FI > 1.8,
derived from extracellular release and leachate from bacteria and
algae) or terrestrially derived (low FI < 1.2, terrestrial plant and soil
organic matter) (Fellman et al., 2010). Sediment and algae-derived
DOM had a higher FI values, which was consistent with previously
reported (Fellman et al., 2010). However, macrophyte-derived
DOM had lower FI value, which might indicate its more approxi-
mate property with terrestrial plant. In addition, values of SR
(6.81–7.16) and FI (1.81–1.90) for sediment-derived DOM are sim-
ilar to those observed in microbial produced DOM previously
reported (Derrien et al., 2017; McKnight et al., 2001; Yakimenko
et al., 2018), which might indicate extensive microbial activities
at interfaces between sediment and water. For the two freshwater
lakes, the higher SUVA254 and SR values in Lake Taihu than Dianchi
suggested the higher molecular weight and aromaticity in water of
Lake Taihu than that in Dianchi, which could be attributed to the
origin and the altered degree through biogeochemical process of
DOM in lake ecosystems (Helms et al., 2008a). Additionally, the
remarkable distinct of FI values between these two lakes also
revealed their different DOM source, which would be discussed
specially in section 3.4.

3.2. FT-ICR-MS spectral analysis of SPE-DOM

The extraction efficiency by PPL cartridges was about 8.2–37.9%
possibly due to extensive loss of highly polar saccharides and small
organic acids, which are too polar to be extracted (Gonsior et al.,
2019). The presented results are only addressing the extractable
and ionizable component of DOM. Spectra from negative-ion FT-
ICR-MS analyses of DOM extracted by SPE exhibited thousands of
peaks in the range of m/z from 200 to 750 Da (Figs. S2 and S3).
The mean magnitude-weighted average (wa) composition varied
among those DOM samples (Table 1). In comparison with water
DOM samples in Lake Taihu, end-member autochthonous DOM
samples extracted from macrophytes, algae, and sediment showed
lower m/zwa, Cwa, Owa, AI-modwa, DBEwa, and higher H/Cwa. There
Table 1
Intensity-weighted mean molecular parameters of different samples derived from assigne

Sample m/zwa Cwa Hwa Owa Nw

TH-1 412.47 18.7 22.14 9.64 0.4
TH-2 408.4 18.47 21.82 9.56 0.4
TH-3 412.2 18.56 21.32 9.87 0.4
TH-4 412.51 18.74 22.26 9.63 0.4
TH-5 405.96 18.51 22.68 9.43 0.4
TH-6 409.55 18.67 22.13 9.53 0.4
TH-7 416.07 18.83 21.83 9.82 0.4
TH-8 413.75 18.71 22.09 9.75 0.4
Average 411.36 18.65 22.03 9.65 0.4
Macrophyte 380.6 17.18 21.05 9.28 0.2
Algae 337.9 18.02 29.13 5.48 0.3
Sediment-1 366.99 17.73 23.82 7.4 0.5
Sediment-7 343.76 16.37 23.13 6.81 1
Lake Dianchi 341.55 18.16 26.93 5.83 0.1

a Intensity weighted average values are displayed for r mass-to-charge ratio (m/zwa),
atoms (Swa), hydrogen to carbon ratio (H/Cwa), oxygen to carbon ratio (O/Cwa), modified
were least difference in the values of those parameters between
Lake Taihu water and macrophyte DOM samples, but the differ-
ences between Lake Taihu water and other samples were apparent.
Especially, algal DOM showed the greatest weight-averaged H/Cwa

and least O/Cwa, AI-modwa and DBEwa values. Compared to Lake
Taihu, those mean molecular parameters of water in Lake Dianchi
were more similar with algae-derived DOM.

Among samples examined, assigned molecular formulas con-
sisted primarily of C, H and O (CHO) followed by formulas with
additional N (CHON), S (CHOS) and NS (CHONS) (Fig. 1). The rela-
tive contribution of only CHO formulas was greater for DOM
extracted from the macrophyte (79.9%), algae (86.1%) and Lake
Dianchi water (87.1%) than that in Lake Taihu water (mean value:
59.5%) and sediments (mean value: 57.4%). However, greater pro-
portions of formulas containing N and S were observed in
sediment-derived DOM (N: 29.0–41.3%, S: 3.3–11.6%) and Lake
Tai water (N: 24.2–27.2%, S: 11.6–14.9%) than those DOM
extracted from macrophyte (N: 15.7%, 3.7%), algae (N: 12.9%, S:
1.0%) and Dianchi water (N: 9.4%, S: 3.6%). The extracted DOM in
freshwater from Lake Taihu showed lesser proportion of exclu-
sively CHO compounds than DOM in samples from the surface
ocean, deep ocean and river samples (72.2–93.7%) (Kujawinski
et al., 2009), while DOM samples from macrophytes, algae and
Lake Dianchi water were intermediate to those values. This might
be due to greater abundances of N-and S-containing molecular for-
mulas from terrigenous and anthropogenic inputs to Lake Taihu
(Wagner et al., 2015). The high abundance of CHON formulas in
sediment samples might be due to greater activities of bacteria
at the interface between water and sediments (Wagner et al.,
2015), which was consistent with the UV–vis and fluorescence
observations. It has also been reported that N-containing compo-
nents of OM play a key role in its stabilization through N interac-
tions with mineral surfaces (Hsu and Hatcher, 2005). Thus
another explanation of greater percentage of CHON formulas in
sediment might be the sequestration of N during humification
(Hsu and Hatcher, 2005).

Van Krevelen (V-K) diagrams have been widely used to visual-
ize complex DOM mixtures based on H/C and O/C ratios of molec-
ular formulas assigned to individual mass spectral peaks
(Kellerman et al., 2018; Kim et al., 2003). The V–K plots and rela-
tive abundances of chemical classes are shown in Figs. 2a–f and
3. Macrophyte-derived DOM was dominated by lignin materials
(50.6%), followed by tannins (17.4%) and lipids (12.6%). This was
similar with that observed in DOM derived from terrigenous plant
previously reported using FT-ICR-MS (Ohno et al., 2010). The rela-
tive abundance of tannins were greatest in macrophyte-derived
DOM than other collected DOM samples in our study, which might
d molecular formulae.a

a Swa H/Cwa O/Cwa AI-modwa DBEwa

7 0.15 1.24 0.53 0.23 8.37
7 0.16 1.24 0.53 0.23 8.29
4 0.12 1.21 0.54 0.25 8.62
6 0.15 1.23 0.52 0.23 8.34
2 0.17 1.23 0.52 0.24 8.38
5 0.14 1.24 0.52 0.24 8.32
8 0.14 1.21 0.53 0.25 8.65
8 0.13 1.24 0.53 0.23 8.41
6 0.15 1.23 0.53 0.24 8.42
4 0.04 1.29 0.55 0.2 7.27
1 0.01 1.67 0.31 0.08 4.11
8 0.12 1.41 0.43 0.18 6.61

0.03 1.48 0.42 0.14 5.81
5 0.04 1.54 0.33 0.15 5.27

number of carbon (Cwa), hydrogen (Hwa), oxygen (Owa), nitrogen (Nwa), and sulfur
aromaticity index (AI-modwa) and double bond equivalent (DBEwa).



Fig. 1. Comparisons of compositions of DOM by major subcategories in various DOM samples.
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be due to releases of phenolic acids richness in macrophytes (Liu
et al., 2017). Algae-derived DOM contained greater proportions of
lipids (56.8%), followed by lignin (15.0%) and protein (7.4%), but
fewer tannins compared with macrophyte-derived DOM. The pre-
dominance of lipid compounds and absence of tannin formulas
might therefore serve as an indicative feature of algae-derived
DOM. Sediment-derived DOM was dominated by lignin (51.2–
59.7%), followed by proteins (8.0–18.5%) and lipids (14.2%-16.7%).
It was reported that lignin region potentially includes carboxyl rich
alicyclic molecules (CRAMs) which would fall into the same space
of the V-K diagrams (Hertkorn et al., 2006). The removal of labile
DOM components by microbial processing has been suggested to
result in the accumulation of CRAMs in sediment (Wagner et al.,
2015). Thus, sediment-derived DOM here may reflect the preferen-
tial accumulation of recalcitrant compounds in the digenetic pro-
cessing in sediment (Liu et al., 2016a; Wagner et al., 2015). It has
been reported eutrophication promotes the accumulation of auto-
chthonous DOM (especially algal sources) in lakes (Zhou et al.,
2018). Thus, algae-derived compounds, including aliphatic sub-
stances and protein compounds would increase and thus affect
the composition of DOM in eutrophic lakes. As a result, a fraction
of autochthonous DOM explosively accumulated in lakes due to
nutrient enrichment and algae bloom is likely to be highly bio-
labile and could be quickly utilized to support a growing commu-
nity of heterotrophs (Kellerman et al., 2015). In addition, the bind-
ing capacity of DOM with metal or organic contaminants would
also be altered and thus influence their bioavailability (Liu et al.,
2018c; Yang et al., 2016).
Van Krevelen distributions of formulas identified in water sam-
ples of Lake Taihu were similar (Figs. S4 and 2e), with a dominance
of lignin formulae (75.4–79.8%). The predominance of lignin com-
ponents in Lake Taihu is similar to those frequently observed in
global rivers and lakes (Kellerman et al., 2014; Wagner et al.,
2015). These formulas were mainly heteroatomic and mostly were
classified as highly unsaturated aliphatics. The CHOS and CHON
formulas identified in Lake Taihu were more comparable to com-
pounds found in abundance in wastewater effluents (Gonsior
et al., 2011) and septic-impacted groundwaters (Arnold et al.,
2014), which might suggest the wastewater inputs to Taihu from
anthropogenic influence. Furthermore, the removal of labile DOM
components by microbial processing or photo-degradation has
been suggested to result in accumulation of refractory molecules
such as CRAMs in lignin or protein region (Jaffé et al., 2012).
DOM in water collected from Lake Dianchi enriched in lipid
(43.8%) and lignin (40.9%), with limited amounts of tannin materi-
als. The high percentage of lipid compounds in Dianchi might fur-
ther indicate the contribution of DOM from algae. The DOM
extraction selectivity of the SPE cartridges with respect to certain
DOM compounds and also the use of electrospray ionization in
both negative ion mode (ESI�) and positive ion mode (ESI+) for
the characterization of DOM are important factors to distinguish
compound classifications (Li et al., 2017; Ohno et al., 2016). PPL
was reported to retain higher proportions of nitrogen-containing
compounds from both fresh- and marine waters (Dittmar et al.,
2008; Perminova et al., 2014). In general, there was a preferential
increase in the number of assignments for the aliphatic and



Fig. 2. Van Krevelen diagrams from the mass spectra of DOM derived from (a) macrophyte, (b) algae, (c and d) sediment, (e) Lake Taihu and (f) Lake Dianchi. Ovals overlain
the plots indicate major compound classes: lipids (H:C = 1.5–2.0; O:C = 0–0.3); protein (H:C = 1.5–2.2; O:C = 0.3–0.67; N/C � 0.05); lignins (H:C = 0.7–1.5; O:C = 0.1–0.67);
carbohydrates (H:C = 1.5–2.0; O:C = 0.67–1.2); unsaturated hydrocarbons (H:C = 0.7–1.0; O:C = 0–0.1); condensed aromatic structures (H:C = 0.2–0.7; O:C = 0–0.67); and
tannin (H:C = 0.5–1.5; O:C = 0.67–1.2).
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carbohydrate-like DOM components in the ESI+ mode (Ohno et al.,
2016). Thus, It should be noted that, in our study, the relative
abundance of aliphatic and carbohydrate components might be
underestimated by PPL extraction and ESI� mode.

3.3. Linking DOM molecular compositions to optical properties and
environmental factors

In order to further clarify the unique features of various sources,
multivariate analysis of molecular composition using redundancy
analysis (RDA) were conducted (Fig. 4). The input parameters for
the ordination included bulk properties (i.e. TN, DOC, SUVA254,
E2:E3, E4:E6, S, SR, and FI) and FT-ICR-MS-derived molecular compo-
sition data [i.e. weight-averaged parameters H/Cwa, O/Cwa, DBEwa,
AI-modwa and relative abundances (%) of classified compounds].
The compound categories based on V-K diagrams included alipha-
tic compounds (aliphatics), polyphenolic compounds (polyphe-
nols), highly unsaturated and phenolic compounds (HUPs),
polycyclic aromatics (PolcArom), lipid, protein, carbohydrate, lig-
nin, tannin and condensed aromatic structure. The results showed
a clear separation between categories of greater aromaticity in
DOM in water samples from Lake Taihu on the negative end of
the first axis (RDA1) with aliphatic DOM from algae, macrophyte
and sediments on the positive end (Fig. 4). The RDA1 explained
89.7% of the variance in the sample and is closely related to the
nucleo-cytoplasmic ratio, aromaticity, and contents of oxygen.
Samples that have greater m/z, more aromaticity and greater oxy-
gen content (i.e. great m/zwa, DBEwa, AI-modwa, Owa, O/Cwa) exhib-
ited negative RDA1, while samples that were more aliphatic (i.e.
great Hwa and H/Cwa values) exhibited more positive RDA1. All



Fig. 3. Relative abundance (%) of van-Krevelen diagram-derived classification classes from the FT-ICR-MS analysis of SPE-DOM components extracted from various sources
(macrophyte, algae, sediment) and natural freshwaters (Lake Taihu and Lake Dianchi). The major ionizable compound classes are divided into lipids, proteins, carbohydrates,
unsaturated hydrocarbons, lignins, tannins, and condensed aromatic structures.
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samples of water from Lake Taihu exhibited negative RDA1 values,
which indicated their more aromaticity and greater oxygen con-
tents than other samples collected in the study. Conversely, auto-
chthonous DOM derived from macrophytes, algae and sediment
as well as water sample in Dianchi showed more aliphatic feature.
The result of autochthonous DOM distributed in positive RDA1 was
in agreement with previous studies, which found autochthonous
DOM was characterized with molecular formulas depleted in O
and enriched in H with lower AI-mod and generally include biola-
bile compound classes including proteins and lipids (Koch and
Dittmar, 2006; Sleighter and Hatcher, 2007). Molecular formulas
with these features in negative RDA1 might reflect terrestrial
inputs from plant-derived compounds such as lignins and tannins.
SUVA254 covaried with Lake Taihu water samples with a large pro-
portion of polyphenolic compounds, polycyclic aromatics, unsatu-
rated and phenolic compounds, and condensed aromatic
structures, such as lignins and tannins (Fig. 4). Conversely, DOC,
S275–295, FI, TN were positively related with RDA1 and samples that
were less aromatic and more aliphatic and dominated by DOM
from phytoplankton and sediment (Fig. 4). This was consistent
with lipids, aliphatic and proteins that were categorized into the
positive end of the RDA1. In brief, variation explained by RDA1
was closely related to the trend in DOM from aromatic to aliphatic,
which corresponds to the distinguishable molecular characteristics
shift from the more aromatic, allochthonous DOM to the more ali-
phatic, autochthonous DOM. Segregation of aromatic contributions
from polyphenolic compounds versus aliphatic DOM from lipid
compounds is consistent with past findings from previous studies
in which sources of DOM were investigated by using of FT-ICR-
MS (Kellerman et al., 2018).

RDA2 explained only 4.9% of the variation and is related to
nitrogen content (Nwa). Samples with greater contents of Nwa

exhibited a positive RDA2 score, while samples with lesser con-
tents of Nwa exhibited a negative RDA2 score. SR and E4/E6, indices
for biological and humification parameters, positively related with
RDA2. This suggests that the second axis might represent microbial
production, which is also supported by the scores on the RDA2 of
the weighted average of Nwa. Samples separated along the axis
such as sediment-derived DOM contains more aliphatic com-
pounds with nitrogen atoms. The higher contents of nitrogen
might suggest enhanced microbial activities in sediment samples,
which is consistent with the results deduced from optical indices
in Section 3.1.

3.4. Implications for sources identification

Could these unique molecular characteristics of end-member
DOM be used to identify potential sources of DOM in freshwater
lakes? In this work, hierarchal cluster analysis (HCA) based on
FT-ICR-MS data was carried out between freshwater samples and
known source materials to identify potential sources of DOM in
Lake Taihu and Lake Dianchi. Because thousands of formulas can
be observed in a sample of DOM, there are 57,630 formulas in
the data base for the 13 samples. Apparently, the majority of the
formulas were repeatedly appeared in the 13 samples. As the
results, there were 8860 exclusive/unique formulas in these sam-



Fig. 4. Multivariate analysis of compounds and drivers using RDA. Ordinations are based on Bray-Curtis, which utilizes relative abundance of compounds. Environmental
variables were fit to the ordination.

Fig. 5. Dendrogram from the cluster analysis using relative peak intensities of the total formulas in 13 DOM samples.

8 S. Liu et al. / Science of the Total Environment 703 (2020) 134764
ples. A data matrix was then constructed from the relative magni-
tudes of the 8860 formulas in each of the 13 samples. Relative
magnitudes of formulas absent in samples were set to 0. A cluster
analysis was then applied to the data matrix (Fig. 5). Sampling
locations TH-4 (Gonghu Bay), TH-6 (Center Lake) and TH-8 (Xukou
Bay) exhibited the least degree of similarity with other locations.
This result might be explained by their similar conditions since
these three regions are less affected by terrestrial and anthro-
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pogenic inputs, and water was clearer than that at other locations
(Qin et al., 2018). Then locations TH-7 (Eastern Lake), TH-1 (Meil-
iang Bay), TH-3 (Southern Coast), TH-5 (Zhushan Bay), and TH-2
(Western Coast) were also grouped together, which reflected their
generally poorer water quality and the degree of anthropogenic
influence, such as inputs of wastewater and runoff (Liu et al.,
2018a). Similarly, DOM derived from phytoplankton exhibited
the greatest similarity with Lake

Dianchi water. This result further demonstrated the significant
contribution of DOM produced by phytoplankton to Lake Dianchi.
During the second clustering, DOM in extracts of sediments and
phytoplankton were clustered together, which can be explained
by the similar molecular characteristics of DOM derived from bac-
teria and that derived from phytoplankton, which could also
include cyanobacteria. Particularly, DOM from macrophyte was
classified as a separate class and not grouped with DOM in water
from Lake Taihu. This result further clarified the speculation that
terrigenous DOM might be the primary contributor of DOM in
water of Lake Taihu, but not from macrophyte-derived DOM.
Molecular characteristics of macrophyte-derived DOM might be
intermediate between allochthonous DOM and autochthonous
DOM, and play a limited role in the whole Lake Taihu since the
low level of biomass input in recent years (Zhang et al., 2016a).
In the study, statistical analysis using relative magnitudes effec-
tively explored large, complex data sets to obtain more detailed
molecular structure and source information. The molecular charac-
teristics of diverse end-members should serve as a database for
future study of source identification. In addition, the multivariate
statistics based on FT-ICR-MS data provide a potential methodol-
ogy to conduct source analysis in the natural freshwaters.
3.5. Geochemical and environmental implications

In the past decades, the nutrient enrichment induced by anthro-
pogenic activity has caused excessive growth of emergent and sub-
merged macrophyte in shallow freshwater lakes. Also, the
occurrence of algae bloom is spreading frequently and globally in
freshwater lakes due to climate change and nutrient enrichment
(Paul, 2008; Wang and Jiang, 2016). Consequently, the consider-
able autochthonous dissolved organic matters in biomass of algae
and macrophyte are released through cell death/lysis, and signifi-
cantly contribute to the organic matter pool in lakes (Zhou et al.,
2018). In this study, we revealed that the special chemical struc-
tures of autochthonous DOMwere more aliphatic and less oxidized
compared with allochthonous DOM. Therefore, it is to be expected
that the algae bloom would lead to changes in chemical compo-
nents of DOM in eutrophic lakes, which will further impact the bio-
geochemical processes of organic matters (such as degradation and
sedimentation) (Liu et al., 2018c) and behaviors of contaminants
(such as sorption, transportation and transformation) (Bai et al.,
2017a,b; Bravo et al., 2017) in the environment. It has been
reported phytoplankton-derived organic compounds could
enhance mercury methylation rates in boreal lake sediments
(Bravo et al., 2017). Thus autochthonous DOM was an important
DOM pool and should gained more attention in eutrophic environ-
ment. Future studies are also necessary to investigate the detailed
mechanisms of how autochthonous DOM in eutrophic lakes affects
the large-scale ecosystem and also the behaviors of contaminants
in molecular-scale in the environment.
4. Conclusions

Molecular-level characterization of DOM extracted from auto-
chthonous end-members was conducted by combination of optical
spectroscopy and FT-ICR-MS. Our results revealed that autochtho-
nous DOM was more aliphatic and less oxidized compared with
allochthonous DOM, which was marked by increases in lipid com-
pounds and decreases in lignin components as compared to the
allochthonous DOM-dominated freshwaters. Also, the optical indi-
cators showed consistent results with that deduced from FT-ICR-
MS.

The combination of multivariate analysis with FT-ICR-MS data
is an invaluable method to further explore the potential informa-
tion from FT-ICR-MS. This study has shown how to unravel the
source identification of DOM in natural freshwaters by the combi-
nation of multivariate analysis with FT-ICR-MS. Further studies can
now be designed to further investigate the different biogeochemi-
cal processes and environmental fates of diverse sources DOM in
molecular level in lakes.
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Study area 

Lake Taihu (30°55′40″–31°32′58″ N and 119°52′32″–120°36′10″ E)，located in 

the southern Changjiang (Yangtze) River Delta, is one of the most densely populated 

regions in China. Lake Taihu has an area of 2338 km2, with a maximum length and 

width of 68.5 and 56 km, respectively. The average depth is about 1.9 m. The average 

annual air temperature in Lake Taihu is 16.0–18.0℃. The average annual precipitation 

is 1100–1150 mm. In the current study, there were a total of 8 sampling sites 

distributed in 8 regions of Lake Taihu (Fig. S1, Table S1). There are TH-1 in Meiliang 

Bay, TH-2 in western coast, TH-3 in southern coast, TH-4 in Gonghu Bay, TH-5 in 

Zhushan Bay, TH-6 in Center Bay, TH-7 in Eastern Lake and TH-8 in Xukou Bay. 

The water quality and phytoplankton biomass of Lake Taihu exhibit spatial 

heterogeneity. According to the monitoring station data in Lake Taihu, the northern 

bays (Gonghu Bay, Meiliang Bay, and Zhushan Bay) and western bays are under poor 

water quality and frequent cyanobacterial bloom, whereas the eastern bays and Xukou 

Bay is dominated by macrophyte with well water quality.  

Lake Dianchi Basin (24°28 to 25°28 N, 102°30 to 103°00 E) is located in the 

middle of Yunnan Guizhou Plateau in Southwest China. With an area of 308.6 km2 

and an average depth of only 4.4 m, Lake Dianchi is the sixth largest body of fresh 

water in China. The annual mean temperature is 14.7℃, with an average precipitation 

of 797–1,007 mm. The lake is divided in two by an artificial dam in the northeast. The 

smaller half (10.7 km2) is called Caohai. The larger half (297.9 km2), is called Waihai. 

Eutrophication has been an intractable problem since the 1980s in Lake Dianchi Basin. 
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In this study, in order to compare the source identification with Lake Taihu, one water 

sampling site in Haigeng Park in eutrophic region of Dianchi was also collected for 

molecular characterization and source analysis (Table S1). 
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Table S1. The location of sampling sites collected in the study. 

Sample Label longitude latitude District 

Taihu water 

TH-1 120°11′39.59″ 31°28′34.79″ Meiliang Bay 

TH-2 119°56′42.00″ 31°18′52.20″ Western Coast  

TH-3 120°07′07.18″ 30°57′49.21″ Southern Coast  

TH-4 120°22′36.88″ 31°26′06.40″ Gonghu Bay 

TH-5 120°01′41.41″ 31°27′00.04″ Zhushan Bay 

TH-6 120°08′37.90″ 31°06′59.44″ Center Lake  

TH-7 120°30′47.84″ 31°05′21.88″ Eastern Lake 

TH-8 120°24′21.46″ 31°10′36.59″ Xukou Bay 

Dianchi water Dianchi 102°39′30.84″ 24°57′42.06″ Haigeng Park 

End-member 

Macrophyte 120°24′21.46″ 31°10′36.59″ Xukou Bay 

Algae 120°11′39.59″ 31°28′34.79″ Meiliang Bay 

Sediment-1 120°11′39.59″ 31°28′34.79″ Meiliang Bay 

Sediment-7 120°30′47.84″ 31°05′21.88″ Eastern Lake 
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Table S2. Physicochemical characterization and optical properties. 

Sample 
TN 

(mg·L-1) 

TP 

(mg·L-1) 

Chl-a 

(ug·L-1) 

DOC 

(mg·L-1) 

SUVA254 

L·(mg·m)-1 
E2/E3 S275-295 S350-400 SR FI 

TH-1 1.72 0.08 55.35 3.08 2.25 5.92 0.02 0.004 4.902 1.69 

TH-2 2.03 0.09 43.75 3.34 1.86 7.92 0.022 0.016 1.375 1.78 

TH-3 9.32 0.4 367.11 2.37 1.87 6.7 0.021 0.011 1.841 1.69 

TH-4 1.11 0.03 5.68 2.78 2.29 5.64 0.02 0.009 2.202 1.67 

TH-5 4.57 0.26 174.24 2.59 1.9 5.07 0.018 0.01 1.74 1.77 

TH-6 2.56 0.14 79.16 3.14 1.55 6.83 0.023 0.009 2.404 1.7 

TH-7 1.69 0.06 13.39 2.54 2.33 8.36 0.022 0.011 2.004 1.67 

TH-8 1.33 0.03 7.09 2.57 1.98 10.56 0.024 0.013 1.782 1.65 

average 3.04  0.14  93.22  2.80  2.00  7.13  0.02  0.01  2.28  1.70  

Lake 

Dianchi 
13.59 1.04 - 51.61 0.83 7.67 0.023 0.023 1.017 2.09 

Macrophyte 7.58 - - 66.04 0.06 3.77 0.016 0.014 1.104 1.03 

Algae 11.87 - - 53.97 0.09 6.3 0.043 0.013 3.3 2.14 

Sediment-1 0.32 - - 6.84 0.43 6.71 0.048 0.007 6.814 1.81 

Sediment-7 0 - - 4.55 0.48 6.51 0.032 0.005 7.156 1.90 

SUVA254 is the ratio of absorbance (m-1) at 254 nm to DOC (mg·L-1); 

E2/E3 is an absorption ratio at 250 to 365 nm, and E4/E6 is the absorption ratio of 465/665; 

  S275-295 is the absorption slope from 275nm to 295nm, and S350-400 is the absorption slope from 350 nm to 400 nm; 

SR is the ratio of the spectral slopes S of the shorter (275 - 295 nm) to the longer (350 - 400 nm) wavelength ranges; 

FI was calculated as the ratio of emission intensity at 450 nm to that of 500 nm for a fixed excitation wavelength of 370 nm.
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Fig. S1. Sampling sites in various regions of Lake Taihu. Samples of water were 

collected from all regions and named identified as: TH-1, TH-2, TH-3, TH-4, TH-5, 

TH-6, TH-7, respectively. Macrophyte was collected from Xukou Bay, algae were 

collected from Meiliang Bay, and sediments were collected from Meiliang Bay 

(Sediment-1) and Eastern Lake (Sediment-7). 
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Fig. S2. Negative ion mass spectra of SPE-DOM from water samples in different 

regions of Lake Taihu isolated by PPL. 
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Fig. S3. Negative ion mass spectra of SPE-DOM from different source samples. The 

different sources include a) macrophyte-derived DOM; b) algae-derived DOM; c) 

sediment-derived DOM; and d) SPE extracted DOM from Dianchi. 
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Fig. S4. Van Krevelen diagrams from the mass spectra of SPE-DOM of water from 

different region in Lake Taihu. Ovals overlain the plots indicate major compound 

classes: lipids (H:C=1.5-2.0; O:C=0-0.3); protein (H:C=1.5-2.2; O:C=0.3-0.67; N/C

≥ 0.05); lignins (H:C=0.7-1.5; O:C=0.1-0.67); carbohydrates (H:C=1.5-2.0; 

O:C=0.67-1.2); unsaturated hydrocarbons (H:C=0.7-1.0; O:C=0-0.1); condensed 

aromatic structures (H:C=0.2-0.7; O:C=0-0.67); and tannin (H:C=0.5-1.5; 

O:C=0.67-1.2). 
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