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This study investigates the potential of fluorescence characteristics of dissolved organic matter (DOM) to identify
sediment organic matter (OM) sources in shallow lakes. Spectral analyses were performed on water and alkali
extractable organic matter (WEOM and AEOM) from Lake Taihu sediments. The lake was divided into seven
distinct regions: R1 and R2 strongly influenced by inflowing rivers, R3 and R4 were characterized by submerged
macrophytes, and R5-R7 were dominated by cyanobacterial blooms. The investigation illustrated that the highest
values of water and alkali extractable organic carbon (WEOC and AEOC) were found in region R4. Specifically,
the Humification Index (HIX) values consistently exceeded 2.0 in the northwest regions, contrasting with values
predominantly below 1.0 in most southeastern regions. Moreover, the Fluorescence Index (FI) of WEOM in re-
gions R5, R6 and R7 reached 2.10, markedly higher than the values observed in other regions. The horizontal
distribution of the four spectrographic indices of AEOM exhibited partial similarity to the distribution pattern of
WEOM. Although the WEOC content marginally trailed AEOC, there was a significant correlation between
WEOM and AEOM in three indices including slope ratio (Sg), HIX and FI. The identification of sources implied
that organic matter in sediments of regions R1 and R2 originated from terrestrial sources, while regions R3 and
R4 were largely derived from submerged macrophyte and the regions R5-R7 were notably impacted by
cyanobacteria-derived organic matters. Notably, the identification results aligned perfectly with the distribution
of inflowing rivers, cyanobacterial blooms and submerged macrophyte coverage within Taihu Lake, underscoring
the potential use of dissolved organic matter’s spectral characteristics for organic matter source analysis within
sediments.

Synopsis: This study identifies distinct sources and spatial distributions of organic matter in Lake Taihu’s sedi-
ments, using fluorescence characteristics to highlight influences from terrestrial input, submerged macrophytes,
and cyanobacterial blooms.

1. Introduction

Dissolved organic matter (DOM) is the most active organic compo-
nent in soils and water environments, which directly affects the
biogeochemical processes and the bioavailability of heavy metals and
other pollutants (Chen and Hur, 2015; Feng et al., 2023; Zsolnay, 2003).
The inherent complexity and diversity of DOM have been widely

* Corresponding authors.

recognized (Nebbioso and Piccolo, 2013). Certain components or
chemical attributes of DOM can be obtained very easily through
straightforward methodologies, such as ultraviolet spectroscopy and
fluorescence spectroscopy (Li and Hur, 2017; Pan et al., 2023; Yama-
shita et al., 2008). In recent years, the spectral and compositional fea-
tures of DOM have often been used as indices for source identification to
infer the source of organic matter and even microbial processes in the
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environment (Lee et al., 2020; Lin et al., 2023; Oh et al., 2023).
Therefore, investigating the spectral and compositional characteristics
of DOM in soils and water environments is crucial for understanding the
associated biogeochemical processes and tracking its evolution within
ecosystems.

Lakes are vital water ecosystems that play a key role in the exchange
of essential biological elements, such as carbon and nitrogen, among
water, land, and atmosphere. They also provide critical ecological and
economic services, including water provisioning, flood mitigation,
ecological regulation, storage, landscape enrichment, and resource
supply (Heino et al., 2021; Li and Tsigaris, 2024). However, at present,
most of the lakes in the world are facing the risk of eutrophication,
especially shallow lakes (McCrackin et al., 2017). Compared to deep
lakes and reservoirs, sediments in shallow lakes are often disturbed by
waves, releasing nutrients that increase eutrophication (Zhou et al.,
2022). This process also releases dissolved organic matter (DOM), which
in turn influences microbial communities within the water column (Li
et al., 2022). Consequently, a comprehensive evaluation of the spectral
and compositional characteristics of DOM in shallow lake sediments is
urgently needed to assess its impacts on aquatic ecology across different
lake regions.

At present, the methods to evaluate the spectral and compositional
characteristics of DOM include ultraviolet spectroscopy, Excitation
Emission Matrix (EEM) fluorescence combined with Parallel Factor
Analysis (PARAFAC), chromatography, nuclear magnetic resonance and
Fourier transform ion cyclotron resonance mass spectrometer (FT ICR-
MS) (Liu et al., 2023a; Pan et al., 2023; Yamashita et al., 2008).
Although mass spectrometry and nuclear magnetic resonance offer
comprehensive insights into DOM composition, EEM-PARAFAC stands
as the most frequently utilized method. This popularity is owed to its
simplicity, cost-effectiveness, and robust capacity for both endogenous
and exogenous substance identification (Duan et al., 2022). Ultraviolet
spectra are often combined with EEM-PARAFAC to obtain information
about the molecular weight and aromaticity of DOM (Kim et al., 2023).
In addition, spectral characteristics of DOM were useful for monitoring
surface water quality and analyses of the carbon cycle in aquatic eco-
systems (Meng et al., 2024). There, the spatial and temporal distribution
of spectral and compositional characteristics of DOM in lakes and rivers
was still very important to reveal the response of element cycling pro-
cesses in water ecosystems to environmental changes.

EEM-PARAFAC generally categorizes DOM into two main groups:
humic-like and protein-like substances. Humic-like substances are
typically derived from the decomposition of terrestrial plant litter in
soils and are primarily indicative of terrestrial DOM. In contrast,
protein-like substances usually originate from microbial secretions and
are commonly used to represent endogenous DOM (Ge et al., 2021; Li
et al., 2023). Additionally, specific fluorescence indices, such as the
fluorescence index (FI), play a crucial role in source identification,
helping to distinguish between terrestrial and microbial DOM (Fellman
et al., 2010a). Moreover, FI was used for source identification of organic
carbon and nitrate in rivers in recent years (Kim et al., 2023; Lin et al.,
2023). The humification index can reflect the degree of microbial
degradation of organic matter (Fellman et al., 2010a). Recent studies
have increasingly harnessed DOM fluorescence characteristics to iden-
tify the sources of organic matter and nitrate in water (Duan et al., 2022;
Lin et al., 2023). However, the feasibility of extending this methodology
to identify the sources of organic matter in sediments warrants further
exploration.

At present, studies of DOM fluorescence spectra in lake sediments
primarily focus on the interaction between DOM and nutrient release,
microbial community (Li et al., 2022) and pollutants (Fan et al., 2023;
Ren et al., 2020) in sediments. Most of these studies collect pore water
from sediments, as it is considered to better represent in-situ conditions
(Mostofa et al., 2018; Xu et al., 2021). Alternatively, some studies
extract organic matter using water or alkali solutions from air-dried or
freeze-dried sediments, followed by analysis using fluorescence
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spectroscopy (Ge et al., 2021; Zhu et al., 2017). This extraction method
is particularly suited for larger investigation areas and is more effective
for source identification.

Researchers analyzed spectral characteristics of DOM from sedi-
ments in Lake Baiyangdian, North China, uncovering EEM-PARAFAC’s
ability to delineate varying contributions of terrestrial versus autoch-
thonous DOM sources in lake sediments (Yuan et al., 2014). Similar
results were reported from the lobelia lakes situated in Pomeranian re-
gion (Mielnik and Kowalczuk, 2018). Additional studies indicated that
the ratio of humic-like to protein-like substances could serve as an in-
direct indicator of water quality in the sediments of Dongting Lake and
Erhai Lake (Li et al., 2015; Li et al., 2016). This correlation was also
evident in eleven New Zealand lakes (Pearson et al., 2022) and Lake
Lihu (Wang et al., 2018). In addition, the spectral features of DOM
exhibited depth-dependent variations (Song et al., 2019). Collectively,
these studies indicated that the fluorescence characteristics of sediment
DOM can effectively delineate terrigenous and endogenous sources to a
certain extent.

Lake Taihu is a globally recognized lake for studying eutrophication.
Spanning hundreds of square kilometers, it experiences recurrent cya-
nobacterial blooms every summer (Qin et al., 2019). The eastern part of
the lake is covered with dense aquatic plants throughout the year (Zhang
et al., 2021). Over 20 rivers flow into Lake Taihu from various di-
rections, while only one river drains water from the southeast (Zhang
et al., 2017). As a result, the lake’s dynamics are influenced by a com-
bination of terrestrial inputs, cyanobacterial sources, aquatic plant-
derived material, and other endogenous contributions from microor-
ganisms (Zhang et al., 2018). Particularly, the effects of eutrophication
and water blooms on DOM characteristics were received special atten-
tions (Guan et al., 2024). The aim of this study is to investigate the ef-
ficacy of utilizing the fluorescence characteristics of DOM to discern
sources in this intricate environment. Simultaneously, both horizontal
and vertical distributions were studied. Both water and alkali extract-
able organic matter (WEOM and AEOM) were analyzed to evaluate the
similarities and differences in organic matter obtained via different
extraction methods. The source identification results obtained in this
study will be helpful for understanding the effects of import of terrestrial
sources, cyanobacterial blooms occurrence, macro aquatic plant resto-
ration and other processes on the carbon cycle in lake sediments.

2. Materials and methods
2.1. Sediment samples collection

Thirty-eight sampling sites were categorized into seven distinct re-
gions within Lake Taihu for this study (Fig. 1) (Zhang et al., 2017).
Region R1 (sites 1-3) is influenced by five rivers and experiences the
most severe cyanobacterial blooms during summer, while Region R2
(sites 4-9), characterized by nine flowing rivers, has infrequent blooms.
Regions R3 (sites 10-12) and R4 (sites 13-16) are almost entirely
covered by dense submerged macrophytes, which limit cyanobacterial
blooms (Zhang et al., 2021). Notably, Region R3 serves as the primary
outlet of Lake Taihu. Regions R5 (sites 17-21) and R6 (sites 22-26) are
two of the lake’s three bays most prone to cyanobacterial blooms, with
Region R6 additionally influenced by the Yangtze River diversion
project, which channels water from the Yangtze River into Lake Taihu.
Region R7 (sites 27-38) represents the central part of the lake.

Sample collection was conducted in the autumn of 2023. At each site,
sediment cores measuring 20 cm in length were collected using a gravity
tube sampler with a 50 cm diameter. Due to variations in sediment depth
across the study area, each core was divided into two to four sections at
5 cm intervals. The sediment samples were immediately transported to
the laboratory in glass containers for further analysis.
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Fig. 1. Sampling sites in various regions (R1-R7) of Lake Taihu.
2.2. Extraction of WEOM and AEOM

All sediment samples were air-dried, ground, and sieved through a
200-mesh sieve to ensure homogenization. The pre-treated samples
were then divided into two groups: one group was used to measure the
sediment organic carbon (SOC) and total phosphorus (TP) content,
while the other group was used for the extraction of WEOM and AEOM.

For the extraction of WEOM, a precisely weighed 3.00 g of pretreated
sediment sample was placed into a 50-mL centrifuge tube. Next, 30 mL
of deionized water was added, and the tube was shaken in a homo-
thermal water bath oscillator at 60 °C with a rotation speed of 300 rpm
for 30 min. The tube was then centrifuged at 10,000 xg for 10 min, and
the resulting supernatant was filtered through a 0.45-pm pore-sized
membrane. The filtrate was collected as the WEOM sample. AEOM
was extracted using the same procedure, except that 0.5 M KOH was
used as the extraction solution instead of deionized water.

2.3. Analysis methods

SOC content was analyzed using a total organic carbon analyzer
(TOC-L CPN, Shimadzu, Japan) coupled with SSM-5000 A device. The
TP content of sediment was analyzed according to the soil sample
determination methods outlined in literatures (Bao, 2000). Total phos-
phorus in the sediments was extracted using hydrochloric and nitric acid
and determined by the molybdenum-antimony resistance colorimetry
method (Lii et al., 2023).

The dissolved organic carbon (DOC) content in the WEOC and AEOC
samples was analyzed using a total organic carbon analyzer (TOC-L CPN,
Shimadzu, Japan). The ultraviolet spectra of the WEOM and AEOM
samples were measured with a UV-vis spectrometer (UV-1780, Shi-
madzu, Japan) across a wavelength range of 200 to 400 nm, with a 1-nm
step interval. Milli-Q water was used for baseline zero adjustment prior
to the analysis.

The fluorescence excitation-emission matrices (EEMs) of the WEOM
and AEOM samples were analyzed using a fluorescent spectrometer (RF-
6000; Shimadzu). Before the analysis, the DOC content of the WEOC and
AEOC samples was diluted to 8 mg/L to avoid the internal filtration
effect. Most of the effects concerned with Raman scatter were eliminated
by subtracting the Milli-Q blank. The excitation wavelengths ranged
from 200 to 500 nm in 10-nm increments, and the emission wavelength
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ranged from 250 to 550 nm in 2 nm increments. The slit width was set as
5 nm for both excitation and emission and the scan speed was set at
2000 nm/min.

2.4. EEM-PARAFAC and indices calculation

EEM-PARAFAC was performed using the DOM Flour toolbox devel-
oped in the previous study (Stedmon and Bro, 2008). To account for
internal filter effects in the EEMs, corrections were applied via absor-
bance spectroscopy, following methods outlined by Fellman et al
(Fellman et al., 2010b) PARAFAC modeling was conducted using the
DOMTFlour toolbox in Matlab 13.0 (MathWorks Inc., USA). Residual and
split-half analyses were conducted to determine the correct number of
fluorescent components.

The specific UV absorbance (SUVAjs4) and slope ratio (Sg) were
calculated using the ultraviolet spectrum. SUVAgs4 was calculated ac-
cording to Eq. (1) as follows (Zhu et al., 2017).

SUVAys4 = Ays4/DOC x 100 (@)

Where Ajs4 is the UV absorbance at 254 nm, and the DOC represents
dissolved organic carbon in the WEOM or AEOM samples.

The slope ratio (Sg) value was calculated based on Eq. (2) (Fellman
et al., 2010a):

SR = Z A275—295/ Z A350—400 (2)

Where " Ag7s_295 is the summation of absorbance values at 275-295
nm, and > Assg_400 is the summation of absorbance values at 350-400
nm.

Two fluorescence indices, HIX and FI, were calculated following Eq.
(3) and (4), respectively (Li et al., 2023).

HIX = Z A(Em:435—480,Ex:254)/ Z A(Em:3007445.Ex:254) (3)

Where ) " Agm-435-480, Ex=254) iS the summation of emission intensity
at 435-480 nm with an excitation wavelength of 254 nm.
> AEm=300-445, Ex=254) Tepresents the summation of emission intensity
at 300-445 nm with an excitation wavelength of 254 nm.

FI = Au4so/370/ Asoo/370 @

Where A4s0/370 is the emission intensity with emission wavelength at
450 nm a with an excitation wavelength of 370 nm. Asoo/370 represents
the emission intensity with emission wavelength at 500 nm with an
excitation wavelength of 370 nm.

2.5. Data statistics

Given the presence of multiple samples in each region, none of the
tests in this study were conducted in parallel. However, for every 8-10
samples analyzed, we placed a quality control sample with a known
concentration to ensure the accuracy of the test. The relative standard
deviation of DOC analysis was 4.15 %. The significant differences among
various regions were determined by analysis of variance (ANOVA) using
a Tukey post hoc test via SPSS 16.0. Spearman correlation among
various indices were carried out using R Studio (Server V 1.4.1717) with
corrplot packages.

3. Results
3.1. Organic carbon and total phosphorus in sediments

The SOC content ranged from 14 to 52 g/kg, with a significantly
higher average value observed in region R1 compared to other regions
(Fig. 2a). In contrast, the WEOC content ranged from 0.13 to 1.10 g/kg,
while AEOC values were slightly higher (Fig. 2b). The highest average
values for both WEOC and AEOC were recorded in region R4. The TP



J. Cao et al.

Ecological Informatics 86 (2025) 103043

70 12 -
a b
60 O
a
50
—~ 5 081
N =
ﬁ 407 c;? b . 2 ab
< o b O 0.6 " 5 b
3 304 o " 4
%7} ‘ ° ‘ o = 044 8* A b E
20 1 ) . lil —o—
Lg ] "o ° | o °
0.2 R
104 ¢
[ — : . . . . : 0.04— : ; ; . ; ;
RIL R2 R3 R4 RS R6 R7 RIL R2 R3 R4 R5 R6 R7
1000 12 -
900{ € d hd
800 8 1.0
o
700
2 600 S kel
E e 8 % s |
£ 500 [e] [® 2 ab al "
bl = o - S 0.6 © o 5
By 400 3 o ﬁ
i -~ b
300 ; ) 0.4 o 9
200 o .
1004 02 °
O T T T T T T T T T

T
R1 R2 R3 R4 RS R6 R7
Regions

R1 R2 R3 R4 RS R6 R7
Regions

Fig. 2. The content of SOC (a), WEOC (b), TP (c) and AEOC (d) of sediments in various regions. Different lowercase letters above each boxplot indicate significant

differences (P < 0.05) among samples in various regions.

content varied between 162 and 828 mg/kg, with region R1 showing a
significantly higher average value than the other regions (Fig. 2d).

3.2. Horizontal distribution of EEM components and spectral indices

Three fluorescence components were identified using EEM-
PARAFAC (Fig. 3). The first component, C1, exhibited two peaks (Agx,
Em = 230/400 nm and Agx/gm = 310/400 nm) and was identified as an
Ultraviolet A (UVA) humic-like component (Fellman et al., 2010a). This
component is commonly found in wastewater, wetlands, and agricul-
tural environments and is associated with biologically active organic
matter of low molecular weight. The second component, C2, also dis-
played two peaks (Agx/Em = 220/290 nm and Agx/Em = 275/290 nm) and
was identified as a protein-like component (Santin et al., 2009), likely
derived from microbial secretions (Ge et al., 2021; Guo et al., 2022).
Similar peaks have been observed in the extracellular polymeric sub-
stances (EPS) of green algae (Liu et al., 2023a). The third component,
C3, showed a maximum intensity at an excitation wavelength of 260 nm
and an emission wavelength of 460 nm. This component was classified
as a UVC humic-like component (Fellman et al., 2010a) with high mo-
lecular weight and is commonly found in soils (Pan et al., 2023).

The proportion of the UVA humic-like component C1 in WEOM
ranged from 20 % to 30 % in most cases, showing no significant dif-
ferences among the regions (Fig. 3d). In contrast, the proportion of the
UVC humic-like component C3 remained below 25 % across all regions,
with region R4 exhibiting a notably lower proportion compared to other
regions. However, the protein-like component C2 accounted for average
values above 50 % in nearly all regions. Notably, the proportion of C2 in
region R1 was significantly lower than in the other regions.

The distribution of fluorescence components in AEOM showed
noticeable differences compared to WEOM. Specifically, the proportion
of C1 in AEOM displayed minimal variation across the regions, with no

significant differences observed. In contrast, the average proportion of
the protein-like component C2 in AEOM was highest in region R7 and
lowest in region R3. Interestingly, the distribution pattern of the UVC
humic-like component C3 in AEOM across the regions was nearly the
opposite of that observed for C2.

Fig. 4 illustrates that the highest SUVAys4 value (1.68) of WEOM was
found in region R2 and the northern part of region R6. Sg of WEOM
ranged from 3.12 to 10.8, with significantly higher values recorded in
region R7 compared to other regions. Moreover, the HIX values in the
northwest regions consistently surpassed 2.0, in contrast to values below
1.0 in most southeastern regions. For the FI of WEOM, regions R5, R6
and R7 exhibited values reaching up to 2.10, which were markedly
higher than those in other regions. The horizontal distribution patterns
of the four spectrographic indices of AEOM showed similarities to those
of WEOM. However, the values of SUVA354 and HIX for AEOM were
much higher than those for AEOM.

3.3. Vertical distribution of EEM components and spectral indices

The verticle distribution of SOC, WDOC, TP and AEOC is depicted in
Fig. 5. The first three indicators decreased with increasing sediment
depth, while the AEOC demonstrated an increase. The maximum SOC
value (89 g/kg) was observed at the surface layer, while the lowest value
(10 g/kg) was found at the bottom. The TP content in the bottom sedi-
ments ranged from 298 to 525 mg/kg. The average value of WDOC
decreased from 0.34 g/kg in the surface layer to 0.23 g/kg at the bottom.
In contrast, the average AEOC content increased progressively from
0.41 g/kg to 0.52 g/kg, 0.57 g/kg, and 0.67 g/kg from the surface to the
bottom layers, respectively.

For WEOM, SUVAjs4 and FI exhibited a decreasing trend with
increasing sediment depth (Fig. 6). The average values of SUVAy54 and
FI of WEOM in the surface sediments were 0.77 and 1.77 but the values
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in the bottom sediments were 0.52 and 1.70, respectively. Sg The Sg
values showed no significant differences across the top three layers;
however, they were significantly higher than those observed in the
bottom layer. Notably, the lowest average value of HIX was found in the
second top layer.

In AEOM, both Sg and FI decreased with increasing sediment depths
(Fig. 7). The average values of Sg and FI at the surface sediments were
4.70 and 1.76 respectively, while these values decreased to 3.66 and
1.65 in the bottom sediments. The HIX values in the top two layers were
significantly lower than those in the bottom two layers. There was no
obvious vertical variation observed in SUVA354 of AEOM. In addition,
the vertical distribution of the proportions of EEM components in both
WEOM and AEOM did not show any obvious trends (Fig. 8).

3.4. Correlation among SOC and TP content and spectral indices in
WEOM and AEOM

The SOC content exhibited a significant positive correlation with TP
content (Fig. 9a, b). Furthermore, the TP content was significantly and
positively related to HIX and the proportion of C3 in WEOM, while
showing negative correlations with spectral SR and the proportion of C2
in WEOM. However, no significant correlations were observed between
TP content and spectral indices in either WEOM or in AEOM. Notably, a

positive relationship between HIX and SUVAjs4 was noted in both
WEOM and AEOM. Conversely, a significant negative correlation was
found between Sg and FI in both WEOM and AEOM.

The relationship among spectral indices between WEOM and AEOM
was analyzed using Spearman correlation. The results showed that there
were significant correlations between WEOM and AEOM in three indices
including Sg, HIX and FI (Fig. 9c). However, there were few significant
correlations between WEOM and AEOM for the EEM components.

4. Discussion

4.1. Source identification based on horizontal distribution of spectral
characteristics of WEOM and AEOM

Our findings revealed that the SOC and TP contents in R1 region
were significantly higher than those in other regions (Fig. 2). However,
both WEOC and AEOC reached their maximum levels in region R4.
Although this data alone was insufficient to fully infer the sources and
dynamics of organic matter in Lake Taihu’s sediments, the distinct
horizontal distribution patterns of WEOM and AEOM offered valuable
insights into the sources and dynamics of organic matter.

Although WEOC and AEOC exhibited notable differences, their SR,
HIX, and FI values showed clear consistency in horizontal distribution.
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These indices demonstrated significant positive correlations between
WEOM and AEOM, suggesting that the fluorescence indices of both can
be effectively used to infer the sources of extractable organic matter in
sediments. To enhance this inference, the fluorescence indices of WEOM
were specifically utilized as indicators for identifying the sources of
extractable organic matter in sediments. Therefore, the scatter plots of FI
and HIX of WEOM and AEOM in the surface sediments were established

as Fig. 10 to clearly illustrate the sources of DOM in sediments.

The FI is one of the most commonly used indices for sources iden-
tification (Fellman et al., 2010a; Lin et al., 2023). Typically, the FI value
for terrestrial DOM ranges between 1.6 and 1.7, whereas endogenous
DOM, such as microbial secretions, can have values exceeding 2.1 (Wen
et al., 2023). I n this study, the FI values in regions R1-R4 were signif-
icantly lower than those in regions R5-R7. Specifically, regions R1 and



J. Cao et al.

Ecological Informatics 86 (2025) 103043

SUVA,,, (LmgC'm™) Sk
a o0 0.5 1.0 1.5 2.0 b o 1 2 3 4 5 6 7 8 9 10 11
~ 0-5- m@—oﬂ—‘ ®a ~ 0-5- e a
: :
S SN
o

£ 5101 o fRBBo® B ob g 510 a
< <

; :

g 10-154 b ¢ g 10-151

15-20 obe 1520 4

FI
€ 0.00 30 35 40 d 00 15 16 17 18 19 20 21 22
1 1 ﬁ// 1 1 1 1 1 1 1

= 0-5- ~ 0-5-

£ :

': N’

Q, 5-10 < 5104

: 2

2 3

2 10-15- S 10-15-

3 £

Q =

- &

15-20 ® ab 15201 e

Fig. 6. Vertical distribution of the indices of ultraviolet and fluorescence spectra of WEOM. Different lowercase letters to the right of each boxplot indicate significant

differences (P < 0.05) among samples in various depths.

SUVA,s, (LmgC'm™) Se
€ o 1 2 3 4 5 s T oo 4 6 8 10 12
1 Il 1 1 1 ﬁ// 1 1 ) 1
< 2
= =
‘g, 5-101 Dﬁw g0 o Q ab ‘% 5-10 4
= <
) =
= =1
2 10-15- g 10-15 4
15201 64806 © ab 15-20
HIX FI
g o 1 2 3 4 5 6 h oo
~  0-54 @ ob ~ 0-51
8 g
< <
o 5-10 |, 5-10
S S
E +
3 5
£ 10151 10151
L E:
15-20 1 15-20 -

Fig. 7. Vertical distribution of the indices of ultraviolet and fluorescence spectra of AEOM. Different lowercase letters to the right of each boxplot indicate significant

differences (P < 0.05) among samples in various depths.



J. Cao et al.

Ecological Informatics 86 (2025) 103043

Cl1 (%) C2 (%) C3 (%)
a og/ 1015 20 25 30 35 40 b oo 30 40 50 60 70 80 90 € 0 10 20 30 40
= 05 & ofabedest o ou| 5 05 00BTHGY R b T 051 © o ¢ afuBape
s = 8
= 2 5104 5
2 5104 0o YL o 1 g 30 §0 0G0 G0 4 5 s OwsPo %o |,
= g =
£ £ 1015 ° o o akaBdesa 5
£ 10-151 ° 9—0@0—‘ ° ° o 3 E 10-151 ‘%"‘b
3 A 3
C1 (%) C2 (%) f C3 (%)
d 0 10 20 30 40 50 60 70 (3 0 10 20 30 50 60 70 80 90 100 0 1 1‘0 30 40
g Y18 ‘18
2 5-10 0 0 RsPE QY ® ism- 0 Oapmeeed A £ 5-104 02 9% of o °
2. 5104 o Q 0 0 O ap g5 OB QS a g5 o 5one T 0 00 be
< it -
E1015 @ glols élor PBoB 00
-15 °a E10-154 -b‘—@-—da E 10151 oo 008 ¢o % a

g 3 3
3 %] 2]

Fig. 8. The propotion of EEM-PARAFAC components C1-C3 of WEOM and AEOM of sediments in various depths. Different lowercase letters to the right of each
boxplot indicate significant differences (P < 0.05) among samples in various depths.

Cl%
C2%

C3%

¢ oc gl

TP *
AEOC S
SUVA,s, z
Sg *
FL |k
Cl1% R
C2% = \i
3% E @
%oo N 4&‘000 @Yﬁ w S

S

\o

0.8

L

04

0.6

Fig. 9. Spearman correlation among SOC and TP content and spectral indices in WEOM (a), AEOM (b) and correlation of each index between WEOM and AEOM (c).

*:p < 0.05; **: p < 0.01; ***: p < 0.001.

R2, influenced by multiple river inflows, contain abundant terrestrial
organic matter. Conversely, regions R3 and R4, which host extensive
aquatic plant populations, contribute organic matter with characteris-
tics similar to terrestrial sources (Dong et al., 2014). The FI value of
WEOC in regions R1-R4 was approximately 1.7, indicating a dominance
of terrestrial DOM. These findings suggest that WEOM in regions R1 and
R2 primarily originates from terrestrial DOM inputs via rivers, while
WEOM in regions R3 and R4 is mainly derived from aquatic plants

(Zhang et al., 2017). This deduction aligns with the scatter plots of FI
and HIX for WEOM shown in Fig. 10.

In contrast, regions R5-R7 had minimal aquatic plant growth and
were fed by only a few rivers (Dong et al., 2014). However, severe
cyanobacterial blooms frequently occurred in regions R5 and R6, as well
as in the northwest of region R7 (Yang et al., 2016; Zhu et al., 2014).
Researchers analyzed the EPS characteristics of cyanobacteria, green
algae and diatoms (five species each), and found that the FI values of
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cyanobacteria mostly exceeded 2.1, while the FI values of eukaryotic
microalgae such as green algae and diatoms remained below 1.7 (Liu
et al., 2023a). In this study, the FI value of WEOM in the sediments from
these regions was approximately 2.0 (Fig. 10), closely aligning with the
FI values of cyanobacterial EPS. Furthermore, Fig. 10 illustrated that
some sites in regions R5, R6, and R7 fell within the cyanobacteria range,
a result consistent with previous analyses using lipid biomarkers (Zhang
et al., 2017). These findings suggest that WEOM in the sediments from
these areas likely originates in part from cyanobacteria-derived DOM.

HIX reflected the degree of degradation of DOM (Fellman et al.,
2010a). While there are significant differences in the HIX values of DOM
from various sources, HIX primarily indicates the residual DOM after
microbial degradation (Li et al., 2023). In this study, the HIX value of
WEOC was generally higher in the northwest area of Lake Taihu. This
observation aligns with the prevailing southeast winds during summer
and autumn, which transport large amounts of cyanobacterial scum
toward the northwest lake area. Research indicates that the HIX value
for cyanobacteria ranges from 1.7 to 5.4, whereas values for green algae
and diatoms remain below 1.3 (Liu et al., 2023b). In comparison, the
HIX of soil DOM typically falls between 2 and 5, while plant leaf-derived
DOM ranges from 0.5 to 2.0. Considering the FI values in regions R1 and
R2 (Fig. 10), it is evident that terrestrial sources dominate these areas,
contrasting with the greater cyanobacteria-derived contributions in re-
gions R5, R6, and R7. Therefore, it can be concluded that regions R5, R6
and R7 mainly derive their organic matter from cyanobacteria. Inter-
estingly, despite the dominance of cyanobacterial blooms in region R1,
river inflows may impede the accumulation of cyanobacteria-derived
organic matter in this region.

The protein-like fluorescent component C2 showed the highest
prevalence in region R4, while it had the lowest occurrence in region R1.
Conversely, the UVC humic-like component C3 displayed its lowest
representation in region R4. These results indicated that there was more
input of fresh organic matter in R4 region, while the proportion of fresh
organic matter in R1 region was the least. This observation aligns with
earlier inferences that terrestrial sources contributed more significantly
to region R1, whereas aquatic plants played a more prominent role in
region R4. These findings are consistent with previous studies, which
suggest that aquatic macrophytes can reduce sediment resuspension
and, consequently, limit OM degradation (Zhang et al., 2021). In addi-
tion, a previous study showed that the porportion of a UVC humic-like
component in the extracellular polymer of the bloom-forming cayno-
bacterium Microcystis was larger than 40 % (Xiao et al., 2019). The
fluorescence peak of this UVC humic-like component was similar to the

component C3 in the current study. The porportion of component C3 in
regions of R5 and R6 influenced by cyanobacterial blomms was also
higher than the value in the regions covered by dense submerged mac-
rophytes (R3 and R4). Guan et al. (2024) also found that this UVC
humic-like component C3 was the primary component in plateau lakes
and the proportion of this component increased with the increasing
eutrophication levels (Guan et al., 2024). All the above results indicated
that the DOM in the sediment still retained some characteristics of the
DOM sources.

SUVAgs4 represented the aromaticity index of DOM (Li et al., 2023).
Notably, only region R6 and the northern part of region R1 had a
significantly higher HIX value than the other regions. Researchers
concluded in the latest study that SUVAys4 is significantly negatively
correlated with FI and positively correlated with HIX (Li et al., 2023). As
shown in Fig. 4, the horizontal distribution patterns of SUVAgs4, FI, and
HIX aligned with the expected correlations, where SUVA354 was nega-
tively correlated with FI and positively correlated with HIX. Addition-
ally, Sg was typically negatively correlated with molecular weight,
making it a useful semi-quantitative indicator for assessing molecular
weight (Fellman et al., 2010a). In this study, the molecular weight of
WEOM in the central lake region (R7) was generally small, while the
molecular weight of WEOM in the coastal regions was relatively large.
This trend likely resulted from distinct sources: terrestrial input in the
western coastal zone, cyanobacterial influences in the northern area,
and contributions from aquatic plants in the eastern coastal region.
These sources are associated with relatively higher molecular weights of
organic matter. On the contrary, WEOC in the central region of the lake
might stem from endogenous sources, such as microorganisms and some
eukaryotic algae, which typically produce lower-molecular-weight
organic matter.

In addition to DOM sources, environmental factors such as wind
direction, seasonal variations, and anthropogenic activities significantly
impact the fluorescence indices FI, HIX, and SR, further contributing to
spatial and temporal DOM variability (He et al., 2022). For example,
wind-driven mixing can spread organic matter across different lake re-
gions, bringing more terrestrially derived material into affected areas,
which then impacts the fluorescence signals. Seasonal temperature
fluctuations play a role as well; warmer months can enhance microbial
decomposition and humification processes, raising HIX values (Lee
et al., 2019). Rainfall and runoff, more prevalent in certain seasons,
introduce terrestrial organic matter, impacting FI and SR indices by
altering the organic input sources. Additionally, anthropogenic activ-
ities, such as agricultural runoff and wastewater discharge, increase
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nutrient loading, which promotes algal blooms and augments autoch-
thonous DOM production, further influencing FI and HIX values (Lan
et al., 2024). These findings underscore the complex interplay between
environmental factors and DOM sources, providing a more compre-
hensive perspective on DOM dynamics in Lake Taihu.

4.2. Vertical distribution and correlation among various spectral indices
in WEOM and AEOM

Sediments in shallow lakes like Lake Taihu are typically believed to
be constantly suspended and redeposited due to winds and waves.
However, this study identified a notable trend: SOC and TP contents in
the sediment of Lake Taihu exhibited a significant decreasing tendency
with depth, indicating that the deep sediments are less disturbed. While
the vertical distribution of WEOC was not pronounced, the FI value of
WEOC decreased significantly with depth, a pattern also observed in the
vertical variation of the FI value of AEOM. This phenomenon suggests
that terrestrial sources contributed more to the bottom WEOM, while
cyanobacterial and other microbial sources were more prevalent in
surface sediments. This may be attributed to the greater resistance of
terrestrial organic matter to degradation, allowing it to be better pre-
served in deeper sediment layers (Fitch et al., 2018). These findings
strongly indicate the presence of relatively stable sediment layers within
Lake Taihu.

The HIX value of AEOM increased significantly with the increase of
depth, while the Sg value decreased, indicating that less fresh organic
matter input was obtained by the bottom sediment. This trend reflects a
decomposition process, where smaller, easily degradable organic mol-
ecules in the bottom AEOM have already broken down, leaving larger
molecular-weight organic matter preserved, which contributes to the
observed decrease in Sg. However, the vertical distribution of the three
fluorescent components in both WEOM and AEOM did not exhibit
distinct patterns in this study.

There was no significant correlation between SOC and the other
indices. However, TP content demonstrated a significant positive cor-
relation with the HIX of WEOM and a significant negative correlation
with Sg. The high HIX value of WEOM in Lake Taihu sediments was
primarily associated with DOM from terrestrial and cyanobacterial
sources. In this study, only region R1 exhibited significantly higher TP
content compared to other regions, coinciding with substantial river
inflows. This suggests that the spatial distribution of total phosphorus in
the sediments of Lake Taihu is likely influenced by the contribution of
terrestrial sources.

While prior studies often revealed a significant positive correlation
between DOC and SOC in soils (Zhang et al., 2019a; Zhang et al., 2019b),
our study presents an intriguing contrast. We found no significant cor-
relation between WEOC/AEOC and SOC content. Instead, a noteworthy
negative correlation emerged between both WEOC and AEOC and the FI.
This phenomenon indicated that the abundance of WEOC and AEOC did
not depend on SOC, but on the nature of organic matter contributions. A
low FI typically indicated the presence of terrestrial organic matter. In
this study, only regions R4 and R3 with the highest and second highest
WEOC and AEOC, exhibited the densest distribution of aquatic plants in
Lake Taihu. The dense aquatic plants in these regions increased the
content of EOM in the sediments. This could elucidate why regions R4
and R3, characterized by dense aquatic plant cover, displayed the
highest and second-highest average values of both WEOC and AEOC,
respectively.

In both WEOM and AEOM, FI exhibited a significant positive corre-
lation with Sg. This implied that the molecular weight of the terrestrial
DOM was larger, while the molecular weight of the cyanobacterial and
microbial DOM was smaller. In this study, humic acids-like components
C1 and C3 were significantly positively correlated with each other, while
both were significantly negatively correlated with the protein-like
component C2. In addition, C1 and C3 were significantly positively
correlated with HIX, and C2 was significantly negatively correlated with
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HIX. These relationships showed that HIX reflected the presence of
abundant humic acids. Furthermore, the significant positive correlation
between HIX and SUVAys4 underscores the alignment between HIX and
the aromaticity index, indicating that both indices effectively represent
the molecular complexity of DOM.

Although the sources of DOM in sediments of Lake Taihu were
revealed to a large extent, the contribution of these sources had not been
quantitatively calculated in this study. This limitation was caused by the
fact that the source identification algorithm using DOM fluorescence
features was not advanced enough. Therefore, a breakthrough in the
algorithm is needed in the subsequent research. In addition, the degra-
dation process of DOM in sediments by microorganisms had not been
fully considered. This limitation led to uncertainty in the source iden-
tification in the current study. This uncertainty can only be identified
gradually after further research on the relationship between DOM
fluorescence characteristics and microbial activity and community
composition.

5. Conclusion

This study provides a comprehensive analysis of the spatial distri-
bution of DOM in Lake Taihu’s sediments, highlighting distinct sources
across different regions. The findings reveal that regions R1 and R2,
influenced by river inflows, are dominated by terrestrial organic matter,
while regions R3 and R4, influenced by macrophytes, and regions R5 to
R7, affected by cyanobacterial blooms, display unique organic matter
profiles. The highest concentrations of WEOC and AEOC were observed
in R4, while FI values were elevated in cyanobacteria-dominated areas,
indicating the influence of cyanobacterial activity on organic matter
composition.

These results have significant implications for lake management and
restoration efforts. The study highlights the effectiveness of WEOM over
AEOM in identifying sediment sources, which can be used to guide
strategies for mitigating nutrient loading, improving water quality, and
controlling cyanobacterial blooms. By understanding the distinct hori-
zontal and vertical distributions of DOM, this research provides valuable
insights that can support targeted interventions to restore lake health
and enhance ecosystem resilience.
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