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In recent decades, the reclamation of lakes has captured 42% of the total lake area of the Yangtze Plain in China
and introduced additional pressure on lacustrine water quality. While lacustrine dissolved organic matter (DOM)
is critical in regulating biogeochemical processing and aquatic biodiversity, the impact of reclamation on the
molecular-level characteristics of lacustrine DOM remains unexplored. Here, the DOM characteristics altered by
reclamation practices in the Yangtze Plain lakes were investigated using fluorescence spectroscopy, nuclear
magnetic resonance spectroscopy, and Fourier transform ion cyclotron resonance mass spectrometry. Results
demonstrated that reclamation not only elevated the quantity (on average +32%) but also altered the charac
teristics and composition of lacustrine DOM. Compared to the natural water sites close by, reclamation sites did
not significantly alter the DOM aromaticity but significantly lowered the average molecular weight and increased
the biolability of DOM. The chromophoric DOM and humic-like fluorescent components were remarkably
elevated, but not the protein-like fluorescent components. More lipid-like and condensed aromatic-like com
ponents were detected in the lacustrine DOM as compared to the lignin-like, carbohydrate-like, and protein-like
components, which may be driven by the increased microbial processing. Overall, the significant alteration in
characteristics and composition of lacustrine DOM highlights the potential impact of reclamation on the DOM
biogeochemical cycle and the environmental quality in aquatic ecosystems.

1. Introduction
During the past few decades, human activities, such as burning fossil
fuels, deforestation, and land-use changes, have resulted in drastic
changes in natural ecosystems (Wang et al., 2010). Lake reclamation,
one of the prominent examples of land-use changes, has drawn
increasing attention as it can significantly alter land-use types and
ecosystem functions (Hou et al., 2020). Reclamation has led to a loss of

more than 50% of natural wetlands globally since the 20th century (Hou
et al., 2020), and the highest rate of loss has occurred in Asia (Davidson,
2014). China has experienced massive reclamation of lakes into land or
aquaculture zone since the late 1950s (Donchyts et al., 2016). For
example, since the 1970s, approximately 42% (6057 km2) of the total
lake area in the Yangtze Plain has been reclaimed for aquaculture zones
and agricultural or built-up lands (Hou et al., 2020). In particular, the
area of aquaculture zones in this region rose from 1102 km2 in 1973 to
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3429 km2 in 2018 (Hou et al., 2020).
Dissolved organic matter (DOM) is one of the most active and mobile
carbon pools and plays an important role in global biogeochemistry and
greenhouse gas emissions (Herzsprung et al., 2017; Wang et al., 2020b).
Additionally, the quantity and quality of DOM are critical to water
quality since it serves as an important precursor to disinfection
byproducts (DBPs) introduced to the water supply (Li et al., 2020;
Phungsai et al., 2018; Chen et al., 2020). Several studies have started
investigating the effects of reclamation from natural water to dry land
and how the process affects the organic matter chemistry (Chantigny,
2003; Li et al., 2018). For instance, He et al. (2014) found that the
conversion of an aquatic ecosystem into a terrestrial ecosystem increased
the amount of total carbon and nitrogen, as well as the fraction of car
bohydrate and phenol in soil organic matter. Wang et al. (2010) reported
that reclamation of land from a wetland significantly elevated the
amount of soil labile organic carbon levels. However, Bai and his co
workers claimed that the conversion from natural coastal wetland to
cropland led to a significant decrease in soil organic carbon (Bai et al.,
2013). Such inconsistent conclusions might result from a variety of
factors, such as differences in tillage regimes, cultivation practices,
physicochemical properties of soil, and reclamation stages (Khorramdel
et al., 2013). Although how reclamation from natural water to dry land
affects organic matter chemistry has been explored, there is still inade
quate information on how reclamation from natural water to an aqua
culture zone would alter the DOM quantity and quality. A few studies
have shown that aquaculture effluents released large quantities of
readily bioavailable carbohydrates, protein, and lipids in DOM to nearby
waterbody (Kamjunke et al., 2017; Wang et al., 2021a), and coastal
aquaculture-derived DOM in Jeju Island contained more humic-like or
ganics with higher molecular weight (Kim et al., 2022). However, it is
still unclear how the reclamation from natural water to aquaculture zone
alters the composition and characteristics of lacustrine DOM.
Reclamation from a natural water body to an aquaculture zone re
sults in the increased levels of DOM and an altered environmental
quality (Camino-Serrano et al., 2014; Xie et al., 2017). A recent study on
the 112 large lakes on the Yangtze River Plain showed that the DOM and
nutrient concentrations could be significantly elevated in reclaimed sites
compared to their respective nearby natural waters (Hou et al., 2020).
Several studies also reported that effluents from land-based aquaculture
were enriched with quantities of DOM, inorganic nutrients, and
protein-like DOM fluorophores (characterized by fluorescence spec
troscopy) compared to natural streams (Nimptsch et al., 2015; Ryan
et al., 2022). Still, the shifts in the molecular-level characteristics of the
lacustrine DOM in aquaculture zones after reclamation remain largely
unknown. Notably, the alteration in the DOM chemistry due to recla
mation from natural water to aquaculture zones may alter the reactivity
towards DBP formation and the resulting compounds could pose po
tential threats to drinking water safety (Fang et al., 2021). Since the
Yangtze River serves as a water source for one-third of China’s popu
lation (~0.5 billion people) (Fang et al., 2021; Wang et al., 2017),
lacustrine DOM in the Yangtze River Plain is of great concern regarding
the potential risk to public health.
The goal of this study is to unveil the influence of lake reclamation on
molecular-level characteristics (e.g., aromaticity, molecular size, and
composition) of lacustrine DOM. We examined the variation in spec
troscopic and molecular-level characteristics of lacustrine DOM with or
without the impact of lake reclamation by combining the complemen
tary analyses of fluorescence spectroscopy, solution-state nuclear mag
netic resonance (NMR) spectroscopy, and Fourier transform ion
cyclotron resonance mass spectroscopy (FT-ICR MS). For a compre
hensive understanding of lacustrine DOM, principal component analysis
(PCA) was adopted to reveal the inter-relationship between various
DOM characteristics. Results from this study will provide a better un
derstanding of the alteration in lacustrine DOM characteristics by lake
reclamation and insights for the future water management of reclaimed
lakes.

2. Materials and methods
2.1. Study area
The Yangtze Plain is located in the middle and lower basins of the
Yangtze River (28◦ 50′ − 33◦ 50′ N, 113◦ 30′ − 121◦ 00′ E) (Wang et al.,
2012), which has the most abundant area of freshwater lakes in China,
with 696 lakes larger than one km2 (Wang et al., 2014). The Yangtze
Plain lakes are intensively affected by two major types of reclamation:
one is physical development from natural water to agricultural/built-up
lands, and the other is reclamation from natural water to aquaculture
zones (Camino-Serrano et al., 2014; Xie et al., 2017). Although aqua
culture zones are still covered with water, they are generally separated
from the main lakes and are mostly used for fisheries and crab cultiva
tion (Hou et al., 2020).
2.2. Field water sampling
In this study, reclamation sites (RS) and natural water sites (NW)
from nine large lakes, namely Dongtinghu (DTH), Futouhu (FTH),
Guchenghu (GCH), Honghu (HH), Nanyihu (NYH), Shijiuhu (SJH),
Taihu (TH), Tangxunhu (TXH), and Yangchenghu (YCH), on the Yangtze
Plain were investigated (Fig. 1). The detailed locations and information
of each sampling point are shown in Fig. S1 &Table S1. The sampling
campaign was implemented in April 2019, and the surface water sam
ples (< 0.5 m) were simultaneously collected from both the RS and the
respective NW within 30 min using acid-washed glass-bottle samplers
(prerinsed with the water sample in triplicates). It is worth noting that
the RS samples were all from the aquaculture zones and not the
agricultural/built-up lands. At each site, more than 4 L of water sample
was collected at a water depth of 0− 20 cm and then stored in prewashed amber bottles in the dark, which were immediately delivered
to the laboratory in ice. All samples were filtered through 0.7 μm glass
fiber filters (pre-combusted at 450 ◦ C for 4.5 h) and stored at 4 ◦ C before
further analysis within 7 days.
2.3. Water quality and DOM characterization
The pH values of the samples were measured using a HQ440d
benchtop meter equipped with an Intellical™ PHC201 pH probe (HACH,
USA). Approximately 20 mL of filtered samples were acidified using 6 M
HCl, and then dissolved organic carbon (DOC) and total dissolved ni
trogen (TDN) concentrations were determined using a total organic
carbon analyzer (TOC-L CSH/CSN, Shimadzu, Japan) equipped with an
ASI-L autosampler (Ye et al., 2019). The NO−2 concentration in the
filtered sample was analyzed on an auto discrete analyzer (Cleverchem
380, DeChem-Tech, Germany), while the NO−3 concentration was
measured using the cadmium reduction method (Federation and Asso
ciation, 2005). The NH+
4 concentration was determined by an ultraviolet
spectrophotometer (TU-1810, Persee, China) following the salicylic acid
and ammonium molybdate method (Federation and Association, 2005).
Dissolved organic nitrogen (DON) was calculated as the difference be
tween total and inorganic nitrogen concentrations.
All filtered water samples were analyzed using an ultraviolet-visible
and fluorescence spectrometer (Aqualog, Horiba, Japan) to obtain the
absorbance spectra and fluorescence excitation-emission matrices
(EEMs) (Ye et al., 2019; Zhou et al., 2020). The excitation wavelengths
were set to change gradually from 550 to 241 nm in 3 nm increments,
while the emission scans were made from 246 to 828 nm with approx
imately 1 nm interval. All EEMs were corrected for blanks,
instrument-related and inner-filter effects, and further normalized to the
Raman unit (Murphy et al., 2010). The absorption coefficient at 350 nm
(a350) was calculated to quantify the abundance of chromophoric dis
solved organic matter (CDOM) (Spencer et al., 2013; Wang et al.,
2021c). The spectroscopic indices were calculated to characterize the
DOM. The specific ultraviolet absorbance at 254 nm (SUVA254, in L/mg
2
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Fig. 1. Locations of nine lakes in the middle and lower basins of the Yangtze River. DTH: Dongtinghu Lake; FTH: Futouhu Lake; GCH: Guchenghu Lake; HH: Honghu
Lake; NUH: Nanyihu Lake; SJH: Shijiuhu Lake; TH: Taihu Lake; TXH: Tangxunhu Lake; YCH: Yangchenghu Lake.

Fig. 2. The dissolved organic carbon (DOC; a) and nitrogen (DON; b) concentrations and optical indices (c-f) of dissolved organic matter in reclamation sites (RS) and
their nearby natural water (NW) in different lakes. The upper and lower short lines, upper and lower horizontal edges of the box, and the solid line in the box
represent the maximum and minimum values, 75% and 25% percentiles, and the 50% percentile, respectively. a350: absorption coefficient at 350 nm; SUVA: specific
ultraviolet absorbance at 254 nm; FI: fluorescence index; BIX: biological index.
3
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C/m), an indicator for DOM aromaticity, was calculated by dividing
absorbance values at 254 nm (A254) by the DOC concentration (Weish
aar et al., 2003). The fluorescence index (FI), a descriptor of the DOM
source (approximately 1.8: microbial origin; approximately 1.2: terres
trial source), was calculated as the ratio of the fluorescence intensity at
Em 470 nm to that at 520 nm when excitation wavelength was 370 nm
(Cory and McKnight, 2005). The biological index (BIX), a metric for the
contribution of newly-produced autochthonous DOM content, was
calculated as the ratio of emission intensity at 380 nm to the maximum
emission intensity between 420 and 435 nm when the excitation
wavelength was 310 nm (Wilson and Xenopoulos, 2008). Parallel factor
analysis (PARAFAC) was used to decompose the EEMs into different
fluorescent DOM (FDOM) components (Murphy et al., 2013), and the
model was validated based on the split-half analysis (Stedmon and Bro,
2008). All components were further compared to the previously re
ported models in the OpenFluor database (Murphy et al., 2014). A
six-component model was finally established, and the fluorescence in
tensity at the maximum (Fmax) for each component was quantified
(Murphy et al., 2013).
A solution-state 1H NMR analysis was utilized to obtain general
structural information about DOM in lake water samples (Method S1).
Approximately 800 mL of composited filtered water samples were
freeze-dried using 1 L high-density polyethylene bottles (NALGENE®).
Then, approximately 5 mg of dried sample was resuspended in 500 μL of
deuterium oxide (D2O) and titrated to pH 14 using NaOD to ensure
complete solubility before analysis with a Bruker BioSpin Avance III 500
MHz NMR spectrometer (Karlsruhe, Germany). The 1H NMR spectra
were obtained using pre-saturation utilizing relaxation gradients and
echoes for resonance inhibition (Simpson and Brown, 2005). Spectra
were apodised through multiplication with an exponential decay cor
responding to 2.0 Hz line broadening, and a zero filling factor of two

(Simpson and Brown, 2005). Four regions were integrated from the
one-dimensional 1H NMR spectra, which included (1) materials derived
from linear terpenoids (MDLT), 0.6–1.6 ppm; (2) carboxyl-rich alicyclic
molecules (CRAM), 1.6–3.2 ppm; (3) carbohydrates and peptides (carb),
3.2–4.5 ppm; and (4) aromatics and phenolics (arom), 6.5–8.4 ppm
(Lam et al., 2007).
To obtain molecular-level insights into the impact of lake reclama
tion on the formula composition of DOM, we further analyzed the
samples by FT-ICR MS. The detailed method is provided in Method S2 in
supporting information (Wang et al., 2021b; Zhou et al., 2021). The
elemental formula was assigned to each monoisotopic mass using For
mularity software (Tolic et al., 2017) with constraints of
C0–100H0–200O0–50N0–10S0–2, H/C < 2.5, O/C < 1.2, N/C < 0.5, and S/C
< 0.2 (Koch and Dittmar, 2006). Double bond equivalents (DBE) and the
modified aromaticity index (AImod) were calculated to evaluate the
unsaturation degree and aromaticity of each compound, respectively
(Koch and Dittmar, 2006, 2016). In addition, the molecular lability
boundary for more labile contributions (MLBL) was calculated as
described
previously
(Lechtenfeld
et
al.,
2014).
The
abundance-weighted average of formulae within the island of stability
(IOS) was defined as formulae with 1.04 < H/C < 1.3, 0.42 < O/C <
0.62, and 332 < m/z < 388 or 446 < m/z < 548 (Lechtenfeld et al.,
2014). Intensity-weighted methods were applied to calculate the
average molecular weight (MW), DBE, AImod, and H/C and O/C ratios.
Seven biochemical groups were assigned following the classification
method (Wu et al., 2018) with small modifications, which include (1)
lipid-like (0 ≤ O/C ≤ 0.2, 1.5 ≤ H/C ≤ 2.3, N/C ≤ 0.04, and S = 0), (2)
protein-like (0.2 ≤ O/C ≤ 0.52, 1.5 ≤ H/C ≤2.2, and 0.178 ≤ N/C ≤
0.44), (3) amino-sugar-like (0.52 ≤O/C ≤ 0.7, 1.5 ≤ H/C ≤ 2.2, 0.07 ≤
N/C ≤ 0.182, and S = 0), (4) carbohydrate-like (0.7 ≤O/C ≤ 1.1, 1.5 ≤
H/C ≤2.4, N = 0, and S = 0), (5) condensed-aromatics-like (0 ≤ O/C ≤

Fig. 3. Spectra (a) and maximum fluorescence signals (Fmax; b) of six fluorescent dissolved organic matter components (C1-C6) in reclamation sites (RS) and their
nearby natural water (NW) in different lakes.
4

Q.-H. Ye et al.

Water Research 222 (2022) 118884

0.25, 0.5 ≤ H/C ≤ 1.25, and S = 0), (6) lignin-like (0.25 ≤ O/C ≤ 0.67,
0.75 ≤ H/C ≤ 1.5, and S = 0), and (7) tannin-like compounds (0.67 ≤
O/C ≤ 0.97, 0.53 ≤ H/C ≤ 1.5, and S = 0). The relative abundances of
different biochemical groups were determined as the ratio of their sig
nals to the total signal of all assigned formulae.
The percentage change of component i in DOM in RS relative to NW,
%ΔMass(i), was roughly estimated as shown below (Eq. (1)) based on
the assumption that the total quantity of components was approximately

in proportion to the quantity of dissolved organic carbon (Wang et al.,
2020a).
(
)
M(DOCRS ) × P(i, RS)
%Δmass(i) ≈
− 1 × 100%
(1)
M(DOCNW ) × P(i, NW)
where M(DOCNW) and M(DOCRS) are the DOC concentrations (in mg/L)
in NW and RS, respectively; and P(i, NW) and P(i, RS) are the relative
abundances of component i in DOM (in %) in NW and RS, respectively.

Fig. 4. Dissolved organic matter constituents in natural waters (NW) and reclamation sites (RS) resolved by solution-state 1H nuclear magnetic resonance spectra (ae) and their percentage changes in the RS relative to the NW. MDLT: materials derived from linear terpenoids, CRAM: carboxyl rich alicyclic molecules, carb:
carbohydrates and peptides, arom: aromatics and phenolics.
5
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Table 1
Molecular characterization of lacustrine DOM determined by Fourier transform ion cyclotron resonance mass spectrometry.

No. of assigned
molecules
Average formula
Average
MW (Da)
Average
H/C
Average
O/C
Average
DBE
Average AImod
%molecular lability
boundary for more
labile
contributions (%
MLBL)
Island of stability (%
IOS)

DTH*
NR

RS

FTH
NW

RS

GCH
NW

RS

HH
NW

RS

NYH
NW

4663

4947

4732

5156

4411

4316

5050

3673

4801

C18.03H20.58
O8.26N0.80S0.21
363

C18.16H21.82
O7.76N0.87S0.21
354

C18.87H22.78
O8.32N0.87S0.18
369

C18.46H21.54
O8.21N0.92S0.18
363

C17.85H21.04
O7.92N0.88S0.20
352

C17.60H20.73
O7.94N0.87S0.20
350

C18.15H21.00
O8.64N0.89S0.19
370

C18.45H21.87
O8.02N0.92S0.25
365

C18.09H20.92
O8.09N0.82S0.21
364

1.21

1.26

1.26

1.23

1.25

1.24

1.20

1.26

1.22

0.47

0.45

0.46

0.47

0.47

0.48

0.49

0.46

0.47

7.99

7.46

7.72

7.84

7.46

7.46

8.12

7.56

7.88

0.28
11.2

0.25
14.7

0.25
13.2

0.26
12.9

0.25
12.9

0.26
13.1

0.27
9.7

0.24
16.5

0.27
11.7

11.4

9.6

11.8

11.2

10.2

8.5

12.5

5.6

11.7

*DTH: Dongtinghu Lake; FTH: Futouhu Lake; GCH: Guchenghu Lake; HH: Honghu Lake; NUH: Nanyihu Lake; SJH: Shijiuhu Lake; TH: Taihu Lake; TXH:
Tangxunhu Lake; YCH: Yangchenghu Lake. NW: Natural water sites; RS: Reclamation sites.

To compare the mass formulas of NW and RS in each lake, the mass
peaks that were present in both NW and RS were named as common
presence data, while those that were only present either in NW or RS
were different presence data (Herzsprung et al., 2012). The results of
common presence and different presence were depicted using van Kre
velen diagrams.

2020). Although the DOC concentrations were significantly higher in RS
than NW, there was no significant difference in the DON concentrations
between RS and NW (p = 0.664, Fig. 2b).

2.4. Data processing and statistical analyses

Significant alterations in spectroscopic indices of lacustrine DOM by
lake reclamation are illustrated in Fig. 2c-2f. There was no significant
difference in SUVA or BIX of the lacustrine DOM between RS and NW for
all samples (p = 0.08, Fig. 2d & f). The FI values were significantly
higher in RS than in NW across all samples, indicating that DOM derived
from phytoplankton and microbes increased with lake reclamation (p =
0.02; Fig. 2e). The CDOM indicated by a350 was more abundant with
reclamation (p = 0.01) and increased by 28% on average in RS relative
to NW (Fig. 2c), which is comparable to the increase of bulk DOM
indicated by DOC concentrations (32%, Fig. 2a). Pearson’s correlation
analysis (Table S2) indicated that a350 correlated well with DOC con
centrations (r = 0.62, p < 0.01). This result suggested that the increase of
CDOM was mainly attributed to the increase in the absolute quantity of
bulk DOM.
PARAFAC modeling is a rapid tool to reveal FDOM components. Six
different FDOM components, including three humic-like (C1, C2, and
C3) and three protein-like components (C4, C5, and C6), were identified
(Fig. 3a). The detailed description of each component is summarized in
Table S2.
The sum Fmax of six components (ΣFmax), the indicator of the
abundance of total FDOM, was 21% higher in RS than in NW across all
samples (p = 0.05, Fig. 3b). Furthermore, the impact of reclamation on
the Fmax was found to be dependent on the component. For instance,
the lake reclamation marginally increased the abundance of total humiclike FDOM (C1, C2, and C3, p = 0.06) by 36% on average but did not
significantly alter the abundance of total protein-like FDOM (C4, C5, and
C6, p = 0.28). Within the humic-like FDOM, the microbial humic-like
FDOM (C1) had a greater increase (by 38%) than the terrestrial
humic-like I (C2) and II (C3) FDOM (31% and 36%, respectively).
Interestingly, the abundances of total protein-like FDOM such as tyro
sine and tryptophan (C4, C5, and C6) in both NW and RS of TH and YCH
were remarkably higher than those in other lakes (Fig. 3b). Since the TH

3.2. Elevated humic-like FDOM and relatively stable protein-like FDOM
with reclamation

To avoid the possible bias of different site numbers from different
lakes, we used the average parameters of each lake for statistical analysis
so that each lake would have the same weight. Differences in the general
water quality (e.g., DOC and DON values), spectroscopic indices (e.g.,
SUVA, FI, and BIX), components in 1H NMR spectra, and characteristics
indicated by FT-ICR MS were analyzed using SPSS v20 (IL). A paired
sample t-test was conducted to compare the difference in DOM
composition with and without reclamation. Alternatively, the
nonparametric Wilcoxon signed-ranks test was employed if the param
eters did not satisfy the assumptions of a t-test. Significant difference
was set at a level of p < 0.05.
3. Results and discussion
3.1. Elevated DOC concentrations with reclamation
DOC concentrations were significantly higher in RS than in NW
across all the lake samples (p < 0.01) (Fig. 2a). The average DOC con
centrations of nine lakes in NW and RS were 3.3 and 4.2 mg/L,
respectively. The percentage change of DOC in RS relative to NW ranged
from − 11% to 120%, and the average value was 32% (Fig. 2a). In the
reclaimed aquacultural zones, although most of the organic-rich feed is
consumed by fish, shrimp, and crab, approximately 30% of the feed
could be retained in the water bodies (Herbeck et al., 2013). The re
sidual feed and the biological excrement from aquatic organisms after
decomposition is likely an important source of organic matter and could
explain the increase of DOC with reclamation (Cripps and Bergheim,
2000). Such increases in the DOC are also consistent with the recent
finding that the RS consistently had a higher light-absorbing capacity
than the NW nearby based on the remote sensing techniques (Hou et al.,
6
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NYH
RS

SJH
NW

RS

TH
NW

RS

TXH
NW

RS

YCH
NW

RS

4548

3544

3660

4353

4828

5127

5283

4797

4921

C17.92H21.87
O8.02N0.92S0.25
354

C17.61H21.06
O7.91N0.79S0.19
355

C17.81H21.10
O8.14N0.79S0.20
358

C17.81H21.27
O7.98N0.89S0.18
355

C17.75H21.07
O7.85N0.86S0.24
353

C18.22H22.04
O7.76N0.90S0.23
355

C18.36H22.00
O7.67N0.90S0.24
354

C17.68H20.63
O7.76N0.82S0.25
353

C17.98H21.21
O7.71N0.83S0.23
351

1.25

1.25

1.26

1.26

1.26

1.27

1.26

1.24

1.28

0.47

0.47

0.47

0.47

0.46

0.44

0.44

0.46

7.49

7.44

7.46

7.42

7.32

7.43

7.47

7.56

0.25

0.25

0.25

0.25

0.25

0.25

0.25

0.26

13.7

12.9

14.6

14.6

16.9

15.3

15.1

14.0

0.25
20.7

9.3

6.6

7.3

8.9

9.7

10.8

9.2

10.0

8.2

(i.e., Taihu Lake) suffered from severe eutrophication in the past few
years, the metabolism of algal blooms is likely responsible for the higher
percentage of total protein-like substances. This result was supported by
previously reported findings that DOM in the TH was dominated by
protein-like components, which accounted for 85% of total fluorescence
intensity (Cai et al., 2019; Murphy et al., 2008; Wang et al., 2020b).
Similarly, the YCH (i.e., Yangchenghu Lake), a typical aquaculture lake
for intensive crab breeding (Liu et al., 2019), contained abundant nu
trients from residual crab bait, which accelerated the massive growth of
microorganisms and led to a higher abundance of protein-like FDOM
than other lakes studied, regardless of reclamation (Fig. 3b).

0.42
7.27

humic-like FDOM (Fig. 3b) and FI values (Fig. 2e). Moreover, since
MDLT is composed primarily of aliphatic molecules that are likely
derived from conjugated terpenoid molecules such as carotenoids found
in terrestrial and aquatic biomass (Lam et al., 2007), the higher MDLT
values suggested more aliphatic compounds in DOM with lake
reclamation.
3.4. Identifying molecular features with reclamation
The average molecular weight (MW) values of DOM were signifi
cantly lower in RS than NW across all samples (p = 0.03, Table 1). The
lower MW in RS was possibly attributed to the stronger leaching of lowmolecular-weight DOM because of the elevated microbial decomposi
tion of lacustrine DOM (Li et al., 2020). The reclaimed lakes had sub
stantially higher MLBL values than those of DOM in NW (p = 0.02). The
IOS% ranged from 5.6% to 12.5% and showed a lower IOS% in RS (p =
0.05). Since MLBL had a positive correlation with DOM lability (D’An
drilli et al., 2015; Lechtenfeld et al., 2014), and IOS% was reversely
correlated with DOM lability, the elevated MLBL values and decreased
IOS% collectively demonstrated that reclamation significantly increased
the DOM lability.
The DOM was classified into seven biochemical groups based on the
molecular formulas assigned to individual mass spectral peaks (Figs. 5 &
S2). The lacustrine DOM was dominated by lignin-like compounds (>
70%) (Fig. S2a), followed by tannin-like (2− 6%) (Fig. S2b), lipid-like
(1− 10%) (Fig. 5a), and condensed aromatic-like compounds (1− 2%)
(Fig. S2c). The dominance of lignin-like components was also observed
in other lacustrine DOM characterized using FT-ICR MS (Kellerman
et al., 2014). The relative abundance of lignin-like components was
significantly lower in RS than in NW (p = 0.007). Since lignin originates
mainly from the cell walls of vascular plants and is a major residual
component of decomposed terrestrial plants (Kalbitz et al., 2000), the
lower abundance of lignin-like components in RS agrees with the lower
contribution of terrestrial origins indicated by higher FI values in Fig. 2e.
Taking the amount of DOM concentration into consideration, the
percentage changes of each biochemical component were estimated in
Fig. 5e. Based on the estimations, the lake reclamation was found to
significantly increase the contents of lipid-like components by 149% on
average (ranging from − 16% to 533%; p = 0.04), and condensedaromatics-like components by 93% on average (ranging from − 17% to

3.3. Elevated levels of carboxyl-rich alicyclic molecules and materials
derived from linear terpenoids with reclamation
1

H NMR analyses were used to further clarify the impact of recla
mation on the chemical characteristics of lacustrine DOM in different
lakes. The relative percentage of each DOM component decreased in the
order of carboxyl rich alicyclic molecules (CRAM, 35%~43%) > mate
rials derived from linear terpenoids (MDLT, 29%~36%) > carbohy
drates and peptides (carb, 21%~33%) > aromatics and phenolics (arom,
1%~3%), for all samples (Fig. 4b-e). This result aligned with the pre
dominance of CRAM over carbohydrates and aromatics in a prior study
that characterized lake DOM composition using 1H NMR analyses (Cao
et al., 2018). Taking the DOC concentration into account, lake recla
mation significantly increased the CRAM by 34% on average (ranging
from − 9% to 125%; p = 0.03) and MDLT by 26% on average (ranging
from − 15% to 85%; p = 0.04), but did not significantly alter the contents
of aromatics and phenolics (p = 0.09) and carbohydrates and peptides
(p = 0.09) (Fig. 4f). Differently, a previous study found that land-based
salmon aquacultures had an increased abundance of carbohydrates and
peptides in effluent DOM compared to that in the control sites (Kam
junke et al., 2017). This result might be because salmon aquacultures
had strikingly higher DOC concentration (1.5–4.2 mg-C/L) than the
control site (0.2–0.4 mg-C/L) and could release large quantities of
bioavailable metabolites (e.g., carbohydrates and peptides). Neverthe
less, according to prior studies, a significant portion of CRAM is
microbial-derived (Lechtenfeld et al., 2015), and the higher CRAM
components with reclamation were consistent with the increased mi
crobial production indicated by elevated abundances of microbial
7
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357%; p = 0.03), but did not significantly alter the contents of lignin-like
(p = 0.08) and tannin-like (p = 0.22), amino-sugar-like (p = 0.13),
carbohydrate-like (p = 0.12) and protein-like (p = 0.11) components.
The higher estimated percentage changes of the lipid compounds with
reclamation contributed to the higher lability indicated by increased
MLBL values (Table 1). The increase in microbial-derived lipid-like
components with reclamation was supported by the increased microbial
production indicated by FI values (Fig. 2e). The conversion of lignin to
condensed aromatics via hydroxyl radical-initiated oxidation will
consume more lignin and accumulate more condensed aromatics. This
may explain the lower relative abundance of lignin-like components and
higher proportion of condensed-aromatic-like components with lake
reclamation (Waggoner et al., 2015).
Besides, the extended evaluation of the different presence of com
ponents revealed dissimilarities between NW and RS in each lake
(Fig. S3). Significant differences between NW and RS were observed,
particularly in DTH and HH lakes. Specifically, more aliphatic

components appeared in RS of DTH lake, and this was consistent with
the increased MDLT content, which is composed primarily of aliphatic
molecules, with reclamation in DTH (Fig. 4f). Besides, less oxygen-rich
and relatively unsaturated components were contained in RS of HH
lake, and this was supported by the significantly lower DBE value in RS
than in NW in HH lake.
3.5. Linking multiple characteristics by principal component analysis
PCA conducted on DOM characteristics showed that principal
component 1 (PC1) and principal component 2 (PC2) explained 33.8%
and 26.5% of the total variance, respectively. Pearson’s correlation
analysis is displayed in Table S2. The BIX, C5, C6, carbohydrates and
peptides (carb), and condensed aromatics-like components had positive
loadings on PC1, while lignin-like, tannin-like, and CRAM exhibited
negative PC1 loadings (Fig. 6a). This suggests that PC1 was associated
with more freshly produced fluorescent protein-like fluorescent

Fig. 5. Relative abundances of biochemical components in the solid-phase extracted dissolved organic matter using FT-ICR MS analysis: (a) lipid-like; (b) aminosugar-like; (c) carbohydrate-like; (d) protein-like, and (e) estimated percentage change with reclamation in different lakes.
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Fig. 6. Loadings of the characteristics of dissolved organic matter (DOM) on principal components 1 and 2 (a), and the scores of the different samples in natural
waters (NW) and reclamation sites (RS) from different lakes (b). DTH: Dongtinghu Lake; FTH: Futouhu Lake; GCH: Guchenghu Lake; HH: Honghu Lake; NYH:
Nanyihu Lake; SJH: Shijiuhu Lake; TH: Taihu Lake; TXH: Tangxunhu Lake; YCH: Yangchenghu Lake.

components, microbial-derived lipid-like, condensed aromatics-like,
and carbohydrates and peptides fractions in DOM. By contrast, PC2
can be explained by high DOC content, humic-like fluorescent compo
nents, and more biolabile components since DOC, C1, C2, C3, amino
sugar-like, and protein-like compounds were placed on the positive side
of PC2 (Fig. 6a).
Distinct from other lakes, the TH and YCH were more clustered at the
positive side of PC1 regardless of reclamation, indicating that DOM in
these two lakes contained higher microbial-derived protein and lipidlike components than those in other lakes. This result corresponds
with the prior EEM-PARAFAC data on these samples showing the
significantly higher protein-like components in DOM (Fig. 3b). As
mentioned before, TH is a large shallow eutrophic lake with frequent
recurrences of cyanobacteria (Qin et al., 2018), while YCH is famous for
intensive crab breeding in southeast China and has large quantities of
residual bait inputs and significant algal bloom (Liu et al., 2019). These
may be the reasons for the high microbial-derived components in the
two lakes.
Even though the lacustrine DOM in NW varied greatly between the
lakes, the consistently increased PC2 scores with reclamation for almost
all lakes (except TXH; Fig. 6b) demonstrated that reclamation did
significantly alter the lacustrine DOM characteristics. This result sug
gested that reclamation tends to increase the abundances of bulk DOM,
CDOM, and humic-like FDOM (particularly microbial derivatives) as
well as the lipids (e.g., MDLT and CRAM) and condensed aromatics, and
decrease the average molecular weight of DOM. In TXH (i.e., Tangxunhu
Lake), the bulk DOM (+10%, Fig. 2a), CDOM (+7%, Fig. 2c), humic-like
FDOM (+4%, Fig. 3b) and microbial humic-like (+7%, Fig. 3b) were not
significantly altered by reclamation as compared to other lakes. This was
probably due to the policy of “control of algae by planktivorous fish”
implemented in TXH (Du et al., 2021). In this policy, large quantities of
planktivorous fish (e.g., silver carp and bighead carp) were put into the
aquacultural zones in TXH to regulate algal bloom biomass, leading to
the rapid reduction of microbial-derived DOM (Yi et al., 2016).
Furthermore, less feed and fertilizer was suggested with this policy,
resulting in less bulk DOM input into TXH. Overall, this may explain why
TXH is less affected by reclamation than other lakes.

4. Conclusions
The results of this study suggest that there was considerable diversity
in DOM characteristics and composition between RS and nearby NW
from multiple lakes along the Yangtze River. The lacustrine DOM
quantity rose significantly in the reclaimed aquacultural zones possibly
because of the increased anthropogenic inputs of feeds and the sub
sequential DOM contributions of algae, microbes, and other aquatic
organisms (e.g., fish, shrimp, and crab). The characteristics and
composition of DOM were altered significantly by reclamation. Specif
ically, CDOM, humic-like FDOM, lipids, condensed aromatics, and bio
labile components (indicated by MLBL) were increased by 28%, 36%,
149%, 93%, and 20% on average, respectively. While the molecular
weight was remarkably decreased from 360 Da in NW to 356 Da in RS.
There could be some possible environmental consequences of lake
reclamation based on the results of this study. For instance, increased
DOC and a smaller molecular weight of DOM from reclamation found in
this study are expected to lead to a higher production of toxic DBP,
which may pose potential threats to the water safety for millions of
people who are living around the Yangtze Plain. Furthermore, a higher
DOC level and biolability altered by reclamation may contribute to
greater emissions of greenhouse gasses as DOM can fuel or prime mi
crobial processes. Nevertheless, the above speculations concerning the
effect of reclamation on DBP production as well as greenhouse gas
emissions remain unclear and require more efforts in future studies to
elucidate the linkages among reclamation, water quality, and global
warming.
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