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Abstract: Solar irradiation in aquatic systems can induce the conversion of substances from the
solid to the dissolved phase (photodissolution). Yet, the photochemical release of dissolved organic
nitrogen (DON) from internal particles in lakes remains largely unknown. In this study, suspensions
of algal detritus and sediment particles from a shallow eutrophic lake were exposed to simulated
solar irradiation, and the release and compositional changes of dissolved organic matter were
explored by measuring their UV–Visible absorption spectroscopy and ultrahigh resolution Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR MS). The photochemical release
of inorganic nitrogen during the incubations was also investigated. Results showed that light
irradiation induced stronger dissolved organic carbon and DON production in the algal detritus
suspensions, with release rates of 1.17 mg C L−1 h−1 and 0.14 mg N L−1 h−1, respectively, at an
algal detritus concentration of 0.1 dry g L−1. Light irradiation also induced compositional changes
of DON in both algal and sediment suspensions. A larger number of DON molecules with lower
molecular weight were continuously released in the algal suspensions, e.g., the total number of DON
formulas increased from 1349 to 4135 during an 8 h irradiation. In contrast, upon irradiation of
sediment suspensions, DON showed decreased molecular diversity and increased aromaticity. The
photochemical release of ammonium (photoammonification) was also higher in the algal suspensions
with a rate of 0.015 mg N L−1 h−1, which may contribute to the eutrophication of the lake. This
study provides new molecular insights into the photochemical release of DON from typical internal
particles in eutrophic lakes.

Keywords: photodissolution; internal particles; dissolved organic nitrogen (DON); composition;
ammonium; Lake Taihu

1. Introduction

Solar-induced conversion of particle organic matter (POM) to the dissolved state,
that is, photodissolution, is an important source of dissolved organic carbon (DOC) and
dissolved organic nitrogen (DON) in aquatic systems [1,2]. Earlier studies show that POM
from multiple sources can release DOC and/or DON when subjected to light exposure.
For example, POM in resuspended sediments of rivers, estuaries, and other environments
will generate a large amount of dissolved organic matter (DOM) under simulated light
exposure [3–5]. Solar irradiation can not only target substances in resuspended sediments
similar to terrestrial sources, but can also target biogenic substances such as planktonic
algal debris, flocs, etc. Algal debris has a high photoreactivity, with up to 10% of its
POM potentially being converted into DOM, and the release of DON dominated the
photodissolution of nitrogen, followed by a lower photoammonification process [6]. Both
the algal residues and the residues reprocessed by microorganisms in the early stage are
prone to photolysis after irradiation [6]. The photodissolution of flocculent or detrital
particles from natural water bodies or wastewater treatment plants also resulted in the
release of a large amount of DOM [7,8], and the particle size was significantly reduced [7].
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Photodissolution of POM potentially increases DOC and total dissolved nitrogen
(TDN) loads in estuarine waters by 3–85% and 4–75%, respectively [5]. The easily degrad-
able components of DOM released by POM photodissolution can reach 50% [3]. Thus, POM
photodissolution has the potential to provide a substantial pool of dissolved nutrients to
affect lake biogeochemical processes [9]. Yet, photoproduced DOM from different POM
sources has not been well-characterized, and there are few studies focusing on the produc-
tion of labile nitrogen (e.g., small DON and dissolved inorganic nitrogen (DIN)), which can
limit the lake primary production in eutrophic lakes, especially in warm seasons [10].

Photodissolution of POM most likely affects the biogeochemistry of shallow lakes.
Shallow lakes are normally prone to frequent wind wave disturbances, and thus, frequent
particulate matter resuspension events, during which internal particles such as algae
and sediments have high loads. Studies further show that humic substances play an
important role in the photochemical release of DOC, whether imported from upstream (e.g.,
terrigenous humic) or produced in the benthic environment [11]. Solar-induced release of
DON in algal and sediment suspensions may potentially contribute to significant amounts
of DON and inorganic nitrogen influencing lake primary production. However, the relative
role of algae- and sediment-dominated photodissolution in contributing to DON and DIN
releases remains unclear, which limits our understanding of internal nutrient cycling in
eutrophic shallow lakes.

We hypothesized that the photochemical release of DON and inorganic nitrogen from
algal detritus and sediment particles can potentially be an important internal nutrient source
in eutrophic shallow lakes. Thus, main objectives of this study were to: (1) investigate the
release rate of dissolved nutrients during the simulated light irradiation of algal detritus
and sediment suspensions; (2) provide optical and molecular insights into the changes
of DOM and DON compositions. Taken together, the data reveals that algal suspensions
can release DON and ammonium (NH4

+) at substantial rates, which may contribute labile
nitrogen available to algal species.

2. Materials and Methods
2.1. Site Description and Sample Collection

Lake Taihu is a large shallow lake with a surface area of 2338 km2, which is the third
largest freshwater lake in China [12,13]. It is located in one of the most developed areas
of China, the Yangtze River Delta, and has a mean depth of 1.9 m [10,12,13]. The lake is
an important drinking water source for more than 10 million people in the surrounding
big cities such as Wuxi, Suzhou, Shanghai, and Huzhou. The lake also supports a large
number of industrial, agricultural, and municipal activities [12,14]. In recent decades the
lake became eutrophic as a result of increased human activities and nutrient inputs [12,15].
Meiliang Bay is a semi-enclosed bay located in the northern part of Lake Taihu, where
frequent algal blooms occur during warm seasons.

To determine the photodissolution of typical internal POM, we chose to use resus-
pended sediment and bloom algae (>64 µm) for irradiation experiments as they usually
have high loads in the water column. The algae were sampled on 10 August 2022, during
a Cyanobacterial bloom by towing a phytoplankton net (64 µm) at the platform of Taihu
Laboratory for Lake Ecosystem Research (TLLER), Chinese Academy of Sciences, near the
coast of Meiliang Bay (Figure 1). Surface sediments (0~2 cm) were sampled from Meiliang
Bay in the north of Lake Taihu (120.19433◦ E, 31.47633◦ N) on 10 August 2020, using a
Peterson’s grab sampler (Figure 1). Sediment samples were collected into a ziplock bag
and kept frozen at −20 ◦C until experiments commenced.

2.2. Photodissolution Experiments for Algal and Sediment Suspensions

The concentrated algae samples were rinsed with deionized water to remove the
attached dissolved matter. To focus on the photodissolution of truly particulate phases,
we extracted membrane-rich detritus following Mayer et al. [6]. Briefly, the algae were
ultrasonically treated in an ice bath for 2 min, centrifuged to remove the supernatant,
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rinsed with deionized water, and centrifuged again. The rinse and centrifugation were
repeated several times until the supernatant was clear. The algal membrane-rich detritus
was then freeze-dried in a lyophilizer (Biosafer-10A, BioSafer, Nanjing, China), ground
gently in a MicroMill, and stored frozen. The time course of photodissolution was tested by
irradiating 100 mg L−1 suspensions of algal membrane detritus, which were prepared by
adding weighed algal detritus to deionized water. Irradiation experiments were conducted
in a photo-reactor (Nbet Technology, Beijing, China), which used a 500 W xenon lamp to
simulate the solar spectrum. The lamp was put into the center of a quartz hydro pump that
used circulated cooling water to keep the temperature stable. The incubation temperature
was controlled at 25 ◦C ± 1 ◦C. The light intensity near the surface of the quartz tubes was
about 21 mW cm−2, close to the daytime light intensity on the surface of the lake water.
Prepared algal suspensions were then put into a series of quartz reaction tubes, with each
having a sample volume of 70 mL. These tubes were then subjected to simulated light
irradiation. Duplicate tubes were taken out from the incubator at 0, 0.5, 1, 2, 4, 6, and 8 h,
respectively, for later analyses of nutrient concentrations and DOM/DON compositions.

Figure 1. Sampling sites of the algae and sediment used in this study.

Sediments prior to irradiation experiments were freeze-dried, ground, and sieved
through a 100 mesh (0.150 mm) sieve. Sediment suspensions were then prepared by
mixing 70 mL of deionized water and 35 mg sediments (dry weight, with a concentration
of 500 mg L−1) into each quartz tube. The sediment suspensions were then subjected
to light irradiation, as described earlier. At 0, 0.5, 1, 2, 4, 6, and 8 h, duplicate quartz
tubes were taken out from the incubator for later analysis of nutrient concentrations and
DOM/DON compositions.

All samples from the suspensions were filtered through Whatman GF/F (GE Health-
care, Pittsburgh, PA, USA) filters immediately after sampling. The GF/F filters were
pre-combusted in a Muffer furnace at 450 ◦C for 2 h. Samples for UV–Visible (UV–Vis)
absorption spectroscopy and Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) analyses were further filtered through 0.22 µm porosity membranes (Milli-
pore Sigma, Burlington, VT, USA). Samples at 1-h (sediment incubations) and 8-h (algal
detritus and sediment incubations) were not measured for UV–Vis spectroscopy and TDN
because they were all used for FI-ICR MS analyses. Samples at 0.5-h and 1-h during algal
detritus incubations lost their replicates for UV–Vis spectroscopy measurements due to
faulty filtering operations.
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2.3. Sample Analyses
2.3.1. Measurements of Nutrient Concentrations

The GF/F filtered samples were measured for dissolved organic carbon (DOC), TDN,
NH4

+, nitrate (NO3
−), and nitrite (NO2

−) concentrations according to the Chinese stan-
dard methods for observation of lake eutrophication [16]. Concentrations of TDN were
measured using the potassium persulfate digestion procedure, followed by the colorimetric
method on a Shimadzu UV-2600 spectrophotometer (Kyoto, Japan) with a detection limit of
0.02 mg L−1. Concentrations of NO3

−, NO2
−, and NH4

+ were measured on a continuous
flow analyzer (San++, Skalar Analytical B.V., Breda, the Netherlands). The detection limits
for NO3

−, NO2
−, and NH4

+ were 0.01 mg L−1, 0.001 mg L−1, and 0.01 mg L−1, respectively.
Concentrations of DON were calculated as the difference between TDN and the sum of
NO3

−, NH4
+, and NO2

−, and the standard deviations for DON were calculated using an
error propagation method. Concentrations of DOC were analyzed on a Shimadzu total
organic carbon analyzer (TOC-V CPN, Kyoto, Japan) using the high-temperature (~680 ◦C)
combustion and catalytic oxidation method.

2.3.2. UV–Vis Absorption Spectroscopy

UV–Vis absorption spectroscopy of incubation samples was determined on a Shi-
madzu UV-2550PC spectrophotometer (Kyoto, Japan) using 5 cm quartz cuvettes. The scan
wavelength range was between 200 and 800 nm at 1 nm intervals, and the scan rate was
set as 210 nm min−1. Deionized water was run as the blank to test the stability of the in-
strumental baseline. The absorbance values were transformed into absorbance coefficients
according to the following formula [17]:

a(λ) = 2.303A(λ)/r (1)

where A(λ) is the absorbance at wavelength λ, r is the light path length of the quartz
cuvette (0.05 m), and a(λ) is the absorbance coefficient (m−1) at wavelength λ. The ab-
sorption coefficient at 254 nm (a(254)) was used to reflect the abundance of chromophoric
dissolved organic matter (CDOM), as described in earlier studies [18,19]. The spectral
slopes S275–295 and S350–400, calculated based on the nonlinear fitting of absorption spectra
at 275–295 nm and 350–400 nm [20], respectively, can indicate the source and composition of
DOM [21,22]. S275–295 normally increases with a decreasing CDOM molecular weight and
aromaticity [21–23]. The molecular size of CDOM was evaluated by the ratio of absorption
coefficients at 250 to 365 nm [a(250):a(365)], and usually, a decreasing ratio can indicate an
increasing molecular size or mean molecular weight [21]. The specific ultraviolet absorption
at 254 nm (SUVA254), calculated from the ratio of the absorption coefficient at 254 nm to
DOC (a(254)/DOC, in L mg−1 C m−1), can characterize the aromaticity of CDOM, with a
larger value of SUVA254 indicating a higher aromaticity of the molecules [24,25].

2.3.3. FT-ICR MS Analysis

The filtered samples for FT-ICR MS analysis were adjusted to pH = 2 with HCl (LC-
MS grade) to improve the extraction efficiency of organic acids and phenols [26,27]. The
acidified DOM was extracted and concentrated using 500 mg, 6 mL solid phase extraction
cartridges (Varian Bond Elut PPL, Agilent Technologies, Santa Clara, CA, USA) following
the methods described by Dittmar et al. [26]. Operational details can be found in our early
study [28]. Briefly, each PPL cartridge was pre-washed with methanol (ULC-MS grade) using
twice the volume of the cartridge, and then the acidified samples were loaded onto the PPL
cartridge at a flow rate of ≤5 mL min−1. After that, two times the volume of the cartridge
of 0.01 M HCl was passed through every cartridge to remove salt and residual NH4

+, and
then the cartridges were blown dry with high-purity N2 (≥99.999%). Finally, DOM on each
PPL cartridge was eluted with 1 mL methanol (ULC-MS grade). After solid phase extraction,
the methanol extracts were measured using a 9.4 Telsa FT-ICR MS (Bruker, Billerica, MA,
USA) at the China University of Petroleum, Beijing, China. To minimize complications due
to sodium adduct formation, the samples were analyzed in negative electrospray ionization
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mode [29]. The mass measurement precision of assigned formulas was <0.3 ppm after
internal calibration. Molecular formulas were assigned to peaks having signal-to-noise ratios
>6 [28,30]. Further mass calibration and data processing were conducted following previously
reported methods [31,32]. A caution is that the total number of assigned formulas may be
underestimated due to the presence of isomers in the samples [33].

The normalized peak intensity of each formula within a sample was calculated as the
ratio of individual peak intensity to the total intensity of all formulas. The ultrahigh resolution
and mass accuracy (<1 ppm) of FT-ICR MS can identify thousands of molecular formulas from
a single DON sample. The assigned molecular formulas were categorized into CHO-, CHON-,
and CHOS-composed classes. This study aims to focus on the changes in DON composition,
so CHON-composed formulas were used to characterize DON at the molecular level and
are mainly described in the main text. The double bond equivalent (DBE) of the formulas
was calculated referring to Stubbins et al. [34]. The modified aromaticity index (AImod) was
calculated as described in Koch and Dittmar [35]. Van Krevelen (VK) diagrams were usually
used to group the N peaks into several known compound classes [29,36,37]. The VK diagram
is a two-dimensional plot with the O/C ratio in the molecular formula as the x-axis and
the H/C as the y-axis. The chemical composition of molecules then can be further catego-
rized by the van Krevelen diagram [37], including carbohydrates (0.67 ≤ O/C ≤ 1.2 and
1.5 ≤ H/C ≤ 2.2), proteins and amino acids (0.3 ≤ O/C ≤ 0.67 and 1.5 ≤ H/C ≤ 2.2),
lipids (0 ≤ O/C ≤ 0.3 and 1.5 ≤ H/C ≤ 2.0), lignins (0.1 ≤ O/C ≤ 0.67 and 0.7 ≤ H/C ≤ 1.5),
tannins (0.67 ≤ O/C ≤ 1.2 and 0.5 ≤ H/C ≤ 1.5), unsaturated hydrocarbons
(0 ≤ O/C ≤ 0.1 and 0.7 ≤ H/C ≤ 1.5), condensed aromatics (0 ≤ O/C ≤ 0.67 and
0.2 ≤ H/C ≤ 0.7), and others.

2.4. Statistical Analyses

Significant differences between parameter means, e.g., at different irradiation times, were
evaluated using independent-samples t-test (2-tailed). Relationships between the quantitative
or compositional parameters of DOM/DON and the incubation time were evaluated using
linear regression analyses or first-order kinetic fittings, which were usually used in earlier
studies [38–40]. Variance analyses (ANOVA) were used to test whether the regression slope
was significantly different from zero, or whether the fitting function is significantly better than
the function y = constant. Relationships and differences were considered to be significant
at a p-value of <0.05. Statistical analyses were finished using Excel in Office 365 (Microsoft,
Redmond, WA, USA), SPSS 20.0 (IBM Analytics, Armonk, NY, USA), and OriginPro 2021
(OriginLab Corporation, Northampton, MA, USA), and software packages.

3. Results
3.1. Photochemical Changes in the Properties of Dissolved Organic Matter in the Suspensions

Irradiated algal detritus suspensions showed a rapid release of DOM during an
exposure period of 6 h. DOC and DON were released linearly at a rate of 1.17 mg C L−1 h−1

(Figure 2a, r = 0.93, p < 0.05) and 0.14 mg N L−1 h−1 (Figure 2b, r = 0.88, p < 0.05), respectively.
Continuous irradiation resulted in DOC increasing by 209%. The a(254) increased rapidly
within 2 h, while remaining relatively stable after 2 h (Figure 2c). The trend of a(254)
with incubation time can be fitted using an exponential growth model (Figure 2c, adj.
R2 = 0.81, p < 0.05). At 2-h, the a(254) increased by 85%. The S275–295 displayed an increasing
trend with incubation time, but the trend is not significant (Figure 2d). There was a linearly
increasing trend in the a(250):a(365) with a rate of 0.17 h−1 (Figure 2e), while the SUVA254
decreased linearly with a rate of 0.58 L mg−1 C m−1 (Figure 2f).

During the irradiation of sediment suspensions, the photochemical release rates of
DOC and DON were significantly lower than in algal detritus suspensions (Figure 3a,b).
The DOC concentrations showed an increasing trend after 0.5-h, while the trend was
not significant (Figure 3a, r = 0.91, p > 0.05). The decrease in DOC at the early stage of
the incubation (before 0.5-h) might be because the system had not physically achieved a
dissolution equilibrium. Similarly, the DON concentrations also showed no obvious trend
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during the incubation (Figure 3b, p > 0.05), yet were obviously higher at 6-h than at 4-h.
The a(254) showed a significant linear increasing trend (Figure 3c, r = 0.97, p < 0.01) at a rate
of 0.249 m−1 h−1. The S275–295 decreased with the incubation time, and the trend can be
better fitted by an exponential model (Figure 3d, adj. R2 = 0.97, p < 0.05). The a(250):a(365)
showed no significant linear trend with the incubation time (Figure 3e, p > 0.05), while
the SUVA254 increased rapidly within 2 h and remained relatively stable at 2–6 h, which
approximately fits an exponential model (Figure 3f, adj. R2 = 0.87, p = 0.07).
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3.2. Photochemical Changes in the Molecular Composition of Dissolved Organic Nitrogen

Compared to the molecular composition of DON at the start of algal incubations, the to-
tal number of N-containing formulas increased largely from 1349 to 4135 at
8-h, the average DBE increased from 5.88 to 6.89, and the average N/C increased from
0.09 to 0.10. In addition, average m/z, DBE/C, DBE/H, DBE/O, and AImod of DON also
increased at 8-h, while H/C decreased from 1.54 to 1.47 (Table 1). DON at the start of
irradiation was mainly composed of proteins and lignin components, while after an irra-
diation of 8 h, a large number of new molecules were released, including lipids, proteins
and amino acids, tannins, and carbohydrates, etc. (Figure 4a,b and Figure 5a). Lignin
showed the largest increase in abundance, followed by carbohydrates and lipids, while the
abundance of proteins and amino acids showed the largest decrease (Figure 5c). The number
proportions of proteins and amino acids among the total number of formulas decreased
from 43% to 35%, while carbohydrates, lipids, and lignin increased from 2% to 6%, 4% to
5%, and 46% to 50%, respectively (Figure 6a). The intensity proportions of each class of
N-containing formulas subcategorized by VK plots showed a similar patten to those of
number proportions (Figure 6b). Some larger molecules such as condensed aromatics and
unsaturated hydrocarbons were also released after an irradiation of 8 h (Figures 4b and 5a).

Table 1. Changes in the molecular composition of DON (CHON formulas) during the incubation of
algae and sediment suspensions upon exposure to simulated sunlight.

Incubations Total Number of
All Formulas

Total Number of
CHON

Formulas

Average
m/z H/C O/C N/C DBE AImod DBE/C DBE/H DBE/O

Algal 0-h 1349 608 397.27 1.54 0.41 0.086 5.88 0.10 0.33 0.25 0.97
Algal 8-h 4135 2625 404.82 1.47 0.42 0.099 6.89 0.14 0.37 0.30 1.09

Sediment 1-h 3426 1431 391.80 1.53 0.38 0.081 6.00 0.13 0.33 0.25 0.96
Sediment 8-h 2222 1092 341.04 1.45 0.38 0.111 6.26 0.21 0.40 0.32 1.19

Water 2023, 15, x FOR PEER REVIEW 8 of 15 
 

 

Table 1. Changes in the molecular composition of DON (CHON formulas) during the incubation of 
algae and sediment suspensions upon exposure to simulated sunlight. 

Incubations 
Total Number of 

All Formulas 
Total Number of 
CHON Formulas 

Average 
m/z H/C O/C N/C DBE AImod DBE/C DBE/H DBE/O 

Algal 0-h 1349 608 397.27 1.54 0.41 0.086 5.88 0.10 0.33 0.25 0.97 
Algal 8-h 4135 2625 404.82 1.47 0.42 0.099 6.89 0.14 0.37 0.30 1.09 

Sediment 1-h 3426 1431 391.80 1.53 0.38 0.081 6.00 0.13 0.33 0.25 0.96 
Sediment 8-h 2222 1092 341.04 1.45 0.38 0.111 6.26 0.21 0.40 0.32 1.19 

  
Figure 4. Van Krevelen (VK) plots of N-containing formulae during the incubation of algal (a,b) and 
sediment (c,d) suspensions upon exposure to simulated sunlight at 0 (a,c), and 8 (b,d) h. 
Figure 4. Van Krevelen (VK) plots of N-containing formulae during the incubation of algal (a,b) and
sediment (c,d) suspensions upon exposure to simulated sunlight at 0 (a,c), and 8 (b,d) h.



Water 2023, 15, 3346 8 of 14
Water 2023, 15, x FOR PEER REVIEW 9 of 15 
 

 

 
Figure 5. The number (a,b) and normalized intensity (c,d) of N-containing formulas assigned to 
each compound class in irradiated algal (a,c) and sediment (b,d) suspensions at different incubation 
time. 

  
Figure 6. The number (a) and intensity (b) percentages of each class of N-containing formulas sub-
categorized by van Krevelen (VK) plots in irradiated algal and sediment suspensions at different 
incubation time. 

Changes in the molecular composition of DON during the irradiation of sediment 
suspensions are also summarized in Figures 4–6 and Table 1. The assigned total number 
of CHON-formulas decreased from 1431 to 1092 after an irradiation period of 8 h, while 
the average DBE increased from 6.00 to 6.26, and the average N/C increased from 0.09 to 
0.10 (Table 1). In addition, DBE/C, DBE/H, DBE/O, and AImod of DON also increased at 8-

Figure 5. The number (a,b) and normalized intensity (c,d) of N-containing formulas assigned to each
compound class in irradiated algal (a,c) and sediment (b,d) suspensions at different incubation time.

Water 2023, 15, x FOR PEER REVIEW 9 of 15 
 

 

 
Figure 5. The number (a,b) and normalized intensity (c,d) of N-containing formulas assigned to 
each compound class in irradiated algal (a,c) and sediment (b,d) suspensions at different incubation 
time. 

  
Figure 6. The number (a) and intensity (b) percentages of each class of N-containing formulas sub-
categorized by van Krevelen (VK) plots in irradiated algal and sediment suspensions at different 
incubation time. 

Changes in the molecular composition of DON during the irradiation of sediment 
suspensions are also summarized in Figures 4–6 and Table 1. The assigned total number 
of CHON-formulas decreased from 1431 to 1092 after an irradiation period of 8 h, while 
the average DBE increased from 6.00 to 6.26, and the average N/C increased from 0.09 to 
0.10 (Table 1). In addition, DBE/C, DBE/H, DBE/O, and AImod of DON also increased at 8-

Figure 6. The number (a) and intensity (b) percentages of each class of N-containing formulas
subcategorized by van Krevelen (VK) plots in irradiated algal and sediment suspensions at different
incubation time.

Changes in the molecular composition of DON during the irradiation of sediment
suspensions are also summarized in Figures 4–6 and Table 1. The assigned total number
of CHON-formulas decreased from 1431 to 1092 after an irradiation period of 8 h, while
the average DBE increased from 6.00 to 6.26, and the average N/C increased from 0.09 to
0.10 (Table 1). In addition, DBE/C, DBE/H, DBE/O, and AImod of DON also increased at
8-h, while average m/z and H/C decreased (Table 1). DON formulas at the early stage (1 h)
of irradiation are mainly composed of lignin (42%), proteins and amino acids (37%), and
lipids (13%). After an irradiation of 8 h, the formula number of proteins and amino acids
and lipids decreased, yet some lignin, tannin, and condensed aromatic molecules were
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produced (Figure 4c,d and 5b). The lignin showed the largest increase in its abundance,
followed by tannin (Figure 5d). The number proportions of lipids and proteins and amino
acids among the total number of DON formulas decreased from 13% to 12% and 37% to
31%, respectively, while lignin, tannin, and condensed aromatics increased from 42% to
49%, 0.2% to 1.7%, and 0.1% to 0.5%, respectively (Figure 6a). The intensity proportions of
each class of N-containing formulas subcategorized by VK plots showed a similar patten to
those of the number proportions (Figure 6b).

3.3. Photochemical Release of Inorganic Nitrogen during the Irradiation of Algal and
Sediment Suspensions

During the irradiation of algal suspensions, NH4
+ concentrations showed a significant

linear increasing trend (Figure 7a, r = 0.95, p < 0.05) with a rate of 0.015 mg L−1 h−1, while
NO3

− concentrations decreased linearly at a quite low rate of 0.007 mg L−1 h−1 (Figure 7b,
r = − 0.93, p < 0.01). NH4

+ concentrations increased by 161% within an irradiation period
of 8 h. The release of NO2

− showed no significant linear trend with irradiation time
(Figure 7c, p > 0.05). During the irradiation of sediment suspensions, NH4

+ concentrations
also showed an increasing trend (Figure 7d, r = 0.71, p = 0.07) with a photoammonification
rate of 0.002 mg L−1 h−1. The release of NO3

− showed no significant linear trend with
irradiation time (Figure 7e, p > 0.05), while NO2

− concentrations increased linearly during
the incubation (Figure 7f, r = 0.83, p < 0.05) with a quite low rate of 0.0006 mg L−1 h−1.
The photoammonification rates in the algal suspensions were much higher than in the
sediment suspensions.
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4. Discussion
4.1. Photochemical Release of Dissolved Organic Nitrogen from Algal and Sediment Particles

After simulated solar irradiation for 6 h, up to ten percent of POM from algal de-
tritus converted to photo-dissolved organic matter (DOC achieved to 12 mg L−1), in
which DON dominated the nitrogen photodissolution, followed by photoammonification
(Figures 2, 4 and 7). Algal intracellular and extracellular organic matter is rich in highly
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labile protein-like components [41,42]. This study further shows that proteins and amino
acids, having decreased percentages among total formulas, may play an important role
in the release of many other molecules, e.g., lignin and carbohydrates (Table 1). The
mechanism of photodissolution may be similar to the photochemical reaction after DOM
absorbs light, involving direct photolysis reactions between light and POM components
and secondary photochemical processes, including reactive intermediate production, e.g.,
reactive oxygen species (ROS). Pigments, proteins (such as aromatic structural proteins
and tryptophan-like proteins), and unsaturated lipids are likely sources of reactive oxygen
species (ROS) via photosensitization reactions, which indirectly induce POM dissolu-
tion [6,43]. Thus, although photohumification reactions produced some larger humic-
like and aromatic DON molecules (Figure 4a,b and Figure 5a,c and Table 1), the whole
DOM pool showed decreasing aromaticity and molecular size with the irradiation time
(Figure 2). These results suggest that photodissolution of algal detritus potentially releases
large amounts of small labile DON components that will accelerate the eutrophication of
the lake.

In the irradiated sediment suspensions, the release rate of DOC (~1.68 mg L−1 d−1,
after 0.5-h) is more intense than that of DIN species (Figures 3 and 7), which is consistent
with the findings in river ecosystems [1]. POM in resuspended sediments of rivers, es-
tuaries, and other environments will generate a large amount of DOM under simulated
natural light exposure [3–5], which can make the DOC and TDN loads of estuary waters
increase by 3–85% and 4–75%, respectively [5]. The photodissolution of POM from resus-
pended sediments is a significant source of DON while not contributing significantly to
DIN [1]. The DON concentrations in this study did not show a significant increasing trend
with irradiation time (Figure 3b), probably because of a short incubation time (e.g., an
increasing trend of DON was shown from 4-h to 6-h) and/or a combination of analyses
errors of several nitrogen species in DON. However, the results clearly suggested that the
diversity of molecular formulas decreased, with more aromatic, condensed, and humic-like
molecules produced (e.g., lignin, condensed aromatics, and tannins, Figures 3 and 4 and
Table 1). The humic component of resuspended sediments may play an important role in
releasing organic matter via photodissolution [11], which also involves in direct photolysis
reactions and secondary photochemical processes as mentioned earlier. Photodegradation
of sediment-derived organic matter reduces its ability to generate ROS further due to re-
duced light absorption [19]. Thus, most photodissolved DON molecules from the sediment
suspension might be less bioavailable to microbes than those from algal suspensions.

4.2. Photochemical Release of Inorganic Nitrogen from Algal and Sediment Particles

Photochemical release of NH4
+ was faster in the irradiated algal suspensions

(0.312 mg L−1 d−1 at an algal debris concentration of 100 mg L−1) than in sediment sus-
pensions, indicating that photoammonification rates may relate to the composition of
POM. As mentioned earlier, algal debris contains more protein-like components and amino
groups, which, upon irradiation, can have higher hydroxyl radical (OH) quantum yields
than terrigenous or sediment sources [43,44]. The reactive oxygen species OH· not only
promotes the degradation of organic matter but can also intensify the photoammonification
process of amino acids [44]. During photoammonification, amide bonds in the peptide first
undergo photochemical cleavage to generate primary amines, which are then hydrolyzed
to NH4

+ [45]. Therefore, planktonic algal detritus has many photosensitive substances
in its components, which may be directly or indirectly photochemically degraded and
transformed. The degraded DON components were mainly lipids and proteins and amino
acids, and the aromatic and heterocyclic amino acids produced more NH4

+ than other
amino acids [44]. The photoammonification process plays a key role in the conversion
of DON to DIN, and its products were found to have a significant impact on bacterial
biomass [46]. In the sediment suspensions, however, continuous light exposure led to
insignificant changes in the concentrations of NH4

+ and NO3
−, possibly indicating that the

photodissolution of sediment particles to produce inorganic nitrogen is relatively slow.
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4.3. Implications for Eutrophication Control

This study shows that sunlight can cause significant dissolution of organic matter from
sediments to relatively young organic matter, algal detritus. In the past two decades, harm-
ful algal blooms frequently occurred in Lake Taihu due to accelerated eutrophication and
climate change, and up to 25% of the lake area can be covered by “floating algae” [15,47].
The blooms initiated in spring and persisted well into fall [48], and during the blooms,
dissolved inorganic nitrogen is quite limited [49]. Yet, a growing body of evidence shows
that algae species can utilize DON similar to inorganic N [50–52]. Furthermore, cyanobac-
teria are more competitive than some other algae species in utilizing DON [53], especially
when inorganic N concentrations are low. In Lake Taihu, DON may play an increasingly
important role in the persistence of cyanobacterial blooms [10]. Therefore, even if the
concentration of inorganic nitrogen was controlled at a lower level, high DON concen-
trations may still support the bloom persistence as important nitrogen nutrition. Thus,
photodissolved DON and NH4

+ from algal detritus may contribute to significant bioavail-
able N in surface waters during warm seasons of high radiation and low inorganic nitrogen
concentrations, with the potential to influence nutrient dynamics in the lake. Furthermore,
large shallow lakes such as Lake Taihu are vulnerable to wind-related wave disturbances,
and surface sediment resuspensions occur frequently. The photodissolution of resuspended
sediments in the surface layer of the lake may thus become an important source of DOC
and/or DON, most of which are available for microbial uptake [6]. Our results provide
molecular insights into the photodissolution of sediment particles and relatively young
algal organic matter detritus.

It is still uncertain whether the photodissolution of internal particles has the potential
to affect lake primary production. The irradiation experiments for algal detritus or sediment
suspensions in this study were conducted at high concentrations of 100 and 500 mg L−1

in deionized water, respectively. Many conditions may affect the applicability of results
in the current study to field conditions, e.g., light environment, lake hydrodynamics,
lake photosensitive substances, algal growth stages, etc. In addition, we did not test the
influence of any of the sample processing steps on the results, while an earlier study
shows that up to 2 years freezing storage of the algal detritus has a small impact on the
results [6]. Although sample processing steps such as ultrasonic processing and freeze-
drying may have the potential to disrupt algal cell walls and influence the release of DON,
our experiments facilitate the revelation of internal nutrient sources of dissolved nutrients,
which are important nutrient regeneration mechanisms and contribute to algal bloom
persistence in Taihu Lake. Future studies should address the photoreactivity of POM from
different algal substrates and examine its interactions with the photolysis of other particles,
e.g., humic-rich terrigenous and sediment sources, combing ROS analysis.

5. Conclusions

This study investigates the photochemical release and alteration of DON during
the simulated solar irradiation of two typical types of internal particles in Lake Taihu,
China. Results showed that both irradiated algal detritus and sediment suspensions have
a continuous release of DOM. Algal suspensions had high photoreactivity and released
a larger number of new DON molecules with low molecular weight and aromaticity
(e.g., carbohydrates and lipids), potentially available to plankton in the lake. In addition,
higher photoammonification rates were found in algal suspensions. The protein and
amino acid composition may play an important role in the photodissolution mechanism of
POM from algal detritus. Irradiated sediment suspensions, however, showed decreased
diversity of DON formulas, and the DON tended to be more aromatic, condensed, and
humic-like. A short irradiation period of 8 h for sediment suspensions did not result in
significant photoammonification rates. Therefore, photodissolution of algal detritus may
contribute to more diverse and labile DON, especially during harmful algal blooms. Yet,
the bioavailability of photodissolved DON from algal detritus and resuspended sediments
needs to be studied further in the future.
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