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Abstract: This study investigates the decomposition process of algal blooms (ABs) in eutrophic lakes
and its impact on the labile endogenous nitrogen (N) cycle. In situ techniques such as diffusive
gradients in thin films (DGT) and high-resolution dialysis (HR-Peeper) were employed to decipher
the vertical distribution of N fractions within the sediment–water interface (SWI) in Taihu, China.
Additionally, an annular flume was used to simulate regional differences in lake conditions and
understand labile nitrogen transformation during AB decomposition. This study reveals that the
NH4

+-N fraction exuded from algae is subsequently converted into NO3-N and NO2-N through
nitrification, resulting in a significant increase in the concentrations of NO3

−-N and NO2
−-N at the

SWI. The decomposition of algae also induces a significant increase in dissolved organic matter (DOM)
concentration, referring to humic acid and humus-like components; a seven-millimeter decrease in
dissolved oxygen (DO) penetration depth; as well as a significant decrease in the pH value near
the SWI, which consequently promotes denitrification processes in the sediment. Moreover, the
decomposition process influences nitrogen distribution patterns and the role conversion of sediments
between a “source” and a “sink” of nitrogen. This investigation provides evidence on the migration
and/or transformation of N fractions and offers insights into the dynamic processes across the SWI
in eutrophic lakes.

Keywords: nitrogen; algal decomposition; high-resolution; sediment–water interface; eutrophic lake

1. Introduction

An overload of exogenous nitrogen element input has increased eutrophication and
the formation of algal blooms (ABs) in aquatic ecosystems over the world [1–5]. Numerous
ABs have directly impacted the ecological and economic sustainability of lakes, contaminated
drinking water sources, and consequently threated human health [6–8]. Labile nitrogen (LN)
fractions could promote eutrophication and AB occurrence in aquatic ecosystems [9–11]. The
algal decomposition process leads to variations in the physicochemical properties of the
microenvironment of the sediment–water interface (SWI) [12], accelerating N release from
sediment to the overlying water, which contributes to the further cumulative increase in
algal biomass in the long term [13]. Thus, a comprehensive understanding of the dynamics
of labile N fractions under the influence of algal decomposition is required to take measures
to manage and protect freshwater resources.

Numerous investigations have indicated that the decomposition of harmful algal
blooms (HABs) might significantly influence the N dynamics in freshwater ecosystems.
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Cyanobacteria have high uptake affinity and excellent storage capacity for dissolved inor-
ganic nitrogen (DIN), while organic N-containing components such as urea, amino acids,
nucleic acid, and polypeptide derived from dissolved organic nitrogen (DON) also con-
tribute remarkably to the proliferation of cyanobacteria. Moreover, the photosynthesis and
degradation of cyanobacteria significantly modulate the physicochemical properties of the
microenvironment of the SWI in terms of pH, oxygen penetration depth (OPD), dissolved
organic carbon concentration, and redox potential (ORP), and then uncouple nitrification–
denitrification in surface sediment. In addition, when overlying water is covered by densely
aggregated algae, a large amount of dissolved organic matter (DOM) continuously releases
and migrates during algae decomposition. The degradation and mineralization of organic
aggregates could significantly influence the physicochemical properties across the SWI, typi-
cally including DO, pH, ORP, electrical conductivity (EC), particle size distribution, and the
abundance and activity of microbial communities [12,14–16]. Due to the rapid exhaustion
of DO through biodegradation or respiration of the algae, the balance between microbial
nitrification and denitrification is largely disrupted in sediments. It leads to consequential
anoxic/hypoxic conditions at the SWI, ideal for denitrification, which therefore becomes
a hotspot for nitrogen reduction [17,18]. The combination of ubiquitous nitrification and
denitrification processes in aquatic ecosystems alleviates the negative impacts of excessive
N by transforming reactive N to gaseous forms prior to permanently removing it from
lakes [18]. Nitrification provides substrates for denitrification by oxidating ammonium
(NH4

+-N) to nitrite (NO2
−-N) and then nitrate (NO3

−-N) stepwise [19,20], which con-
stitutes an essential process that transforms almost all N fractions and manipulates N
accumulation rates. Therefore, it is speculated that the decay of ABs in eutrophic lakes
facilitates N cycling processes, resulting in significant variation in the distribution pattern
of labile N.

The SWI is the transition zone of aquatic ecosystems, and plays an important role
in the storage, transfer, and circulation of biogenic elements and/or contaminants [13].
The complicated biochemical interactions among various fractions along a significantly
heterogeneous temporal–spatial scale makes it difficult to quantify the N fractions at the
SWI [21,22]. High-resolution techniques with sufficient sensitivity are thus necessary
to acquire accurate labile N concentrations during AB decomposition to decipher the
distribution, transport, and bioavailability of N fractions. Several methods have been
developed to investigate the distribution of and dynamic changes in contaminants at the
SWI [23–25]. However, there exist limited investigations of high-resolution descriptions
of the migration and transformation of LN fractions. According to Fick’s First Law, the
diffusive gradients in thin films (DGT) technique overcomes the limitations of ex situ
methods by allowing in situ characterization of contaminants. DGT devices selectively
accumulate target fractions using diffusive and specific binding gels, which allow the
velocity of accumulation to be controlled [24]. Binding gels were primarily prepared from
one or two different agents to target specific elements [19]. To optimize the accumulation
performance, a mixed binding gel was developed to simultaneously accumulate different
labile N fractions to identify the nitrification and denitrification process [26]. Another
in situ technique, HR-Peeper, utilizes dialysis to obtain high-resolution information on
pore water contamination. It employs a dialysis membrane and recess hole for multi-
chambered separation, enabling high-resolution accumulation of target elements from the
surrounding pore water at a vertical resolution of 2 mm. Accordingly, the combination
of diffusive gradients in DGT and dialysis in HR-Peeper can help obtain high-resolution
information on multiple N fractions and dissolved organic matter (DOM) in the vertical
profiles of sediment.

This study aimed to investigate the spatial variations in labile NH4
+-N and NO3

−-N
concentrations in the sediment of Taihu, a large shallow eutrophic lake in China. The
DGT technique was used to determine labile NH4

+-N and NO3
−-N, while the HR-Peeper

technique was utilized to measure NO2
−-N concentrations. Additionally, the abundance of

genes referring to nitrification and denitrification (AOB amoA gene, AOA amoA gene, and
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nosZ gene) in the sediments was characterized using quantitative real-time polymerase
chain reaction (qPCR). To understand the influence of anthropogenic activities on DOM
variations, an annular flume simulation experiment was adopted to investigate the tem-
poral variations in DOM. The main aims of this study were to (1) obtain high-resolution
profiles and visualize the dynamic processes of labile N fractions in the sediments’ pore
water, (2) characterize DOM variations in the lake under the influence of anthropogenic
activities, and (3) clarify the mobilization and transformation processes of N in sediments
and the dynamic N exchange at the SWI under eutrophic conditions. Consequently, this
investigation proposed to provide insights into the variation in the conversion of N frac-
tions across the SWI in response to the decomposition of anthropogenic inputs in eutrophic
freshwater ecosystems.

2. Materials and Methods
2.1. Description of Study Area

Being the third-largest freshwater lake in China, Taihu is a large shallow eutrophic
lake located in the southeastern region of the Yangtze River Delta, with a surface area of
2338 km2, mean depth of 1.9 m, and maximum depth of ≤3 m [27,28]. The Taihu Basin
is characterized by a complex set of river networks, including 172 rivers, tributaries, and
channels draining into the lake. A rapid boom of the economy and population in the
basin has significantly increased the load of nutrients discharged into the tributaries of
Taihu [29]. The consequent deterioration in lake water quality has been accelerated due
to severe and frequent HABs, which have led to serious environmental, economic, and
societal problems [30]. Despite a series of operations to control the eutrophication and
HABs in Lake Taihu taken by the Chinese government, their magnitude and frequency
have not decreased as much as expected from the mitigation efforts [31].

2.2. Sample Collection and In Situ Measurements

Sampling was carried out at 18 sites in June 2021 to represent the status of the Taihu
(Figure 1). The labile concentrations of N fraction and DOM in the sediment profiles
were measured in situ using the AMP-TH DGT and HR-Peeper devices (EasySensor Ltd.,
Nanjing, China), respectively. An interface recognition device was designed to accurately
identify the SWI for DGT and HR-Peeper deployment as described in the Supplementary
Materials. The physical parameters of overlying water were measured using a multisensory
probe (YSI-6600, YSI Incorporated, Yellow Springs, OH, USA), including temperature,
DO, pH, and ORP. Chlorophyll-a (Chl-a) was quantified spectrophotometrically following
extraction with 90% acetone for 24 h in the dark at 4 ◦C [7]. Surface sediments were collected
using a Peterson grab sampler (KH0201, VRERA, Changzhou, China) for subsequent
determination of microbial abundance. All the samples were delivered to the laboratory
immediately on the same day to minimize external interference. Sites 1–10 were located
in the AB-dominated regions: the northern and northwestern Zhushan Bay (sites 1–3),
Meiliang Bay (sites 4–6), and Gonghu Bay (sites 7–8); the northwestern part of the lake
(sites 9–10). Site 11 was located in the center of the lake without the problem of Abs nor the
distribution of macrophytes. Sites 12–15 were located in the southeastern bays dominated
by macrophytes, where site 15 has been dominated by aquatic vegetation over the years
under artificial intervention. Sites 16–18 were located in the southwestern part of Taihu
Lake, where macrophytes were completely absent but ABs were occasionally observed.
The detailed locations of the sampling sites are presented in Table S1.

2.3. Analysis of Sediment Microbial Abundance

Sediment nitrifier and denitrifier abundances were analyzed using qPCR, for which
AOB amoA, AOA amoA, and nosZ marker genes were selected. As reported previously,
the AOB amoA and AOA amoA genes are markers of ammonia-oxidizing bacteria and
ammonia-oxidizing archaea, the dominant nitrifiers in Taihu Lake [32,33], and the nosZ
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gene is a common marker of denitrifiers, encoding nitrous oxide reductase [34]. The qPCR
primers and programs are detailed in the Supplementary Materials (Table S2).
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Figure 1. Study area and 18 sampling sites in Taihu Lake, China.

2.4. Flume Simulation Experiment

Sediments were collected from Zhushan Bay (31◦24′38′′ N, 120◦02′12′′ E) using a
Peterson grab sampler and were immediately delivered to the laboratory for the flume
simulation experiment. These sediments were sieved with a 0.6 mm pore size mesh in order
to remove large particles and macrofauna, and then added into an annular flume up to
15 cm. This was followed by adding another sediment column to the flume sediments, with
the same height as the sediments in the flume. The overlying water collected from Taihu
was carefully added by siphoning using 5 silicone tubes with an inner diameter of 5 mm to
avoid disturbing the sediments. Overlying water at a height of 30 cm was maintained in
the flume and a hood for light proofing was added to the annular flume to prevent massive
algal breeding. A blower was set up in the annular flumes with a flow velocity of 0.1 m
s−1 based on the conditions of the sampling site in Lake Taihu. Additionally, tap water left
overnight was added for evaporation replenishment during the experiment. The schematic
of the flume is shown in Figure S2. After the sediments were pre-incubated in the flume
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for one month, 1000 mL fresh algae from Zhushan Bay was added into the flume to obtain
a concentration of Chl-a 2.50 mg L−1, similar to that recorded at Zhushan Bay during the
algae blooms [35]. The water temperature was also set to 25 ◦C using an air conditioner.
Our previous studies have indicated that the entire decomposition period of ABs varied
from 14 days to 42 days, depending on the illumination, wind fluctuation, Abs’ biomass,
and Abs’ vitality. Accordingly, day 0 (K, before adding fresh algae) and days 1, 5, 11, 38,
55, 85, and 108 were chosen as the sampling dates in the simulation experiment. DGT and
Peeper were deployed in the sediments, and the sediment column in the flume was taken
out to measure the DO and pH value using microelectrodes (OX-100, pH-500, Unisense,
Aarhus, Denmark). Subsequently, the sediment column was carefully returned to the flume.
The annular flume simulation experiment was used to simulate the decomposition process
after the outbreak of ABs in Taihu to help comprehensively understand N transport and
transformation under the influence of ABs.

2.5. DGT and HR-Peeper Analysis

Labile NH4
+-N and NO3

−-N were measured using AMP-TH DGT probes, whereas
NO2

−-N and DOM were measured using HR-Peeper. All probes were sealed in contain-
ers filled with deoxygenated 0.01 M NaCl solution for DGT tests or deoxygenated water
for HR-Peeper tests prior to deployment. The new flat-type DGT device (2 cm × 15 cm)
comprises a plastic housing, binding gel, diffusive gel, and filter membrane (Figure S3).
After retrieval from sediments, each probe was rinsed with deionized water to carefully
remove attached sediment particles. After that, the probes were placed in a container sealed
at air temperature before analyses to prevent moisture loss. The AMP-TH binding gels
were disassembled from the deployed DGT probes, then sliced vertically and evenly at
2 mm intervals using a cutter with a thickness of 1 mm (Easy Sensor Ltd., Nanjing, China)
that was made by stacking ceramic blades. Each slice was eluted using 0.8 mL of 1 M
NaCl for 24 h. Nessler’s reagent colorimetric method and the ultraviolet spectrophoto-
metric method were used to determine the concentrations of NH4

+-N and NO3
−-N in the

AMP-TH DGT eluents, respectively [36]. Microvolume eluents were measured using the
miniaturized spectrophotometry method and the Epoch microplate spectrophotometer
(BioTek, Winooski, VT, USA). The calculation of values obtained with DGT is described in
the Supplementary Materials.

There are 36 chambers filled with 400 µL deionized water covered by a 0.45 µm
cellulose nitrate membrane in the HR-Peeper device and an exposed 4 × 20 cm window
providing a 5.0 mm vertical resolution [26,37]. Once the soluble ions and molecules reached
equilibrium via diffusion through the dialysis membrane, the solution compositions in
the chambers were defined as those of the pore water (Figure S4). After retrieval of the
devices, negative internal pressure in the chamber was released by piercing the covering
cellulose nitrate membrane with a plastic micropipette tip (200 µL). The collected pore
water was then extracted and sequentially injected into a 1.6 mL 96-well microplate. The
NO2

−-N concentrations of the pore water were then determined using an Epoch microplate
spectrophotometer (BioTek, Winooski, VT, USA). In addition, the pore water in the HR-
Peeper chambers was collected to analyze the DOM in the overlying water (3 cm to SWI).
A Fluoromax-3 spectrometer (HORIBA Instruments Inc, Sunnyvale, CA, USA) was used to
analyze the excitation emission matrix (EEM) fluorescence spectrum of the extracted DOM.
The scan speed was set at 12,000 nm min−1, and the scanning ranges of excitation and
emission were 200–500 nm and 230–550 nm, with scanning intervals of 5 nm and 0.1 nm.
Milli-Q water was used as the blank of EEM, where Raman scatter peaks of the water
were eliminated.

2.6. Statistical Analysis

Spatial distributions of the apparent fluxes and concentrations of the DGT N frac-
tion across the SWI were plotted using Origin Pro 2018 64Bit software (Origin Lab Inc.,
Northampton, MA, USA). SPSS 22 for Windows (SPSS Inc., Chicago, IL, USA) was used for
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statistical analysis. The data from DGT-measurements were tested statistically at significant
level of p < 0.05 using one-way ANOVA (analysis of variance). The relationship between the
selected parameters and the DGT-measured concentrations was further analyzed through
simple linear regression and the Mantel test. Pearson’s correlation analysis was applied
to reveal the relationships between the concentrations of dissolved or labile elements and
nitrifier/denitrifier abundance. A t-test was used to show the significant differences in
nitrifier/denitrifier abundance between sites. Significant differences between treatments
were accepted at the level of p < 0.05. Parallel factor analysis (PARAFAC) was conducted
using MATLAB 2019a (Math Works Inc., Natick, MA, USA) software with the DOM Fluor
toolbox (http://www.models.life.ku.dk/, accessed on 30 June 2022), and the outliers were
removed through Rayleigh and Raman scattering correction.

3. Results and Discussion
3.1. Physicochemical Properties of the Water Layer above the Sediment

The physicochemical properties of the overlying water were analyzed at each sampling
site as presented in Table 1. The dissolved oxygen (DO) concentration ranged from 5.35
to 9.58 mg L−1 across all sampling sites. It was observed that the northern sampling sites
of Taihu generally had lower DO concentrations compared to the southern sites. This
difference can be attributed to higher algal biomass in the northern sites, which consumes
oxygen through respiration. The oxidation–reduction potential (ORP) values ranged from
244.8 to 299.1 mV, indicating an oxidized condition in the water layer at all sampling
sites. The pH values of the water layer varied from 7.30 to 8.34, indicating weak alkalinity.
The chlorophyll-a (Chl-a) concentration varied greatly among the sampling sites, ranging
from 12.26 to 249.33 µgL−1. This indicates that all sampling sites were in a eutrophic or
hypereutrophic state according to the Chl-a thresholds defined by Zhou et al. [9]. The
ammonium nitrogen (NH4

+-N) concentrations ranged from 1.23 to 12.37 mg L−1, while the
nitrate nitrogen (NO3

−-N) concentrations ranged from 2.39 to 7.91 mg L−1. Additionally,
the nitrite nitrogen (NO2

−-N) concentrations ranged from 0.03 to 0.20 mg L−1.

Table 1. Physicochemical properties of overlying water at 18 sampling sites in Taihu Lake, China.

Sample Sites DO (mg L−1) ORP (mV) pH Chl-a (µg L−1) NH4
+-N

(mg L−1)
NO3−-N
(mg L−1)

NO2−-N
(mg L−1)

1 5.73 273.3 7.60 15.17 5.98 7.91 0.03
2 5.67 261.7 7.68 137.38 12.37 2.69 0.05
3 6.75 249.7 8.18 80.97 3.65 7.07 0.05
4 6.77 244.8 8.01 105.12 2.66 3.75 0.04
5 6.65 247.0 8.09 15.58 1.80 4.12 0.20
6 6.65 249.4 8.13 13.83 3.60 4.78 0.04
7 8.83 263.0 8.34 58.54 5.11 6.73 0.04
8 7.23 269.0 8.26 47.13 3.25 4.82 0.08
9 5.35 269.6 7.61 12.26 8.89 3.68 0.17
10 9.58 267.4 8.11 112.26 12.15 2.39 0.06
11 8.65 284.2 7.39 89.89 5.74 7.00 0.07
12 8.66 251.7 7.54 23.25 1.23 5.11 0.05
13 8.72 276.6 7.64 13.93 10.42 6.25 0.05
14 9.22 282.6 7.74 13.57 11.44 4.84 0.07
15 7.43 286.8 7.30 34.05 8.73 5.52 0.08
16 9.04 299.1 7.47 47.79 2.78 7.32 0.07
17 9.09 290.6 7.65 44.83 8.27 7.41 0.12
18 9.02 289.8 7.72 249.33 8.13 7.08 0.15

3.2. Profiles of Nitrogen Fractions in the Sediments

The distributions of labile NH4
+-N in the sediment were examined using DGT mea-

surements, and the average concentrations at each depth are depicted in Figure 2. The
profiles of labile NH4

+-N showed different variation patterns among the sites, indicating

http://www.models.life.ku.dk/
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high heterogeneity. Two distinct patterns were observed in the one-dimensional profiles.
In the first pattern, the concentration of labile NH4

+-N increased sharply towards the
sediment surface (depth of 20~−20 mm, with negative values indicating depth below the
SWI), then decreased and became stable towards the bottom of the sediment. This pattern
was observed in 12 sites (sites 1, 2, 5, 9–11, and 13–18). Notably, sites 14, 15, and 16, located
in the southern part of Taihu and dominated by macrophytes, exhibited wider peaks. In
the second pattern, the labile NH4

+-N concentration remained relatively stable in the water
layer above the sediment and then increased sharply towards the sediment surface (depth
range of 10~−10 mm), after which it exhibited little variation with depth. The concentration
of labile NH4

+-N in the water layer was significantly lower than that in the sediment. This
pattern was observed in six sites (sites 3, 4, 6–8, and 12) located in the northern part of
Taihu, which were frequently dominated by algal blooms.
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Figure 2. Vertical distribution of labile NH4
+-N in sediment profiles of 18 sampling sites in Taihu Lake,

China. The dotted lines at the depth of zero show the position of the sediment–water interface (SWI).

The distribution of labile NO3
−-N concentrations at sites 1–12, 17, and 18 showed an

obvious diffusion gradient in the SWI (Figure 3). The labile NO3
−-N profiles showed an op-

posite trend to the second pattern of labile NH4
+-N distribution, which remained high in the

overlying water and sharply decreased downward in the range of 10~−10 mm, after which
the concentration distributions exhibited little variation with depth. In contrast, the labile
NO3

−-N concentrations at sites 14–16 increased downward in the range of 10~−10 mm.
These results provide evidence of diffusion of major nitrogen fractions between the overly-
ing water and sediment in the SWI. However, labile NO3

−-N concentrations at site 13 did
not change significantly in comparison.
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The distribution of NO2
−-N in the sediment profiles was determined using HR-Peeper

(Figure S5). The NO2
−-N profiles’ distribution was similar to that of NO3

−-N at most sites,
with the NO2

−-N concentration decreasing with depth or remaining relatively constant in
the range of 20~−20 mm. However, sites 16 and 17 showed an increase with depth in the
range of 20~−20 mm, and the NO2

−-N concentrations in the profiles were low, owing to
the fact that NO2

−-N was easily oxidized to NO3
−-N, which was an intermediate product

of the nitrification process.
Fluctuations in the DGT-labile N fraction curves of the sediment profiles could be

attributed to bioturbation by organisms such as Chironomus larvae and Corbicula fluminea [24].
Moreover, the sediments were highly heterogeneous, and the partition of the horizontal
variability in labile N profiles could demonstrate a corresponding change in N lability
originating from the sedimentation history and/or mechanistic processes [38]. Notably,
concentration gradients were observed in the labile N fraction in the SWI at most sites
in this study. This phenomenon has also been reported for phosphorus, sulfide, and
metal ions in lake sediment profiles [12,38,39]. Few studies have been carried out on
the distribution of labile N fractions in lake sediments, and significant differences in the
distribution patterns of labile N fractions at the different sites observed in this study have
rarely been reported. It is proved that high-resolution measurements have facilitated the
deciphering of this phenomenon.

3.3. Apparent Diffusion Flux of N across the SWI

Diffusion fluxes of labile NH4
+-N, NO3

−-N, and NO2
−-N across the SWI of all lake

sediments were calculated based on Fick’s First Law (Figure 4), where positive or negative
values indicate an upward or downward diffusion flux, respectively. The apparent diffusion
fluxes of labile NH4

+-N at the SWI ranged from −72.72 to 109.71 mg m−2d−1. Except for
sites 9, 11, 17, and 18, which showed negative values, the other sites showed positive
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values. The apparent diffusion fluxes of labile NO3
−-N and NO2

−-N at the SWI ranged
from −40.13 to 34.56 mg m−2d−1 and −2.05 to 0.78 mg m−2d−1, respectively. Labile
NO3

−-N fluxes showed positive values at sites 13, 14, and 16, while the other sites showed
negative values. Similarly, labile NO2

−-N fluxes showed positive values at sites 3, 16, and
17, whereas the other sites showed negative values.
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indicate an upward (downward) diffusion flux.

3.4. Absolute Abundance of Functional Genes in Sediment

Significant variation was observed in the abundance of nitrification and denitrification
genes between sampling sites. The abundance of the AOB amoA, AOA amoA, and nosZ
genes at the sampling sites varied from 5.81 × 106 to 6.31 × 108 copies/g, from 2.96 × 105

to 4.16 × 108 copies/g, and from 5.30 × 107 to 1.07 × 109 copies/g, respectively (Figure 5).
The abundance of nitrification and denitrification genes was significantly higher at sites 1, 5,
6, and 9, all of which were located in the northern region of Taihu and were frequently dom-
inated by Abs. Additionally, Pearson correlation analysis indicated that the abundance of
the AOB amoA, AOA amoA, and nosZ genes had significant positive relationships (p < 0.01).
Although no significant correlation was observed between gene abundance and NH4

+-N,
NO3

−-N, or NO2
−-N concentrations (p < 0.05), previous studies observed that in various

environments the nitrification and denitrification rates could be related to the abundance
of relative gene copies [40,41]. Therefore, high rates of nitrification and denitrification were
likely present at sites 1, 5, 6, and 9 in Taihu.
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The distribution characteristics of N fractions and microorganisms at different sam-
pling sites may differ significantly due to the decay and decomposition of algae. To further
investigate this, a flume simulation experiment was conducted after field surveys to com-
prehensively understand N transport and transformation under the influence of ABs.

3.5. The Impact of Algal Decomposition on Dissolved Oxygen and pH

Algal decomposition had a significant influence on DO concentrations and the pene-
tration depth across the SWI. Before the outbreak of ABs, DO concentrations ranged from
215.17 to 227.70 µmol L−1, and the penetration depth was approximately 10 mm (Figure S6).
However, after the addition of algae on day 1, DO depletion occurred dramatically, leading
to anoxia/hypoxia at the SWI. Small molecular dissolved organic matter (DOM) fills the
sediment pores during algal decomposition, on account of the oxygen consumption. Addi-
tionally, the mineralization of organic matter generally results in a depletion of DO [42]. The
overlying water gradually re-oxygenated with the collapse and complete decomposition of
algal colonies. It was not until day 55 that the DO level of the overlying water and OPD in
sediment recovered to pre-algal addition levels. Thus, changes in the DO concentrations
and oxygen penetration depth indicate that algal decomposition has a significant impact
on DO consumption in the sediments of algae-dominated zones, which often leads to a
subsequent decline in water quality, and fish death and biodiversity loss in lake ecosystems.
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Furthermore, algal decomposition also contributed to significant variations in vertical
pH across the SWI due to the release of carbon dioxide and organic acids [35]. Both the
overlying water and sediments exhibited weakly alkaline pH, with the values of the overly-
ing water being slightly higher than those of the sediments (Figure S7). The magnitude
of pH fluctuations within the sediment decreased below depths of approximately −20 to
−30 mm, which were deeper than that of OPD. The maximum pH value in the sediment
profiles appeared at the SWI. After the addition of algae on day 1, the pH value at the
SWI decreased significantly from 9.11 before the addition of algae to 8.73. However, the
pH values at the SWI recovered to their initial values by day 55. In anoxic sediments,
microbial processes such as the reduction of iron (III), manganese (IV), and sulfate could
induce an increase in pH, which might counteract the effect of carbon dioxide and organic
acids [43]. Therefore, the pH value only decreased significantly at the SWI, where the DO
concentration was the highest.

3.6. Impact of Algal Decomposition on DOM Variation

Algae is one of the most important DOM sources. The variation in EEM fluores-
cence with time during algal decay is shown in Figure S8. PARAFAC was applied to
further characterize and identify individual fluorescent groups in the EEM fluorescence.
Four unique fluorescent components were identified (Figure S9). Component 1 (C1) was
assigned to terrestrial humic-like components, which are widespread in freshwater ecosys-
tems and are associated with high-weight aromatic molecules [44,45]. Component 2 (C2)
was tentatively identified as a fulvic acid and allochthonous humic-like substance [46,47].
Component 3 (C3) was determined to be a humic-like component that occurs in fresh waters
and oceans [48]. C3 was correlated with biological activity, which could include potential
microbial reprocessing and/or phytoplankton degradation [49–52]. Component 4 (C4) was
mainly composed of tyrosine and protein-like substances, which primarily originated from
the degradation of microalgae and substantially humic-like components during transfor-
mation [47,53]. Thus, the main fluorescent components of DOM in the overlying water
during algal decay were humic-like components, which could subsequently form organic
colloids and organic–inorganic ligands, stimulating the release of internal phosphorus and
nutrients for continuous ABs in the eutrophic lake.

Furthermore, the maximum fluorescence intensity (Fmax) of each component demon-
strates the concentration of fluorescent DOMs (Figure S10). The Fmax of C1, C2, and C4
increased sharply after the algal outbreak and decreased with algae decomposition, re-
maining at a low level after day 55. However, the fluorescence intensity of C3 did not
decrease over time after reaching Fmax. The results indicated that C1, C2, and C4 were
readily available components, while C3 was recalcitrant for biodegradation. The Fmax of C1
correlated positively and significantly with the Fmax of C2 (r2 = 0.803, p < 0.05), and the Fmax
of C2 correlated positively and significantly with the Fmax of C4 (r2 = 0.905, p < 0.01). This
indicates reciprocal transformations between C1 and C2, and C2 and C4, closely associated
with the algal biomass, respectively [54].

3.7. Impact of Algal Decomposition on Nitrification and Denitrification

The distribution pattern of NH4
+-N in the sediment changed with the algae decay

(Figure S11). On days 1, 5, and 11, a prominent obvious concentration peak was observed
at the SWI, which belonged to the first pattern of NH4

+-N distribution. However, from day
38, the concentration peak disappeared, steep concentration gradients were observed at the
SWI, and the vertical distribution of NH4

+-N (the second pattern of NH4
+-N distribution)

became visible. Control K, which was not affected by algae, also showed the second pattern,
indicating that algae decomposition significantly changed the distribution pattern of NH4

+-N
in the sediment. Accordingly, the peak of NH4

+-N concentrations in the SWI might be
attributed to algal decomposition. Furthermore, on day 1 of algae addition to the flumes,
the profiles of the NH4

−-N and NO3
−-N concentrations were lower than that of the control

owing to the prompted release of N from the sediment into the overlying water where
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algal growth absorbs labile N (Figure S12). Later, algae decomposition increased NO3
−-N

and NO2
−-N concentrations in the overlying water to levels higher significantly than those

in the sediment (Figures S12 and S13). It is suggested that this triggered the nitrifying
community, which helped to restart the coupled loop of nitrification–denitrification [55].
The difference in concentration gradients between the sediment and overlying water
decreased with the progressive decomposition of the algae.

Additionally, the algal bloom completely altered the function of the sediment sources
and sinks (Figure 6). Before the addition of algae, the apparent diffusion flux of NH4

+-N
was negative and that of NO3

−-N and NO2
−-N was positive in the sediment, indicating

that the sediment played the role of a sink for NH4
+-N, and source of NO3

−-N and NO2
−-N.

However, after the addition of algae, a completely reverse diffusion flux was observed
(except on days 55 and 85, when the flux of NO2

−-N was positive), and the sediments
became a source of NH4

+-N and a sink for NO3
−-N and NO2

−-N. Previous studies have
shown that the time of flux reversal is related to the density of algae, with an earlier reversal
attributed to a higher algal density [13]. The results of the laboratory flume simulation
experiment were consistent with the diffusive flux results from the field investigation in
Taihu, indicating that the change in the direction of the diffusive flux was correlated with
the algal decay. A positive diffusive flux of NH4

+-N was observed during algal decay due
to a large amount of algal sinking in the SWI and a substantial release of NH4

+-N into
the overlying water from the decomposed algal cells. Thereafter, NH4

+-N was oxidized
to NO2

−-N and NO3
−-N through nitrification in the aerobic layer [17], because of which

an increase in the NO2
−-N and NO3

−-N concentration in the overlying water occurred.
The diffusion of NO2

−-N and NO3
−-N from the overlying water into the sediment along

the concentration gradient was finally removed through denitrification under anaerobic
conditions [23]. Thus, algal decay contributes to the removal of N from eutrophic lakes.

A previous investigation has reported that the duration of algae deposition after algae
addition varied from 14 to 42 days, depending on the actual physicochemical proper-
ties [56]. Aggregates produced by the decaying algae were deposited to the SWI to form a
benthic bioclastic mat, which amplified the scope of the anaerobic area in the SWI [39,57],
leading to a predominance of denitrification (Figure 7). However, the water column is not
continuously anoxic in shallow lakes because of wind and wave disturbances, which could
alleviate oxygen penetration into sediments and increase the amount of available oxygen
for nitrification [34]. Furthermore, most nitrifying bacteria tend to inhabit spaces with lower
or limited oxygen, such as the oxic–anoxic interface. Thus, the NH4

+-N released by algal
decay was transformed into NO3

−-N and NO2
−-N through nitrification, resulting in an

accumulation of NO3
−-N and NO2

−-N at the SWI. The sediments became sinks rather than
sources of NO3

−-N and NO2
−-N, which provided sufficient substrate for denitrification.

In addition, the rapid degradation of algae dramatically produces large amounts of DOM,
thus providing an additional carbon source for denitrifiers and triggering the growth of
microorganisms. As a result, denitrification was accelerated in deeper anoxic sediments,
which accelerated nitrogen removal from the water column and greatly improved denitrifi-
cation efficiency. With further complete decomposition of the AB residues, the quality of
the water column gradually recovered and the depth of DO penetration increased, leading
to nitrification becoming the main reaction. Consequently, deep microporous aeration is
recommended to increase DO availability in the SWI in eutrophic lakes.
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4. Conclusions

High-resolution in situ techniques were applied in field investigation and flume sim-
ulation experiments to decipher the transformation and transport of labile N under the
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presence of ABs in lakes. This study indicated that the decomposition of ABs could induce
an increase in DOM concentration and a decrease in DO penetration depth and pH in the
SWI, which resulted in the concentrations of labile N increasing at the sediment–water
interface (SWI) with altered diffusion patterns in the sediments. According to the present
study, ABs stimulate the release of NH4

+-N, which is subsequently transformed into NO3
−-N

and NO2
−-N through nitrification. This conversion leads to a significant increase in the

concentrations of NO3
−-N and NO2

−-N at the sediment–water interface. The decompo-
sition of algae also causes an increase in the concentration of dissolved organic matter,
a decrease in dissolved oxygen penetration depth, and a reduction in pH near the SWI.
These changes promote denitrification processes in the sediments. Additionally, the decom-
position process impacts the distribution patterns of nitrogen and the convertible role of
sediments as either a “source” or a “sink” of nitrogen. This investigation provides evidence
regarding the migration and transformation of nitrogen fractions and offers insights into
the dynamic processes occurring at the SWI in eutrophic lakes. However, the dynamics of
N were shown to be seasonally limited, and our field investigation was conducted only
once during the AB outbreak in summer. Consequently, further investigations in different
seasons are necessary for a better understanding of N transformation and transport in
eutrophic lakes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w16020341/s1, Figure S1: The schematic of DGT deployment device.
(A) In-situ deployment of DGT and HR-Peeper probes in Lake Taihu; (B) Plastic discs for identifying
the sediment-water interface; Figure S2: Schematic of the annular flume. (A) shows the plan form;
(B) shows profiles of annular flume; (C) is the picture of annular flume. To avoid the excessive
crosswise disturbance of the wind, the sediment cores were deployed in the annular flume which on
the opposite side of the blower equipment; Figure S3: Structure of the traditional flat-type diffusive
gradients in thin-film (DGT) device (a) and the new flat-type DGT device (b), the DGT device
comprises plastic housing, binding gel, diffusive gel, and filter membrane; Figure S4: The structure of
the HR-Peeper. (a) the HR-Peeper was assembled by base plate, plastic window, outer frame and
inter frame, in the assembly of the HR-Peeper, the chambers were filled with deionized water and
covered with a cellulose nitrate membrane (i.e., dialysis membrane; Whatman, 0.45 µm pore size), all
the components were bound together using plastic fastener. (b) the lateral view and elevation view
of HR-Peeper; Figure S5: Vertical distribution of labile NO2

−-N in sediment profiles of 18 sampling
sites in Lake Taihu, China. The dotted lines at the depth of zero show the position of the SWI; Figure
S6: Dissolved oxygen concentration variation of sediment profile during ABs decay. The dotted lines
at the depth of zero show the position of the SWI; Figure S7: The pH variation of sediment profile
during ABs decay. (The computer connected to the microelectrode system failed on day 11 and the
data could not be re-determine, resulting in a straight line in the profile). The dotted lines at the
depth of zero show the position of the SWI; Figure S8: The variation of excitation emission matrix
fluorescence of the concentration of DOM in the overlying water during ABs decay; Figure S9: Four
unique fluorescent components of DOM in the overlying water during ABs decay; Figure S10: The
maximum fluorescence intensity (Fmax) of each component during ABs decay; Figure S11: Vertical
distribution of labile NH4

+-N in sediment profiles during ABs decay. The dotted lines at the depth of
zero show the position of the SWI; Figure S12: Vertical distribution of labile NO3

−-N in sediment
profiles during ABs decay. The dotted lines at the depth of zero show the position of the SWI; Figure
S13: Vertical distribution of labile NO2

−-N in sediment profiles during ABs decay. The dotted lines at
the depth of zero show the position of the SWI; Table S1: Geographic information of the 18 sampling
sites in Lake Taihu, China; Table S2: The qPCR primers and programs. References [58–62] are cited in
the Supplementary Materials.
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