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Abstract: Ecological water diversion is an important method to improve water quality in lakes and
reservoirs. But the environmental effects, from the ecological water diversion project (EWDP) to
the internal release of sediment nutrients, remain unclear. In this study, an indoor simulation of an
EWDP with different treatment scenarios with water transfer proportions of 25%, 50%, 75% and 100%
was conducted to study the effects of water diversion on sediment nitrogen and phosphorus release
in Lake Wanshandang. Our results showed that the flux of NH3–N released from the sediments in
the western and eastern areas of Lake Wanshandang was significantly reduced after water transfer
treatment, and the degree of reduction increased with increased water transfer. Specifically, the
release flux of NH3–N in the sediment in the western area decreased from 18.02 mg/(m2/d) to
−2.25 mg/(m2/d) when the transferred water reached 100% replacement of the original overlying
water. The effect of water transfer treatment on the release flux of SRP from sediment varied greatly
throughout the lake. After treatment, the SRP release flux in the western and central areas increased
significantly, while it decreased in the eastern area. The NH3–N and SRP concentrations changed
from 0.12–0.27 mg/L and 0.02–0.049 mg/L to 0.28–0.84 mg/L and 0.01–0.066 mg/L before and after
the water transfer treatment. Our statistical analysis showed that the change in NH3–N and SRP
release fluxes after treatment was significantly negatively correlated (p < 0.05) with concentrations
of NH3–N or SRP in the overlying water before and after water transfer. We suggest the increase
in NH3–N and SRP concentrations in the overlying water after the water transfer treatment led to
the subsequent decreased NH3–N or SRP release flux, while the decrease in SRP concentration in
overlying waters enhanced SRP release from the sediment. The differences in the concentrations of
nitrogen and phosphorus between the original overlying water and the transferred incoming water
are important factors affecting the release of nutrients from sediment.

Keywords: ecological water diversion; sediment; nutrients; internal release

1. Introduction

Eutrophication and water quality degradation are major environmental problems
facing freshwater lakes globally [1]. In recent years, engineering-based measures to improve
lake water quality, such as ecological water diversion projects (EWDPs), have been widely
used in the treatment of eutrophic lakes [2–4]. In China, the first inter-basin water diversion
project, Yinluaninto Tianjin, effectively improved and maintained better water quality in the
Yuqiao Reservoir, thus stopping the long-term issue of more than 700,000 people drinking
high-fluoride water [5,6]. An EWDP effectively reduced water pollution in some areas
of Lake Taihu, mitigating the effects of a cyanobacteria outbreak in 2007 and improving
water quality indicators, such as dissolved oxygen (DO) and ammonia nitrogen (NH3–
N), in the Gonghu Water Plant from lower than Class V to Class III [7,8]. In the United
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States, the introduction of Mississippi River water into Lake Pontchartrain reduced the
total nitrogen (TN) concentration by 26–30% and the total phosphorus (TP) concentration
by 50–59% [9]. In addition, there are other examples of EWDPs globally, such as Lake Da
water being introduced into Lake Qin [10], Dathuang [11] and Niulanshan–Dianchi water
supplies (China) [12]; Lake Veluwe (Netherlands) [13]; and Lake Tega (Japan) [14]. These
EWDPs typically improve water quality conditions in the receiving water body, enhance
mobility/overturning, shorten the water displacement cycle and help meet residential
needs for safe water.

However, while studies have shown EWDPs can replenish water quantity or improve
water quality in the short term, they do not completely solve water pollution problems
in lakes [15]. The effects of EWDPs in eutrophicated lakes are easily affected by natural
factors, such as lake area, wind direction and flow [16,17]. For small lakes (<50 km2,
e.g., Lake Moses), which are less disturbed by the surrounding environment, TP and
chlorophyll-a tend to decrease by more than 70% after ecological water diversion, with
significant improvements in water quality [2]. However, for large shallow lakes (e.g., Lake
Taihu), water quality improvements are less significant because of influences from the
scale of water diversion and complex boundary conditions [18]. Ecological water diversion
invariably changes nutrient concentrations in the overlying water and will therefore have an
impact on sediment nutrient accumulation, transfer and diffusion. The results of one study
investigating changes in TP in Jidai and Taihu Lakes showed that ecological water diversion
did not show strong correlations with the rebounding TP concentrations in 2016, but longer-
term, high-volume water diversion affects the equilibrium between sediment accumulation
and the release of nutrients, such as nitrogen (N) and phosphorus (P) [19]. Another study of
six small- and medium-sized reservoirs in Zhuhai (China) found that the P concentrations
in reservoir sediments tended to increase when more highly polluted rivers were used
to divert water into the reservoir [20]. Within a lake environment, particularly eutrophic
shallow lakes, sediments are an important place for the transfer and transformation of major
pollutants as well as an important internal source and sink of N and P nutrients [21,22].
Thus, large inputs of additional N and P nutrients affect the nutrient concentrations in
overlying waters and the internal nutrient load of sediments; this has the potential to
disrupt the dynamic balance of nutrients between sediments and overlying water [23],
causing changes in the transfer of nutrients between sediments and overlying water. In
the medium and long term, the continuous input of incoming water with different water
quality affects the existing transfer and transformation state of N and P nutrients in these
sediments. However, there are only a few studies investigating how EWDPs affect the
release, transfer and transformation of internal nutrients in lake sediments.

Considering the significance of ecological water diversion projects, the effects of diver-
sion projects on sediment nutrients release in terminal lakes are of great importance, which
have not been well studied yet. Nowadays, in China, local governments and construc-
tion units are increasingly implementing ecological water diversion projects to deal with
ecological problems such as eutrophication in lakes and reservoirs [3,5–8]. These projects
have enhanced the water quality and lessened the degradation of the water environment
of lakes [5–8] but have also raised new potential problems including disruption to the
original physical and chemical balance of lake water, affecting various geochemical cycles
of important nutrients. Moreover, most of the lakes involved in these projects are eutrophic
and shallow, which often face internal pollution from nitrogen and phosphorus nutrients. A
reasonable hypothesis is that water diversion projects are expected to influence the natural
transfer and transformation patterns of internal nutrients across the sediment–water inter-
face in lakes. However, it is still unclear to what extent and in which way water diversion
can affect internal release. To our knowledge, there are still no relevant studies to answer
these questions to date.

This study was based on the Yangtze–Taihu Water Diversion, a large-scale ecological
water diversion project (EWDP) involving the Wangyu River and small lakes located to
the west of its west bank. The effects of Wangyu River water diversion on internal N
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and P nutrient release from Lake Wanshandang sediments were studied, and a causal
relationship between internal nutrient release from shallow lake sediments and ecological
water diversion was suggested. This study provides a theoretical basis for the control and
management of internal pollution in sediments underlying water bodies at the receiving
end of EWDPs.

2. Materials and Methods
2.1. Sample Area and Collection

Lake Wanshandang (31◦34′–31◦36′ N, 120◦29′–120◦33′ E) is located within the dense
water network of Taihu Plain in the Yangtze River Delta. The total lake area is about
1.68 km2, with an average water depth of about 2.1 m; it is a typical small, shallow lake on
the outskirts of a city (Wuxi, Jiangsu Province, China). The Wanshandang region is located
in the subtropical humid climate zone, with an annual average temperature of 14–22 ◦C and
annual average precipitation of 1052.8 mm. Lake Wanshandang is long and narrow with
upstream areas receiving incoming water from the Wuxi Jiuli River and other urban rivers
and downstream effluent flowing into the Wangyu River through Jialingtang and finally
into Gonghu Bay (Lake Taihu). Due to the influence of industrial wastewater in upstream
areas, urban sewage and agricultural non-point source pollution, the water quality in Lake
Wanshandang has deteriorated annually and has not reached a satisfactory surface water
standard in the past three years; the main pollution factors are NH3–N and TP. In addition,
there are many tributaries that flow into Lake Wanshandang, and these have poor water
quality. Pollution then flows into the Wangyu River via Lake Wanshandang, and then
into Lake Taihu, threatening its drinking water safety and ecological security. In response,
the local government has initiated the Xishan ‘263’ Water Control Project, which includes
constructing a gate and a dam at the east entrance of Lake Wanshandang. Subsequently,
water from the Wangyu River is pumped into Lake Wanshandang using high-power water
pumps, creating a flow from the southeast to the northwest in the lake. This project aims to
enhance the water quality in the lake.

In this study, three sediment sampling sites (WSD1, WSD2 and WSD3) were set up in
the west, central and east areas of Lake Wanshandang for sediment and water sampling,
respectively (Figure 1). In situ sediment cores and overlying water samples were collected
for the incubation experiment at each sampling site in March 2020. And another water
sampling site was set up in Wangyu River for the collection of the overlying water used
for water transfer. All the sampling sites were set up under the consideration of the
hydrodynamic conditions, the area and the shape, as well as the inflows and the outflows
of the lake. A gravity corer (50 cm length, internal Ø 8.4 cm) was used to collect sediment
cores (depth greater than 20 cm) during sediment sampling. The sampling process ensured
a visibly undisturbed sediment–water interface. In total, 15 sediment column samples were
collected at each sampling site. Furthermore, a plexiglass water collector (1 L) was used
to collect in situ water samples at the depth of 20 cm under the surface of each sampling
site in Lake Wanshandang and Wangyu River. In total, 15 × 20 L in situ overlying water
samples were collected at each sampling site at Lake Wanshandang, and an additional
water sampling site in Wangyu River recovered 40 L of in situ overlying water. All collected
water samples were packed in 25 L polyethylene buckets. Water subsamples were placed
into 50 mL polypropylene bottles for the analysis of TN and TP; further subsamples (50 mL)
were filtered through disposable filter heads (aperture 0.45 µm, Ø 2.5 cm) at the sampling
site and placed into 50 mL polypropylene bottles for the analysis of total dissolved nitrogen
(TDN), total dissolved phosphorus (TDP), NH3–N and soluble reactive phosphorus (SRP).
Three parallel samples were set up over each sampling site and refrigerated in an incubator
at −4 ◦C. All water and sediment samples were immediately transported back to the State
Key Laboratory of Lakes and Environment, Nanjing Institute of Geography and Limnology
(Chinese Academy of Sciences), for analysis and simulation experiments.
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Figure 1. Sampling sites in Lake Wanshandang and Wangyu River (the red dots represent cities and
the red triangles represent sampling sites; the blue arrows represent the natural flow direction of
rivers and channels and the red arrows represent the flow direction of water diversion).

2.2. Experimental Design

To better study the release of N and P nutrients from Lake Wanshandang sediments
under different water transfer conditions from Wangyu River, a total of five sediment
internal release simulation experiments were set up; there was one control (CK) group
where the replacement volume of water was 0% and four different water transfer treatment
groups with three parallel experiments set up for each treatment group. The four different
water transfer treatment groups were T1 (25% replacement volume); T2 (50% replacement
volume); T3 (75% replacement volume); T4 (100% replacement volume). All water samples
for the water transfer experiment were filtered by using a nylon sieve (−400 mesh) to
remove large particles and algae. This kind of filtered water was used for the replacement
water. In this study, the focus was on the static release of N and P from sediments [24].

First, in situ sediment was placed in the incubating column (50 cm length, internal
Ø 8.4 cm), and the sediment depth was set at 20 cm. Then, the above-mentioned filtered
water was carefully introduced with small drops at the very beginning, and then with a
very small flow along the column wall into the corresponding incubating column by a
siphon in order to keep the sediment–water interface undisturbed throughout. During
the experiment, the height of the water column in the culture column was maintained at
20 cm. The ambient temperature of sediment release was set at room temperature, which
was consistent with the average temperature at Lake Wanshandang and the experimental
season. The incubation was conducted indoors under dark conditions to prevent influence
from light. During the incubation, all sediment columns were maintained in open-mouth
static conditions. Dissolved oxygen was measured 5 cm below the water surface with a
portable dissolved oxygen meter. During the experiment period, the water column was
kept oxic with a DO > 5 mg/L. During the experiment, 50 mL of water from each culture
column was collected at 0, 12 h, 24 h, 36 h, 48 h, 60 h and 72 h after release; these were then
filtered through 0.45 µm acetate fiber filters and frozen at −8 ◦C. After all samples were
collected, NH3–N and SRP concentrations were analyzed.

After each sampling process, 50 mL of the filtered water samples from the original
sampling site and the filtered water samples with different water replacement volumes were
added into each corresponding culture column to maintain the integrity and stability of the
simulation system. The calculation of sediment release flux is shown in Formula (1) [25].

r = [V(Cn − C0) + ∑n
n=1 Vi−1(Ci−1 − C0)]/A · t (1)

where r is the release flux [mg(m2·d)]; V is the volume (L) of overlying water in the column;
Cn, C0 and Cj−1 are concentrations (mg/L) of a substance at the initial and j − 1 sampling
steps, respectively; Vj−1 is the j − 1 sampling volume (L); A is the contact area between
water and sediment in the sample (m2); t is the release time (d).



Water 2024, 16, 1065 5 of 13

2.3. Analysis and Detection
2.3.1. Water Body Physical Parameters

In this study, while collecting samples, a multi-parameter water quality analyzer
(Horiba U 50) was used to monitor the basic physical indicators, including DO, pH, redox
potential (ORP), electrical conductivity (EC), total dissolved solids (TDS), turbidity and
salinity, of the water at each sampling site.

2.3.2. Water Body Chemical Parameters

Chemical measurements made in this study included TN, TDN, TP, TDP, NH3–N
and SRP. TN and TDN were determined by alkaline potassium persulfate digestion and
ultraviolet spectrophotometry. TP and TDP were determined by potassium persulfate
digestion and molybdenum–antimony resistance spectrophotometry. NH3–N was deter-
mined by Nessler reagent colorimetry and SRP was determined by molybdenum–antimony
resistance spectrophotometry. The spectrophotometer used was a UV–visible spectropho-
tometer (UV-2750, Shimadzu, Japan), and all analyses were carried out with reference to
corresponding water and wastewater monitoring methods [26].

2.3.3. Data Processing and Statistical Analysis

In this study, all graphs and statistical analyses were created and conducted by using
OriginPro 2022 (OriginLab Corporation, Northampton, MA, USA). Pearson correlation
analysis was employed to test the relation between the fluxes of NH3–N and SRP changes
before and after the water transfer treatment and the release flux of internal NH3–N and SRP.
One-factor analysis of variance (ANOVA) was employed to analyze the difference in TN,
TDN, TP, TDP, NH3–N and SRP in the original water samples of Lake Wanshandang and
Wangyu River as well as the release fluxes of NH3–N and SRP nutrients at each sediment
sampling site. Paired Comparison Plot APP in OriginPro 2022 was employed for post hoc
multiple comparison tests for parameters with significant differences after the ANOVA to
analyze differences in tested factors among different treatments or sampling sites.

3. Results
3.1. Basic Physicochemical Characteristics of Water Bodies

The basic physical properties of the water at the sampling sites in Lake Wanshandang
and Wangyu River are shown in Table 1. The monitoring results showed that the DO at each
sampling site was sufficient to support an aerobic state. The pH showed spatial variations,
where pH was higher in the northwestern lake area and lower in the eastern lake area and
Wangyu River. Spatial differences in ORP in Lake Wanshandang were small, but the redox
conditions were relatively poor. The ORP of Wangyu River was obviously higher, and it
showed a weak oxidation state. The EC, TDS and turbidity of Lake Wanshandang showed
a decreasing trend from northwest to southeast. The turbidity in Wangyu River was similar
to that in the middle area of Lake Wanshandang, which was significantly higher than that
in the eastern area of Lake Wanshandang. Meanwhile, compared with Lake Wanshandang,
the pH, EC and TDS in Wangyu River were lower.

Table 1. Basic physical parameters of Lake Wanshandang and Wangyu River.

Sampling Site DO (mg/L) pH ORP (mV) EC (mS/cm) TDS (g/L) Turbidity (NTU) Salinity (%)

WSD1 11.23 8.35 73 0.397 0.243 36.6 0.02
WSD2 13.32 8.22 79 0.341 0.207 31.4 0.02
WSD3 10.54 7.62 81 0.284 0.171 17.8 0.01

Wangyu River 12.45 6.94 285 0.257 0.167 31.1 0.01

The concentrations of N and P nutrients in the waters of Lake Wanshandang and
Wangyu River are shown in Figure 2. The concentrations of TN and TDN in Lake Wan-
shandang were 1.51–2.19 mg/L and 1.40–1.95 mg/L, respectively, whereas the TN and
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TDN concentrations in Wangyu River were higher (2.54 mgL and 2.42 mgL, respectively).
The TN of WSD1 was in the state of Class V, while the TN of WSD2, WSD3 and Wangyu
River were lower than Class V, which indicated a poor state (Table S1) [27]. In the overlying
waters across all sites, N was mainly dissolved (89.04–93.69% in Lake Wanshandang, 95.28%
in Wangyu River). The distributions of TP and TDP in Lake Wanshandang were relatively
uniform, with TP concentrations ranging from 0.13 to 0.14 mg/L and TDP concentrations
ranging from 0.06 to 0.07 mg/L. However, concentrations of TP and TDP in Wangyu River
were lower (0.07 mgL and 0.05 mgL, respectively). Despite this, the TP of Lake Wanshan-
dang was in the state of Class V, while the TP of Wangyu River was in the state of Class II
(Table S1) [27]. The proportion of dissolved P in Lake Wanshandang was 42.86–53.85%,
accounting for about half of TP, while the proportion of dissolved P in Wangyu River was
higher (71.43%). The NH3–N concentrations in Lake Wanshandang and Wangyu River
were 0.12–0.27 mg/L and 0.28 mg/L, respectively. The NH3–N concentration at WSD2 was
closer to the Wangyu River value. The NH3–N of WSD2, WSD3 and Wangyu River were in
the state of Class II, while the NH3–N of WSD1 was in the state of Class I (Table S1) [27].
The SRP concentration in Lake Wanshandang was 0.020–0.049 mg/L, and that in Wangyu
River was 0.037 mg/L. Specifically, the SRP concentrations at WSD1 and WSD2 were higher
than that in the Wangyu River, while the SRP concentration at WSD3 was lower.
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concentrations of TP, TDP, and SRP. Different letters indicate whether there are significant differences
in nutrient levels among different sites).

The analysis results (Figure 2) showed that there are significant differences in TN,
TDN and NH3–N between Wangyu River and Lake Wanshandang. The concentrations
of the above indicators in Wangyu River were significantly (p < 0.05) higher than those
in Lake Wanshandang. The SRP concentration in Wangyu River was significantly higher
than that in the eastern area of Lake Wanshandang (p < 0.05), but also significantly lower
than that in the western area of Lake Wanshandang (p < 0.05). However, there were no
significant differences in TP and TDP concentrations in the two water bodies (p > 0.05).

3.2. Static Release

The internal N and P release characteristics of Lake Wanshandang sediments after dif-
ferent water transfer treatments are shown in Figure 3. The NH3–N and SRP concentrations
changed from 0.12–0.27 mg/L and 0.02–0.049 mg/L to 0.28–0.84 mg/L and 0.01–0.066 mg/L
before and after the water transfer treatment (Figure 2). With increasing proportions of
water transference from Wangyu River, the release flux of sediment NH3–N gradually
decreased. After water transfer treatment, the NH3–N release flux at WSD1 gradually de-
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creased from 18.02 mg(m2·d) (T1 treatment) to −2.25 mg(m2·d) (T4 treatment). Meanwhile,
the water transfer treatment at WSD2 had little effect on the NH3–N release flux, with
fluxes ranging from 14.43 mg/(m2·d) to 18.37 mg/(m2·d). Similar to WSD1, the NH3–N
release flux at WSD3 decreased from 17.83 mg(m2·d) (T1 treatment) to 8.02 mg(m2·d)
(T4 treatment). For WSD1, when the proportion of replaced water increased from 25% to
100%, the changing rate of NH3–N release flux decreased from −48.34% (T1 treatment) to
−112.49% (T4 treatment). Similarly, it decreased from −-13.47% (T1 treatment) to −55%
(T4 treatment) at WSD3.
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Figure 3. Characteristics of internal nitrogen and phosphorus release from Lake Wanshandang
sediment after four different water transfer treatments. CK = 0% water transfer replacement; T1 = 25%
water transfer replacement; T2 = 50% water transfer replacement; T3 = 75% water transfer replacement;
T4 = 100% water transfer replacement (positive values in (a,b) represent the direction of the release
flux as an upward release from the sediment to the overlying water, and negative values represent
the direction of the release flux as a downward diffusion from the overlying water to the sediment.
The changing rate of flux in the y-axis in (c,d) is the increase or decrease percentage in the release flux
of NH3–N and SRP after water transfer treatment compared to the release flux of NH3–N and SRP
from CK. Different letters indicate whether there are significant differences in nutrient levels among
different sites).

With an increase in water transfer proportions, the release of sediment SRP at WSD1
and WSD2 gradually increased. After water transfer treatment, the SRP release flux at WSD1
gradually increased from −4.11 mg(m2·d) to −0.98 mg(m2·d). Similarly, the SRP release
flux at WSD2 gradually increased from −7.00 mg(m2·d) to −1.23 mg(m2·d), showing a
more pronounced increase. However, the release flux of SRP at WSD3 showed a gradually
decreasing trend as a whole, from −0.74 mg (m2·d) to −1.22 mg (m2·d). The changing rate
of SRP release flux from the sediments at each site in Lake Wanshandang also varied with
the increasing proportion of water transfer. After water transfer treatment, the changing
rate of SRP release flux from WSD1 and WSD2 sediments showed a gradual increase with
increased water transfer, with an opposite trend for WSD3 sediments. The change in SRP
release at WSD1 gradually increased from 13.26% (T1 treatment) to 76.23% (T4 treatment).
Similarly, it increased from 19.62% (T1 treatment) to 82.43% (T4 treatment) at WSD2;
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this was in contrast to WSD3 sediments, where it gradually decreased from −8.79% (T1
treatment) to −65.67% (T4 treatment) at WSD3.

After the water transfer treatment, an increase in the volume of water transfer resulted
in a noticeable decrease in the NH3–N release flux in the sediments of both the western and
eastern areas of Lake Wanshandang. The reduction in NH3–N release flux was particularly
pronounced in the western area of Lake Wanshandang. Notably, when the water transfer
volume exceeded 50%, the release flux was significantly lower compared to the CK (p < 0.05).
On the contrary, after the water transfer treatment, an increase in the water transfer volume
led to a clear rise in the SRP release flux in the sediments of the western and central parts
of Lake Wanshandang. Specifically, when the water transfer volume exceeded 50% and
25%, the sediment SRP release flux was significantly higher than that of the CK at WSD1
and WSD2 (p < 0.05) (Figure 3a,b).

4. Discussion

A large number of studies have shown that in eutrophic shallow lakes, the release of
internal N and P from sediments is an important factor leading to high concentrations of N
and P in overlying waters and affecting eutrophication status [28,29]. The average contents
of sediment TN and TP of Lake Wanshandang reached 2129 mg/kg and 2456 mg/kg,
respectively, indicating relatively highly polluted water [30]. A previous study conducted
by Yunben Li [30] found that the release potential of internal dissolved N and P nutrients
in Lake Wanshandang sediments was high but that release fluxes of NH3–N and SRP
were minimal in spring. This study found relatively lower P release flux compared with
previous research [30], but the N release flux was still higher than most lakes. After water
transfer treatment, the release of NH3–N and SRP from Lake Wanshandang sediments
obviously changed, with different sediment characteristics across the sampling sites. Results
regarding the static release of N and P before and after water transfer showed that the
NH3–N concentration ratio ([NH3–N]mixed: [NH3–N]original, where mixed represents after
water transfer) was significantly negatively correlated with NH3–N release flux and flux
changing rate (r = −0.95, p < 0.01; r = −0.99, p < 0.01; Figure 4). This indicated that
increasing NH3–N concentrations in overlying waters after water transfer resulted in
a decrease in the internal NH3–N release flux and the release potential of sediments
and, specifically, the greater the increase in NH3–N concentrations in overlying waters,
the greater the decrease in the release flux. Before water transfer ([NH3–N]mixed:[NH3–
N]original was 1.0), sediment NH3–N throughout the study area was in a state of release
from the sediment to the overlying water. Since NH3–N concentrations in the Wangyu
River were higher than in Lake Wanshandang, following the water transfer experiment,
NH3–N concentrations in the overlying water increased because of introduced water from
Wangyu River. This then affected the original dynamic release balance of NH3–N and
reduced the release flux of NH3–N from the sediment. The results of this study showed that
the differences in original NH3–N concentrations in the overlying waters of the Wangyu
River and Lake Wanshandang sampling sites were WSD1 > WSD3 > WSD2 (Figure 2c).
Specifically, ([NH3–N]mixed:[NH3–N]original) at WSD1 represented the maximum (1.55–2.36),
while ([NH3–N]mixed:[NH3–N]original) at WSD2 represented the minimum (1.01–1.06) after
water transfer. With an increase in water transfer proportions, the release flux and flux
changing rate of sediment NH3–N decreased most obviously at WSD1, while those did not
decrease significantly at WSD2 (Figure 3a,c). Ion diffusion is one important pathway for
the release of dissolved NH3–N from sediments to overlying water [31,32], and the NH3–
N concentration difference between sediments and overlying water is the main driving
force for this diffusion [33]. The results of this study confirmed that the transfer of water
from Wangyu River increased the NH3–N concentrations in the overlying water of Lake
Wanshandang, and this process reduced the concentration difference of NH3–N between
the sediment and overlying water. Thus, this reduced the static release capacity of NH3–N
in Lake Wanshandang sediments.



Water 2024, 16, 1065 9 of 13

Water 2024, 16, x FOR PEER REVIEW 9 of 13 
 

significantly at WSD2 (Figure 3a,c). Ion diffusion is one important pathway for the release 
of dissolved NH3–N from sediments to overlying water [31,32], and the NH3–N concen-
tration difference between sediments and overlying water is the main driving force for 
this diffusion [33]. The results of this study confirmed that the transfer of water from 
Wangyu River increased the NH3–N concentrations in the overlying water of Lake 
Wanshandang, and this process reduced the concentration difference of NH3–N between 
the sediment and overlying water. Thus, this reduced the static release capacity of NH3–
N in Lake Wanshandang sediments. 

The water transfer treatment also significantly changed the release of P from sedi-
ments. After water transfer treatment, the internal SRP release flux of sediments at WSD1 
and WSD2 increased significantly, while the internal SRP release flux of sediments at 
WSD3 decreased significantly (Figure 3b). In contrast to NH3–N, no statistically significant 
correlation was found between the release flux of the sediment SRP and SRP concentration 
ratio in overlying water before and after water transfer ([SRP]mixed: [SRP]original; p > 0.05), 
but there was a significant negative correlation between the flux changing rate of sediment 
SRP and ([SRP]mixed: [SRP]original; r = −0.89, p < 0.01). With the increase in ([SRP]mixed: [SRP]orig-

inal), the flux changing rate of sediment SRP was exhibited as a linear decreasing trend. 
Higher SRP concentrations in the overlying water after water transfer resulted in a greater 
decrease in the flux changing rate of sediment SRP. SRP concentrations in the overlying 
water of WSD1 and WSD2 were the same as and higher than the Wangyu River before 
water transfer, while the SRP at WSD3 was lower (Figure 2d). Following the transfer of 
Wangyu River water, SRP concentrations in overlying water under different water transfer 
experiment conditions decreased significantly at WSD1 and WSD2, compared to the orig-
inal water. Conversely, the SRP concentration at WSD3 showed an increase to varying 
degrees. Specifically, ([SRP]mixed: [SRP]original) decreased (0.82–0.98) at WSD1 and WSD2, 
while ([SRP]mixed: [SRP]original) increased significantly at WSD3 after water transfer (1.33–
1.84). This was a direct result of the introduction of higher SRP-containing Wangyu River 
water to sediments from the three study sites. Thus, the transfer of water from Wangyu 
River changed the SRP concentration of overlying water in Lake Wanshandang and then 
affected the release of internal P from sediments. This effect was regulated by the SRP 
concentrations of the overlying water in each area. Where the SRP concentration of the 
original water body was higher (higher than the inflow), internal SRP release flux from 
sediment was significantly accelerated after water transfer because of the increase in the 
concentration gradient of P from sediment to the overlying water. In areas where the SRP 
concentration of the original water body was low (lower than the incoming water), sedi-
ment SRP release flux was reduced after the water transfer because of the decrease in the 
concentration gradient of P from sediment to the overlying water. 

 
Figure 4. Release flux and flux changing rates of (a)NH3–N and (b) SRP in relation to the corre-
sponding N or P concentration ratios before and after water transfer. 

In eutrophic shallow lakes, internal sediments act as both a source and sink of N and 
P, and internal dissolved N and P migrate between soil and water interfaces through static 

Figure 4. Release flux and flux changing rates of (a) NH3–N and (b) SRP in relation to the correspond-
ing N or P concentration ratios before and after water transfer.

The water transfer treatment also significantly changed the release of P from sediments.
After water transfer treatment, the internal SRP release flux of sediments at WSD1 and
WSD2 increased significantly, while the internal SRP release flux of sediments at WSD3
decreased significantly (Figure 3b). In contrast to NH3–N, no statistically significant
correlation was found between the release flux of the sediment SRP and SRP concentration
ratio in overlying water before and after water transfer ([SRP]mixed: [SRP]original; p > 0.05),
but there was a significant negative correlation between the flux changing rate of sediment
SRP and ([SRP]mixed: [SRP]original; r = −0.89, p < 0.01). With the increase in ([SRP]mixed:
[SRP]original), the flux changing rate of sediment SRP was exhibited as a linear decreasing
trend. Higher SRP concentrations in the overlying water after water transfer resulted in
a greater decrease in the flux changing rate of sediment SRP. SRP concentrations in the
overlying water of WSD1 and WSD2 were the same as and higher than the Wangyu River
before water transfer, while the SRP at WSD3 was lower (Figure 2d). Following the transfer
of Wangyu River water, SRP concentrations in overlying water under different water
transfer experiment conditions decreased significantly at WSD1 and WSD2, compared
to the original water. Conversely, the SRP concentration at WSD3 showed an increase to
varying degrees. Specifically, ([SRP]mixed: [SRP]original) decreased (0.82–0.98) at WSD1 and
WSD2, while ([SRP]mixed: [SRP]original) increased significantly at WSD3 after water transfer
(1.33–1.84). This was a direct result of the introduction of higher SRP-containing Wangyu
River water to sediments from the three study sites. Thus, the transfer of water from
Wangyu River changed the SRP concentration of overlying water in Lake Wanshandang
and then affected the release of internal P from sediments. This effect was regulated by
the SRP concentrations of the overlying water in each area. Where the SRP concentration
of the original water body was higher (higher than the inflow), internal SRP release flux
from sediment was significantly accelerated after water transfer because of the increase in
the concentration gradient of P from sediment to the overlying water. In areas where the
SRP concentration of the original water body was low (lower than the incoming water),
sediment SRP release flux was reduced after the water transfer because of the decrease in
the concentration gradient of P from sediment to the overlying water.

In eutrophic shallow lakes, internal sediments act as both a source and sink of N and
P, and internal dissolved N and P migrate between soil and water interfaces through static
diffusion, biological irrigation, physical disturbance and other processes [34,35]. In most
lakes, static release is the main mechanism of the interfacial transfer of internal N and P
pollutants. Important factors affecting the internal static release from sediments include
water temperature, pH, redox potential, sediment moisture content, porosity, N and P
load and N and P nutrient salt forms, but the main driving factor is the concentration
gradient of corresponding ions at the sediment–water interface. The ideal static release
mode is that target ions in interstitial water migrate between the sediment–water interface,
as driven by the concentration gradient, and the direction of transfer can be either from the
sediment upward to the overlying water or from the overlying water into the sediment.
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Therefore, concentration gradients play a crucial role in the release of internal pollutants
from sediments.

After ecological water transfer introduces water with different characteristics, the con-
centration of N and P in the original overlying water of the receiving water body changes,
followed by a different concentration gradient between the original overlying water and
the interstitial water at the sediment–water interface. This can produce changes in the
diffusion direction and flux of corresponding chemical species at the sediment–water inter-
face. Thus, release fluxes change (Figure 5). Specifically, if the concentration of NH3−N
or SRP in overlying water is unchanged after water transfer, the concentration balance
between overlying water and sediment is unchanged, and the release flux of corresponding
sediment is unchanged. However, if the concentration of NH3−N in overlying water
increases after water transfer, the flux of NH3−N from sediment will decrease to a large
extent. The slight increase in NH3−N release from sediments in some cases can be at-
tributed to minimal differences in NH3−N concentration before and after water diversion,
along with the complex transfer and transformation processes of NH3−N itself. In fact,
this is demonstrated at WSD2, where the NH3−N concentration of original water was
the same as the Wangyu River used for water transfer (Figure 2c), while the release flux
changed little after water transfer treatment (Figure 3a). Similarly, if the SRP concentration
in overlying water increases after water transfer, the SRP release flux decreases. Although
the transfer of Wangyu River water can increase NH3−N concentrations in the overlying
water of Lake Wanshandang in the short term, it reduces sediment NH3−N flux into Lake
Wanshandang, which controls NH3−N concentrations in the overlying water. In contrast,
effects on the flux of SRP from Lake Wanshandang sediments were different at different
sites, and thus, a consistent effect of reducing the release from sediments cannot be achieved
after water transfer.
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According to the results of this study, the effect of transferred water on the release
of internal N and P nutrients from Lake Wanshandang sediments mainly depends on the
quality of the inflow from Wangyu River and the concentration of N and P nutrients in
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different areas of Lake Wanshandang. As a result of the spatial and temporal heterogeneity
of N and P distribution in lake water and sediment, the effects of trans-water transfer on the
release of N and P nutrients in receiving water bodies are complex. The biggest advantage
of an EWDP is the obvious improvement in overlying water quality in a short period of time.
This leads to improvements in the hydrodynamic conditions of water bodies, as well as the
self-purification capacity of water bodies [17]. However, in the long run, changes in the
dynamic balance of N and P between overlying water and sediments can cause the release
of corresponding pollutants from in situ sediments. Thus, we recommend conducting long-
term multi-angle (such as time, space and types of pollutants) observations and assessments
of the transfer and transformation of key pollutants in various water bodies and sediments
affected by EWDPs to scientifically evaluate and efficiently manage the environmental
benefits. To be clear, nutrient release from sediments in shallow lakes can be affected by
many bio-physical processes such as mechanical disturbances like wind–wave disturbance
and bioturbation. Therefore, more complicated responses of nutrient release imposed by
water diversion should be carefully studied in the future.

5. Conclusions

The effects of ecological water transfer on the release of internal N and P nutrients
from Lake Wanshandang sediments were analyzed. The results showed that the transfer of
Wangyu River water had significant effects on the release of internal N and P from Lake
Wanshandang sediments under different water transfer experimental conditions. After
water transfer treatment, the release flux of NH3−N from sediments in the western and
eastern areas decreased significantly, and this decrease increased with greater water trans-
ference. The SRP release flux from sediments in the western and central areas increased
significantly after water transfer treatment, while it decreased in the eastern area. Water
transfer treatment obviously changed the concentrations of NH3−N and SRP in the overly-
ing water, which affected the dynamic balance between the sediment and the overlying
water and led to the corresponding changes in N and P concentrations. The results of this
study showed that increases in NH3−N and SRP concentrations in overlying water after
water transfer treatment reduces the release of NH3−N and SRP from sediments. EWDPs
are complex and long-term initiatives, with an expectation that environmental effects will
be larger scale and last for a longer period than demonstrated here. To clarify the impact
and mechanism of ecological water diversion on the internal release of pollutants from
shallow lake sediments, it is necessary to conduct more intensive and long-term studies.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/w16071065/s1, Table S1: Environmental quality standards
for TN, TP and NH3−N for surface water of China (C represents the concentrations of TN, TP and
NH3−N in each row).
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