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A B S T R A C T   

Internal nutrient loadings pose a high risk of being an additional N and P source, exacerbating eutrophication 
and deteriorating water quality. In this study, we selected the Daheiting Reservoir (DHTR) in North China, with a 
pronounced water level gradient, to investigate internal N and P loadings, estimate N and P fluxes across the 
sediment‒water interface based on the pore water profiles, and reveal the potential effects of water discharge 
from an upstream reservoir and high-intensity cage aquaculture on the risks of internal N and P release. The 
results indicated that DHTR presented with severe internal nutrient loadings, and the N and P fluxes showed 
significant spatiotemporal variations. NH+

4 − N and soluble reactive phosphorus (SRP) fluxes were higher in deep 
areas (averages of 26.14 and 9.9 mg m− 2 d− 1, respectively) than in shallow areas near inflows (averages of 5.0 
and 1.24 mg m− 2 d− 1, respectively). Unexpectedly, the estimated NH+

4 − N and SRP fluxes were the lowest in 
summer (averages of 3.94 and 0.33 mg m− 2 d− 1, respectively), which may have been influenced by seasonal 
thermal stratification and copious discharge from the hypolimnion of the upstream reservoir (Panjiakou 
Reservoir). Comparison of annual internal and external N and P loadings revealed that water discharge from the 
upstream Panjiakou Reservoir was the dominant source of N and P to the reservoir, contributing up to 83.6% of N 
input and 55.4% of P input. The internal P loading also contributed to water eutrophication to a great extent, 
accounting for 34.7% of the total P input. Our results highlight the impact of upstream reservoir discharge 
operation on downstream reservoir water quality and the importance of controlling the internal nutrient loading 
in cascade reservoirs, and further provide theoretical and practical foundations for the development of policies 
and strategies to conserve reservoir ecosystems.   

1. Introduction 

Since the 20th century, various degrees of eutrophication have been 
reported in many lakes and reservoirs worldwide (Conley et al., 2009; 
Paerl et al., 2018; Zhang et al., 2020). Nitrogen (N) and phosphorus (P) 
are critical nutrients for maintaining primary productivity in lake and 
reservoir ecosystems, and are also the major limiting elements for 
eutrophication (Elser et al., 2007; Schindler et al., 2016; Seitzinger and 
Kroeze, 1998). Intense increases in N and P in the water column can 
aggravate toxic cyanobacterial blooms, posing a threat to the water 

supply of freshwater ecosystems (Orihel et al., 2013; Ye et al., 2009). To 
reverse lake and reservoir eutrophication, considerable efforts have 
been made to reduce external N and P pollution. However, for water 
bodies with high internal loading, even if external nutrients inputs are 
effectively controlled, the continued release of N and P from sediments 
could continue to hinder water quality improvement for decades, 
delaying the recovery process (Jeppesen et al., 2005; Sugimoto et al., 
2014; Wu et al., 2017). Therefore, management and reduction of the 
internal N and P loadings are vital for effective freshwater ecosystem 
restoration. 
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In the process of exploring the mechanism of lake and reservoir 
eutrophication, it is crucial to analyze the nutrient migration mechanism 
across the sediment‒water interface (SWI) (Lei et al., 2018). The 
nutrient transportation and conversion process across the SWI is com-
plex, and may be influenced by environmental and internal factors. The 
main environmental factors are temperature, pH, dissolved oxygen 
(DO), redox potential, and hydrodynamic disturbance; internal factors 
mainly include bioturbation, and nutrient forms in sediment and their 
concentration (Sondergaard et al., 2003; Song et al., 2017; Yang et al., 
2020; Zhang et al., 2008). For example, NH+

4 − N is generated by the 
mineralization of organic N in sediment and adsorbed on the mineral 
surface or stored in pore water in the form of NH+

4 − N; NH+
4 − N in the 

pore water is then released upwards and becomes an important source of 
N in the overlying water (Markou et al., 2007; Wen et al., 2018). Labile-P 
is regarded as immediately available P, combined with sediment parti-
cles through physical adsorption, which is unstable and readily released 
into overlying water and promotes eutrophication by direct algal uptake 
(Rydin, 2000; Zhou et al., 2001). 

The release of nutrients in shallow lakes and reservoirs is often 
affected by sediment resuspension (Havens et al., 2007; Tammeorg 
et al., 2015). Strong resuspension may result in a higher nutrient con-
centration gradient at the SWI than before the resuspension event, 
whereas mild resuspension may in turn dilute the nutrient concentration 
of the first few millimeters of surface sediment (Tammeorg et al., 2020). 
Nevertheless, other mechanisms may also play important roles in N and 
P release from sediment. For example, N and P release increases as the 
temperature increases, indicating that temperature is a key driver in 
shallow ecosystems (Jiang et al., 2008; Yang et al., 2020). Furthermore, 
extensive studies have proved that reductive dissolution of Fe-bound P 
was the major mechanism of P mobilization in sediments (Ding et al., 
2016; Markovic et al., 2019). For sub-deep lakes and reservoirs with 
obvious water level gradients, shallow regions (<10 m) near inflows 
may lack thermal stratification throughout the year (Chen et al., 2018), 
and the main N and P release mechanisms may be similar to those of 
shallow lakes. However, in deep water areas (<50 m), seasonal strati-
fication can be the primary factor affecting physical, chemical, and 
biological processes and nutrient circulation (Chen et al., 2018; Wang 
et al., 2016). Longitudinal development of thermal stratification can 
lead to variation in DO in the water column, thereby affecting nutrient 
release potential from sediment (Nowlin et al., 2005). Accelerated 
sediment P release during seasonal anoxia was found in stratified lakes 
and reservoirs (Anderson et al., 2021; Wang et al., 2016). Seasonal ex-
change and sudden convective mixing between the bottom and upper 
water may break the temporary stratification and allow nutrients to flow 
into the upper water, resulting in water quality deterioration and algal 
blooms. This is unlikely to occur in deep lakes and reservoirs where the 
water is sufficiently deep to allow permanent thermal stratification 
(Chen et al., 2018). Therefore, more attention should be paid to the risk 
of internal N and P release of sub-deep lakes and reservoirs. 

There are many cascade reservoirs in the world, especially in 
developing countries, and are used for hydropower, water supply, flood 
control, and other purposes (Moran et al., 2018). The accumulation of 
nutrients in artificial reservoirs and the high risk of sediment nutrient 
release have been well documented worldwide (Chen et al., 2019; Lima 
et al., 2022; Rocha and Lima et al., 2022). River damming can retain 
nutrients, accelerate the eutrophication process of a reservoir, and affect 
nutrient bioavailability in downstream reservoirs (Maavara et al., 2015; 
Chen et al., 2020). Additionally, the management and operation of up-
stream reservoirs can affect downstream reservoirs and rivers (Chen 
et al., 2018). For example, water discharged from an upstream reservoir 
would influence the water temperature of a downstream reservoir and 
disrupt seasonal stratification, thereby affecting the nutrient biogeo-
chemical cycle in aquatic ecosystems and the internal loadings of the 
reservoir (Olsson et al., 2022). To date, there have been few studies on 
the impact of upstream reservoir drainage operation on the internal 

nutrient loading. 
Daheiting Reservoir (DHTR) is the key node of the cascade reservoir 

in the water diversion project from Luanhe River to Tianjin City in North 
China. The water flows from the Panjiakou Reservoir through Luanhe 
River into DHTR and thereafter into the Yuqiao Reservoir via Li River 
(Wen et al., 2020). Due to the disorderly development of cage aqua-
culture in DHTR since the 1990s, the accumulation of fish baits and 
excrements have rapidly deteriorated the water body and accelerated 
eutrophication (Wen et al., 2019b). To improve the water quality, the 
regional government mandated fish cage cleaning between October 
2016 and May 2017. However, due to the long-term contamination of 
DHTR caused by cage culture, N and P have been continuously released 
from the sediment into the water column, resulting in the frequent 
occurrence of large cyanobacteria bloom in recent years (Liu et al., 
2020; Wen et al., 2020). In China, many water bodies have been polluted 
severely by aquaculture (Jia et al., 2017; Meng et al., 2021; Wang et al., 
2021). However, the spatiotemporal variations of internal N and P fluxes 
following high-load accumulation of nutrients have rarely been studied. 

We hypothesized that the N and P cycling mechanisms may differ 
between upstream and downstream for reservoirs characterized by a 
pronounced water level gradient. N and P cycling mechanisms in the 
shallow areas near inflows may resemble in shallow lakes, while the 
mechanisms may be influenced by seasonal thermal stratification in the 
deep areas near the dam. We further hypothesized that regulatory 
operation of the upstream reservoir could affect the redox environment 
at the SWI of the downstream reservoir, thus affecting the risk of N and P 
release. In addition, the N and P release rates may be comparatively 
higher in regions with abundant fish cages as a result of high endoge-
nous pollution loadings. The aims of this study were to: (1) Investigate 
the spatiotemporal variations in the physicochemical properties of the 
overlying water and the internal N and P loadings of the reservoir with 
pronounced water level gradients; (2) reveal the potential impact of 
water discharge from the upstream reservoir on the spatiotemporal 
heterogeneity of N and P release from the sediment; and (3) evaluate the 
internal N and P loading intensities of the reservoir affected by intensive 
aquaculture and the relative impacts of external and internal loadings. 
The results of this study will provide a reference for eutrophication 
management in cascade reservoirs. 

2. Materials and methods 

2.1. Study area 

DHTR (40◦12′–40◦21′N, 118◦15′–118◦19′E) is located on the main 
stream of the Luanhe River, 30 km downstream of Panjiakou Reservoir 
(PJKR) in Hebei Province, China. It has a temperate monsoon climate, 
with warm and wet summers and cold and dry winters. DHTR was built 
and activated in 1986, controlling a watershed area of 35,100 km2, with 
a total length of 22 km and a total storage capacity of 337 × 106 m3 (Wen 
et al., 2019b). DHTR is the key intermediate reservoir in the water 
diversion project from Luanhe River to Tianjin City, with the main 
function of meeting the water demand of Tianjin and Tangshan cities. 
DHTR receives regulated water from PJKR, raises the water level, and 
transfers the water to Yuqiao Reservoir (YQR) (Gong et al., 2019; Wen 
et al., 2020). Over the past 20 years, fish cages have inundated the 
reservoir and were distributed in the areas covering the sampling sites 
denoted as D1‒D5 in the present study (Fig. 1), resulting in the accu-
mulation of high nutrient and organic matter contents in the sediments. 
The external sources of DHTR include the discharge from the upstream 
PJKR, inflows from Sahe River (a tributary of Luan River), and non-point 
sources from surface runoff surrounding the reservoir. The annual 
rainfall distribution in DHTR was not uniform, and rainfall was mainly 
concentrated in July and August (Fig. 2a). From April–June, discharge 
from PJKR was moderate, increased sharply due to the influence of 
heavy rain during July and August, and then decreased to an extremely 
low level in September and the subsequent months (Fig. 2b). Meanwhile, 
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the manager of the cascade reservoirs wishes to decrease the water 
temperature of DHTR by increasing the discharge from PJKR in summer, 
so as to curb the outbreak of harmful algal blooms. 

2.2. Sample collection and processing 

Sampling was performed in March (winter) (just after the ice- 
breaking), May (spring), August (summer), and November (autumn) 
(ice-free period) in 2018. To understand the variations of water quality 
in the reservoir, 35 sampling sites were uniformly distributed (Fig. 1) to 
collect the overlying water samples using polyethylene bottles. Surface 
sediment of the 35 sites were sampled in the initial sampling campaign 
(March 2018) to investigate sediment nutrient loadings. To examine the 
variation of water temperature (WT) and DO stratification in DHTR, a 
free flow depth-setting sampler (HYDRO-BIOS KIEL, Germany) was used 
to sample the water at a 5-m interval in front of the dam (D1 site). WT, 
DO, pH, and oxidation‒reduction potential (ORP) of water samples 
were measured in the field using a multi-parameter water quality meter 
(YSI, Yellow Springs, OH, USA). Water depth (WD) was measured with a 
portable ultrasonic water depth meter (SM-5, Laylin, USA). Seven 
representative sites were selected from the 35 sampling sites for sedi-
ment core collection with a gravity corer (D = 90 mm; L = 500 mm). 
D1–D3 sites (average water depth ≥14.6 m) were located in deeper 

water areas near the dam, and D4–D7 sites (average water depth ≤11 m) 
were located in the relatively shallow areas near the inflows (Fig. 1). 

After sampling, the sediment cores were immediately transported to 
the laboratory with care taken to avoid disturbing the SWI. Sediment 
cores were not collected at D7 site during the summer as the WD was too 
low to permit sampling boat access. All cores were incubated in a 
constant-temperature water tank in the dark. The incubation tempera-
ture was similar to in-situ water temperature (±2 ◦C). The high-reso-
lution peeper (HR-peeper) was vertically inserted into the cores to 
sample sediment pore water and was retrieved 2 d after deployment. 
Then, the pore water was sampled to a 96-well microplate for ammo-
nium (NH+

4 − N) and soluble reactive phosphorous (SRP) concentration 
measurements. The HR-peeper and the sampling operation were 
described in detail in Xu et al. (2012) and Johnston et al. (2009). 

2.3. Calculation of N and P diffusive fluxes 

The vertical profiles of NH+
4 − N and SRP in pore water were used to 

estimate the diffusion fluxes across the SWI according to Fick’s first law 
of diffusion (Ullman and Aller, 1982), as follows: 

F =φDs
∂c
∂x∣

x=0 

Fig. 1. Locations of sampling sites and map of annual average water depths at Daheiting Reservoir. The areas from the red solid line to the downstream dam were the 
areas where the fish cages were distributed. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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where F represents the NH+
4 − N and SRP diffusive fluxes (mg m− 2 d− 1), 

φ is the surface sediment porosity, ∂c
∂x∣x=0 represents the NH+

4 − N and SRP 
concentration gradients between the surface sediment and the bottom of 
overlying water, and Ds represents the sediment diffusion coefficients of 
NH+

4 − N and SRP (10− 6 cm− 2 s− 1), which could be calculated according 
to empirical equations provided by Ullman and Aller (1982), as follows: 

Ds =φD0...φ < 0.7  

Ds =φ2D0....φ < 0.7  

where D0 is the theoretical diffusion coefficient for infinite dilution of 
solution. 

2.4. Laboratory analysis 

The DO concentration at SWI and the oxygen penetration depth 
(OPD) of the sediment cores were measured using a Unisense Micro-
profiling System (Unisense A/S, Aarhus, Denmark). Porosity was 
measured with a cutting ring (Graca et al., 2004). Loss on ignition (LOI) 
was determined by calcinating the sediment at 550 ◦C for 4 h. Fresh 
sediment was freeze-dried under vacuum conditions and then ground 
and passed through a 100-mesh sieve for analysis. Total organic carbon 
(TOC) was determined by potassium dichromate oxidation‒ferrous 
sulphate titrimetry (Jin and Tu, 1990). Total phosphorous (TP) contents 
in sediment were analyzed by molybdenum blue method to determine 
the phosphate concentration in all extracts after sample calcination at 
450 ◦C and acid extraction (Pardo et al., 2003). Sediment total nitrogen 
(TN) was extracted with alkaline potassium persulfate and evaluated 
spectrophotometrically. Labile phosphorus (labile-P) in the sediment 
was extracted with 1 mol L− 1 NH4Cl and analyzed by UV-VIS spectro-
photometry (SHIMADZU UV-2550, Japan). Labile nitrogen (NH+

4 − N, 
NO−

3 − N, and NO−
2 − N) in the sediment was extracted with 2 mol L− 1 

KCl and the extracts were centrifuged, filtered, and measured (Shannon 
et al., 2011). The NH+

4 − N, NO−
3 − N, and NO−

2 − N concentrations in the 
water samples and extracts were determined with Nessler’s reagent, UV 
spectrophotometry, and N-(1-Naphthyl) ethylenediamine dihydro-
chloride spectrophotometry, respectively. SRP was determined by 
ammonium molybdate spectrophotometry (Murphy and Riley, 1962). 
The TN and TP in water columns were determined by digestion of 
alkaline potassium persulfate at high temperature (Jin and Tu, 1990). 

2.5. Statistical analysis 

Significant differences between samples were analyzed by the non- 
parametric Kruskal‒Wallis test. Spearman’s rank correlation was used 

to test the correlations between variables. Statistical analyses were 
performed using SPSS Statistics v. 22.0 (IBM Corp, Armonk, NY, USA). 
Data were plotted with Origin 2021b (OriginLab Inc, Northampton, MA, 
USA) and Arcmap v. 10.2 (ESRI Inc, Redlands, CA, USA). Kriging 
interpolation in Arcmap was used to display spatial variations in the 
physicochemical properties of water columns and sediments. 

3. Results 

3.1. Basic physicochemical properties of overlying water and sediment 

The physicochemical properties of the overlying water in DHTR 
varied spatiotemporally (Table S1). The pH varied from 7.16 to 10.07, 
indicating an alkaline water. NO−

3 − N was the predominant species of 
DIN in the overlying water. The SRP concentration was higher in spring 
and autumn than in winter and summer. The TN/TP value varied from 
26.7 to 356.9 in DHTR. WD increased in the direction from the reservoir 
entrance to the dam (Fig. 1). During spring, summer, and autumn, WT 
was lower in the inlet areas than the main reservoir and the areas near 
the dam, whereas the distribution pattern was reversed in winter 
(Fig. S1). 

The spatial patterns of nutrients and organic matter in the surface 
sediments of DHTR are shown in Fig. 3. Sediment TN, NO−

3 − N, NH+
4 −

N, TOC, and LOI all gradually decreased from the deep areas near the 
dam to the reservoir entrance. The labile-P content was slightly high in 
the largely partial deep areas (Fig. 3). As shown in Fig. 4, the OPDs were 
deeper in spring and summer than in autumn and winter. Spatially, the 
OPDs were deeper and the DO concentrations were higher in the shallow 
water areas, whereas hypoxia was more intense in the deep areas. 

3.2. Vertical variations in water temperature and DO and their seasonal 
stratification 

Vertical variations in WT and DO in deep regions near the DHTR dam 
(D1 site) are shown in Fig. S2. DHTR had obvious seasonal water tem-
perature stratification. Spring and summer were the thermal stratifica-
tion periods. With the decrease of temperature, thermal stratification 
receded in autumn and disappeared altogether in winter. Due to the lack 
of oxygen exchange in the vertical direction affected by thermal strati-
fication, DO stratification was also obviously developed. DO concen-
tration was lower in hypolimnion than in surface water in winter. In 
summer, the DO concentration decreased whereas DO stratification was 
weak (Fig. S2). This was because the water bodies were partially verti-
cally mixed under the influence of rainfall and large flow discharge 
scheduling during July and August (Fig. 2), resulting in DO in hypo-
limnion being partially replenished (5.84 mg L− 1), and DO in surface 

Fig. 2. (a) Precipitation and (b) inflows and outflows of Daheiting Reservoir in 2018 (Data source: Haihe River Water Conservancy Commission, Ministry of Water 
Resources of China). 
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water being depleted (8.55 mg L− 1). After the discharge dispatching 
ceased in September and October (Fig. 2b), DO stratification was espe-
cially pronounced in autumn and hypoxia was more severe. 

3.3. Vertical distributions of NH+
4 − N and SRP in sediment‒water 

profiles 

The average NH+
4 − N concentrations in pore water were 6.65 

mg L− 1, 8.37 mg L− 1, 9.77 mg L− 1, and 8.13 mg L− 1 in winter, spring, 
summer, and autumn, respectively (Fig. 5). The average NH+

4 − N con-
centration was highest in summer and lowest in winter. Spatially, the 
NH+

4 − N concentration was higher in the deep areas (D1–D3) than the 
relatively shallow areas (D4–D7) in winter, spring, and autumn. The 
NH+

4 − N concentration showed little change above the SWI; whereas, it 
generally increased with depth below the SWI. In the relatively shallow 
areas (D4–D7), the NH+

4 − N concentration showed strong vertical 

Fig. 3. Spatial patterns of nutrients and organic matter in the surface sediments.  

Fig. 4. DO profiles across the SWI from seven sampling sites (D1‒D7) in four seasons. The 0-mm depth represents the SWI.  

M. Zhang et al.                                                                                                                                                                                                                                  



Journal of Environmental Management 320 (2022) 115884

6

variation in summer and an extremely small change in winter. However, 
the NH+

4 − N profiles in the deep areas (D1‒D3) showed significantly 
weak variations in summer. 

The SRP concentration in pore water showed an evident spatiotem-
poral variation (Fig. 6). The average SRP concentrations in pore water 
were 1.58 mg L− 1, 1.82 mg L− 1, 0.39 mg L− 1, and 0.65 mg L− 1 in winter, 
spring, summer, and autumn respectively, which indicated that SRP 
concentration was significantly higher in winter and spring than in 
autumn and summer (p < 0.05). Compared to the shallow areas near the 
inflows (D4–D7), the deeper areas near the dam (D1–D3) had higher SRP 
concentrations and stronger vertical variations. Different from the 
variation of NH+

4 − N profiles, the SRP concentration increased steadily, 
peaked at 10–30 mm, and gradually decreased thereafter. The vertical 
distribution of SRP changed dramatically in spring and winter. Inter-
estingly, the vertical variations of SRP were minimized in summer and 
were basically unchanged. 

3.4. NH4
+− N and SRP fluxes at the SWI 

The NH+
4 − N fluxes showed spatiotemporal variability with a range 

of 0.39–56.80 mg m− 2 d− 1; the average values were 12.08 ± 1.43, 16.23 

± 2.73, 3.94 ± 1.03, and 24.33 ± 2.16 mg m− 2 d− 1 in winter, spring, 
summer, and autumn, respectively (Fig. 7). In summer, the NH+

4 − N flux 
reached the lowest level and was significantly lower than that in autumn 
(p < 0.05) (Fig. 7). The NH+

4 − N flux gradually increased from the 
shallow water areas near the entrance to the deep areas (Fig. 8). 
Spearman’s correlation analysis showed that the NH+

4 − N flux had no 
correlation with the N forms in the overlying water (Table S4). 

The SRP fluxes varied from 0.01 to 24.79 mg m− 2 d− 1, reaching the 
lowest level in summer (average 0.33 ± 0.14 mg m− 2 d− 1) and the 
highest level in winter (average 13.12 ± 2.74 mg m− 2 d− 1 (Fig. 7). 
Spatial variation in SRP flux showed a similar pattern to that of NH+

4 − N 
flux (Fig. 8). No correlation was found between SRP flux and TP or SRP 
in the overlying water (p < 0.05) (Table S4). 

4. Discussion 

4.1. Conditions of water column and sediment contamination 

According to the Chinese environmental quality standard for surface 
water (GB3838-2002), the TN concentration in DHTR exceeded class 
five (V) throughout the year, especially in winter. The TP concentration 
was in class three (III) during spring and autumn and class four (Ⅳ) 
during winter and summer. Guildford and Hecky (2000) suggested that 
the TN/TP value was indicative of which nutrient could become limi-
tation for growth in lakes and oceans. N-deficient growth was apparent 
at TN/TP < 9, whereas P-deficient growth occurred when TN/TP > 22.6, 
and at intermediate ratios, either N or P can become deficient. In this 
study, we observed P limitation throughout the year. 

Based on the assessment criteria for TN and TP pollution in sedi-
ments developed by the U.S. Environmental Protection Agency (EPA) 
(USEPA, 2002), the contents of both reached severe pollution levels in 
this study. Organic matter in sediment is one of the important indicators 
of endogenous pollution and organic nutrient levels in lakes and reser-
voirs, which plays an essential role in the N and P migration and release 
process (Zhao et al., 2013). Sediment TN had a significant positive 
correlation with TOC (p < 0.01) (Table S3), suggesting that sediment TN 
was mainly derived from organic matter. By contrast, sediment TP was 
not correlated with TOC, which indicated that TP was determined by 
other sediment constituents than organic matter (Knosche, 2006). Due 
to the different stability of N release and transformation in different 
organic matter types, the C/N ratio is commonly used to reveal the 
organic matter source and type (Thornton and Mcmanus, 1994). Studies 
have shown that higher C/N ratios generally indicate terrigenous 
organic matter, whereas lower C/N ratios represent organic matter 
mainly from the water bodies (Qiu et al., 2016; Wang et al., 2014). The 
surface sediment C/N ratio of DHTR was within a relatively low range 
(4.9–15) with a mean value of 8. This result showed that the organic 
matter in DHTR surface sediments was mainly from the water bodies, i. 
e., from the oxidation decomposition of zooplankton, phytoplankton, 

Fig. 5. Variations in the NH+
4 − N concentration measured by HR-peeper in overlying water and sediment profiles from seven sampling sites (D1‒D7) in Daheiting 

Reservoir. The 0-mm depth represents the SWI. 
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Fig. 6. Variations in the SRP concentration measured by HR-peeper in overlying water and sediment profiles from seven sampling sites (D1‒D7) in Daheiting 
Reservoir. The 0-mm depth represents the SWI. 

Fig. 7. NH4
+
− N and SRP fluxes across the SWI in different seasons. The same lowercase letters indicate no significant differences, and different lowercase letters 

indicate significant differences (p < 0.05). 

Fig. 8. Diffusive fluxes of NH+
4 − N and SRP at the SWI from the seven sampling sites (D1‒D7) in Daheiting Reservoir.  
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and fish baits and excrements. The higher TOC, TN, NH+
4 − N, and 

NO−
3 − N contents in the areas where the fish cages were distributed 

further indicated that the internal pollution of DHTR was mainly caused 
by human activities, especially the fish cage culture. Dam construction 
decreases water flow velocity and increases sediment residence time, 
which consequently allows the deposition of organic matter in large 
quantities in the reservoir areas, especially in the stagnant areas near the 
dam (Bing et al., 2016; Fremion et al., 2016). Therefore, the effect of the 
dam on retention and accumulation of organic matter was also an 
important reason for the high nitrogen and organic matter contents in 
the deep areas near the dam of DHTR. 

4.2. Patterns of NH+
4 − N and SRP in pore water 

Sediment pore water acts as the medium of nutrient exchange at the 
SWI (Lei et al., 2018). The diffusion intensity of sediment nutrients 
mainly depends on their concentration gradients in pore water (Lerat 
et al., 1990; Wen et al., 2019a). The results showed a difference in the 
NH+

4 − N concentration between the overlying water and sediment pore 
water (Fig. 5). Below the SWI, the NH+

4 − N concentration increased 
with depth, showing the migration and diffusion capacity due to the 
NH+

4 − N concentration gradient in sediment pore water, and reflecting 
the upward migration process of NH+

4 − N across the SWI, which was 
one of the sources of N in water columns (Wang et al., 2021). The DO 
concentration in sediments decreased continually with depth until it 
reached 0 μmol L− 1 (Fig. 4). This means that the anaerobic degree in 
sediments continues to deepen, aerobic bacteria are inhibited, and 
anaerobic bacteria predominate, resulting in nitrification diminishing 
while denitrification and ammonification are augmented in the deep 
sediment layers, which is conducive to NH+

4 − N accumulation (Alvarez 
and Vogel, 1995; Yin et al., 2002). Therefore, the NH+

4 − N concentration 
gradually increased with sediment depth. 

At the sampling sites in shallow water areas upstream, the NH+
4 − N 

concentrations in pore water were the highest with the strongest vertical 
variation in summer, while reached the lowest in winter with little 
change in vertical distribution. This seasonal variation agrees with the 
results of prior studies on shallow eutrophic lakes and reservoirs (Wen 
et al., 2018; Yang et al., 2020). This may be because of the microbial 
activity at the sediment surface intensifying with the temperature 
increasing during warm seasons in the shallow water areas, resulting in 
organic nitrogen mineralization being promoted, and more NH+

4 − N 
being produced and released into sediment pore water. However, the 
NH+

4 − N concentration in sediment pore water was lower in summer 
than in the other seasons at D1–D3 sites near the downstream dam, 
which indicated that the capacity of sediment supplying NH+

4 − N to pore 
water decreased in the deep areas in summer. 

The overall SRP profile presented with a release peak in sediment 
pore water (Fig. 6), which was consistent with observations of previous 
studies (Wen et al., 2019a; Yang et al., 2020; Yu et al., 2017). This depth 
was the accumulation area of bioavailable phosphorus, which was a 
valuable indicator of the internal P loading process occurring recently in 
sediments (Ding et al., 2010). Under geological diagenesis, iron hy-
droxide is deoxidized in the condition of relative reduction, resulting in 
the dissolution and release of P bound with iron hydroxide (Markovic 
et al., 2019), which also explains the higher SRP concentration in pore 
water in the deep areas with lower oxygen concentrations at the SWI 
(Fig. 4). The relatively low SRP concentrations in pore water in the 
shallow water areas may have been directly related to the labile-P 
content in the sediment (Fig. 3). In addition, aquatic plants were 
abundant at the bottom of water columns in the partial shallow water 
areas of DHTR. Low SRP concentrations may also be related to nutrient 
uptake and assimilation by submerged plants (Wen et al., 2019b). The 
pore water SRP concentrations in previous studies of shallow lakes and 
reservoirs increased rapidly during the warm seasons under high 

temperature (Wen et al., 2018; Yang et al., 2020). Interestingly, the 
seasonal variation in DHTR was on the contrary. The SRP concentration 
in pore water was highest in winter and spring and lowest in summer. 
Due to the discharge from the low-temperature hypolimnion of up-
stream deep-water reservoir in summer, the temperature in the shallow 
water areas upstream of DHTR was much lower than air temperature 
(Fig. S1), and the low temperature at the SWI in deep areas was also 
retained because of thermal stratification. Thus, the elevated air tem-
perature in summer was not as predominant in promoting SRP genera-
tion as it was in shallow lakes and reservoirs. In addition, DO was 
supplemented at the bottom of the water column most likely due to the 
water convection being enhanced in DHTR under the rainstorms and 
large discharge scheduling in summer (Fig. 2), especially in the shallow 
areas, where P was oxidized and sorbed on iron oxyhydroxides, reducing 
the SRP concentration in pore water. 

4.3. Nutrient fluxes across the SWI and the possible controlling 
mechanisms 

Sediment release may be a major source of the N and P concentration 
increases in water columns (Conley et al., 2009; Wang et al., 2015). The 
results indicated that the N and P fluxes at the SWI varied spatiotem-
porally (Figs. 7 and 8). Compared with other trophic lakes and reservoirs 
worldwide, N and P fluxes were substantially higher in DHTR (Table S5) 
under the high sediment nutrient loadings caused by fish cage aqua-
culture. Ammonium migration across the SWI in lakes and reservoirs is 
complex and mainly affected by redox potential, microbial activity, 
organic matter decomposition, and N loading in sediment (Zheng et al., 
2016). The average NH+

4 − N release rate across the SWI was the highest 
in autumn, which was 6.2 times of that in summer. Affected by rain-
storms and large-flow discharge scheduling in DHTR in summer (Fig. 2), 
the loose surface sediments in the shallow water areas near inflows 
would be strongly resuspended, resulting in complete exchange of 
sediment pore water with the water body above the SWI. In addition, 
under the influence of surface runoff caused by rainfall, the Sahe River at 
the reservoir entrance imported abundant nutrients. Consequently, the 
NH+

4 − N concentration gradients across the SWI in the shallow water 
areas decreased, inducing the fluxes estimated by Fick’s first law to be 
less in summer in this study. This can be proved by the higher concen-
tration of NH+

4 − N in the water column in the summer (Table S2). In 
stratified reservoirs, the temporary stratification can inhibit mass 
transfer between the upper and lower layers (Yang et al., 2021). In deep 
areas near the dam downstream, DO concentration at the SWI was at a 
very low level (Fig. 4), which promoted NH+

4 − N generation and 
accumulation. In summer, stable thermal stratification formed in the 
water columns (Fig. S2). The epilimnion prevented NH+

4 − N in the 
hypolimnion from diffusing into the surface water, resulting in a lower 
gradient at the SWI as mentioned above, which further inhibited the 
release potential of NH+

4 − N in the sediment. Additionally, compared 
with autumn, the higher DO concentration of water column and the 
larger OPDs at the SWI in summer were also not conducive to the 
accumulation of NH+

4 − N in the pore water (Figs. S2 and 4), resulting in 
lower NH+

4 − N flux at the SWI. The vertical convective diffusion of 
water strengthened as thermal stratification disappeared in autumn, 
which induced the NH+

4 − N concentration to decrease and increase in 
the bottom and surface water, respectively. When the upstream reser-
voir stopped large drainage flows (Fig. 2b), DO stratification intensified 
and OPDs were minimal in autumn (Figs. S2 and 4), which demonstrated 
that hypoxia was obvious in surface sediment. Under such anaerobic 
conditions, nitrification can be inhibited and organic N mineralization 
could be promoted, inducing NH+

4 − N accumulation in the surface 
sediment and pore water (Zhong et al., 2021). This may have been the 
important cause of the NH+

4 − N flux was higher in autumn. Further-
more, correlation analysis results showed that the NH+

4 − N flux was 
negatively correlated with OPD (p < 0.05) (Table S4). NH+

4 − N in the 
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overlying water was not affected by diffusive flux at the SWI. NH+
4 − N 

flux was weakly correlated with the nutrient contents in the overlying 
water and the water environmental parameters, while it was negatively 
correlated with TP (p < 0.05) (Table S4). 

In this study, the SRP release flux was consistent with the spatio-
temporal variation pattern of the SRP concentration in pore water. As 
shown in Fig. 6, P in the surface sediment had an upward migration 
trend at all sampling sites, which may have a considerable influence on 
the nutrient state of water columns in DHTR. The average release rate of 
SRP in winter was approximately 6.7 times higher than that in summer, 
which was inconsistent with previous research results that the risk of 
internal P release was far greater in summer than winter (Liu et al., 
2016; Moodley et al., 1998; Yang et al., 2020; Yu et al., 2016). The 
relevant factors affecting sediment P release mainly include redox po-
tential, DO, temperature, pH, and hydrological conditions (Jin et al., 
2006; Kim et al., 2003). When the DO concentration is at a high level 
across the SWI, the redox condition of the surface sediment becomes 
conducive to iron oxide or iron hydroxide formation (Markovic et al., 
2019). Phosphate can be efficiently sorbed to ferric compounds and 
hydroxide available in the sediment. However, ferric ion is reduced to 
ferrous ion under anaerobic conditions and subsequently both iron and 
sorbed phosphate return into solution (Sondergaard et al., 2003; Xu 
et al., 2013). In agreement herewith, some researchers have suggested 
that internal P release could be partially inhibited by the oxic-trapped 
microlayer at the SWI, while P can be freed when the oxidized micro-
layer is chemically reduced with the depleted DO at the SWI (Glud et al., 
2007; Penn et al., 2000). During the frozen period, the layer of ice and 
snow could reduce light penetration and inhibit oxygen production by 
aquatic photosynthetic organisms, as well as oxygen diffusion across the 
air‒water interface (Greenbank, 1945; Magnuson et al., 1985). There-
fore, the oxygen consumption rate is greater than the oxygen replen-
ishment rate, and DO decreases in part of water columns in nutrient-rich 
waters, which is defined as over-winter hypoxia (Tellier et al., 2022; 
Yang et al., 2016). In relatively deeper systems, over-winter hypoxia 
only develops near the sediment while the upper water retains higher 
DO concentrations (Kalejs and Thesis, 2017; Tellier et al., 2022). Simi-
larly, winter samples in this study were collected at the end of the ice 
period (immediately after the ice-breaking), when DO was not fully 
supplemented in the hypolimnion. In deep areas, there was an obvious 
hypoxia phenomenon at the SWI (Fig. 4). Moreover, the P release rate 
from sediment was significantly negatively correlated with the OPD (p 
< 0.05) and ORP (p < 0.01) of the overlying water (Table S4). This 
indicated that P in the sediments may have been subject to the same 
release mechanism in DHTR. In addition, some studies have reported 
that an increase in pH can free P from its binding with ferric complexes 
through the competitive exchange between hydroxyl ions and the bound 
P ions, intensifying the potential for P release (Christophoridis and 
Fytianos, 2006; Kim et al., 2003). The pH of overlying water in this study 
was higher in winter and spring than in summer and autumn (Table S1), 
and the correlation analysis results showed that P flux was significantly 
positively correlated with pH (p < 0.01), which further explained the 
relatively high P fluxes in winter and spring. However, the P release 
from sediments is not exactly the result of abiochemical processes 
mediated by physical conditions of water columns, but rather of com-
plex interactions between biological and abiotic processes in water 
columns and sediments (Andersen, 1982; Nowlin et al., 2005). For 
example, high NO−

3 − N concentrations in the overlying water can raise 
the ORP by providing denitrifying bacteria with an alternate electron 
acceptor under anoxic conditions (Nowlin et al., 2005), thereby 
enhancing iron oxidation and phosphate adsorption. Notably, SRP flux 
had a significant (p < 0.05) negative correlation with NO−

3 − N in 
overlying water, implicating that high nitrate concentrations may 
inhibit P release from sediments to some extent, even under the poor 
oxidation conditions at the SWI in summer (Fig. 4). 

It is well known that water temperature is an important factor 

affecting N and P release from sediment (Jeppesen et al., 2005; Paytan 
et al., 2017). In this study, low-temperature water was discharged from 
the hypolimnion of the upstream PJKR in order to suppress the algal 
bloom. Except for winter, the surface water temperature was much 
lower in the shallow areas near inflows than in the deep areas down-
stream (Fig. S1). However, there was thermal stratification in the deep 
areas of DHTR during the warm seasons (Fig. S2), and minimal differ-
ence in WT between the hypolimnion of deep areas and the surface 
water in shallow water areas upstream. Therefore, in response to 
increasing water temperatures in the warm seasons, the stimulation of 
sediment N and P release was weaker in DHTR than in the shallow lakes. 
In summer, affected by heavy rains and upstream reservoir large 
discharge, part of water bodies developed vertically mixing, thus the DO 
stratification could be weakened (Fig. S2). Previous studies have indi-
cated that compared with other environmental factors, DO is the 
dominant environmental factor affecting the P release from sediments 
(Nowlin et al., 2005; Ahlgren et al., 2011; Anderson et al., 2021; Sun 
et al., 2022). Even if the thermal stratification existed in summer, the 
hypolimnion was not in an anoxic condition; therefore, the dissolution 
and release potential of sediment SRP were relatively weak. 

The spatial pattern of NH+
4 − N fluxes resembled that of SRP fluxes. 

Both exhibited a gradual increasing trend from the shallow areas near 
inflows to the deep areas near the dam. There was a positive correlation 
between the NH+

4 − N and SRP fluxes (Table S4), indicating that the 
release of N and P from sediments was synergistic. The contents of TN, 
inorganic N, labile-P, and organic matter in sediment were higher in 
deeper areas (Fig. 3). Organic matter decomposition is the main source 
of nutrients (Gibbons and Bridgeman, 2020). The higher degree of 
sediment pollution was, the higher mobile components of N and P, thus 
inducing higher rates of N and P release from sediment (Yang et al., 
2020). Discharge from the upstream reservoir brings a mass of organic 
particles, and the increased delivery to sediment can lead to high burial 
and sedimentation rates (Friedl and Wuest, 2002). In addition, the 
reservoir hydrodynamics gradually weakened from upstream to down-
stream, forming a hydrostatic effect of dam. The hydrostatic effect in the 
deeper part promotes algae growth and burial of organic matter, which 
could lead to a decrease in the DO concentration in bottom water col-
umns (Chen et al., 2018). In this study, the DO concentration at the SWI 
was apparently lower in deeper areas (Fig. 4). As a result, the P retention 
ability of sediment would have been diminished and NH+

4 − N accu-
mulation would have been promoted. It should be pointed out that in the 
shallow areas, due to the influence of the discharge of upstream reser-
voir, the surface water temperatures have been maintained at a low level 
in warm seasons (Fig. S1), and the microbial activities and organic 
matter decomposition will be inhibited by low temperature (Zhong 
et al., 2021), which will also contribute to lower N and P flux in the 
upstream areas. 

4.4. Implications for eutrophication management of DHTR and other 
cascade reservoirs 

Understanding the relative importance of internal and external 
nutrient sources is of great significance for eutrophication management. 
Based on the release rates of NH+

4 − N and SRP across the SWI and the 
area of DHTR (30 km2), the estimated annual NH+

4 − N and SRP fluxes 
were 154.94 t and 54.31 t, respectively. The external nutrient sources of 
DHTR mainly included the water discharge from the upper PJKR, Sahe 
River inflows, and non-point source pollution from the surroundings of 
DHTR, for which N loadings were 4,997.64 t, 603.94 t, and 222.05 t, 
respectively, and P loadings were 86.79 t, 4.53 t, and 10.94 t, respec-
tively in 2018 (Estimation methods are shown in the Supplementary 
Materials). The nutrient loadings of DHTR were mainly from external 
sources, which were primarily disturbed by the discharge water from the 
PJKR, especially for N. P was more strongly affected by internal loading 
release than N (Fig. 9). Therefore, attention should be paid to both 
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external and internal sources in the eutrophication management of 
DHTR. In the present study, the internal P loading accounted for 34.7% 
of the total P input. This contribution is higher than that in Lake Erie and 
four lakes in Eastern Nebraska (Paytan et al., 2017; Song et al., 2017), 
but lower than that in Lake Winnipeg (Nürnberg and LaZerte, 2016). 
This result is likely to have been attributed to the specific conditions of 
the water body and the experimental methods. It must be pointed out 
that the flux estimated in this study was based on the concentration 
gradient of pore water. Compared with the intact sediment core incu-
bation method, the results of this study would have underestimated the 
internal loadings (Wen et al., 2019b), especially for N. Additionally, the 
N budget at the SWI is regulated by multiple N cycle processes (Zhong 
et al., 2021), but only NH+

4 − N flux was estimated in this study. Thus, 
our future investigations should comprehensively evaluate the source‒ 
sink effect of sediments on N. 

Based on the above results, we suggest that the water quality of PJKR 
should be improved to reduce the nutrient loadings in the upstream 
reservoir, sewage discharge in residential areas near the reservoir bank 
should be supervised, and ecological restoration can be implemented in 
the shallow water areas of Sahe River inflows. The N loading of DHTR 
mainly came from the discharge from the upstream reservoir; therefore, 
the N loading treatment of upstream reservoir is important and neces-
sary in the cascade reservoirs. Recently, research into aerobic deni-
trifying bacteria in natural water bodies has received increasing 
attention, and a combination of aeration technology and aerobic de-
nitrifiers can be used in situ to treat N loadings in reservoirs (Huang 
et al., 2022; Zhang et al., 2023). Compared with N loading, internal P 
loading is the main target of internal nutrient loading management. To 
effectively control P loading in DHTR, we further suggest reducing the 
internal P loading by chemical P-fixation (Lurling and Faassen, 2012; 
Yin et al., 2016), sediment dredging (Reddy et al., 2007; Yu et al., 2017), 
and hypolimnetic aeration (Dittrich et al., 2011). Our results show that 
the water quality of the cascade reservoir was greatly affected by that of 
the upstream reservoir. The low-temperature water discharged from the 
hypolimnion of the upstream reservoir can reduce the surface water 
temperature of the downstream reservoir, so as to inhibit harmful algal 
blooms to a certain extent. However, if the water source of the upstream 
reservoirs has high N and P loadings, it can provide nutrients for algal 
blooms in the downstream reservoirs. Hence, managers of cascade res-
ervoirs need to consider the advantages and disadvantages of release 
from upstream reservoirs. 

5. Conclusion 

This work investigated the magnitude and patterns of the internal N 
and P loadings in DHTR, an intermediate reservoir of three cascade 
reservoirs, and evaluated the relative importance of internal and 
external sources. Our results indicated that DHTR suffered severe sedi-
ment pollution, which was mainly attributed to the extensive cage cul-
ture disturbance in the reservoir prior to 2018. N and P fluxes presented 
considerable spatiotemporal variability, with the highest fluxes in 
autumn and winter, respectively, and the lowest fluxes in summer. This 
result was attributed to the large water level gradients and the water 
discharged from the hypolimnion of the upstream PJKR. We found that 
both N and P fluxes showed an increase from shallow water to deep 
water areas, which was attributed to the high nutrient loadings in the 
sediments and the lower DO concentration caused by thermal stratifi-
cation and hydrodynamic conditions in deep water areas. The compar-
ison of N and P loadings between internal and external sources 
demonstrated that the water discharged from the upstream reservoir 
was the main input source of N and P. Meanwhile, the internal P loading 
also contributed to water eutrophication to a great extent. Therefore, the 
eutrophication management of cascade reservoirs should consider the 
comprehensive effects of both internal and external nutrient loadings, 
especially the discharge water quality from upstream reservoirs. 

Credit author statement 

Min Zhang: Conceptualization, Data curation, Visualization, Formal 
analysis, Writing-Original draft, Writing-review & editing. Shuailong 
Wen: Investigation, Methodology, Data curation, Validation. Tao Wu: 
Investigation, Supervision, Methodology, Project administration, 
Shaoming Wang: Conceptualization, Data curation, Validation, Re-
sources, Xin Li: Investigation, Methodology, Data curation, Validation, 
Wanqing Gong: Investigation, Methodology, Data curation, Validation, 
Hongwei Wang: Investigation, Methodology, Data curation, Validation, 
Cheng Liu: Investigation, Conceptualization, Methodology, Resources, 
Jicheng Zhong: Conceptualization, Methodology, Writing-review & 
editing, Resources, Funding acquisition, Project administration. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Fig. 9. Percentages of internal and external sources of N and P loadings in Daheiting Reservoir (DHTR).  

M. Zhang et al.                                                                                                                                                                                                                                  



Journal of Environmental Management 320 (2022) 115884

11

Data availability 

The authors do not have permission to share data. 

Acknowledgements 

This work was funded by the National Natural Science Foundation of 
China (Grant No. 41771516) and Daheiting Reservoir Internal Loading 
Project of Tianjin Hydraulic Research Institute, China (Grant No. 
2017SZC-C-89). We thank the editor and four anonymous reviewers for 
their constructive suggestions to help us improve the quality of the 
manuscript. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jenvman.2022.115884. 

References 

Alvarez, P.J.J., Vogel, T.M., 1995. Degradation of btex and their aerobic metabolites by 
indigenous microorganisms under nitrate-reducing conditions. Water Sci. Technol. 
31 (1), 15–28. 

Andersen, J.M., 1982. Effect of nitrate concentration in lake water on phosphate release 
from the sediment. Water Res. 16 (7), 1119–1126. 

Anderson, H.S., Johengen, T.H., Miller, R., Godwin, C.M., 2021. Accelerated sediment 
phosphorus release in Lake Erie’s central basin during seasonal anoxia. Limnol. 
Oceanogr. 66 (9), 3582–3595. 

Ahlgren, J., Reitzel, K., Brabandere, H.D., Gogoll, A., Rydin, E., 2011. Release of organic 
P forms from lake sediments. Water Res. 45, 565–572. 

Bing, H.J., Zhou, J., Wu, Y.H., Wang, X.X., Sun, H.Y., Li, R., 2016. Current state, sources, 
and potential risk of heavy metals in sediments of Three Gorges Reservoir, China. 
Environ. Pollut. 214, 485–496. 

Chen, J.A., Wang, J.F., Guo, J.Y., Yu, J., Zeng, Y., Yang, H.Q., Zhang, R.Y., 2018. Eco- 
environment of reservoirs in China: characteristics and research prospects. Prog. 
Phys. Geogr. - Earth Environ. 42 (2), 185–201. 

Chen, Q., Chen, J.G., Wang, J.F., Guo, J.Y., Jin, Z.X., Yu, P.P., Ma, Z.Z., 2019. In situ, 
high-resolution evidence of phosphorus release from sediments controlled by the 
reductive dissolution of iron-bound phosphorus in a deep reservoir, southwestern 
China. Sci. Total Environ. 666, 39–45. 

Chen, Q.W., Shi, W.Q., Huisman, J., Maberly, S.C., Zhang, J.Y., Yu, J.H., Chen, Y.C., 
Tonina, D., Yi, Q.T., 2020. Hydropower reservoirs on the upper Mekong River 
modify nutrient bioavailability downstream. Natl. Sci. Rew. 7, 1449–1457. 

Christophoridis, C., Fytianos, K., 2006. Conditions affecting the release of phosphorus 
from surface lake sediments. J. Environ. Qual. 35 (4), 1181–1192. 

Conley, D.J., Paerl, H.W., Howarth, R.W., Boesch, D.F., Seitzinger, S.P., Havens, K.E., 
Lancelot, C., Likens, G.E., 2009. Controlling eutrophication: nitrogen and 
phosphorus. Science 323 (5917), 1014–1015. 

Ding, S.M., Wang, Y., Wang, D., Li, Y.Y., Gong, M.D., Zhang, C.S., 2016. In situ, high- 
resolution evidence for iron-coupled mobilization of phosphorus in sediments. Sci. 
Rep. 6, 24341. 

Ding, S.M., Xu, D., Sun, Q., Yin, H.B., Zhang, C.S., 2010. Measurement of dissolved 
reactive phosphorus using the diffusive gradients in thin films technique with a high- 
capacity binding phase. Environ. Sci. Technol. 44 (21), 8169–8174. 

Dittrich, M., Gabriel, O., Rutzen, C., Koschel, R., 2011. Lake restoration by hypolimnetic 
Ca(OH)(2) treatment: impact on phosphorus sedimentation and release from 
sediment. Sci. Total Environ. 409 (8), 1504–1515. 

Elser, J.J., Bracken, M.E.S., Cleland, E.E., Gruner, D.S., Harpole, W.S., Hillebrand, H., 
Ngai, J.T., Seabloom, E.W., Shurin, J.B., Smith, J.E., 2007. Global analysis of 
nitrogen and phosphorus limitation of primary producers in freshwater, marine and 
terrestrial ecosystems. Ecol. Lett. 10 (12), 1135–1142. 

Fremion, F., Bordas, F., Mourier, B., Lenain, J.F., Kestens, T., Courtin-Nomade, A., 2016. 
Influence of dams on sediment continuity: A study case of a natural metallic 
contamination. Sci. Total Environ. 547, 282–294. 

Friedl, G., Wuest, A., 2002. Disrupting biogeochemical cycles - consequences of 
damming. Aquat. Sci. 64 (1), 55–65. 

Gibbons, K.J., Bridgeman, T.B., 2020. Effect of temperature on phosphorus flux from 
anoxic western Lake from sediments. Water Res. 182, 116022. 

Glud, R.N., Berg, P., Fossing, H., Jørgensen, B.B., 2007. Effect of the diffusive boundary 
layer on benthic mineralization and O2 distribution: a theoretical model analysis. 
Limnol. Oceanogr. 52 (2), 547–557. 

Gong, W.Q., Wen, S.L., Wang, H.W., Wu, T., Li, X., Zhong, J.C., 2019. Characteristics of 
greenhouse gas occurrence and emission in summer and autumn of Daheiting 
Reservoir. China Environ. Sci. 39 (11), 4611–4619. 

Graca, B., Burska, D., Matuszewska, K., 2004. The impact of dredging deep pits on 
organic matter decomposition in sediments. Water, Air, Soil Pollut. 158 (1), 
237–259. 

Greenbank, J., 1945. Limnological conditions in ice-covered lakes, especially as related 
to winter-kill of fish. Ecol. Monogr. 15 (4), 343–392. 

Guildford, S.J., Hecky, R.E., 2000. Total nitrogen, total phosphorus, and nutrient 
limitation in lakes and oceans: is there a common relationship? Limnol. Oceanogr. 
45 (6), 1213–1223. 

Havens, K.E., Jin, K.R., Iricanin, N., James, R.T., 2007. Phosphorus dynamics at multiple 
time scales in the pelagic zone of a large shallow lake in Florida, USA. Hydrobiologia 
581, 25–42. 

Huang, Y.W., Zhang, H.H., Liu, X., Ma, B., Huang, T.L., 2022. Iron-activated carbon 
systems to enhance aboriginal aerobic denitrifying bacterial consortium for 
improved treatment of micro-polluted reservoir water: performances, mechanisms, 
and implications. Environ. Sci. Technol. 56 (6), 3407–3418. 

Jeppesen, E., Sondergaard, M., Jensen, J.P., Havens, K.E., Anneville, O., Carvalho, L., 
Coveney, M.F., Deneke, R., Dokulil, M.T., Foy, B., Gerdeaux, D., Hampton, S.E., 
Hilt, S., Kangur, K., Kohler, J., Lammens, E.H.H.R., Lauridsen, T.L., Manca, M., 
Miracle, M.R., Moss, B., Noges, P., Persson, G., Phillips, G., Portielje, R., Schelske, C. 
L., Straile, D., Tatrai, I., Willen, E., Winder, M., 2005. Lake responses to reduced 
nutrient loading - an analysis of contemporary long-term data from 35 case studies. 
Freshw. Biol. 50 (10), 1747–1771. 

Jia, B.Y., Tang, Y., Yang, B., Huang, J.H., 2017. Historical and seasonal dynamics of 
phosphorus mobility in sancha lake of southwest China’s sichuan Province. Environ. 
Monit. Assess. 189, 16. 

Jiang, X., Jin, X.C., Yao, Y., Li, L.H., Wu, F.C., 2008. Effects of biological activity, light, 
temperature and oxygen on phosphorus release processes at the sediment and water 
interface of Taihu Lake, China. Water Res. 42, 2251–2259. 

Jin, X.C., Tu, Q.Y., 1990. The Standard Methods in Lake Eutrophication Investigation, 
second ed. China Environmental Science Press, Beijing.  

Jin, X.C., Wang, S.R., Pang, Y., Wu, F.C., 2006. Phosphorus fractions and the effect of pH 
on the phosphorus release of the sediments from different trophic areas in Taihu 
Lake, China. Environ. Pollut. 139 (2), 288–295. 

Johnston, S.G., Burton, E.D., Keene, A.F., Bush, R.T., Sullivan, L.A., Isaacson, L., 2009. 
Pore water sampling in acid sulfate soils: a new peeper method. J. Environ. Qual. 38 
(6), 2474–2477. 

Kalejs, N.I., Thesis, M.S., 2017. An Assessment of Reef Restoration Potential in Saginaw 
Bay, Lake Huron. Purdue University, West Lafayette.  

Kim, L.H., Choi, E., Stenstrom, M.K., 2003. Sediment characteristics, phosphorus types 
and phosphorus release rates between river and lake sediments. Chemosphere 50 
(1), 53–61. 

Knosche, R., 2006. Organic sediment nutrient concentrations and their relationship with 
the hydrological connectivity of floodplain waters (River Havel, NE Germany). 
Hydrobiologia 560, 63–76. 

Lei, P., Zhang, H., Wang, C., Pan, K., 2018. Migration and diffusion for pollutants across 
the sediment-water interface in lakes: a review. J. Lake Sci. 30 (6), 1489–1508. 

Lerat, Y., Lasserre, P., Lecorre, P., 1990. Seasonal-Changes in pore water concentrations 
of nutrients and their diffusive fluxes at the sediment water interface. J. Exp. Mar. 
Biol. Ecol. 135 (2), 135–160. 

Lima, I.E., Medeiros, P.H.A., Costa, A.C., Wiegand, M.C., Barros, A.R.M., Barros, M.U.G., 
2022. Assessment of phosphorus loading dynamics in a tropical reservoir with high 
seasonal water level changes. Sci. Total Environ. 815, 152875. 

Liu, C., Shao, S.G., Shen, Q.S., Fan, C.X., Zhang, L., Zhou, Q.L., 2016. Effects of riverine 
suspended particulate matter on the post-dredging increase in internal phosphorus 
loading across the sediment-water interface. Environ. Pollut. 211, 165–172. 

Liu, X.G., Wang, S.M., Liu, S.Y., Lv, Y., 2020. Cause analysis and countermeasures of 
algae outbreak in Panjiakou and Daheiting reservoirs of Hebei Province. China Flood 
& Drought Manag 30 (5), 58–60. 

Lurling, M., Faassen, E.J., 2012. Controlling toxic cyanobacteria: effects of dredging and 
phosphorus-binding clay on cyanobacteria and microcystins. Water Res. 46 (5), 
1447–1459. 

Maavara, T., Parsons, C.T., Ridenous, C., Stojanovic, S., Dürr, H.H., Powley, H.R., 
Cappellen, P.V., 2015. Global phosphorus retention by river damming. Proc. Natl. 
Acad. Sci. U.S.A. 112, 15603–15608. 

Magnuson, J.J., Beckel, A.L., Mills, K., Brandt, S.B., 1985. Surviving winter hypoxia - 
behavioral adaptations of fishes in a northern Wisconsin winterkill lake. Environ. 
Biol. Fish. 14 (4), 241–250. 

Markou, D.A., Sylaios, G.K., Tsihrintzis, V.A., Gikas, G.D., Haralambidou, K., 2007. 
Water quality of Vistonis Lagoon, Northern Greece: seasonal variation and impact of 
bottom sediments. Desalination 210, 83–97. 

Markovic, S., Liang, A., Watson, S.B., Guo, J., Mugalingam, S., Arhonditsis, G., 
Morley, A., Dittrich, M., 2019. Biogeochemical mechanisms controlling phosphorus 
diagenesis and internal loading in a remediated hard water eutrophic embayment. 
Chem. Geol. 514, 122–137. 

Meng, Z.H., Li, X.M., Wang, X.G., Hu, F.F., Zhu, T.B., Wu, X.B., Zhu, Y.J., Yang, D.G., 
2021. Influence of cage fish-farming on tempo-spatial distribution of nitrogrn and 
phosphorus in Zhelin Reservior: a case study of Taiyangshan Bay. Environ. Chem. 40 
(9), 2832–2840. 

Moodley, L., Heip, C.H.R., Middelburg, J.J., 1998. Benthic activity in sediments of the 
northwestern Adriatic Sea: sediment oxygen consumption, macro- and meiofauna 
dynamics. J. Sea Res. 40, 263–280. 

Moran, E.F., Lopez, M.C., Moore, N., Müller, N., Hyndman, D.W., 2018. Sustainable 
hydropower in the 21st century. Proc. Natl. Acad. Sci. USA 115, 11891–118988. 

Murphy, J., Riley, J.P., 1962. A modified single solution method for the determination of 
phosphate in natural waters. Anal. Chim. Acta 27, 31–36. 

Nürnberg, G.K., LaZerte, B.D., 2016. More than 20 years of estimated internal 
phosphorus loading in polymictic, eutrophic Lake Winnipeg, Manitoba. J. Great 
Lake. Res. 42, 18–27. 

Nowlin, W.H., Evarts, J.L., Vanni, M.J., 2005. Release rates and potential fates of 
nitrogen and phosphorus from sediments in a eutrophic reservoir. Freshw. Biol. 50 
(2), 301–322. 

M. Zhang et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.jenvman.2022.115884
https://doi.org/10.1016/j.jenvman.2022.115884
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref1
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref1
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref1
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref2
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref2
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref3
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref3
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref3
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref4
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref4
http://refhub.elsevier.com/S0301-4797(22)01457-8/optHatCAjEjUo
http://refhub.elsevier.com/S0301-4797(22)01457-8/optHatCAjEjUo
http://refhub.elsevier.com/S0301-4797(22)01457-8/optHatCAjEjUo
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref5
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref5
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref5
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref6
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref6
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref6
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref6
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref7
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref7
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref7
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref8
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref8
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref9
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref9
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref9
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref10
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref10
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref10
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref11
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref11
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref11
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref12
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref12
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref12
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref13
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref13
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref13
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref13
http://refhub.elsevier.com/S0301-4797(22)01457-8/optm8huAQ4hHk
http://refhub.elsevier.com/S0301-4797(22)01457-8/optm8huAQ4hHk
http://refhub.elsevier.com/S0301-4797(22)01457-8/optm8huAQ4hHk
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref14
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref14
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref15
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref15
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref16
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref16
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref16
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref17
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref17
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref17
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref18
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref18
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref18
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref19
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref19
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref20
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref20
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref20
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref21
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref21
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref21
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref22
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref22
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref22
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref22
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref23
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref23
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref23
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref23
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref23
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref23
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref23
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref24
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref24
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref24
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref25
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref25
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref25
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref26
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref26
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref27
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref27
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref27
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref28
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref28
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref28
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref29
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref29
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref30
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref30
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref30
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref31
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref31
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref31
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref32
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref32
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref33
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref33
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref33
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref34
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref34
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref34
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref35
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref35
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref35
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref36
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref36
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref36
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref37
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref37
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref37
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref38
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref38
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref38
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref39
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref39
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref39
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref40
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref40
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref40
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref41
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref41
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref41
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref41
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref42
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref42
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref42
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref42
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref43
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref43
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref43
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref44
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref44
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref45
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref45
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref46
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref46
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref46
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref47
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref47
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref47


Journal of Environmental Management 320 (2022) 115884

12

Olsson, F., Mackay, E.B., Barker, P., Davies, S., Hall, R., Spears, B., Exley, G., 
Thackeray, S.J., Jones, I.D., 2022. Can reductions in water residence time be used to 
disrupt seasonal stratifcation and control internal loading in a eutrophic monomictic 
lake? J. Environ. Manag. 304, 114169. 

Orihel, D.M., Hadas, O., Pinkas, R., Viner-Mozzini, Y., Sukenik, A., 2013. Internal 
nutrient loading may increase microcystin concentrations in freshwater lakes by 
promoting growth of Microcystis populations. Annales de Limnologie-Int. J. Limnol. 
49 (3), 225–235. 

Paerl, H.W., Otten, T.G., Kudela, R., 2018. Mitigating the expansion of harmful algal 
blooms across the freshwater-to-marine continuum. Environ. Sci. Technol. 52, 
5519–5529. 

Pardo, P., Lopez-Sanchez, J.F., Rauret, G., 2003. Relationships between phosphorus 
fractionation and major components in sediments using the SMT harmonised 
extraction procedure. Anal. Bioanal. Chem. 376 (2), 248–254. 

Paytan, A., Roberts, K., Watson, S., Peek, S., Chuang, P.C., Defforey, D., Kendall, C., 
2017. Internal loading of phosphate in lake Erie central basin. Sci. Total Environ. 
579, 1356–1365. 

Penn, M.R., Auer, M.T., Doerr, S.M., Driscoll, C.T., Brooks, C.M., Effler, S.W., 2000. 
Seasonality in phosphorus release rates from the sediments of a hypereutrophic lake 
under a matrix of pH and redox conditions. Can. J. Fish. Aquat. Sci. 57 (5), 
1033–1041. 

Qiu, Z.K., Hu, X.Z., Yao, C., Zhang, W.H., Xu, Q.J., Huang, T.Y., 2016. Pollution 
characteristics and evaluation of nitrogen, phosphorus and organic matter in 
sediments of shanmei reservoir in fujian. China Environ. Sci. 37 (4), 1389–1396. 

Reddy, K.R., Fisher, M.M., Wang, Y., White, J.R., James, R.T., 2007. Potential effects of 
sediment dredging on internal phosphorus loading in a shallow, subtropical lake. 
Lake Reservoir Manag. 23 (1), 27–38. 

Rocha, M.d.J.D., Lima Neto, I.E., 2022. Internal phosphorus loading and its driving 
factors in the dry period of Brazilian semiarid reservoirs. J. Environ. Manag. 312, 
114983. 

Rydin, E., 2000. Potentially mobile phosphorus in Lake Erken sediment. Water Res. 34 
(7), 2037–2042. 

Schindler, D.W., Carpenter, S.R., Chapra, S.C., Hecky, R.E., Orihel, D.M., 2016. Reducing 
phosphorus to curb lake eutrophication is a success. Environ. Sci. Technol. 50 (17), 
8923–8929. 

Seitzinger, S.P., Kroeze, C., 1998. Global distribution of nitrous oxide production and N 
inputs in freshwater and coastal marine ecosystems. Global Biogeochem. Cycles 12 
(1), 93–113. 

Shannon, K.E.M., Saleh-Lakha, S., Burton, D.L., Zebarth, B.J., Goyer, C., Trevors, J.T., 
2011. Effect of nitrate and glucose addition on denitrification and nitric oxide 
reductase (cnorB) gene abundance and mRNA levels in Pseudomonas mandelii 
inoculated into anoxic soil. Antonie Leeuwenhoek 100 (2), 183–195. 

Sondergaard, M., Jensen, J.P., Jeppesen, E., 2003. Role of sediment and internal loading 
of phosphorus in shallow lakes. Hydrobiologia 506, 135–145. 

Song, K., Adams, C.J., Burgin, A.J., 2017. Relative importance of external and internal 
phosphorus loadings on affecting lake water quality in agricultural landscapes. Ecol. 
Eng. 108, 482–488. 

Sugimoto, R., Sato, T., Yoshida, T., Tominaga, O., 2014. Using stable nitrogen isotopes to 
evaluate the relative importance of external and internal nitrogen loadings on 
phytoplankton production in a shallow eutrophic lake (Lake Mikata, Japan). Limnol. 
Oceanogr. 59 (1), 37–47. 

Sun, C.Z., Wang, S.M., Wang, H.W., Hu, X.K., Yang, F.Y., Tang, M.Y., Zhang, M., 
Zhong, J.C., 2022. Internal nitrogen and phosphorus loading in a seasonally 
stratified reservoir: implications for eutrophication management of deep-water 
ecosystems. J. Environ. Manag. 319, 115681. 

Tammeorg, O., Horppila, J., Laugaste, R., Haldna, M., Niemisto, J., 2015. Importance of 
diffusion and resuspension for phosphorus cycling during the growing season in 
large, shallow Lake Peipsi. Hydrobiologia 760 (1), 133–144. 

Tammeorg, O., Nurnberg, G., Horppila, J., Haldna, M., Niemisto, J., 2020. Redox-related 
release of phosphorus from sediments in large and shallow Lake Peipsi: evidence 
from sediment studies and long-term monitoring data. J. Great Lake. Res. 46 (6), 
1595–1603. 

Tellier, J.M., Kalejs, N.I., Leonhardt, B.S., Cannon, D., Hook, T.O., Collingsworth, P.D., 
2022. Widespread prevalence of hypoxia and the classification of hypoxic conditions 
in the Laurentian Great Lakes. J. Great Lake. Res. 48 (1), 13–23. 

Thornton, S.F., Mcmanus, J., 1994. Application of organic-carbon and nitrogen stable- 
isotope and C/N ratios as source indicators of organic-matter provenance in 
estuarine systems - evidence from the tay estuary. Scotland. Estuar. Coast. Shelf Sci. 
38 (3), 219–233. 

Ullman, W.J., Aller, R.C., 1982. Diffusion-coefficients in nearshore marine-sediments. 
Limnol. Oceanogr. 27 (3), 552–556. 

USEPA, 2002. In: A Guidance Manual to Support the Assessment of Contaminated 
Sediments in Freshwater Ecosystems. US Environmental Protection Agency, Great 
Lakes National Program Office, Chicago.  

Wang, H.W., Wang, S.M., Zhang, M., Hu, X.K., Tang, M.Y., Yang, F.Y., Zhong, J.C., 2021. 
Occurrence characteristics and transport fluxes of nitrogen and phosphorus at 
sediment-water interface of Panjiakou Reservoir in Spring. China Environ. Sci. 41 
(9), 4284–4293. 

Wang, J.F., Chen, J.A., Ding, S.M., Luo, J., Xu, Y., 2015. Effects of temperature on 
phosphorus release in sediments of Hongfeng Lake, southwest China: an 
experimental study using diffusive gradients in thin-films (DGT) technique. Environ. 
Earth Sci. 74 (7), 5885–5894. 

Wang, J.F., Chen, J.A., Ding, S.M., Guo, J.Y., Christopher, D., Dai, Z.H., Yang, H.Q., 
2016. Effects of seasonal hypoxia on the release of phosphorus from sediments in 
deep-water ecosystem: a case study in Hongfeng Reservoir, Southwest China. 
Environ. Pollut. 219, 858–865. 

Wang, M., Wang, S., Tang, Q.H., Zhang, H.J., Luo, G., Wei, G.F., Peng, L., Yang, H.W., 
2014. Characteristics of sediment Nutrients loading and heavy metals pollution in 
three important reservoirs from the west coast of Guangdong Province, South China. 
Ecol. Environ. Sci. 23 (5), 834–841. 

Wen, S.L., Gong, W.Q., Wu, T., Zheng, X.L., Jiang, X., Li, X., Zhong, J.C., 2018. 
Distribution characteristics and fluxes of nitrogen and phosphorus at the sediment- 
water interface of Yuqiao reservoir. Environ. Sci. 39 (5), 2154–2164. 

Wen, S.L., Wang, H.W., Wu, T., Yang, J., Jiang, X., Zhong, J.C., 2020. Vertical profiles of 
phosphorus fractions in the sediment in a chain of reservoirs in North China: 
implications for pollution source, bioavailability, and eutrophication. Sci. Total 
Environ. 704, 135318. 

Wen, S.L., Wu, T., Yang, J., Jiang, X., Zhong, J.C., 2019a. Spatio-temporal variation in 
nutrient profiles and exchange fluxes at the sediment-water interface in Yuqiao 
reservoir, China. Int. J. Environ. Res. Publ. Health 16 (17), 3071. 

Wen, S.L., Wu, T., Yang, J., Li, X., Gong, W.Q., Zhong, J.C., 2019b. Distribution 
characteristics and exchange flux of nitrogen and phosphorus at thesediment-water 
interface of Daheiting Reservoir in winter. China Environ. Sci. 39 (3), 1217–1225. 

Wu, Z., Liu, Y., Liang, Z.Y., Wu, S.F., Guo, H.C., 2017. Internal cycling, not external 
loading, decides the nutrient limitation in eutrophic lake: a dynamic model with 
temporal Bayesian hierarchical inference. Water Res. 116, 231–240. 

Xu, D., Chen, Y.F., Ding, S.M., Sun, Q., Wang, Y., Zhang, C.S., 2013. Diffusive gradients 
in thin films technique equipped with a mixed binding gel for simultaneous 
measurements of dissolved reactive phosphorus and dissolved iron. Environ. Sci. 
Technol. 47 (18), 10477–10484. 

Xu, D., Wu, W., Ding, S.M., Sun, Q., Zhang, C.S., 2012. A high-resolution dialysis 
technique for rapid determination of dissolved reactive phosphate and ferrous iron 
in pore water of sediments. Sci. Total Environ. 421, 245–252. 

Yang, C.H., Yang, P., Geng, J., Yin, H.B., Chen, K.N., 2020. Sediment internal nutrient 
loading in the most polluted area of a shallow eutrophic lake (Lake Chaohu, China) 
and its contribution to lake eutrophication. Environ. Pollut. 262, 114292. 

Yang, F., Li, C.Y., Lepparanta, M., Shi, X.H., Zhao, S.N., Zhang, C.F., 2016. Notable 
increases in nutrient concentrations in a shallow lake during seasonal ice growth. 
Water Sci. Technol. 74 (12), 2773–2783. 

Yang, N., Zhang, C., Wang, L.Q., Li, Y., Zhang, W.L., Niu, L.H., Zhang, H.J., Wang, L.F., 
2021. Nitrogen cycling processes and the role of multi-trophic microbiota in dam- 
induced river-reservoir systems. Water Res. 206, 117730. 

Ye, W.J., Liu, X.L., Tan, J., Li, D.T., Yang, H., 2009. Diversity and dynamics of 
microcystin-Producing cyanobacteria in China’s third largest lake, Lake Taihu. 
Harmful Algae 8 (5), 637–644. 

Yin, H.B., Kong, M., Han, M.X., Fan, C.X., 2016. Influence of sediment resuspension on 
the efficacy of geoengineering materials in the control of internal phosphorous 
loading from shallow eutrophic lakes. Environ. Pollut. 219, 568–579. 

Yin, S.X., Chen, D., Chen, L.M., Edis, R., 2002. Dissimilatory nitrate reduction to 
ammonium and responsible microorganisms in two Chinese and Australian paddy 
soils. Soil Biol. Biochem. 34 (8), 1131–1137. 

Yu, J.H., Ding, S.M., Zhong, J.C., Fan, C.X., Chen, Q.W., Yin, H.B., Zhang, L., Zhang, Y.L., 
2017. Evaluation of simulated dredging to control internal phosphorus release from 
sediments: focused on phosphorus transfer and resupply across the sediment-water 
interface. Sci. Total Environ. 592, 662–673. 

Yu, J.H., Fan, C.X., Zhong, J.C., Zhang, L., Zhang, L., Wang, C.H., Yao, X.L., 2016. Effects 
of sediment dredging on nitrogen cycling in Lake Taihu, China: insight from mass 
balance based on a 2-year field study. Environ. Sci. Pollut. Res. 23 (4), 3871–3883. 

Zhang, H.H., Shi, Y.J., Huang, T., Zong, R.R., Zhao, Z.F., Ma, B., Li, N., Yang, S.Y., Liu, M. 
Q., 2023. NirS-type denitrifying bacteria in aerobic water layers of two drinking 
water reservoirs: insights into the abundance, community diversity and co-existence 
model. J Environ. Sci. 124, 215–226. 

Zhang, L., Fan, C.X., Wang, J.J., Chen, Y.W., Jiang, J.H., 2008. Nitrogen and phosphorus 
forms and release risks of lake sediments from the middle and lower reaches of the 
Yangtze River. J. Lake Sci. 263–270. 

Zhang, Y.F., Liang, J., Zeng, G.M., Tang, W.W., Lu, Y., Luo, Y., Xing, W.L., Tang, N., Ye, S. 
J., Li, X., Huang, W., 2020. How climate change and eutrophication interact with 
microplastic pollution and sediment resuspension in shallow lakes: a review. Sci. 
Total Environ. 705, 135979. 

Zhao, H.C., Wang, S.R., Jiao, L.X., Yang, S.W., Cui, C.N., 2013. Characteristics of 
composition and spatial distribution of organic matter in the sediment of Erhai Lake. 
Res. J. Environ. Sci. 26 (3), 243–249. 

Zheng, Y.L., Jiang, X.F., Hou, L.J., Liu, M., Lin, X.B., Gao, J., Li, X.F., Yin, G.Y., Yu, C.D., 
Wang, R., 2016. Shifts in the community structure and activity of anaerobic 
ammonium oxidation bacteria along an estuarine salinity gradient. J. Geophys. Res. 
Biogeosci. 121 (6), 1632–1645. 

Zhong, J.C., Wen, S.L., Zhang, L., Wang, J.J., Liu, C., Yu, J.H., Zhang, L., Fan, C.X., 2021. 
Nitrogen budget at sediment–water interface altered by sediment dredging and 
settling particles: benefits and drawbacks in managing eutrophication. J. Hazard 
Mater. 406, 124691. 

Zhou, Q.X., Gibson, C.E., Zhu, Y.M., 2001. Evaluation of phosphorus bioavailability in 
sediments of three contrasting lakes in China and the UK. Chemosphere 42 (2), 
221–225. 

M. Zhang et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S0301-4797(22)01457-8/sref48
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref48
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref48
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref48
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref49
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref49
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref49
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref49
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref50
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref50
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref50
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref51
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref51
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref51
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref52
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref52
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref52
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref53
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref53
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref53
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref53
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref54
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref54
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref54
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref55
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref55
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref55
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref56
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref56
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref56
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref57
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref57
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref58
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref58
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref58
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref59
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref59
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref59
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref60
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref60
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref60
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref60
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref61
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref61
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref62
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref62
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref62
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref63
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref63
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref63
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref63
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref64
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref64
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref64
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref64
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref65
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref65
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref65
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref66
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref66
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref66
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref66
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref67
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref67
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref67
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref68
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref68
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref68
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref68
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref69
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref69
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref70
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref70
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref70
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref71
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref71
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref71
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref71
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref72
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref72
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref72
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref72
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref73
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref73
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref73
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref73
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref74
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref74
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref74
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref74
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref75
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref75
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref75
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref76
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref76
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref76
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref76
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref77
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref77
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref77
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref78
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref78
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref78
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref79
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref79
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref79
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref80
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref80
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref80
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref80
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref81
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref81
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref81
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref82
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref82
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref82
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref83
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref83
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref83
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref84
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref84
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref84
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref85
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref85
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref85
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref86
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref86
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref86
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref87
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref87
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref87
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref88
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref88
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref88
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref88
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref89
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref89
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref89
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref90
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref90
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref90
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref90
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref91
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref91
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref91
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref92
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref92
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref92
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref92
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref93
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref93
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref93
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref94
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref94
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref94
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref94
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref95
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref95
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref95
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref95
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref96
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref96
http://refhub.elsevier.com/S0301-4797(22)01457-8/sref96

	Patterns of internal nitrogen and phosphorus loadings in a cascade reservoir with a large water level gradient: Effects of  ...
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Sample collection and processing
	2.3 Calculation of N and P diffusive fluxes
	2.4 Laboratory analysis
	2.5 Statistical analysis

	3 Results
	3.1 Basic physicochemical properties of overlying water and sediment
	3.2 Vertical variations in water temperature and DO and their seasonal stratification
	3.3 Vertical distributions of NH4+−N and SRP in sediment‒water profiles
	3.4 NH4+−N and SRP fluxes at the SWI

	4 Discussion
	4.1 Conditions of water column and sediment contamination
	4.2 Patterns of NH4+−N and SRP in pore water
	4.3 Nutrient fluxes across the SWI and the possible controlling mechanisms
	4.4 Implications for eutrophication management of DHTR and other cascade reservoirs

	5 Conclusion
	Credit author statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


