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a b s t r a c t
Nitrate in aquatic systems is controlled to protect human health, whereas it is also used as an inhibi-
tor of sedimentary phosphorus (P) release to prevent freshwater eutrophication. This study was con-
ducted to investigate the effects of nitrate decline on P release from sediments in Tianzhuang Reservoir 
(Yiyuan County, Shandong, China), which has a high nitrate concentration in the water column and 
high ferric-bound P to total P (Fe–P/TP) and total iron to total P (T-Fe/TP) ratios in the surficial sedi-
ments. We investigated the nitrate and soluble reactive phosphorus (SRP) profiles in sediment pore-
waters, estimated their fluxes on the sediment side of the sediment–water interface, and calculated 
the net production ratio of nitrogen (N) to phosphorus in the surface sediments. We also conducted 
P release experiments in the laboratory. SRP was significantly negatively correlated with nitrate in 
porewaters of the surficial 7.5-cm sediments. The diffusional SRP flux in Tianzhuang Reservoir was 
only 0.191 mg/(m2·d). The net production ratio of N:P was 2,372:1 in the surface sediments. Laboratory 
experiments showed that the concentration of SRP in nitrate-free water was clearly higher than that in 
nitrate-rich water under the effects of the sedimentary P release. These findings indicated that nitrate 
was the key factor controlling the sedimentary P release in the reservoir, and that nitrate decline would 
enhance the release of P from redox-sensitive sediments. Therefore, we recommend that measures 
for controlling P should be implemented simultaneously when treatments for nitrate pollution are 
employed in aquatic systems with redox-sensitive, iron-rich sediments.
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1. Introduction

The natural cycle of nitrogen has been heavily disturbed 
by the tremendous consumption of nitrogen fertilizer and 
fossil fuel for industrial processes [1,2], which has led to 
increased nitrate and ammonium in water bodies. Excessive 
nitrogen in water is an important factor for eutrophication 
of surface waters [3]. Furthermore, nitrate at levels exceed-
ing the threshold concentration for drinking water is usu-
ally thought to be harmful to the public, especially to young 

children [4]. Therefore, nitrogen pollution is being treated 
mainly by implementing external measures (e.g., land man-
agement practices [5,6], nitrate removal by adsorption [7,8]) 
in many countries.

Substantial human and financial resources have been 
invested to control water nitrogen pollution; however, some 
researchers and technicians tend to add nitrate to the hypo-
limnion water or surficial sediments to control the eutrophi-
cation of surface water by reducing P release from polluted 
sediments [9–13]. It is done because oxygen is a key factor 
in the sedimentary phosphorus cycle related to the coupling 
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between Fe and P. Under aerobic conditions, phosphorus 
release from Fe-rich sediments can be suppressed, whereas 
under anoxic conditions, the previously ferric-bound P (Fe–P) 
is released to the water as the ferric iron is reduced to ferrous 
iron [14–17]. Nitrate is an oxidizing agent that maintains the 
relatively oxidized state of surficial sediments in aquatic sys-
tems; therefore, it is used as a suppressant of Fe–P release from 
sediments [9,10]. When oxygen and nitrate are consumed by 
biochemical processes (the oxidation of organic matter) near 
the sediment–water interface, a high sulfate reduction rate 
can inhibit the Fe mobilization via the formation of solid 
FeSx [18]. Therefore, the reduction of sulfate can enhance the 
release of P from sediments. This coupling cycle between Fe 
and P is commonly termed as the classical model of internal 
P loading [19]. However, this classical model is only valid 
in special cases because of the complexity of actual systems 
[20,21]. In addition, Schauser et al. [22] reported that nitrate 
cannot suppress the release of P from sediments with low P 
sorption capacity under intensive mineralization conditions. 
Therefore, not all aquatic systems agree with this classical 
model.

Tianzhuang Reservoir is a mesotrophic reservoir located 
in southwest Shandong Province, China. The total nitrogen 
(TN) (average concentration of 11.0 mg/L monitored in 2005 
and 2006) in the water column of the reservoir has exceeded 
the Chinese environmental quality standard for surface 
water (1 mg/L) (GB 3838-2002) because of discharges from a 
local nitrogenous fertilizer plant and runoff from agricultural 
watersheds. TN in the reservoir usually exceeds 10 mg/L, 
and the nitrate level is about 5–12 mg N/L [23]. Tianzhuang 
Reservoir is a potential source of drinking water for Yiyuan 
County. To improve the quality of drinking water, the local 
government plans to divert the discharge from the nitroge-
nous fertilizer plant and decrease nitrogen loading from the 
associated watersheds. It should be noted that the sulfate in 
the water was about 100 mg/L and that Fe–P ranged from 500 
to 600 mg/kg dry sediments, which constitutes up to 60% of 
the total phosphorus (TP) in the sediments [24]. 

Most studies of the relationship between nitrate and phos-
phorus in aquatic systems conducted to date have focused on 
the resistant effects of increased nitrate on phosphate release 
from sediments (e.g., the addition of 24 g N/m2 of nitrate to 
the sediment of White Lough [11]), while few have investi-
gated the effects of nitrate concentration decline due to its 
control. Through field monitoring, Andersen [10] and Beutel 
et al. [13] identified the increase of phosphate concentration 
with the nitrate concentration decreasing in anoxic hypolim-
nions, and verified the resistant effects of increased nitrate 
on phosphate release from sediments. Kleeberg et al. [25] 
calculated the enhanced release amount of P from sediments 
of Lake Jabel with the decrease of nitrate input, and sug-
gested that the diversion of its main tributary, which would 
reduce the nitrate loading of waters, should be rejected. 
Therefore, this study was to explore the potential effects of 
controlling nitrate pollution on the sedimentary release of P 
from Tianzhuang Reservoir and implications for reservoir 
management. We hypothesize that the decline of nitrate con-
centration would increase the phosphorus release from the 
sediments of Tianzhuang Reservoir based on the preliminary 
survey results. In this study, we investigated the relationship 
between nitrate and SRP in porewaters and calculated the 

net production ratio of N:P in surficial sediments using the 
PROFILE program to elucidate the role of nitrate in phospho-
rus release. We then conducted sediment–water exchange 
experiments to explore the effects of the nitrate decline in 
water on phosphorus release from the sediments.

2. Material and methods

2.1. Study area 

Tianzhuang Reservoir (36°10′N and 118°06′E) is located in 
the upstream portion of Yiyuan County, Shandong Province 
(Fig. 1). The reservoir has a surface area of about 3.43 km2 
and a watershed area of about 424 km2. The watershed is 
mainly covered by forest and farmland, with many iron 
and gypsum mines underground. The average depth of the 
reservoir is about 12 m and the maximum depth is 17 m. 
And it experiences a slight stratification during summer [23]. 
The reservoir bed is almost completely covered by muddy 
sediments with thicknesses ranging from 2.5 to 5.5 m. About 
1,000 m3/d wastewater that contains high-concentration 
ammonium (50 mg N/L) and low-concentration nitrate 
(7.5 mg N/L) is discharged from a nitrogenous fertilizer plant 
situated on the north bank into the reservoir. Four inflows 
are included (Fig. 1), and the nitrate concentration in these 
rivers ranges from 5.5 to 9.6 mg N/L. The hydraulic residence 
time of the reservoir is about 195 d calculated over a time 
scale of 1 year. The chemical characteristics of the reservoir 
water (monitored in April 2006) are shown in Table 1. 

2.2. Sampling and analysis

Sediments were collected in April 2006 from C1 (close 
to the outflow) and C2 (central reservoir) (Fig. 1). The water 
depths at the two sites were 17 and 12 m, respectively. 
Sediments cores (10 cm in diameter and about 20 cm long) 
were collected with minor disturbance using a gravity sam-
pler. Four cores were collected from site C1 and one from 
site C2. All sediment cores were kept vertical and chilled in 
dark boxes when transported to the laboratory. Two sedi-
ment cores from C1 and one from C2 were used to analyze 
the constituents of the porewaters and sediments, while the 

Fig. 1. Map of Tianzhuang Reservoir and sampling sites.
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remaining cores were used for the incubation experiments. 
Water at about 0.5 m above the sediments at different sites 
was sampled using a HL-CS poly (methyl methacrylate) sam-
pler. The temperature of the water just above the sediment–
water interface was measured using a multiparameter water 
quality monitor (YSI Inc., USA).

Sediment cores were sectioned into 2–4 cm slices in a 
glove bag under N2-filled conditions. The sectioned sedi-
ments were then placed in 50 mL centrifuge tubes and cen-
trifuged for 30 min at 4,000 rpm. Next, the supernatants were 
filtered through cellulose acetate filters (0.45 μm), while the 
sediments were dried at room temperature and then stored 
for later analysis. TP in the sediments was analyzed accord-
ing to Aspila et al.’s [26] method. The total iron (T-Fe) was 
measured in HCl extracts of the remaining ash after ignition 
[27]. Additionally, Fe–P in the sediments was extracted from 
sediment samples by Rutterberg’s method [28] and mea-
sured by a modified method for the determination of P in 
citrate-dithionite-bicarbonate extraction solutions [29].

The nitrate and SRP in the porewaters and waters above 
sediments were determined by ion chromatography (DX 80 
Ion Analyzer, Dionex Corporation, USA) (the relative stan-
dard deviation (RSD), 4.6% for nitrate and 16.8% for SRP) 
[30]. The ammonia nitrogen (NH4

+-N) was determined by UV 
spectrophotometry (the RSD, 4.4%) [30]. 

2.3. Flux calculation

The diffusional fluxes of SRP and nitrate on the sediment 
side of the sediment–water interface (flux) were calculated by 
Fick’s First Law of Diffusion [31]: 

Flux = ∂
∂ =− ϕD C
xs x| 0 � (1)

where φ, Ds and ∂C/∂x are the porosity of surficial sedi-
ments, the molecular diffusion coefficient in the sediments, 
and the concentration gradient of the solute just below the 
sediment–water interface, respectively. Porosity, measured 
as weight loss upon drying of sediments at 60°C, was 0.904 ± 
0.006 for the investigated sediments. The diffusion coefficient 

(Ds) was estimated from the empirical relationship Ds = φ2 D0 
[32], where D0 is the diffusion coefficient at infinite dilution 
corrected by the Stokes–Einstein relationship [33,34] at the 
in-situ temperature of 12°C measured near the sediment–
water interface. And the solute flux errors introduced from 
the estimation of the diffusion coefficients in sediment pore-
waters would be less than 20% [31,35]. The concentration 
gradient was estimated from the difference in concentration 
between the bottom water and the porewater in the surficial 
sediments. The presence of a diffusive boundary layer (DBL) 
on the water side of the sediment–water interface would pro-
vide a supplementary resistance to solutes release from sedi-
ments [36]. This resistance effect of a DBL was not taken into 
account in the flux calculation. The solute fluxes calculated 
are simply a maximum estimation, and the diffusive fluxes 
would likely be slower in the presence of a DBL, as it is the 
case at in-situ conditions.

2.4. Net production of nitrogen and phosphorus

Assuming a steady-state solutes distribution in the 
sediment porewaters, the net productions of nitrogen and 
phosphorus per unit volume of sediment, calculated by the 
difference of the generation rate from organic matter decom-
position and the rate of adsorption onto the sediments [37,38] 
were calculated according to the concentration profiles of 
NH4

+–N and SRP. The approach was implemented by the 
PROFILE program [37]. In our simulation, bioturbation and 
irrigation were neglected as no animals were found when the 
sediments were sieved.

2.5. Sediment–water interaction experiments

Experiments were conducted to investigate the sediment–
water interaction and to evaluate the effects of declining 
water nitrate on sedimentary P release. The experiments were 
conducted using distilled water (pH, 8.16; nitrate, 0 mg N/L) 
or reservoir water (pH, 8.16; nitrate, 6.7 mg N/L) as the over-
lying water of the sediments. The apparatus used consisted 
of two plexiglass columns, 50 cm high with a 10 cm inter-
nal diameter. The bottom of each column was closed and the 
top was sealed with a stopper that had two holes, one for 
sampling and one for venting. The sediment cores sampled 
from C1 were about 20 cm high and the overlying water was 
25 cm deep in the column. The overlying water was gently 
bubbled with nitrogen gas for 2 h every day, and the water 
was assumed to be in anoxic status during the experiments. 
Overlying water was sampled after ventilation every 2 d and 
the nitrate and phosphate levels were measured. Following 
sampling, the water was replaced with an equal amount of 
distilled or reservoir water. The pH of the overlying water was 
measured at the end of the incubation period. Experiments 
were performed in the dark at 13°C ± 2°C for 16 d.

Although the two kinds of waters for the incubation 
experiments are different from chemistry, impurities and 
ionic strength, the main factors affecting the sedimentary 
phosphorus release are likely to be calcium ion and nitrate 
ion. Therefore, another experiment was conducted to exam-
ine the potential effects of calcium ion on the phosphate 
concentration in the reservoir water. The same amount of 
phosphate (KH2PO4) was added to two volumetric flasks, 

Table 1
Chemical characteristics of the reservoir water 

Major ions Concentration

NO3
–-N, mg/L 6.74 (4.4%)

SO4
2–, mg/L 97.8 (8.1%)

Cl–, mg/L 39.3 (5.2%)
Na+, mg/L 24.2 (3.4%)
K+, mg/L 1.7 (5.4%)
Mg2+, mg/L 14.0 (4.9%)
Ca2+, mg/L 33.8 (3.3%)
PO4

3–P, mg/L 0.01 (16.8%)
pH 8.16
NH4

+-N, mg/L 2.50 (4.4%)

Note: Value in parentheses is the relative standard deviation of the 
monitoring method.
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one containing distilled water and the other reservoir water. 
The pH of the distilled water was then adjusted to 8.16 with 
1 mol/L NaOH solution before the KH2PO4 added. The flasks 
were shaken immediately by hand, after which they were 
incubated in darkness for 24 h. Following incubation, the SRP 
of each sample was measured. The SRP was measured by the 
molybdenum-antimony anti-spectrophotometric method 
(the RSD, 13.2%) [30] and the nitrate was measured by the 
ultraviolet spectrophotometric method (the RSD, 5.1%) [30]. 
SAS (Statistical Analysis System) was used for the statistical 
analyses.

3. Results and discussion

3.1. Role of nitrate on phosphorus release

The chemical characteristics of the surficial sediments 
(0–2 cm) are presented in Table 2. The Fe–P accounted for 
about 60% of the TP in the surface sediments, indicating 
that the sediments were sensitive to redox potential with 
respect to P.

The nitrate and SRP in the sediment porewaters had 
a negative correlation (Fig. 2). Specifically, the concentra-
tions of SRP increased from the sediment–water interface 
down to about 7.5 cm (Column C1) or 10 cm (Column C2), 
below which they decreased (Fig. 2(a)). Conversely, the con-
centrations of nitrate decreased from the interface to about 
7.5 cm, below which they were lower than the detection limit 
(Fig. 2(b)). Comparison of Fig. 2(a) with Fig. 2(b) revealed 
that the increase of SRP concentration corresponded to the 
decrease of nitrate concentration in the porewaters of the 
upper sediments. There was also a significantly negative 
correlation between nitrate and SRP in the porewaters of the 
upper 7.5 cm sediments (r = –0.821, p = 0.0124, n = 8), suggest-
ing that nitrate may inhibit the liberation of Fe–P from the 
sediments.

The SRP flux on the sediment side of the sediment–water 
interface was 0.191 mg/(m2·d) (Table 3), which was signifi-
cantly lower than Nürnberg’s statistical value for mesotro-
phic lakes (2–10 mg/(m2·d)) [39]. The SRP flux of Tianzhuang 
Reservoir was also significantly lower than the value of 
Lake Hongfeng (Table 4), although the Fe–P in the surface 
sediments of the former system was only slightly less than 
that of the latter, which had a depth similar to Tianzhuang 
Reservoir. The main difference in water characteristics 
between the two aquatic environments lay in the nitrate 
concentration. Specifically, the nitrate concentration in 
Tianzhuang Reservoir was markedly higher than that in Lake 
Hongfeng. The high nitrate concentration in the reservoir 

Table 2
Chemical characteristics of surficial sediments

C1 C2

TP, mg/kg dw 870.6 856.4
Fe–P, mg/kg dw 566.0 531.5
Fe–P/TP, % 65.0 62.1
T-Fe, mg/kg dw 25,280 23,164
T-Fe/TP 29 27

C1, close to the outflow; C2, central of the reservoir; dw, dry weight.
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Fig. 2. Nutrient profiles (soluble reactive phosphorus (SRP) (a), 
nitrate (b), and NH4

+ (c) in porewaters of sediments). Data points 
(square of site C1 and circle of C2) were the measured concen-
tration profiles. The best fitting concentration profile (solid line) 
and the net production profile (dotted line) were calculated by 
the PROFILE program according to the measured concentration 
profile of site C1.
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water resulted in high nitrate flux into sediments (about 
50 mg N/(m2·d), Table 3). In addition, the penetration depth 
of nitrate was about 7.5 cm (Fig. 2(b)). Knowles [40] reported 
that only upper 1 to 5 cm sediment layer was the denitrifi-
cation zone, and that the penetration depth depends on the 
rate of nitrate diffusion into the sediments. The deeper pen-
etration of nitrate in our investigation was believed to result 
from the high rate of nitrate flux into the sediments, which 
indicated that the activity of denitrification in the surface 
sediments of Tianzhuang Reservoir was stronger. The active 
denitrification then suppressed the release of Fe–P, resulting 
in lower SRP in the porewaters of sediments in Tianzhuang 
Reservoir than in Lake Hongfeng. Accordingly, the P flux on 
the sediment side of the sediment–water interface was only 
about 0.191 mg/(m2·d).

The net production ratio of N:P was 2,372:1 in the sur-
face sediment in Tianzhuang Reservoir (reference data 16:1 
according to the Redfield ratio). The net production ratio 
is affected by differential adsorption. The dimensionless 
adsorption constant for SRP (5) is usually larger than that for 
NH4

+–N (1.6) in anoxic sediments [42]. The high value of the 
ratio indicates that the SRP liberated from the decomposition 
of organic materials was strongly adsorbed by the surficial 
sediments in the denitrification zone.

Overall, the high ratio of Fe–P/TP, negative correlation of 
SRP and nitrate concentration profiles, low SRP flux and high 
net production ratio of N:P indicated that the high nitrate 
concentration is an important factor for controlling P release 
from redox-sensitive sediments in Tianzhuang Reservoir.

3.2. Effects of nitrate decline on phosphorus release

The column experiments were not designed to deter-
mine exact rates of sedimentary P release under different 
nitrate-bearing water conditions, but to test whether the 

nitrate decline (from 6.7 to 0 mg N/L) in reservoir water 
would lead to enhanced P release from the redox-sensitive 
sediments.

The SRP concentrations in the two kinds of overly-
ing waters (distilled water and reservoir water) tended to 
increase with time. However, the increasing rate of SRP in 
the distilled water was significantly larger than that in the 
reservoir water. At the end of the incubation, the SRP concen-
trations in the distilled water and the reservoir water were 
0.22 and 0.10 mg/L, respectively (Fig. 3). The main difference 
influencing the SRP concentration lay in the high levels of 
calcium and nitrate in the reservoir water. The calcium and 
phosphate may generate precipitation, which is beneficial 
to P removal from reservoir water. In our experiment, the 
effects of Ca2+ were not significant (Fig. 4). Therefore, the 
difference in SRP concentration in the contrast experiments 
was mainly a result of nitrate effects. During incubation, the 
nitrate concentration in the overlying water (reservoir water) 
decreased with time, and the value was 2.9 mg N/L at the 
endpoint of the experiment (Fig. 5), whereas the nitrate was 
always below the detection limit in the distilled water over-
lying the sediment.

Comparison of the two column experiments showed 
that a decrease in nitrate concentration from 6.7 to 0 mg N/L 
would significantly enhance the release of P from sediments 
of Tianzhuang Reservoir. Andersen [10] and Beutel et al. [13] 
found an increase of phosphate concentration with decreas-
ing nitrate concentration seasonally in anoxic hypolimni-
ons. Jensen et al. [43] reported that, if the ratio of T-Fe:TP 
in surficial sediments was above 15 (by weight), it may be 

Table 3
Nutrient fluxes on the sediment side of the sediment–water interface

Ds ×10–5 m2/d ðC/ðx × 105 mg/m4 Fluxa mg/(m2·d)
C1 C2 C1 C2

NO3
–-N 9.741 5.94 5.78 –52.307±10.822 –50.898±10.546

SRP 4.229 –0.05 –0.05 0.191±0.054 0.191±0.054
aPositive flux denotes that the nutrient moves from sediments to overlying water; C1, close to the outflow; C2, central of the reservoir.

Table 4
Comparison of surface water nitrate, porewater phosphate, and 
interfacial phosphate flux between Tianzhuang Reservoir and 
Lake Hongfeng

Tianzhuang 
Reservoir

Lake 
Hongfenga

Nitrate in surface water, mg/L 5–12 1.5
Fe–P in sediments, mg/kg 500–600 700–900
Fe-P/TP of sediments, % 60 30–40
SRP in porewater, mg/L 0.06 0.1–0.2
SRP release flux, mg/(m2·d) 0.191 1.46–2.88

 a Data were from Wang [41].
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possible to control sediment P release via maintenance of 
an oxidized surface sediment layer. The T-Fe:TP ratio of the 
sediments investigated in the present study exceeded 27 
(Table 2), indicating that the surface sediments had a high 
potential sorption capacity for P [44]. Therefore, the release 
of P from the sediments was retarded under high nitrate lev-
els, and the release rate was lower than that under nitrate-
free conditions.

Andersen [10] pointed that no P was released from sed-
iments if the nitrate concentration exceeded 0.5 mg N/L. 
Moreover, complete resistance of P in response to lower lev-
els of nitrate (0.23 mg N/L) has been reported in laboratory 
experiments [13]. In contrast, even under the high nitrate 
concentration (5 mg N/L) conditions in our experiment, an 
obvious release of P occurred. P can also be released from 
oxic surface sediments to the overlying water through 
diffusion [45]. The diffusion flux of SRP in Tianzhuang 
Reservoir was about 0.191 mg/(m2·d) (calculated from P pro-
files), but it was only about one-fifth of the incubation flux 

(1.078 ± 0.212 mg/(m2·d)) roughly determined from the mass 
balance in our experiment. Clearly, some factors other than 
the redox condition have a major effect on P release under a 
high T–Fe:TP ratio and a high nitrate concentration. Curtis 
[46] and Jin et al. [47] reported that high pH benefits the 
release of P attached to iron compounds at the sediment sur-
face. The release of P from sediments containing high Fe–P is 
enhanced when the pH is about 7.7 [47]. Active denitrifica-
tion near the sediments leads to increased pH in the overly-
ing water [48,49]. The pH of the water (reservoir water) at the 
end of our experiment was 8.56, whereas the value was 7.85 
in the other column. Therefore, the elevated pH (from 8.16 to 
8.56) might be the main reason for the release of P under high 
nitrate conditions in our experiment, although the T–Fe/TP 
ratio in the surface sediments was high. In natural waters, 
the enhanced release effect of elevated pH is expected to be 
negligible because of the buffering capacity of water.

3.3. Implications for reservoir management

The sediments in Tianzhuang Reservoir were 
redox-sensitive and P release would be enhanced if the nitrate 
concentration declined. Moreover, this decline might decouple 
the Fe–P cycle because of the high sulfate concentration in the 
reservoir water, resulting in a further release of P from the 
sediments. The sulfate concentration was about 1,000 μm/L in 
Tianzhuang Reservoir, which is more than the average value 
of 10–500 μm/L for freshwater [50]. The existence of nitrate 
near the sediment–water interface resisted the reduction of 
sulfate in the surface sediments. In addition, the TN:TP ratio 
in the water column of Tianzhuang Reservoir exceeded 200, 
indicating that P was the key factor limiting eutrophication. 
Moreover, the TP concentration in the reservoir ranged from 
0.010 to 0.028 mg/L in 2006, approaching the eutrophic TP 
standard of the OECD (0.035 mg/L). The depth of nitrate pen-
etration into sediments reached up to 7.5 cm; therefore, more 
P would be released to the water column under low nitrate 
concentrations or the nitrate-free condition. Accordingly, the 
additional P released from nitrate concentration decline may 
trigger seasonal algal blooms in this reservoir.

To ensure the safety of drinking water, the local govern-
ment plans to control the nitrate pollution of Tianzhuang 
Reservoir by diverting discharges from the nitrogenous fer-
tilizer plant and diminishing nitrate loading from the catch-
ments. Wastewater from the nitrogenous fertilizer plant 
should be diverted because it is a major source of ammonium 
to the reservoir, and it also contains other toxic compounds. 
The main nitrate loading of the reservoir originated from the 
associated agricultural areas. Controlling nitrogen from dif-
fuse sources is a considerably expensive and usually ineffec-
tive measure [51]. Control of nitrate pollution in Tianzhuang 
Reservoir would alleviate the adverse effects of nitrate on 
human health; however, the enhanced release of P from sed-
iments might trigger eutrophication, resulting in even worse 
water quality problems. The plan to divert the polluted 
inflows of Lake Jabel was rejected because the decline of the 
nitrate loading of the lake would result in a large amount 
of P being released [25]. Additionally, the nitrate concentra-
tion in Tianzhuang Reservoir water after June 2005 did not 
exceed the guideline value for drinking water (11 mg N/L) 
set by the World Health Organization. For the T-Fe:TP ratio 

0.00

0.05

0.10

0.15

0.20

0.25

SR
P 

(m
g/

L)

Reservoir
 water

Distilled
Water

Fig. 4. Comparison of soluble reactive phosphorus (SRP) 
concentrations between distilled and reservoir water after 
addition of the same amount of KH2PO4.

0 2 4 6 8 10 12 14 16 182

3

4

5

6

7

Ni
tra

te
 (m

g 
N/

L)

Time (d)  

Fig. 5. Variation in nitrate concentrations in the overlying water 
(reservoir water) with time.



343Z. Gao et al. / Desalination and Water Treatment 129 (2018) 337–344

in the surface sediments was above 15 markedly, the sedi-
ments under the high nitrate concentration condition would 
be beneficial to more P retention. Accordingly, the effects of 
nitrate on P release from redox-sensitive sediments should 
be addressed while diminishing the diffuse source loads to 
control nitrate pollution. If the nitrate concentration declines 
gradually in Tianzhuang Reservoir, measures should be 
implemented to avoid or alleviate the release of P in the sur-
face sediments.

It is important to note that this study was based on only 
a few sediment investigations and laboratory experiments. 
Tianzhuang Reservoir appears to be an ideal site for explor-
ing the interaction among P–Fe–N–S cycles. Therefore, more 
sediment investigations and precise experiments should be 
conducted to further elucidate the mechanism of sedimen-
tary P release and the effects of chemical characteristics of 
the drainage basin on reservoir water quality. Because of the 
high ratios of Fe–P:TP and T-Fe:TP in surficial sediments of 
Tianzhuang Reservoir, the P exchange between the sediments 
and overlying water agrees with the classical Fe–P coupling 
model. Therefore, measures controlling P release from sed-
iments within Tianzhuang Reservoir should be practiced 
synchronously with nitrate concentration decrease. The 
results may help to optimize the management strategies for 
Tianzhuang Reservoir. Moreover, the findings indicate that 
interactions among biogeochemical cycles should be under-
stood from a holistic perspective before making management 
decisions for other lakes, especially under the tendency of 
elevated nitrate concentration or expanding eutrophication 
[52]. In addition, it is important to understand the potential 
water quality improvement of discharging nitrified waste-
water effluent to surface waters [53,54]. It may be helpful in 
deciding whether there is a need for nitrate elimination by 
denitrifying nitrified wastewater effluent in all sewage treat-
ment plants [51].

4. Conclusions

Exchange of P between sediments and water is a complex 
result of physical, chemical and biological processes. Here, we 
discussed the effects of chemical processes on sedimentary P 
release from redox-sensitive sediments. The sedimentary P 
release in Tianzhuang Reservoir agreed with the classical Fe–P 
coupling model between iron and phosphorus. The high level 
of nitrate in the water column improved the P retention capac-
ity of sediments with a high T-Fe:TP ratio. The decline of nitrate 
concentration in surface waters would enhance the release of 
phosphorus from redox-sensitive sediments seasonally, espe-
cially in waters with high sulfate concentrations; therefore, it is 
expected to increase the risk of eutrophication of Tianzhuang 
Reservoir. Accordingly, the interaction between nitrate and 
phosphorus and the reservoir-specific characteristics should 
be emphasized when decisions are made to control nitrate 
pollution of surface waters.
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