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To clarify the influence of the changes in the overlying water environment on the internal
nitrogen release from reservoir sediments in different seasons, the quantitative linear
relationship between the intensity of the nitrogen release from the sediment and the
environmental factors of the overlying water was established, and their contribution rate to
the nitrogen pollution of the reservoir during different storage periods was investigated. In
this study, the sediment samples were collected from the Dahekou Reservoir in the Xilingol
League, and the orthogonal simulation experiments were conducted in the laboratory. The
mathematical model, which was established using multiple linear regression methods,
revealed the following. The order of the significance of the influences of the environmental
factors on the nitrogen release from the sediments in the Dahekou Reservoir is water
temperature (T) > dissolved oxygen (DO) > pH value > hydrodynamic force (K). The total
nitrogen release flux from the sediments in the Dahekou Reservoir was 14.278 t/a in 2018,
accounting for 27.91% of the total nitrogen (TN) pollution load input during the same
period. In particular, in winter, the contribution rate of the nitrogen released from the
sediments reached the highest level (57.06–63.26%), which was significantly higher than
the river’s contribution to the total nitrogen pollution load of the reservoir. The nitrogen
released from the sediments became the main source of nitrogen nutrients in the reservoir
in the ice-sealed period.

Keywords: northern cold area, Dahekou Reservoir, endogenous pollution, sediment, nitrogen release model,
contribution rate

1 INTRODUCTION

Eutrophication of water has been a concern since the early 20th century. The eutrophication of water
bodies was first studied in the Great Lakes region of North America. According to the survey results
of Davis (1964) for Lake Erie in North America, the number of phytoplankton’s in the lake continued
to increase, reaching the maximum in spring and autumn and lasting for an increasingly long time.
Subsequently, Beeton’s (1965) research confirmed that the acceleration of the Lake Erie
eutrophication was caused by human activities. In addition to the United States, Japan (Okino
and Kato, 1987), Germany (Hartman and Nümann, 1977), Sweden (Gelin, 1975), Australia
(Hammer et al., 1973), and other countries have also conducted studies on lake eutrophication.
Since eutrophication was first discovered in the 1930s, 30–40% of the world’s lakes and reservoirs
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have been affected by eutrophication to varying degrees. Taking
effective measures to control the input of exogenous nitrogen and
phosphorus nutrients into the upper reaches of reservoirs has
become a common measure for the prevention and control of
water eutrophication. However, the internal pollution caused by
the release of nitrogen and phosphorus from sediments has been
neglected. In this study, the term sediment generally refers to
river and lake sediments, which is a common accumulation of
particles. A variety of pollutants and numerous types of pollutant
degradation, adsorption, desorption, and other biological and
ecological effects lead to a variety of pollutant and natural
material interactions after the combined effects of these factors
have prevailed for a long period of time. Throughout the entire
water system, material circulation serves the important roles of
confluence and source (Yang et al., 2018). Previous studies have
shown that the migration and transformation of nutrients at the
mud-water interface are affected and restricted by various
environmental factors such as water temperature (Zhong et al.,
2008), pH (Bocrs and Istvanovics, 1991), water disturbance (Pang
et al., 2008; Yan et al., 2008), and dissolved oxygen (Zhang et al.,
2012). The released form, release time, and released quantity of
the nutrient salts in the sediments have been found to be random
(Hartman and Nümann, 1977; Okino and Kato, 1987; Xue and
Lu, 2015). Under the gradual and effective control of the
exogenous input, the release of nutrients from sediments
becomes an important cause of the deterioration and
eutrophication of the lake water quality (Mayer et al., 2005).
Therefore, the secondary pollution caused by the internal release
of nutrients from sediments has attracted the attention of many
scholars (Ni and Wang, 2015; Gu et al., 2016). In the 1970s,
Schindler (1974) conducted long-term large-scale experiments on
a lake, and Schelske et al. (1974) investigated and studied the
phosphorus and silicon dioxide in Lake Michigan, both of which
revealed that phosphorus was the main limiting factor in the
eutrophication of freshwater lakes. Therefore, phosphorus load
reduction has become the main strategy for lake management in
North America and Europe. Subsequently, research on lakes
Apopka, George, and Okeechobee in the United States, East
Lake in China, and Xiupu Lake in Japan have confirmed that
using only this method of controlling the phosphorus input fails
to control the eutrophication of the water body (Conley et al.,
2002). The contribution of nitrogen to water eutrophication has
increased significant interest among scientists, and a large
number of studies have confirmed that nitrogen is another key
limiting factor in the water eutrophication of freshwater lakes
(Han et al., 2014; Shan et al., 2015). At present, most scholars have
mainly focused on the influences of the lake water body sediment
nitrogen composition, occurrence forms, spatial distribution,
diffusion flux, and interface structure on the contribution to
the water environment (Pennuto et al., 2014; Yang et al., 2017).
Conversely, little research has been conducted on the nitrogen
release from sediments, which is affected by changes in the
overlying water environment. Most previous studies were
conducted in the laboratory under static conditions to
simulate the impact of changes in a single environmental
factor on the release characteristics of the internal nitrogen in
sediments, and few studies have investigated the impacts of the

synergistic effects of various environmental factors on the release
characteristics of the internal nitrogen in sediments. In addition,
most studies on sediment nitrogen nutrient release are still in the
qualitative stage, so it is urgent to further analyze and
quantitatively discuss and estimate the sediment internal
nitrogen release load and the pollution contribution rate to the
overlying water body. Studies of the contribution of the
exogenous input and internal release under the influence of
seasonal changes, river runoff, and the water quality upstream
of the reservoir will have a significant impact on the formulation
of pollution prevention plans and measures for the reservoir.

The Dahekou Reservoir is in a cold and dry area with strong
sand movement. The water quality exhibits a eutrophication level
that has increased year by year. During winter and spring
replacement and the freezing and thawing of the reservoir, the
water temperature stratification and inversion influence the
release of the nitrogen and nutrient salts in the sediments.
Wind and reservoir water drainage disturb the reservoir
sediments at the bottom, resulting in sediment suspension and
nitrogen redistribution at the interface between the sediments
and water (Xiang et al., 2015). Some nutrients can be released
from sediments into the upper water, increasing the nutrient load
(Holdren and Armstrong, 1980). Therefore, the temperature, pH,
dissolved oxygen, hydraulic disturbance, and sediment
mathematical model of the internal nitrogen release strength
(lake) were considered when simulating the reservoir conditions
at the soil interface under environmental changes to estimate the
deposited silt sediment nitrogen release flux, to control the water
source pollution, to prevent eutrophication, and to ensure the
reservoir and downstream water supply function.

2 MATERIALS AND METHODS

2.1 Survey of Study Areas
The Dahekou Reservoir (42°13′19.17″N, 116°38′4.00″E) is
located on the main stream of the Luanhe River in Duolun
County, Xilingol League, Inner Mongolia. It was built in
August 1995, and it has a maximum water depth of 18.1 m, a
designed reservoir capacity of 26 million m3, an area of
8684.54 km2 above the dam site, an average monthly area of
2.14–2.87 km2, and a water level of 1213.39–1215.13 m. The
maximum water temperature for many years is 23.3°C, and
the average water temperature under the ice during the ice
period is 0.4°C. The water level, area, and depth of the
reservoir vary with the storage and discharge of the Datang
Duolun Hydropower Station at the mouth of the dam. It is a
medium-sized narrow reservoir, and water supply and power
generation are its main purposes, as well as comprehensive
utilization of flood control, agricultural irrigation, and
aquaculture. It is mainly recharged by the surface runoff of
the Tuligen River in the east and Luanhe River in the west.
For many years, due to the influence of sewage discharge from the
sewage treatment plant in the upper reaches of Duolun County
and the fishery culture in the reservoir, the organic matter (e.g.,
humus) in the sediments of the reservoir rot, and the nitrogen and
phosphorus contents increase year by year. The eutrophication of
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the reservoir water has not been effectively controlled under these
conditions although the external pollution sources are constantly
being rectified and reduced. The eutrophication of the reservoir
water has adversely affected the water quality of the lower reaches
of the Luanhe River and has threatened the safety of the drinking
water of the Tianjin residents in the lower reaches of the Luanhe
River (Liu et al., 2010).

2.2 Sample Collection
Based on the Chinese water environment and the lake wetland
survey norms, according to the distribution of the pollution
sources, reservoir area, and water surface width of the
Dahekou Reservoir, the reservoir was divided into five sections
in the order of (A, B, C, etc.). A total of 18 water quality
monitoring points were arranged (Figure 1).

From March 2018 to February 2019, each month, we traveled
by hovercraft to the monitoring points using Global Positioning
System (GPS) navigation. At eachmonitoring point, wemeasured
the water depth (using a long-line portable LOWRANCE X-4 Pro
water depth meter), the bottom water temperature, the dissolved
oxygen content (using a YSI550A dissolved oxygen meter), the
pH (using an HACH HQ30D instrument), and the flow rate
(using a rotary cup flowmeter).Wemeasured the average value of
the water temperature, the dissolved oxygen, and the pH at the
bottom of each monitoring point as the basic physical and
chemical index parameters for estimating the nitrogen release
load of the sediments.

2.3 Subject Material
2.3.1 Sediment
The sediment samples collected from the bottom of the Dahekou
Reservoir at a depth of 15 cm were packed in cloth bags, which
were labeled and transported back to the laboratory in a cryogenic

sealing device. The physical and chemical indexes of the sediment
were determined to be as follows: a pH of 7.63, an organic matter
content of 4.2%, and a total nitrogen (TN) content of 2246 mg/kg.
The sediment samples were used as orthogonal simulation test
samples to investigate the nitrogen release from the sediments.

2.3.2 Overlying Water
Samples of the water overlying the sediments at each sampling
point were collected in polyethylene bottles and were transported
back to the laboratory refrigerator (4°C) for storage. The TN
concentration of the overlying water at the sampling point was
2.1 mg/L.

2.4 Test Scheme
2.4.1 Selection of the Factors Influencing the
Orthogonal Test of the Total Nitrogen Exchange Flux in
the Sediments
The sediment nitrogen release test method was conducted
according to the “Lake Eutrophication Survey Specification.”
An orthogonal simulation test of the sediment-overlying water
total nitrogen exchange was performed by selecting
environmental factors, such as the temperature, pH, dissolved
oxygen (DO), and hydrodynamics, which have significant effects
on the sediment release.

1) Temperature: Na2CO3 and (1 + 5) H2SO4 solutions with 1 M
concentrations were used to adjust the pH to 7.0. The TN
concentration of the overlying water was measured in three
triangular conical bottles placed in a biochemical incubator at
48-h interval under three ambient temperature conditions,
that is, 5, 20, and 35°C.

2) pH: Na2CO3 and (1 + 5) H2SO4 solutions with 1 M
concentrations were used to adjust the initial pH values of

FIGURE 1 | Layout of the monitoring points in the Dahekou Reservoir.
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the overlying water samples to 6.0, 7.5, and 9.0. The TN
concentrations of the overlying water samples were measured
at 48-h interval in three simulated reactors.

3) DO: Na2CO3 and (1 + 5) H2SO4 solutions with 1 M
concentrations were used to adjust the pH to 7.0. The DO
concentration of the overlying water was maintained at
2.0 mg/L (N2), 4.0 mg/L, and 6.0 mg/L by controlling the
air or nitrogen aeration of the gas rotor flowmeter. The TN
concentration of the overlying water was measured at 48-h
interval in three reactors.

4) Hydrodynamic conditions: A biochemical incubator was used
to control the ambient temperature at 25°C. Na2CO3 and (1 +
5) H2SO4 solutions with 1 M concentrations were used to
adjust the pH of the overburden water of the reactor to 7.0.
Three different hydrodynamic conditions (i.e., 0 r/min, 30 r/
min, and 60 r/min) were set using an infinitely variable speed
agitator. The TN concentration of the overlying water was
measured at 48 h intervals in three reactors.

2.4.2 Orthogonal Experimental Design of the Nitrogen
Release From Sediments
According to the orthogonal experimental design method,
which has four factors and three levels [L9 (34)], three
groups of experimental designs, including nine schemes,
were set up (Table 1). The orthogonal test device is shown
in Figure 2.

2.5 Estimation of the Internal Nitrogen
Release Pollution Load in the Sediments
Three groups of experiments were designed. Each group was run
continuously for 14 days, and the sampling frequency was 1 time
every 2 days. At the beginning of each experiment, 10 g of
reservoir sediments were placed in glass bottles with plugs.
Then, they were slowly injected into 500 ml of overlying water
from the original reservoir, sealed with plugs, connected by
pipelines, and placed in a biochemical constant temperature
incubator.

Four factors including temperature, pH, DO, and water
disturbance were selected as the influencing factors for the
orthogonal simulation test of the total nitrogen exchange flux
in the sediments. After the start of the experiment, every 2 days,
10 ml of the water overlying the sediment samples was taken
using a pipette to determine the TN concentration. At the same
time, the original calibration of the glass bottle was supplemented
with 10 ml of surface water from the original reservoir. To ensure
the rationality and reliability of the test data, two parallel tests
were conducted for each test scheme (the error of the results of
the two analyses was less than 5%), and the mean value of the
results of the two tests was taken. The intensity of the total
nitrogen release from the sediments was calculated using the
following equation:

R � ⎡⎣V(Cn − C0) +∑n
i�1
Vi(Ci−1 − Ca)⎤⎦/A.

TABLE 1 | Statistics of the total nitrogen released from the sediments of the Dahekou Reservoir in the orthogonal experiment.

Sequence
number

Temperature
(°C)

pH (dimensionless) Dissolved oxygen
(mg/L)

Hydrodynamic
(r/min)

Release
strength of
two parallel

tests
(mg/m2•d)

Mean release
intensity
(mg/m2•d)

Range
Ri

1 2

1 1 (5) 1 (6.0) 1 (2.0) 1 (0) 17.53 17.41 17.47 0.119
2 1 (5) 2 (7.5) 2 (4.0) 2 (30) 16.76 16.66 16.71 0.096
3 1 (5) 3 (9.0) 3 (6.0) 3 (60) 14.37 14.47 14.42 0.102
4 2 (20) 1 (6.0) 2 (4.0) 3 (60) 19.95 19.72 19.84 0.226
5 2 (20) 2 (7.5) 3 (6.0) 1 (0) 16.92 17.12 17.02 0.206
6 2 (20) 3 (9.0) 1 (2.0) 2 (30) 19.13 19.06 19.09 0.076
7 3 (35) 1 (6.0) 3 (6.0) 2 (30) 18.59 18.74 18.67 0.150
8 3 (35) 2 (7.5) 1 (2.0) 3 (60) 21.14 20.84 20.98 0.297
9 3 (35) 3 (9.0) 2 (4.0) 1 (0) 18.94 19.14 19.04 0.201
Kj1 48.60 54.71 57.54 53.53
Kj2 55.95 52.55 55.59 54.47
Kj3 58.70 55.98 50.11 55.24

FIGURE 2 | Equipment used to test the nitrogen release from the
sediments.
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where R is the intensity of the nitrogen release (mg/m2); V is the
water sample’s volume (L); Cn is the TN concentration of the
water overlying the sediment for each sampling site (mg/L); C0 is
the initial TN concentration (mg/L); Vi is the volume of each
sample (L); Ci−1 is the TN concentration (mg/L); Ca is the TN
concentration of the water added (mg/L); and A is the surface
area of the sediment in contact with the water (m2).

3 RESULTS AND DISCUSSION

3.1 Establishing and Testing the Model of
the Intensity of the Nitrogen Release From
the Sediments
3.1.1 Establishing a Mathematical Model of the
Intensity of the Nitrogen Release From the Sediments
in the Reservoir
According to the orthogonal simulation test results for the
intensity of the total nitrogen release from the sediments, the
release intensity from the sediments was calculated, and the
statistics and range analysis were conducted (Table 1).

Based on the analysis of the data from the aforementioned
nine orthogonal test schemes for investigating the intensity of the
nitrogen release from the sediments, the relationship between the
four environmental factors (i.e., temperature, pH, DO, and
hydrodynamic conditions) and the intensity of the nitrogen
release from the sediments was obtained using the multiple
linear regression method:

R � 20.938 + 0.112[T] − 0.379[pH] − 0.621[DO] + 0.010[K],

where R is the intensity of the nitrogen release from the
sediments (mg/m2•d); T is the water temperature (°C), 5 <
T < 35°C; pH is the pH of the water, 6 < pH < 9; DO is the
dissolved oxygen content (mg/L), 0 < DO < 6 mg/L; and K is the
speed of the stepless speed regulating agitator (r/min),
0 < K < 60.

3.1.2 Testing the Mathematical Model of the Intensity
of the Nitrogen Release From the Sediments
The significance test for a multiple linear regression equation that
is generally used to judge the overall significance of the regression
model is the F test. If the statistical variable F is selected, then
given the significance level a, the check F critical value is f1−2 = (k,
n−k−1). If the statistical value F> f1−2 is obtained from the
sample calculation, the regression model is considered to be
significant. Otherwise, the regression model is not significant
(Growns et al., 2003).

1) Significance test of the regression equation of the intensity of
the nitrogen release from the sediments.

The significance of the regression equation of the
mathematical model of the intensity of the nitrogen release
from the sediments is tested: H0:β1 = β2 = β3 = β4 = 0. The
sum of the squared deviations of each factor is as follows:

S2T � ∑y2
i − n(1/n∑yi)2 � 61.302,

S2R � ∑n
i�1
(ŷi − y

−)2

� 57.338,

S2E � S2T − S2R � 61.302 − 57.338 � 3.964,

where S2T is the sum of the squares of the total deviation; S2E is the
sum of the squares of the residual error; S2R is the sum of the
regression squares; and n = 18.Thus,
F � (S2R/4)/(S2E/(18 − 4 − 1)) � 47.016,and F �
(S2R/4)/(S2E/(18 − 4 − 1)) � 47.016.

For a significance level α = 0.05, F1−α (4, 13) = 3.18, F > F1−α,
and the rejection of H0, the regression equation of the
mathematical model of the intensity of the nitrogen release
from the sediments was significant.

2) Significance test of the regression coefficient of the intensity of
the nitrogen release from the sediments.

MATLAB 21.0 was used to test the significance of the
regression coefficient of the model equation of the intensity of
the nitrogen release from the sediments in the Dahekou
Reservoir. The test results are presented in Table 2.

As can be seen from Table 2, the regression coefficients of the
environmental factors T, pH, and DO in the regression equation
of the mathematical model are highly significant, while the
regression coefficients of the environmental factor K are not
significant.

3.1.3 Comparison of the Significance Levels of the
Factors Influencing the Intensity of the Nitrogen
Release From the Sediments
A comparison of the significance levels of the various
environmental factors affecting the nitrogen release from the
sediments was carried out (Figure 3).

As is shown in Figure 3, as the temperature increased, the
intensity of the nitrogen release from sediment increases
obviously, and the sediments increased significantly. The
increase in temperature accelerated the decomposition of the
organic nitrogen in the sediments, and thus, the amount of
organic nitrogen released into the overlying water increased.
In addition, as the dissolved oxygen content decreased, the
intensity of the nitrogen release from the sediments increased.
This is because the surface layer and the water overlying the
sediments are in an anoxic or anaerobic state when the dissolved
oxygen content is low, so the release level of ammonia nitrogen,
nitrate, and nitrite from sediments is significantly reduced, and
the release intensity is much higher than 2–8 times the release rate
under aerobic conditions (Zhao et al., 2018.). Ammonium
nitrogen is the main form of internal nitrogen released, and its
release degree is negatively correlated with the dissolved oxygen
content, while it is positively correlated with temperature (Wang
et al., 2011). The intensity of the nitrogen release from the
sediments initially decreased and then increased as the
pH changed from acidic to alkaline. This is attributed to the
fact that when the pH of the solution was acidic, H+ competed
with NH4

+ for adsorption positions on the colloidal particles of
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the sediments, leading to a significant increase in the intensity of
the nitrogen release from the sediments. When the solution was
close to neutral, the exchange capacity of NH4

+ decreased
correspondingly, and the intensity of the nitrogen release from
the sediments was weakened. When the pH of the water was
alkaline, NH4

+ in the water reacted with OH− to form molecular
ammonia compounds, which escaped and increased the intensity
of the nitrogen release from the sediments (Liu et al., 2014). As
the hydrodynamic strength of the intensity of the nitrogen release
from the sediments increased, the water disturbance not only
resuspended the particle nitrogen in the sediments, but it also
accelerated the nitrogen diffusion in interstitial water in the
sediments, which increased the material exchange between the
overlying water and the sediments, effectively promoting the
release of nitrogen from the sediments.

To compare the order of the influences of the various
environmental factors on the intensity of the nitrogen release
from the sediments, range analysis was conducted on the
orthogonal test data for the nitrogen release from the
sediments, and the results are as follows:

Temperature: S2jA � 1/3 × (K2
j1 +K2

j2 +K2
j3) − 1

3 × 3 (a1 + a2 +
.....a9) � 18.54.

In the formula, Kj1, Kj2, and Kj3 are the sums of test values
under various levels; a1, a2.....a9 is the value of the total nitrogen
release intensity; and SjA, SjB, SjC, and SjD are the standard
variances under the environmental conditions of temperature,
pH, DO, and K, respectively.

In the same way: S2jB � 2.00, S2jC � 8.98, and S2jD � 0.49.
The results of the range analysis of the data show that within

the range of values specified for the various environmental
factors, there is a relationship of SjA

2>SjC2>SjB2>SjD2. In other
words, the significance of the four environmental factors on the
release of nitrogen from the sediments in the Dahekou Reservoir
is ranked as follows: water temperature (T) > dissolved oxygen
(DO) > pH value > hydrodynamic (K).

3.2 Estimation and Variation Analysis of the
Internal Nitrogen Release Pollution Load in
the Sediments
According to the monitoring data for the actual physical and
chemical indexes, such as water temperature, pH, and dissolved
oxygen, at the bottom of the Dahekou Reservoir in 2018, the
intensity of the nitrogen release from the reservoir sediments
during different time periods was estimated using the
mathematical equation:

W � ∑Ri · ΔTi · A × 10−9,

where W is the internal nitrogen release pollution load of the
reservoir sediments (t); Ri is the nitrogen exchange flux under ice
conditions [mg/(m2•d)]; ΔTi is the corresponding time period
under ice conditions (d); and A is the corresponding reservoir
area at different time periods (m2).

The Dahekou Reservoir is located in a windy and sandy area,
with an average annual wind speed of >3.3 m/s. The kinetic
energy generated by the wind-wave disturbances and the scouring
effect of the discharged water on the sediments during power
generation is transferred to the sediment-water interface, from
the sediment-water interface to the sediments, and the sediments
are resuspended, which has an important effect on the migration
and transformation of phosphorus nutrient salt between the
sediment and the water (Schelske et al., 1974). The wave
hydraulic effect of the reservoir sediment disturbance intensity
is currently not directly measurable using the currently available
experimental instruments. Therefore, in this study, a Nanjing
south water LB70-1 c cup type current meter was used to
determine the value for the reservoir. Based on the
relationship between the flow velocity and the spin cup speed,
the hydraulic disturbance intensity was indirectly determined
using the established mathematical model of the sediment

TABLE 2 | Significant test results of the multiple linear regression coefficients of the TN release strength from the sediments.

Variance source
deviation square
sum degree
of freedom
variance F
ratio significance

Deviation square
sum

Degree of
freedom

Variance F ratio Significance

T 33.9697 1 33.9697 111.4174 Highly significant
pH 3.8874 1 3.8874 12.7503 Highly significant
DO 18.5008 1 18.5008 60.681 Highly significant
K 0.98041 1 0.98041 3.2156 Not significant

FIGURE 3 | Square deviation analysis of the total nitrogen released from
the Dahekou sediments during the orthogonal experiments.
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nitrogen release for the pollution load estimation. The results are
presented in Table 3.

v � a + bn,

where v is the flow rate (m/s); a is the current meter constant
(0.0067 m) (m/s); b is the hydraulic pitch of the rotary cup
(0.7432 m) (m); and n is the rotor velocity of the current
meter (s−1).

As can be seen from Tables 3, 4, the amount of TN released
from the sediments in the Dahekou Reservoir was 14.278 t/a in
2018, among which the amount of TN released during the wet
season (from June to September) was 5.504 t, accounting for
38.55% of the annual amount of TN released. From February to
May, the total nitrogen released from the sediments was 4.599 t,
accounting for 32.21% of the total nitrogen released throughout
the year. During the dry season (October to January), the total
nitrogen released from the sediments was 4.176 t, accounting for
29.25% of the total nitrogen released throughout the year. The
annual amount of total nitrogen released from the sediments in
the reservoir was the largest in the wet season and the smallest in

the dry season, which is consistent with the results reported by
Liu et al. (2006). Based on the comprehensive analysis of the water
temperature, pH, DO, and the hydrodynamic conditions, the
various physical, chemical, and biological reaction conditions
(e.g., diffusion and organic matter degradation) during the wet
season are conducive to promoting and accelerating the
decomposition of the organic nitrogen in the sediments
(Wang et al., 2013; Zhu et al., 2017), which leads to an
increase in the amount released into the overlying water. The
level period after the reservoir freezes is influenced by reservoir
fisheries and power stations and by human activities, such as
water disturbances. This can cause sediment resuspension and
the particulate nitrogen in the accelerated interstitial diffusion of
nitrogen from the sediment into the water, which increases the
material exchange capacity between overlying water and
sediment, effectively promoting the release of nitrogen from
the sediments (Nowlin et al., 2005). However, the level period
also includes algae growth, photosynthesis, and increase in pH,
which is beneficial to sediment nitrogen adsorption by the upper
water, so the plentiful release of nitrogen from the sediment is not

TABLE 3 | Estimation of the TN release pollution load from the sediments in the Dahekou Reservoir.

Month Time
(d)

Water
temperature

(°C)

pH (dimensionless) DO
(mg/L)

Hydrodynamic
force
(r/min)

Exchange
flux

(mg/m2•d)

Reservoir
area
(km2)

TN
release
(t/month)

January 31 5.48 7.81 8.03 12.40 13.73 2.31 0.983
February 29 5.66 7.70 7.72 16.81 14.03 2.53 1.029
March 31 6.85 8.08 6.69 22.45 14.71 2.47 1.127
April 30 8.38 8.09 6.72 24.34 14.88 2.54 1.134
May 31 9.58 8.29 5.45 32.45 15.81 2.67 1.309
June 30 13.09 6.18 4.65 21.45 17.39 2.71 1.414
July 31 14.46 6.26 2.34 20.48 18.94 2.14 1.256
August 31 15.66 6.49 2.08 16.36 19.10 2.40 1.421
September 30 11.72 6.97 5.53 23.34 16.41 2.87 1.413
October 31 9.53 6.68 6.49 18.65 15.63 2.34 1.134
November 30 8.97 7.34 7.32 16.75 14.78 2.30 1.020
December 31 5.68 7.62 8.11 13.82 13.79 2.43 1.039
Total 14.278

TABLE 4 | Estimations of the reservoir’s TN pollution load from runoff.

Month Time(d) Luanhe River Tuligen River Total TN
load (t/month)Volume of

runoff (m3/s)
Storage TN

concentration (mg/L)
TN load
(t/month)

Volume of
runoff) m3/s)

Storage TN
concentration (mg/L)

TN load
(t/month)

January 31 0.061 3.54 0.578 0.031 2.81 0.233 0.812
February 28 0.06 3.37 0.489 0.028 2.66 0.180 0.669
March 31 0.071 3.55 0.675 0.033 2.58 0.228 0.903
April 30 0.103 4.01 1.071 0.039 4.21 0.426 1.496
May 31 0.128 9.01 3.089 0.042 8.45 0.951 4.040
June 30 0.121 5.13 1.609 0.044 5.32 0.607 2.216
July 31 0.143 10.33 3.957 0.056 8.46 1.269 5.225
August 31 0.167 8.53 3.815 0.048 7.53 0.968 4.783
September 30 0.192 9.12 4.539 0.061 8.95 1.415 5.954
October 31 0.199 11.32 6.034 0.057 10.43 1.592 7.626
November 30 0.112 5.17 1.501 0.036 3.6 0.336 1.837
December 31 0.072 2.57 0.496 0.029 2.41 0.187 0.683
Total 27.852 8.392 36.244
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very obvious (Wu and Hua, 2014). During the dry, deep freeze
period, the water temperature is much lower than at other times
throughout the year. The use of NO2

−-N by water algae
microorganisms or dormant microorganisms (Robarts and
Zohary, 1987; Cao et al., 2008) and the mud microbial
activities near the weak interface is slow, and thus, the mud
nutrient exchange flux is tiny at the interface, and the nitrogen
release from the sediments is not significant (Nowlin et al., 2005;
Cheng et al., 2015). As a result, the nitrogen release intensity
reaches a minimum for the year during this period, and for the
sediments in the reservoir, the contribution rate of the nitrogen
nutrient released is smaller.

3.3 Identification of the Contribution of
Nitrogen Pollution From the Sediments in
the Reservoir
To identify the contribution rate of the internal nitrogen input to
reservoir eutrophication, based on the 2018 storage in the Luanhe
River mouth section, the water quality monitoring data for the spit
storage root rivermouth section, the Duolun county bigmouth spit
force provided by the river, and the data for the incoming runoff at
the Luanhe River reservoir management stations, the same period
for the contribution of the rivers to the TN pollution load was
estimated using the following equation (Table 4):

M � ρi × Qi × 3600 × 24 × ni × 10−6,

where M is the monthly TN pollution load of the river runoff
input into the storage area (t/month); Qi is the monthly river
inflow cross-section flow (m3/s); and Ni is the number of days per
month (d).

As can be seen from Tables 3, 4, the Dahekou Reservoir’s TN
input pollution load was 36.244 t in 2018, and the internal
nitrogen released from the sediment into the nitrogen load
was 14.278 t, accounting for 28.26% of the reservoir TN
pollution load. In the similarly eutrophic Lake Taihu, China,
based on the relationship between the sediment resuspension flux
and the wind speed, Pang et al. (2008) estimated the amount of
internal nitrogen released from the Taihu lake sediments and
determined that it accounted for 25.7% of the total exogenous
nitrogen input.

To determine the contribution rate of the sediment to the TN
pollution of the Dahekou Reservoir, the calculation results for the
sediment pollution load and the TN pollution load of the river
runoff into the reservoir were plotted (Figure 4) to compare their
contributions.

As is shown in Figure 4, the contributions of the nitrogen
released from the sediments and that input by the river runoff to
the total nitrogen pollution load exhibit regular trends. In spring
(March–May), when the reservoir is unblocked, the water
temperature is affected by stratification and inversion, and the
nitrogen nutrients in the sediment have significant release
characteristics (Wang et al., 2019), which leads to the
significant release, adsorption, and desorption of the nitrogen
and phosphorus in the sediments, including suspended solids
(Gao et al., 2013; Testa et al., 2013). Therefore, the nutritional
level of the overlying water body is increased, and it is affected by
biological activities, such as algae and zooplankton growth and
the double impact of the hydropower generation discharge of the
Datang International Duolun Hydropower Station on the
disturbance of the reservoir sediment. In summer
(June–August), the temperature and rainfall intensity increase
sharply, and the reservoir river runoff also increases soaring.
Because the reservoir is surrounded by fertilized farmland and the
rainfall surface runoff from this farmland flows into the Luanhe
River and thus into the reservoir, the contribution rate of the total
nitrogen pollution load increased to 61.05–80.62%, the river
runoff nitrogen nutrient transport has become the main input
to the reservoir in the summer, and the total nitrogen content
increased. In autumn (September–November), because of the
increase in rainfall in the areas upstream of the reservoir,
especially in October, the river input increased rapidly, the
inflow of surface runoff reached a peak for the year, the water
level rose significantly, and the rivers’ total nitrogen pollutant
load input to the TN storage reached the maximum value of
7.626 t/month, accounting for 87.05% of the monthly total
nitrogen storage load. For the nitrogen released from the
sediments in the reservoir, the contribution rate of the total
nitrogen reached the annual minimum, and the contribution
of the river runoff nitrogen nutrient transport to the reservoir’s
water quality and eutrophication level played a key role. In winter
(December–February), the reservoir entered the ice sealing
period, the runoff from the Luanhe and the Tuligen rivers into
the reservoir system reached the lowest level for the year.
Furthermore, the point source and non-point source pollution
along the rivers were reduced, and the water quality improved
significantly, resulting in the reduction of the contribution rate of
the total nitrogen pollution into the reservoir. Under the
influence of the lower water temperature and higher dissolved
oxygen content, the activity of microorganisms also decreased
further, and the rate of nitrification and denitrification reached
the lowest of the year; thus the intensity of the nitrogen release
from the sediments reached the lowest for the year. Because the
ice sealing period occurred in the dry season, the area of the
reservoir was reduced, and the total nitrogen pollution load
released from the sediments was lower than the total nitrogen
pollution load at other times of the year. However, owing to the
huge decrease in the river runoff in the dry season, the

FIGURE 4 | Monthly variations in the reservoir’s TN contribution rate
from two sources.
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contribution rate of the total nitrogen released from the
sediments to the total reservoir pollution load was higher than
in other seasons, reaching the highest level (54.76–60.60%),
which is higher than the total nitrogen pollution load the
rivers contribute to the reservoir. The total nitrogen released
from the sediments becomes an important source of nitrogen
nutrition when the reservoir is frozen.

4 CONCLUSION

Nitrogen release from the sediments in a reservoir (lake) is a very
complex dynamic process, which is influenced by multiple
factors. To determine the factors influencing the nitrogen
release from the sediment, the intensity of the internal
nitrogen release and its contribution to the pollution of the
reservoir were estimated. An orthogonal test of nitrogen
release from sediments for four factors and three factors [L9
(34)] were designed, laboratory simulation tests of the influences
of the four factors (i.e., T, pH, DO, and K) were conducted, and
the test results were analyzed. The following conclusions were
drawn.

1) The mathematical model equation [R = 20.938 + 0.122
(T)−0.379 (pH)−0.621 (DO) + 0.010 (K)] for the nitrogen
release from the sediments for the ranges of the specified
environmental variables was established based on the results
of laboratory orthogonal simulation experiments, and the
significance of the model was determined using the F test.
The results revealed that the regression equation of the
mathematical model of the intensity of the nitrogen release
from the sediments is significant, and the regression
coefficients of the environmental factors T, pH, and DO
were highly significant, but that of K was not.

2) In 2018, the TN release load of the sediments in the Dahekou
reservoir was 14.278 t/a, of which the total nitrogen released
from the sediments in the wet season (from June to
September) was 5.504 t, accounting for 38.55% of the total
nitrogen released throughout the year. The total nitrogen
released from the sediments in the horizontal period (from
February to may) was 4.599 t, accounting for 32.21% of the
total nitrogen releases throughout the year. During the dry
season (October to January), the total nitrogen released from

the sediment was 4.176 t, accounting for 29.25% of the total
nitrogen released throughout the year.

3) In spring, the contribution rate of the nitrogen released from the
sediments and that of the river runoff to the nitrogen and
nutrients in the reservoir were relatively close, so they were
the main sources of nutrients for the reservoir water during this
season. In summer and autumn, although the environmental
conditions were conducive to the release of nitrogen nutrients
from the sediments into the overlying water, the contribution rate
of the nitrogen released from the sediments into the overlying
water decreased to 19.38–38.95% due to the increased
contribution of the runoff pollution from the rivers upstream.
The contribution rate of the nitrogen released from the sediments
reached the lowest level at this time, and the input of nitrogen
nutrients by the upstream river was the main cause of the
eutrophication of the reservoir. During the frozen period, the
contribution rate of the nitrogen released from the sediments into
the overlying water reached the highest level (54.76–60.60%), and
it was one of the main sources of nitrogen nutrients in the water.
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