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Abstract
Migration and release of sediment pollutants has become one of the important causes of water pollution, but the contribution
of different forms of nitrogen in different water layers to the water quality of the overlying water is unclear. In this study, the
main stream of Liaohe River with heavy nitrogen pollution was taken as an example. The static simulation method and
related analysis techniques were used to explore the release characteristics of different forms of inorganic nitrogen and its
effect on TN and Chla in overlying water from the different water layers. The results showed that the release rates of TN,
NH4

+-N and NO3
−-N from upstream, midstream and downstream sections were different, but the release characteristics of

them in different water layers were the same basically. Generally, the inorganic nitrogen in the pore water of the sediment
was released to the water body rapidly in the early 0–8 days. The contribution rate of NH4

+-N and NO3
−-N to the change of

TNo was 76.85% for the upstream section, and the contribution rate of NO3
−-N to the change of TNo was 65.02% for the

midstream section. NH4
+-N and NO3

−-N in the different water layers from downstream did not showed a significant
correlation with TN of overlying water. NO3

−-N in sediments was the main contributor of TN and Chla changes in the
overlying water and its content can reflect the nitrogen pollution trend of the water body to a certain extent. When the water
retention time was 4–16 days, the TLI in the water body was relatively high. After effective control of exogenous pollution,
the release of endogenous nutrients in Liaohe River should be paid more attention.
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Introduction

With the application of artificial nitrogen fertilizers (Gal-
loway et al. 2008), industrial wastewater discharge (Gibson
et al. 2012) and the increase of specific domestic water
(Braga et al. 2000), a large amount of nitrogen is released
into the natural water system (Zhu et al. 2019). N-
containing compounds are essential nutrients for all life
forms, but when too much N nutrients enter the aquatic
environment, it will cause a series of ecological problems,
such as eutrophication, hypoxia events, acidification of

freshwater ecosystems, and poisoning of benthic organisms
and fish etc. (Camargo and Alonso 2006; Bhatnagar and
Sillanpää 2011). Eutrophication is usually caused by
excessive discharge of nitrogen and phosphorus com-
pounds, which leads to the proliferation of algae and other
phytoplankton and the decline of water quality (Yang et al.
2015). It is the most important problem facing lake eco-
systems. As a necessary nutrient for the primary production
of aquatic ecosystems, the supply of nitrogen significantly
affects the growth of algae in freshwater ecosystems
(Nyenje et al. 2010; Xu et al. 2012; Pedro et al. 2013). The
external nutrients load and the release and retention of
nitrogen in the sediment are the main factors affecting the
nitrogen content in the water body (Havens et al. 2001;
Chong et al. 2012; Wang et al. 2014). When the external
pollution source of the lake is controlled, the existence and
release of nutrients in the sediments makes eutrophication
still possible (Hu et al. 2007; Spears et al. 2008). Sediment
plays a vital role in the transportation of nutrients and the
surface water quality (Hasegawa et al. 2010; Wu et al.
2001) in freshwater ecosystems (Wang et al. 2003; Beutel
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2006; Lu et al. 2012; Antunes et al. 2013). Therefore,
understanding the nutrient concentration and distribution in
different water layers and sediment gaps will help to better
understand the nutrient exchange process at the interface
between sediment and water(Ye et al. 2014), quantify the
impact of sediment nutrient loading, and improve water
quality especially important (Havens et al. 2001).

Sediment is the main storage and accumulation place
of nutrients and pollutants in lake water bodies. During
the cycle of N and P nutrients in water bodies, sediments
can be both release sources and storage sinks (Daniel
et al. 1990), and play an important role in regulating the
nutrient content in the water body. The nutrients accu-
mulated in the interstitial water of the sediment can be
exchanged with the overlying water through physical
adsorption, chemical adsorption and cationic bridging
(Rex and Petticrew 2010; Yang et al. 2015). Therefore,
under certain conditions, nutrients will be released with
changes of environmental conditions (Domagalski et al.
2007; Nyenje et al. 2010). It is known that the release of
nutrients from sediments is affected by many factors such
as pH, dissolved oxygen, water temperature, salinity,
redox potential, and hydraulic disturbance (Zhang et al.
2012; Pedro et al. 2013). Studies have shown that when
the input of exogenous nutrients is effectively controlled,
the endogenous release of sediments often becomes an
important reason for the deterioration of water quality and
failure to recover (Hu et al. 2001). Therefore, in recent
years, the endogenous release characteristics and poten-
tial of eutrophic lake sediments have received extensive
attention (Perkins Underwood 2001; Rozan et al. 2002).
Previous studies have shown that accelerated nitrogen
application may pose a threat to eutrophication of
downstream estuaries and coastal ecosystems (Xie et al.
2007). However, previous studies have paid more atten-
tion to lake eutrophication, while less attention has been
paid to nitrogen pollution in rivers. At present, the
research on the release characteristics of nitrogen at the
interface between sediment and water mainly focuses on
the diffusion flux of nitrogen form in the sediment and the
induced attenuation seepage (Trimmer and Nedwell 1998;
Carrey et al. 2014a, b), but there are few studies on the
migration and release in different water layers. The effect
of different forms of nitrogen in different water layers on
the quality of overlying water is still unclear.

Liaohe River plays an important role in the ecological
regulation, industry, agriculture, fisheries and other
developments of Liaoning Province. It has been reported
that TN and TP in the Daliao River are seriously
exceeding the standard, all of which reach the inferior V
water quality (China National Water Quality Standard)
(Ma et al. 2015). The concentration of TN in Daliaohe
River was 4.80–7.59 mg/L (Zhou 2013; Chen et al. 2019).

In the current study, the main stream of Liaohe River with
heavy nitrogen pollution was taken as an example. The
static simulation method and related analysis techniques
were used to study the release characteristics and its effect
on TN and Chla in overlying water from different forms of
nitrogen at the sediment-water interface under different
water layers. The release, correlation and contribution of
total nitrogen (TN), nitrate nitrogen (NO3

−-N), ammo-
nium nitrogen (NH4

+-N) in sediments to water quality and
nutrient status of overlying water were analyzed, so as to
provide a scientific basis for pollution control and man-
agement of river basin.

Materials and methods

Study area and sampling sites

The Liaohe River Basin is a southern river in Northeast
China. It originated in Hebei Province and flows through
Hebei Province, Inner Mongolia, Jilin Province and
Liaoning Province. The Liaohe River has two water
sources, the East Liaohe River and the West Liaohe
River. The two sources met in Fudedian, Changtu
County, Liaoning Province. The main stream of the
Liaohe River leads to the cities of Tieling, Xinmin,
Liaozhong and Panjin in Liaoning Province. The total
length of the Liaohe River is 1345 km, and the drainage
area is 219,000 km2. It is injected into the Bohai Sea with
the Shuangtaizi River at the intersection of the Shuang-
taizi District in Panjin. In this study, the Fudedian (1),
Yubaotai Bridge (2) and the estuary (3) in the upstream,
midstream and downstream of the Liaohe River were
selected as sampling sections (Fig. 1). In-situ samples of
sediment and overlying water were collected and returned
to the laboratory in October 2016 to determine the
nitrogen release characteristics of the sediment. Water
temperature (T), conductivity (EC), pH, dissolved oxygen
(DO), total suspended solids (TSS), chemical oxygen
demand (COD), total phosphorus (TP), TN, NH4

+-N and
other basic water quality index information are listed in
Table 1.

Study methods

(1) Release characteristics of nitrogen in different water
layers

The river sediments were placed into the three plexiglass
columns with a diameter of 15 cm to a height of 15 cm,
and then stabilized them for a week. The situ water was
injected into each of the plexiglass columns to a height of
30 cm (Fig. 2). In order to prevent disturbance between
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water and sediment, water was injected slowly along the
glass column wall. The sediment and the overlying water
were subjected to the original column-temperature-
controlled culture. The first sampling was collected
after standing for 2 days, and the time interval was from
short to long until the 65th day. At different times, take
overlying water (about 3–5 cm from the water surface),
surface water (about 5 cm from the sediment) and pore
water (the surface sediment was centrifuged to take
the supernatant), and the water sample corresponding to
the sampling site was added to the original scale. The

water samples were immediately filtered and DO, pH,
TN, NH4

+-N, NO3
−-N and chlorophyll a (Chla) in the

water were determined (ORION-AQ3700). TN in the
overlying water, surface water and pore water were
represented by TNo, TNs, TNp, respectively. NH4

+-N in
the overlying water, surface water and pore water were
represented by NH4o, NH4s, NH4p, respectively. NO3

−-N
in the overlying water, surface water and pore water were
represented by NO3o, NO3s, NO3p, respectively. The
release rate (r) was calculated according to Eqs. (1) and
(2), and the release kinetic curve was plotted. In this

Table 1 Basic water quality index information of the three sections

Sampling site T (°C) EC (ms/cm) pH DO (mg/L) TSS (mg/L) COD (mg/L) TP (mg/L) TN (mg/L) NH4
+-N (mg/L)

1 3.8 0.302 6.97 8.47 22 17 0.02 1.1 0.42

2 3.6 0.542 7.18 8.73 94 4 0.11 1.0 0.24

3 9.8 2.850 7.31 9.13 262 5 0.47 3.2 0.48

Fig. 1 Location of sampling section of sediments and overlying water
in Liaohe River. The area within the red dotted line is the Liaohe River
Basin; the bold blue line is the main stream of the Liaohe River; the

red triangle is the sampling sites. 1, 2, and 3 represent the upstream,
midstream and downstream from the main stream of Liaohe River,
respectively
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study, we collectively refer to the nitrogen migration rate
between water media and the nitrogen release rate in the
sediment as the release rate. The determination of dif-
ferent forms of nitrogen referred to the national standard
method (CSEPA 2012). Soluble TN in the sediment was
determined by potassium persulfate oxidation-UV spec-
trophotometry, NH4

+-N was determined by Nessler’s
reagent spectrophotometry, and NO3

−-N was determined
by phenol disulfonic acid colorimetry.

R ¼ V Cn � C0½ � þ
Xn

j¼1

Vj�1 Cj�1 � Ca

� �
ð1Þ

r ¼ Ri � Ri�1ð Þ= s� tð Þ ð2Þ

Where R is the cumulative release amount, mg; V is the
overlying water volume, L; C0, Cn and Cj-1 are the starting,
nth and j-1th sampling contaminant concentrations, mg/L;
Ca is the pollutants concentration of the added water
sample, mg/L; Vj-1 is the j-1th sampling volume, L; r is the
release rate, mg/(m2·d); Ri and Ri-1 are the cumulative
release of the i-th and i-1th samples, mg; s is the contact
area of sediment-water interface, m2; t is the release time, d.

(2) Characterization of nutritional status under different
water layers

The evaluation method of the nutritional status of the river
water in this study referred to that method for eutrophication
of lakes in China (Jin et al. 1995). Comprehensive trophic
level index (TLI) was developed on the basis of the Carlson
Index (TSI). This method generally selects the five main
indicators such as chlorophyll a (Chla), TP, TN, SD, and
CODMn, which reflect the degree of nutrition of the water
body. The calculation formulas for the nutritional status

index of each parameter and TLI are as follows:

TLI chlað Þ ¼ 10 2:5þ 1:086 ln chlað Þ ð3Þ

TLI Pð Þ ¼ 10 9:436þ 1:624 ln TPð Þ ð4Þ

TLI Nð Þ ¼ 10 5:453þ 1:694 ln TNð Þ ð5Þ

TLI SDð Þ ¼ 10 5:118�1:94 ln SDð Þ ð6Þ

TLI CODMnð Þ ¼ 10 0:109þ2:66 lnCODMnð Þ ð7Þ

Wj ¼
r2ij

Pm

j¼1
r2ij

ð8Þ

TLI ¼
Xm

j¼1

Wj � TLIj ð9Þ

In the formula, TLIj is the nutritional status index of the
j-th parameter, and Wj is the weight of the nutritional status
index of the j-th parameter. With Chla as the reference
parameter, the normalized correlation weight was calculated
according to the formula (8). rij is the correlation coefficient
between the jth parameter and the benchmark parameter
(Chla), and m is the number of evaluation parameters.
Referenced Li and Zhang’s method Li Zhang (1993), the
nutritional status of the lake was graded according to the
TLI. The evaluation criteria are: TLI ≤ 30 is poor nutrition,
30 < TLI ≤ 50 is medium nutrition, 50 < TLI ≤ 60 is slight
eutrophication, 60 < TLI ≤ 70 is moderate eutrophication,
TLI > 70 is heavily eutrophic.

(3) Contribution analysis

PCA was used to check the correlation between multiple
variables (Zhu and Chen 2011). SPSS software was used to
analyze the correlation between different forms of nitrogen
and Chla, and to explore the migration and release of
different forms of nitrogen in different water layers.
Through Spearman correlation analysis, the correlation
between impact factors and overlying water TN was
determined. After removing the factors that were not
related to the total nitrogen in the upper water, dimen-
sionality reduction and factor analysis were carried out in
turn, and basic statistical data and related parameter
information were output. After the main factors were
extracted through principal component analysis (PCA), the
characteristic parameters were divided into some main
components, and the influence and contribution of the main
factors to the total nitrogen of the overlying water were
identified and quantified. The whole process was carried
out by using SPSS 20.0 software.

Fig. 2 Experimental simulation device for static release. Device is
100 cm high and 15 cm in diameter, in which 30 cm water and 15 cm
sediment were injected. Gray parts represent sediments and wavy parts
represent water

1734 C. Qiuying et al.



Results and discussions

Release characteristics of nitrogen from different
water layers

Release amount

The release dynamics process of TN, NO3
−-N and NH4

+-N
from different water layers was shown in Fig. 3. For
upstream and midstream, the contents of TN, NO3

−-N and
NH4

+-N in different water layers gradually increase, reach
the maximum at about 8th days, and then gradually
decrease and stabilize (Fig. 3a, b). In the early stage of the
experiment, the oxygen content in the water is sufficient, the
aerobic microorganisms grow rapidly, and the organic
matter released from the sediment is quickly decomposed to
NH3 and CO2 (Beutel 2006). There is a concentration dif-
ference at the interface between the water and the sediment,
which makes NO2

−-N, NO3
−-N and inorganic salt nitrogen

in the sediment are gradually released into the water body,

so that the TN concentration in the water body increases
rapidly (Zhu et al. 2019). Except for NO3

−-N in the mid-
stream, the content of NH4

+-N in water and sediments
decreased, while NO3

−-N increased, which may be related
to the nitration of NH4

+-N (Bowden 1986).
For upstream, the contents of NO3

−-N and NH4
+-N in

pore water were the highest, and that was almost the same in
surface water and overlying water. The maximum cumula-
tive release amount of TN in overlying water (Ro), surface
water (Rs) and pore water (Rp) were 0.292 mg, 0.332 mg
and 0.542 mg, the Ro, Rs and Rp of NO3

−-N were 0.523,
0.529, and 0.606 mg, and the Ro, Rs and Rp of NH4

+-N
were 0.211, 0.240, and 0.226 mg, respectively (Fig. 3a-c).
The cumulative release of TN and NH4

+-N stabilized after
10 days, while NO3

−-N was always increased. For mid-
stream, the contents of NO3

−-N in pore water were the
highest, and the NO3

−-N content and change trend of sur-
face water and overlying water are basically the same. The
Ro, Rs and Rp of TN were 1.706, 2.066 and 1.846 mg, the
Ro, Rs and Rp of TN were 1.706, 2.066 and 1.846 mg, and
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Fig. 3 Release kinetics of NH4
+-N, NO3

−-N and TN from the different
water layer. Co, Cs and Cp represent the concentrations of the different
forms nitrogen in the overlying water, surface water and pore water.

Ro, Rs and Rp represent the cumulative release amount of the different
forms nitrogen in the overlying water, surface water and pore water
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the Ro, Rs and Rp of NH4
+-N were 0.116, 0.114 and

0.114 mg, respectively (Fig. 3d-f). The cumulative release
of NO3

−-N stabilized after 30 days, while TN and NH4
+-N

were always increased slowly. For the downstream, the Ro,
Rs and Rp of TN were 0.21, 0.19 and 0.19 mg, the Ro, Rs

and Rp of NO3
−-N were 0.271, 0.279 and 0.292 mg, and the

Ro, Rs and Rp of NH4
+-N were 0.264, 0.307 and 0.205 mg,

respectively (Fig. 3g-i). TN and NO3
−-N in the sediment

pore water were released to the water body during the first
10 days generally (Fig. 3h).

On the whole, it can be seen that the release of pore water
was the largest, followed by surface water and overlying
water, which indicating that NO3

−-N was gradually released
from the sediment. The cumulative release amounts of TN,
NO3

−-N and NH4
+-N in the middle and upper streams were

higher than that in the downstream, which may be related to
the different physical and chemical properties of sediments
in different sections. In general, the starting contents of TN,
NO3

−-N and NH4
+-N in the different sampling sites were

different. Among them, the concentration in sediments and
overlying water in the upstream and midstream sampling
sites was relative higher, which may be affected by nearby

human activities, especially agricultural non-point sources
(Wang et al. 2018). The sediments at the downstream
sampling site and the water body TN were relatively low,
which may be related to the relatively weak human inter-
ference, nitrogen form composition of the sediment, the
geological condition, and the physical and chemical prop-
erties of the water environment itself.

Release rate

Release rate of TN, NO3
−-N and NH4

+-N from different
water layer were listed in Fig. 4. For upstream and mid-
stream, the release rate of TN, NO3

−-N and NH4
+-N were

reached the highest at 5 to 10 d basically. After that, the rate
gradually slowed down (Fig. 4a-f). On the whole, the
release rates of TN, NO3

−-N and NH4
+-N from the

upstream and midstream section were higher than that from
the downstream sections. Among them, the maximum
release rates of TN in the overlying water (ro), surface water
(rs) and pore water (rp) were 1.29, 2.05 and 1.69 mg/(m2·d),
respectively, and the release rate was larger at 5-8th days.
During the 20th to 40th days, the release rate showed a
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Fig. 4 Release rate (r) of TN, NO3
−-N and NH4

+-N from the different water layer. ro, rs and rp represent the release rates of the different forms
nitrogen in the overlying water, surface water and pore water
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negative value (Fig. 4a), which may be due to the sediment
began to adsorb nitrogen from the water after the release
reached equilibrium, which increased the sediment nitrogen
concentration. At the beginning, NO3

−-N from upstream
and downstream was in the absorption state, and the content
increased. From the 20th day, it decreased and became
release gradually. After that, the absorption and release
were alternated, and the release rate decreased gradually.
The sediments exhibited “negative release” of nitrate
nitrogen in the water body when studying the dynamics of
nutrient exchange at the sediment-water interface (Fan
Morihiro 1997). It shows that nitrogen also tend to be
absorbed by sediments under specific environmental con-
ditions. The maximum release rates of NO3

−-N in the
overlying water (ro), surface water (rs) and pore water (rp)
were 0.383, 0.383 and 0.464 mg/(m2·d) from midstream,
respectively, and the release rate was larger at 0–15 days.
NH4

+-N from the pore water in the sediment was released
in the first 5 days generally, and the release rates occurred
increase again in all sampling sections (Fig. 4c, f, i) after
20th days. At the same time, the increasing contents were
all observed in Fig. 3c, f and i. The overall trend of the
release rate of overlying water, surface water and pore water
was about the same. This indicates that there may be a cycle
between adsorption and release for NH4

+-N in about
30 days. One form of N can be converted into another
through various microbial processes. Unionized ammonia
(NH3·H2O), ammonium (NH4

+), and hydroxide ions (OH−)
are generally in equilibrium. NH3·H2O is an unstable form
of N and the NH3·H2O concentration is related to the
NH4

+-N concentration, pH, and temperature. The equili-
brium between NH3·H2O, NH4

+, and OH− can be expressed
in its simplest form as the equation NH3+H2O↔
NH3·H2O↔NH4

+ +OH− or NH4OH (Zhu et al. 2019).
Taking the midstream sample as an example, the release
rate of NH4

+-N increased rapidly in the previous week. On
the 7th day, the release rate (rp) of pore water reached a

maximum of 0.163mg/ (m2·d), and then decreased with time.
It stabilized at 25th day with the rate about 0.02mg/ (m2·d).
Similar to NH4

+-N, the release rate of TN increased sharply
at the beginning, and reached the maximum value of
1.69mg/(m2·d) on the 6th day (rp). After that, it gradually
decreased to reach the dynamic equilibrium, and stabilized at
37th day with the release rate about 0.3 mg/ (m2·d). The
release rate of NO2

−-N gradually decreased, and the rate
dropped to 0 at 45th day, and was no longer released. In
general, the release rate of nitrogen at different sampling sites
was different, which was related to nitrogen morphological
characteristics, physical and chemical properties of sediment,
microbial activities and external environmental factors
(Domagalski et al. 2007; Yang et al. 2015). The release rates
of TN and NO3

−-N were higher in the upstream and mid-
stream sections, and the release rate of NH4

+-N in the
downstream samples was higher.

Effects of different forms of nitrogen on TN of
overlying water

The nitrogen content, composition distribution and mor-
phological characteristics of the sediments are closely
related to the nitrogen content in the water, which can
indirectly reflect the nitrogen pollution in the water
(Antunes et al. 2013). Therefore, the law of water quality
change can be predicted by studying the corresponding
relationship among the different forms nitrogen from sedi-
ment, overlying water and surface water. Correlation ana-
lysis was carried out between different forms of nitrogen
content and Chla content at different water layers (Fig. 5).
The results showed that there was a significant correlation
among the same forms of nitrogen in different water layers.
Especially in the upstream and midstream sections, the
performance was more obvious. Whether upstream or
midstream section, NO3o was positively correlated with
NO3s and NO3p (p < 0.01), and TNo was positively
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Fig. 5 Correlation of the different forms of nitrogen in in pore water
(a), surface water (b) and overlying water (c). NH4o, NH4s, NH4p,
NO3o, NO3s, NO3p, TNo, TNs and TNp represent the NH4

+-N, NO3

−-N and TN in the overlying water, surface water and pore water,
respectively, and the following has the same meaning as here
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correlated with TNo and TNp (p < 0.01). This indicated that
nitrogen was released from pore water to upper layer and
overlying water, which release the same as the migration
process. Moreover, there was also a significant correlation
among the different forms of the same water layer. For
example, NO3o and NH4o, NO3s and NH4s, and NO3p and
NH4p were showed significantly negatively correlated, and
the correlation coefficients were -0.848, -0.780, and -0.747,
respectively. This is also related to the conversion of
NH4

+-N into NO3
−-N due to nitrification (Bowden 1986).

Furthermore, there were also some correlations among the
different forms of nitrogen in different water layers. There
was a positive correlation between TNo and NH4o (p <
0.05), TNs and NH4s (p < 0.01), and the correlation coeffi-
cients were 0.680 and 0.793, respectively. For TNo, the
study found that with the exception of NH4p and NH4s, all
other forms of nitrogen were significantly correlated with
TNo in the upstream and midstream. Therefore, there was a
significant positive correlation between nitrogen content
from pore water, surface water and overlying water espe-
cially for NO3

−-N, and the correlation between pore water
and overlying water was gradually enhanced. NO3

−-N and
NH4

+-N was negatively correlated from the upstream,
probably due to the nitrification of NH4

+-N gradually to
NO3

−-N. There was a positive correlation between TN
release and NO3

−-N and NH4
+-N release in the midstream

and downstream. Thus, there was a certain correlation
between different forms of nitrogen in the water and dif-
ferent forms of nitrogen in the sediment, indicating that the
nitrogen content in the sediment can reflect the nitrogen
concentration and potential release capacity in the water to
some extent.

With TNo as the response variable, principal component
analysis was used to identify the main influencing factors
of different forms of nitrogen related to TNo. The correla-
tion between different forms of nitrogen and TNo was
significant in the upstream and midstream sections, but not
significant in the downstream. After the main parameters
were extracted by PCA, the characteristic parameters were
divided into two main components (PC1 and PC2). From
Fig. 6a, it can be known that for the upstream section, the
correlation coefficients of ammonium nitrogen and nitrate
nitrogen with the common factor of PC1 are relatively
highest (between 0.813-0.925), and the explanation rate of
the total variance is 76.85%, which contributes to PC1. TN
contributed a lot to PC2 (R2 is between 0.757 and 0.960).
The explanation rate of the total variance of the variance
was 11.93%, which was the main component of PC2. From
Fig. 6b, it can be known that for the midstream section, the
correlation coefficient of NO3-N with the common factor
in PC1 was relatively the highest (between 0.909-0.967),
and the explanation rate of the total variance is 65.02%,
which contributes the most to PC1. NH4-N has a larger

contribution to PC2 (R2 is between 0.819 and 0.900), and
the interpretation rate of the total variance is 21.53%,
which was the main component of PC2. Therefore, in the
upper and midstream sections, NO3p showed a significant
correlation with TN in overlying water, which contributed a
lot to TN pollution in overlying water. This showed that
nitrogen pollution in the upper and middle reaches of the
Liaohe River was likely caused by sediment release and
migration to water bodies. Through further analysis of the
reliability of PCA (Fig. 6c), it was found that the common
factor variance extraction ratio of the parameters in PC1
and PC2 exceeds 50%, and the factor extraction has higher
reliability. Based on the results of PCA, it was shown that
NO3-N in water and sediment were the main sources of TN
in overlying water. Soluble nitrogen in the interstitial water
of sediments passes through the sediment-water interface
and is transported upwards, which is an important way to
release nitrogen in sediments (Wang et al. 2002). Surface
sediments are more susceptible to external influences due
to direct contact with water bodies, and the distribution
characteristics of pollutants in interstitial water are directly
related to the internal load of lakes (Fan et al. 2002). Stu-
dies have reported that the nitrogen forms released from
interstitial water to overlying water are mainly NH4-N,
followed by NO3-N, and most of this nitrogen released
from sediments is due to the degradation of organic matter
(Dimitrios et al. 2007; Beutel 2006). However, for the
upstream Liaohe section, the contribution rate of NH4-N
and NO3-N to the change of TNo was 76.85%. For the
midstream section, the contribution rate of NO3-N to the
TNo change was 65.02%. This showed that NO3-N was
the main supply form of TN in water. In general, the
nitrogen in the main stream of the Liaohe River migrated
and diffused to the water body in the form of NO3-N, and
the process of NO3-N release to overlying water may be the
nutrition supply mechanism of overlying water from the
sediment. With the implementation of water pollution
control measures, internal sources may be a major cause.
This research focuses on the impact of internal sources on
the overlying water. As for the source of nitrogen pollution
in the water body, it is still caused by both internal and
external sources (surrounding industrial pollution, agri-
cultural non-point source, etc.) together.

Effects of different forms of nitrogen on Chla of
overlying water

In this study, the correlation between Chla in overlying
water and various nitrogen forms was analyzed. The results
showed that Chla in the upstream and midstream sections
was significantly related to some forms of nitrogen,
while Chla in the downstream section was not related to all
forms of nitrogen. For the upstream section, Chla showed a
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significant positive correlation with NO3o and NO3s, and a
significant negative correlation with TNo and TNp. Among
them, the correlation coefficient between Chla and TNp was
−0.6941 (p < 0.01) (Fig. 7a). On the one hand, NO3s may
be a nutrient supply source for Chla in overlying water. On
another hand, TNp was related to the TNo and NO3o, which
indicates that the nitrogen in the sediment may migrate and
release to the overlying water to promote the algae growth.
For the midstream section, Chla was significantly positively
correlated with TNs and TNp. Among them, the correlation
coefficient between Chla and TNp was 0.718 (p < 0.01)
(Fig. 7b). This indicates that the sediment TNp was reduced
and the overlying water Chla was also reduced. Meanwhile,
TNo showed a positively correlated with TNp. Therefore, as
the TNp decreases, TNo also decreases, which may cause the

growth of algae in overlying water to be inhibited and thus
reduce Chla. Thus, TNp and NO3s may be the nutrient
supply source for Chla in overlying water.

The changes of water body Chla and TLI during static
simulation were shown in Fig. 7a-d. Under static simulation
conditions, the content of Chla in the upstream and down-
stream was higher at 10–45 days, and the water body has
different degrees of eutrophication. The contents of Chla in
the upstream midstream and downstream were
0.001–0.067 mg/L, 0.001–0.032 mg/L and 0.001–1.664 mg/
L, and the average contents were 0.033, 0.010 and
0.183 mg/L, respectively. It can be seen from Fig. 7d that
the comprehensive nutrient status of the water body from
the upstream was the medium nutrient state (30 ≤ TLI ≤ 50)
in the two periods from the 12th to the 16th days and

Fig. 6 Contributions of main components of nitrogen in different
sections. (a) and (b) are the principal component loading diagrams of
factors related to the TNo in the different nitrogen indicators. The
length of the arrow represents the correlation between the indicator and

the common factor, red is the indicators of PC1, and blue is the
indicators of PC2. (c) is the extraction ratios of common factor var-
iance of the different forms nitrogen indicators to principal component
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30–49 days. TLI in the rest time period was less than 30,
which was in a state of poor nutrition and meant a lower risk
of eutrophication. The collected water sampling from the
midstream was in the middle nutrient state on the 8th day
(TLI= 45.4), and the rest time belonged to the poor nutri-
tion state. The collected water sampling from the down-
stream reached the rich nutrient state on the 4th with the
comprehensive trophic level index as high as 53.7, and it
was slight eutrophic. It was in the middle nutrient state
during 12–16 days, and the rest time was in a poor nutrition
state. In general, the TLI was low in the water bodies of the
three sampling sections of the Liaohe River. When the
water retention time is 4–16 days, the TLI in the water body
was relatively high.

Conclusions

Through laboratory simulation experiments, the dynamic
changes of nitrogen in the different layer and its effect on
the quality of overlying water were studied. The nitrogen
release rates of sediments in upstream, midstream and
downstream were different. The release rates of TN and
NO3

−-N in the midstream were higher, and the release rate

of NH4
+-N in the upstream was higher. Among them, the

release time of NO3
−-N and TN was shorter, generally the

release rate was faster at 4–10 days, the cumulative release
amount was increasing, and the maximum release was about
0–18 days. There were significant correlations among the
same forms of nitrogen in different water layers, among
the different forms of the same water layer, and among the
different forms of nitrogen in different water layers. The
various forms of nitrogen in different water layers had
significant effects on the TN/Chla of the overlying water in
the upstream and midstream, but had no significant corre-
lation with the TN/Chla of the overlying water in the
downstream. Among them, the contribution rate of NH4

+-N
and NO3

−-N to the change of TN of overlying water on the
upstream section was 76.85%; the contribution rate of NO3
−-N to the change of TN of overlying water on the mid-
stream section was 65.02%. NO3

−-N in sediments was the
main contributor of TN and Chla changes in the overlying
water and its content can reflect the nitrogen pollution trend
of the water body to a certain extent. TLI in the water body
was increased when water stays for 4–6 days. After effec-
tive control of exogenous pollution, the release of endo-
genous nutrients in Liaohe River should be paid more
attention.
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Fig. 7 Changes of Chla and TLI in overlying water during the static
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