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Abstract: Endogenous nutrients released from sediments are a potential hazardous source in aquatic
ecosystems, especially reservoirs. Here, we investigated seasonal and spatial variations of different
species of nitrogen and phosphorus and evaluated the pollution levels of nutrients in sediments from
one of the world’s largest tidal reservoirs. The results indicate that most of the total nitrogen and
phosphorus were accumulated in sediments from the reservoir downstream, which were enhanced
by runoff and precipitation during seasonal alteration. Total nitrogen was increased to 2471.17 mg/kg
during the saltwater intrusion period. Nitrate and ammonium were the major nitrogen fractions
in flood and dry seasons, respectively, while the highest level of phosphorus, especially inorganic
phosphorus, was found in summer. The sediment was slightly to moderately contaminated by
nitrogen but not phosphorus, especially downstream in winter, according to the applied indices.
Multivariate statistical analyses reveal that nutrient input in flood seasons was more complex than
that in dry seasons, which possibly originated from upstream agricultural and domestic sewage.

Keywords: nitrogen; phosphorus; spatial distribution; seasonal variation; surface sediment; pollu-

tion index

1. Introduction

Sediment, an irreplaceable component of water bodies, derives naturally from the
weathering and erosion of bedrock minerals, organic matter, soil, and other river sources [1],
and acts as both sink and secondary release source [2—4]. Most pollutants are retained
in sediments because of their stability in the sedimentary column [5]. Excessive anthro-
pogenically produced nutrients from industry and agriculture are dumped into water
bodies, destroying the balance of the aquatic environment, and causing eutrophication,
further resulting in harmful algal blooms and water deterioration [6,7]. Simultaneously,
nutrients can be transferred from water to sediment by ion exchange, adsorption, and
precipitation. Total nitrogen (TN) and total phosphorus (TP) in sediments from the Yangtze
River Basin were 0.98 and 0.75 g/kg on average, respectively, which both exceeded Chinese
soil background values [6]. It has been reported that over 90% of phosphorus enrichment
occurred within the top 10 cm of surface sediment [8].

Nutrients in sediment can also be released to the overlying water through frequent
hydrodynamic disturbance and other biochemical and physical reactions [4,9], which are
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closely related to the eutrophication of the water body [3,10]. Notably, up to 50 mg/m?/day
of phosphorus were released from sediments in lakes and reservoirs under eutrophica-
tion [11]. The sorption and release of nutrients in sediments are affected by comprehensive
environmental factors. Previous studies indicated that higher levels of nutrients were
associated with warmer temperature and precipitation during seasonal changes, especially
in flood seasons [12], in addition to the influence of dissolved oxygen, water chemical com-
position, and organic matter [13]. Nutrients are frequently variable in accumulation and
distribution under changing climatic conditions [14]. Sondergaard et al. [15] reported that
the TP concentration in the overlying water of shallow lakes in Denmark in summer was
2—4 times that in winter. Additionally, anthropogenic activities (e.g., hydrological alteration
and agricultural management) significantly changed the transport of nutrients [16].

Coastal areas are usually at the end of catchment confluences with relatively larger
runoff and more water-holding landforms (e.g., gulf). Under the dual actions of runoff
and tide, the hydrodynamic characteristics and sediment transport characteristics of tidal
reservoirs are more complicated [17]. Pollutants tend to be more variable under intense
hydraulic conditions. Sediments in tidal reservoirs receive pollutants from both continen-
tal riverine systems and marine environment through erosion, tides, and runoff [11,18].
Coastal sediments are complex in composition and are mainly composed of sands, bedrock,
silt, and submarine coastal slope [19,20]. Qingcaosha (QCS) Reservoir is a young tidal
reservoir supplied by the Yangtze River for only 10 years, the water supply of which covers
more than 13 million people, about 57% of the total supply capacity in Shanghai, China [21].
Due to the geographical location and potential of saltwater intrusion, the hydrodynamic
factors and water quality variety are complex in QCS Reservoir. Once the level of chloride
exceeds 250 mg/L in dry seasons, water gate outlets must be closed in case of backward-
flowing salt tides [22], thus resulting in variable distributions of nutrients. Climate changes,
including temperature and precipitation, coupled with obvious seasonal variation in Shang-
hai, are key factors affecting water quantity and quality (e.g., water availability and the
hydrological cycle) [12]. Therefore, we hypothesized that the distribution and species of
nutrients in the sediment of QCS Reservoir varied during rainy and dry seasons. Previous
studies mainly focused on the effects of a single contaminant or stimulations on changes of
water quality in the QCS Reservoir [23-25], while the information on seasonal variations of
different species of nutrients in sediments from the tidal reservoirs was still limited.

The primary objectives of this study were to (1) identify the seasonal variation and
spatial distribution characteristics of nutrients in sediments of the QCS Reservoir, (2)
explore the relationship between spatial distribution and species of N and P in sediments,
and (3) evaluate the environmental and ecological risks of nutrients in sediments. In
achievement of these goals, we collected sediments from different sites in the QCS Reservoir,
investigated the concentrations of different species of N and P in sediments seasonally,
assessed the risk of nutrients by pollution index (P;) and Nemerow pollution index (Py),
and used multivariate statistical analyses to identify the pollution sources. This study will
be of significance to evaluate the pollution of a tidal reservoir and secure the safety of water
supply in a coastal mega-city such as Shanghai.

2. Materials and Methods
2.1. Study Area and Sediment Sampling

QCS Reservoir is one of world’s largest tidal reservoirs and the largest drinking water
reservoir in Shanghai, located in the middle of Yangtze River Estuary (31°48' N, 121°57’
E), which was designed to limit salty tides and improve the channel flow conditions [25].
The reservoir is long and narrow in shape with a surface area of approximately 70 km?,
an average depth of 2.7 m, and a water retention time of 25 days [24]. A small island is
located in the upper-middle reaches. Sampling points S1-56 were allocated from upstream
to downstream, which almost covered the whole reservoir (Figure 1). Thereinto, sites
S1 and S2 were set in the upriver, S3 and 54 were located in the middle portion, and S5
and S6 were placed in the downriver. Specifically, site S1 was located near the pumping
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station, while site S6 was close to the water delivery site. Flood seasons (from May to
October) and dry seasons (from November to next April) were taken into consideration
during the sampling period. All the surface sediment samples (10 cm from top) were
collected from sampling points using a Peterson sampler in May, August, November 2018,
and February 2019, corresponding to spring, summer, autumn, and winter, respectively.
Sediment samples were collected in duplicate at each point during the four seasons. In
order to guarantee the statistical accuracy, each measurement was repeated thrice to obtain
the average. After the sampling, impurities such as screes, twigs, and other debris were
discarded, and sediment samples were air-tightly stored in polyethylene bags at 04 °C
in the dark. Then, the samples were transported to the laboratory immediately and were
frozen at —20 °C until analysis.

Yellow Sea  ° Ysi : A
.

121°35'0"E 121°40'0"E
N 1

31°30'0"N
L
4
T
31°30'0"N

7

31°27'0"N
1
T
31°27'0"N

V¥ sampling site Vs
Reclamation area

0 75 15 3 45 6
-—— Miles

31°24'0°N
f
T
31°24'0"N

T T
121°35'0"E 121°40'0"E

East China Sea

Figure 1. Location of the study area and sediment sampling sites in Qingcaosha (QCS) Reservoir, Shanghai, China.

2.2. Determination of Different Species of N and P in Sediments

The extraction and detection methods of ammonium nitrogen (NH,4*-N), nitrate ni-
trogen (NO3;~-N), and nitrite nitrogen (NO, ~-N) were described in a previous study [26].
Briefly, 5 g fresh sediment was extracted using 50 mL KCl solution (2 mol/L) in a shaker
for 1 h [27]. The concentrations of NHs*, NO3;~, and NO, ™~ in the extracted solution
were measured by using the phenol-hypochlorite method [28], ultraviolet spectroscopy
method [29], and sulfanilamide-naphthalenediamine reaction [30], respectively. Total
nitrogen (TN) was detected by applying the Kjeldahl method, in which lyophilized sed-
iments reacted with a catalyst mixture (CuSO,-5H,0, K,SOy, and Se) and concentrated
H,S0; in Kjeldahl flasks at 400 °C for 5 h and were directly titrated with an automatic
Kjeldahl analyzer [6]. Quantitative analysis of P fractions in sediments was conducted
based on a Standards, Measurements, and Testing (SMT) sequential extraction method [31].
Specifically, the P fractions were divided into total P (TP), inorganic P (IP), organic P (OP),
HCI-P (HCl extractable P), and NaOH-P (NaOH extractable P). In brief, TP was extracted
using concentrated HCI after the samples were calcined at 450 °C for 3 h. IP was extracted
using HCI solution, while OP was extracted using HCl solution from the calcined residue.
Sediment samples were extracted using NaOH solution, and then NaOH-P was extracted
using concentrated HCl from the extracting solution, while HCI-P was extracted using HCI
solution from the residue. The molybdenum-antimony anti-spectrophotometric method
was applied to determine the concentrations of P in the extracting solution [32].
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2.3. Assessment of Nutrient Pollution in Sediments
2.3.1. Pollution Index

The pollution index (P;) is an established contaminant assessment method based on
the single pollution index by the Ministry of Environment and Energy, Ontario, Canada,
which has been widely applied in ecological risk assessment of nutrient elements [10,33]. It
is concise and simple to implement which is defined as follows:

C;

p= —*
e

¢y
where C; (mg/kg) is the measured concentration of nutrient 7 in the sediments, Cy; (mg/kg)
is the environmental background value of nutrient 7 in the sediments, which is 620 and
500 mg/kg for TN and TP of coastal sediments in China, respectively [34]. The classifi-
cation of P; is as follows: for TN, unpolluted (P; < 0.8), slightly polluted (0.8 < P; < 2.5),
moderately polluted (2.5 < P; < 4.25), heavily polluted (P; > 4.25); for TP, unpolluted
(P; £0.5), slightly polluted (0.5 < P; < 1.0), moderately polluted (1.0 < P; < 1.5), heavily
polluted (P; > 1.5).

2.3.2. Nemerow Pollution Index

The Nemerow pollution index is an effective evaluation method that takes extreme val-
ues, which has been extensively applied in environmental water quality assessment [35,36].
The index can be calculated as follows:

(2% 2t B) 4 (Bl
Py = > 2

where 7 is the total number of sediment quality parameters, (P;);qy is the maximum value
of P;. The classified standard of Py is accordance with that for TN in Section 2.3.1.

2.4. Data Analysis

ArcGIS (Version 10.2) was applied in mapping and distribution analysis. Pearson
correlation and principal components analysis (PCA) for nutrients were performed to
identify the pollution sources of sediments using SPSS (Version 24.0) package.

3. Results and Discussion
3.1. Seasonal Variation and Spatial Distribution of Total Nitrogen in Surface Sediments

Seasonal and spatial distributions of total nitrogen in surface sediments are shown in
Figure S1. The concentrations of total nitrogen in surface sediments varied from 110.87 to
2471.15 mg/kg during a whole year in the reservoir. TN was highly accumulated in sites
S5 and S6, corresponding to the downstream of the reservoir, ranging from 1269.43 to
2471.12 mg/kg in four seasons. However, the average TN concentration in the Yangtze
River Basin was 984 mg/kg [6], suggesting that excessive nitrogen flux was enriched
downstream. Large amounts of pollutants are discharged into water systems including
reservoirs primarily through runoff [37]. Dams not only reduce the river’s flow but also
restrain sediments and pollutants from flowing naturally downstream [38]. Moreover, in
order to avoid the backflow of salty tides into the QCS Reservoir, sluice gates are shut termly
in winter. Thus, more nutrients were deposited in the downstream of QCS Reservoir due
to the lower flow rate. The TN concentration of the sediment in winter was almost twice as
high as that in autumn, suggesting that more spatial variations of TN could be found in
dry seasons rather than in flood seasons (Figure S1b,c). The maximum TN concentration
was obtained in winter, since saltwater intrusion usually occurs in dry seasons, especially
in winter [39]. Meanwhile, a relatively higher TN was stored in Site S2 in autumn, which
was affected by the prevailing east-northeast wind direction. Although the level of TN
was almost unchanged in flood seasons (Figure Sla,b), the distribution characteristics of



Water 2021, 13, 395

50f13

TN were still complex because of the frequent rainfall. The least nitrogen flux was found
in Sites S3 and 54 located on the middle reaches, while a moderate concentration of TN
occurred in the upstream area, especially in Site S1 in summer. These variations could
be attributed to the precipitation changes in different seasons, influencing the seasonal
distribution of runoff and nutrient load [12]. The highest TN concentration (1686.36 mg/kg)
was almost 16 times as high as the lowest one (110.87 mg/kg) in summer. The uneven
distribution of TN in the reservoir and the larger TN content in Site S1 may be related to
the higher microbial activity in the sediment in summer, especially in the surface layer [3].
However, the distribution of TN in spring was consistent with the runoff.

3.2. Seasonal and Spatial Variations of Different Inorganic Nitrogen in Sediments

Diverse species of inorganic nitrogen showed significant variations over different
seasons (Figure 2). Most inorganic N presented as NO3;~-N in sediments from all sites,
exhibiting 76.28% and 73.70% among inorganic N fractions in spring and summer, respec-
tively (Figure 2a,b). Thereinto, NO3™-N was widely dispersed in Sites S5 and S6 in the
flood seasons, which is in accordance with Zheng et al.’s [40] study. Notably, the highest
level of NO3;~-N (130.06 mg/kg) was found in the sediment from Site 1 in spring, while
in summer, the sediment in Site S6 accumulated highest concentration of NO3 ™-N, which
was up to 141.38 mg/kg. Torrential precipitation occurred shortly before the sampling
scheduled in May, which might cause a fierce hydraulic disturbance in the overlying water,
thus leading to abundant particle resuspension in the Yangtze River. Resuspended particles
and nutrients caused by heavy precipitation were more easily deposited in Site S1 near
the pumping station. Moreover, plenty of oxygen enters the water body under fluctu-
ating currents, which may accelerate the nitrification by nitrobacteria [41]. The average
concentration of NO3™-N in summer was higher than that in spring, which may result
from higher temperature and frequent hydraulic disturbance by flood events in summer
that weaken the denitrification rate [12,42]. The proportion of NH4*-N was drastically
increased, but NO3 ~-N was decreased between the seasonal alteration of summer and
autumn. Furthermore, NH;"-N was mainly distributed in lower reaches with average
concentrations of 60.85 and 33.41 mg/kg in autumn and winter, respectively (Figure 2c,d),
indicating that NH4*-N was the principal fraction in dry seasons, especially in winter.
In Shanghai, seasonal typhoons regularly occur between land and sea in late July and
early August. Keys et al. [43] found doubled NH;*-N flux under storm events regard-
less of overall downward trends of nutrients in the water. The dramatically enhanced
NH,*-N may be released from the sediment, which causes the lower concentration of
NH,;*-N in summer with respect to dry seasons. In autumn, the proportions of NO3; ™ -N
and NH4"-N in inorganic nitrogen were similar and mainly distributed in Sites S5 and
S6. In winter, despite downward concentrations of N fractions, NH;*-N was stated to
be the dominant form, covering nearly 80% of downstream inorganic nitrogen. It may
be enhanced by denitrification and dissimilatory NO3; ~-N reduction to NH4*-N [42]. In
addition, low levels of NO, ~-N were monitored in the sediments from Sites S1 to S6 in
spring, summer, and autumn. However, the sediments accumulated abundant NO, ~-N in
all sites in winter compared with other seasons, in which the maximum concentration of
NO;™-N was 2.26 mg/kg in Site S5. Nitrobacteria are less active in converting NO, ™-N to
NO3™-N under cold temperatures, resulting in more enriched NO; ™-N in the middle and
lower reaches.
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Figure 2. Spatial distribution of different species of inorganic nitrogen (mg/kg) in summer (a), autumn (b), winter (c), and

spring (d) in surface sediments of the QCS Reservoir, Shanghai.

3.3. Seasonal and Spatial Variations of Total Phosphorus in Surface Sediments

The spatial distributions of TP in surface sediments have significant seasonal charac-
teristics and vary between flood seasons and dry seasons (Figure S2). Except in spring,
TP shared an analogous distribution in which TP enrichment gradually elevated along
with the water flow direction. Average concentrations of TP were in the decreasing rank of
196.37, 159.86, 147.52, and 94.81 mg/kg in summer, winter, autumn, and spring, respec-
tively, which were far below the average TP of 750 mg/kg in the Yangtze River Basin [6].
Notably, in the downstream, the highest level of TP in summer (279.40 mg/kg) was three
times higher than the lowest TP in spring (63.62 mg/kg) (Figure S2a,b). The augmentation
in TP concentrations seems to be a climate change response [44]. Additionally, the frequent
rain washing in summer can cause the loss of phytoplankton and submerged plants in
reservoirs [12], thus leading to higher enriched TP in sediment in summer. Further, high
concentrations of TP were accumulated in Sites S5 and S6, the reservoir’s estuary to the
Yellow Sea. Slow water flow reduces vertical water exchange and leads to nutrient depo-
sition in Sites S5 and S6 [45] and such transition zones; thus, the reservoir downstream
can be the latent risk region for water quality degradation [46]. In dry seasons, TP dis-
tribution was generally homogeneous, except for medium-to-high concentration of TP
in Sites S3 and S4 only in autumn (Figure S2c,d). Nevertheless, the distribution of TP
in spring was almost inversed to that in other seasons (Figure S2a). The highest TP of
126.01 mg/kg was observed in Site 53, while lower TP flux was measured in Sites S5 and 56
with a minimum value of 63.62 mg/kg. Coastal areas are the most vulnerable to increasing
human activities [20], and Site S3 was located closer to Changxing Island than the other
sites. Hence, livestock and poultry breeding activities nearby may accumulate more TP in
sediments. Abundant TP was relatively enriched in sediments at the upper and middle
reaches in spring, while its overall concentration was the lowest—approximately half of
that in summer. This could be a synergistic effect due to current change around Changxing
Island and anthropogenic behavior. Moreover, higher nutrient concentration frequently
appears in urban and agricultural areas [47].
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3.4. Spatial Distribution and Seasonal Variation of Different Forms of Phosphorus in Sediments

Different forms of phosphorus were also distributed variably across seasonal changes
(Figure 3). HCI-P means P associated with Ca (Ca-P), while NaOH-P represents P bond
to Fe, Mn, and Al oxides and hydroxides (Fe-P). IP and Ca-P were major fractions in
the flood and dry seasons, respectively. Moreover, P fractions were inclined to be stored
in sediment from the reservoir downstream. The highest and lowest concentrations of
IP in sediment were 182.28 mg/kg in Site S6 in summer and 44.78 mg/kg in Site S5
in spring, respectively. IP may be released from pore water, demineralization, and the
decomposition of phytodetrital organic matter [48]. In addition to the aquatic organisms
thriving with the climbing temperature in summer, recurrent floods may be the primary
factor that takes mineral compositions along from upstream to the estuary. Ca-P mainly
exists in the form of calcium phosphate in sediments, which is poor in solubility and
bioavailability [49], verifying its widespread distribution in the reservoir. In detail, OP was
the minor component throughout the reservoir with the highest value of 67.03 mg/kg in Site
S2 in autumn because sediment in the estuary was dominated by inorganic phosphorus [50].
Despite Fe-P accumulation in upper reaches in spring, most Fe-P was distributed in Sites S5
and S6 in the other three seasons. However, the spatial percentage distributions of IP and
Ca-P in dry seasons were discovered to be opposite, compared with those in flood seasons.
Degradation of Fe-P and OP can stimulate the formation of Ca-P [9]. The increase of
temperature weakens the adsorption capacity of minerals to phosphorus, which facilitates
more P migration from sediment to the overlying water [49]. Notably, the smallest average
of P flux was detected in spring, and most P fractions especially IP were found in Site S3.
Without extreme climate and environmental alteration in spring, it may be attributed to
the unique hydraulics in QCS reservoir where the flow rate was faster in the south than in
north [51], encouraging the concentration of more P fractions in Site S3.
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Figure 3. Spatial distribution of different forms of phosphorus (mg/kg) in spring (a), summer (b), autumn (c), and winter

(d) in surface sediments of the QCS Reservoir, Shanghai.
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3.5. Assessment of N and P Pollution in Sediments

Phosphorus and nitrogen concentrations are the limiting variables in the eutrophica-
tion process [52]. According to the Nemerow pollution index, comprehensive pollution
assessment of nutrients in sediments ranged from unpolluted to slightly polluted, except
for the moderate contamination that occurred downstream in winter (Table 1). Due to the
long residence time, the self-purification level of the reservoir is sufficient [23]. Further,
nitrogen was the principal parameter, affecting the sediment quality in the QCS Reservoir.
The pollution index for TN in summer ranged from 0.23 to 2.72, indicating an unbalanced
contamination. The downstream location was the most polluted area, corresponding to the
medium level. Specifically, Site S5 was moderately polluted in flood seasons. However,
TP was signified as unpolluted in rainy seasons with slight contamination only in Site
S5. Seasons may have an influence on nutrient limitation in temperate regions [53]. In
addition, the pollution level increased generally from upstream to downstream, and slight
contamination was observed in the middle and lower reaches in spring. Notably, pollution
rank of nitrogen in Site S5 was considered as middle level, indicating a mass of nitrogen
flux stored in the reservoir downstream. In flood seasons, light nitrogen pollution occurred
throughout the reservoir, and Site S5 was moderately contaminated by nitrogen.

Table 1. Pollution index values of total nitrogen (P;-TN), total phosphorus (P;-TP), and Nemerow pollution index values of

nutrients (Py) in the sediments of the QCS Reservoir.

Pollution Level Pollution Level of

Season Site P;-TN of Nitrogen P;-TP Phosphorus PN Pollution Level
S1 0.55 Unpolluted 0.20 Unpolluted 0.47 Unpolluted
S2 0.79 Unpolluted 0.14 Unpolluted 0.65 Unpolluted
Spring S3 1.36 Slightly polluted 0.25 Unpolluted 1.12 Slightly polluted
S4 0.29 Unpolluted 0.13 Unpolluted 0.25 Unpolluted
S5 2.86 Moderately polluted 0.16 Unpolluted 2.29 Slightly polluted
S6 2.45 Slightly polluted 0.13 Unpolluted 1.96 Slightly polluted
S1 1.59 Slightly polluted 0.30 Unpolluted 1.31 Slightly polluted
S2 0.23 Unpolluted 0.24 Unpolluted 0.24 Unpolluted
S3 1.48 Slightly polluted 0.39 Unpolluted 1.24 Slightly polluted
Summer S4 0.18 Unpolluted 0.23 Unpolluted 0.22 Unpolluted
S5 272 Moderately polluted 0.56 Slightly polluted 2.24 Slightly polluted
S6 2.22 Slightly polluted 0.43 Unpolluted 1.83 Slightly polluted
S1 0.69 Unpolluted 0.25 Unpolluted 0.59 Unpolluted
S2 1.44 Slightly polluted 0.28 Unpolluted 1.19 Slightly polluted
S3 1.07 Slightly polluted 0.27 Unpolluted 0.89 Slightly polluted
Autumn S4 0.35 Unpolluted 0.30 Unpolluted 0.34 Unpolluted
S5 1.25 Slightly polluted 0.29 Unpolluted 1.04 Slightly polluted
S6 2.05 Slightly polluted 0.34 Unpolluted 1.68 Slightly polluted
S1 1.28 Slightly polluted 0.28 Unpolluted 1.06 Slightly polluted
S2 0.76 Unpolluted 0.32 Unpolluted 0.66 Unpolluted
) S3 2.59 Moderately polluted 0.02 Unpolluted 2.05 Slightly polluted
Winter S4 1.20 Slightly polluted 0.25 Unpolluted 0.99 Slightly polluted
S5 3.98 Moderately polluted 0.38 Unpolluted 3.21 Moderately polluted
S6 3.64 Moderately polluted 0.36 Unpolluted 2.94 Moderately polluted

Based on the evaluation criteria, sediment contamination in winter tended to be worse
than in the other seasons. Moderate nitrogen contamination was investigated in Sites S3,
S5, and S6 with high P; values of 2.59, 3.21, and 2.94 (Table 1), respectively, which occupied
50% of the total sampling sites. Although mild nitrogen pollution was widespread in
autumn, sediment in autumn was the least polluted with average P; values of 1.14 for TN.
In dry seasons, sediments in all sites were unpolluted by P because the highest value of
0.38 was under the limiting threshold. Hence, N was suggested to be the main contributor
to the nutrient pollution, especially in the middle and lower reaches.



Water 2021, 13, 395

90f13

3.6. Identification of Pollution Sources Based on Statistical Analysis

According to Tables S1 and S2, the significance test results for the data of nutrients
is normally distributed. Hence, Pearson correlation analysis and PCA could be applied
to identify potential pollution sources. Correlation coefficients and principal components
analysis indicated that different species of N and P had diverse sources and migrations
during flood seasons and dry seasons. In rainy seasons, there were significantly positive
correlations among TN, NO; ™ -N, TP, and NaOH-P (Table 2), suggesting that they derived
from homologous sources, such as agricultural and domestic sewage from upstream
urbanization [54]. TN was highly positively correlated with NO3~-N (r = 0.802) indicating
an oxidizing environment in the sediments [40]. Notably, NO, ~-N was only significantly
positively correlated to OP (r = 0.729, p < 0.01). The result of PCA in flood seasons illustrates

three components accounting for 84.78% of total variance (Figure 4a and Table S3).

Table 2. Pearson correlation matrix between nutrients in sediments of the QCS Reservoir in flood and dry seasons (n = 48).

TN NH;t—N  NO3;——-N NO, —N TP opP 1P NaOH-P HCI-P
Flood Seasons
TN 1.000
NH;"—N 0.331 1.000
NO; —N 0.802 ** 0.293 1.000
NO, —N 0.245 0.462 0.195 1.000
TP 0.779 ** —0.163 0.683 * 0.003 1.000
or 0.537 0.451 0.458 0.729 ** 0.362 1.000
1P 0.318 —0.491 0.361 —0.478 0.535 —0.443 1.000
NaOH-P 0.709 ** —0.250 0.747 ** 0.239 0.825 ** 0.419 0.546 1.000
HCl-P 0.092 —0.130 —0.055 —0.369 0.147 —0.255 0.200 —0.124 1.000
Dry Seasons
TN 1.000
NH;"—N 0.787 ** 1.000
NO3; ™ —N —0.026 —0.041 1.000
NO,™—N 0.720 ** 0.754 ** 0.094 1.000
TP 0.508 0.553 —0.561 0.585* 1.000
or 0.731 ** 0.791 ** —0.506 0.771 ** 0.856 ** 1.000
1P —0.297 —0.212 0.615* —0.507 —0.712 ** —0.703 * 1.000
NaOH-P 0.715 ** 0.898 ** —0.333 0.707 * 0.819 ** 0.906 ** —0.458 1.000
HCI-P 0.132 —0.005 —0.652% 0.303 0.737 ** 0.532 —0.907 ** 0.318 1.000

* Correlation is significant at p < 0.05 (one-tailed). ** Correlation is significant at p < 0.01 (two-tailed).
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Figure 4. Principal score plots for nitrogen and phosphorus in sediments from the QCS Reservoir in
flood seasons (a) and dry seasons (b).

Component 1 including TN, NO3;~-N, TP, OP and HCI-P, accounted for 42.65% of
total variance, which might reflect the impact of agricultural sources due to the extensive
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application of nitrogen fertilizer and livestock manure in agricultural cultivation in the
Yangtze estuary basin [55]. After the initial fertilizer application in spring, rainfall in
flood seasons can cause nitrate leaching into the groundwater. Component 2 including
NH4"-N, IP, and NO, ™ -N, accounted for 30.09% of total variance, which might represent
the pollution from domestic sewage. A large amount of organic matter in the domestic
sewage can be decomposed to ammonia. Meanwhile, factor 3 was only dominated by
NaOH-P, which might be related to the industrial pollution. Nutrients in the intertidal
sediment varied along with seasonal changes. However, in dry seasons, significantly
positive correlations could be found among TN, NH4*-N, NO,-N, OP, and NaOH-P
(Table 2). Moreover, NO3~-N was significantly positively correlated with IP (r = 0.615,
p < 0.05) but negatively correlated with HCI-P (r = —0.652, p < 0.05). In addition, TP
showed high positive correlations with NO,-N, OP, NaOH-P, and HCI-P but a high
negative correlation with IP, indicating that OP, NaOH-P, and HCI-P mainly contributed
to TP. External P loading is the main contributor of NaOH-P in sediment [9]. The element
pairs of IP-OP and IP-HCI-P had significantly negative correlations.

In dry seasons, principal component 1 including TN, NH;"-N, NO, ~-N, and HCI-P,
accounted for 61.30% (Figure 4b and Table S3), which might reflect the sediment pollution
induced by domestic sewage discharge [37]. Principal component 2 was dominated by
NaOH-P, suggesting that it might derive from other anthropogenic sources rather than
biological sources [3]. However, TP and IP were both associated with components 1 and 2.
River discharge from inland areas contributed most of the nutrient input, especially for TP
discharge to the coastal estuary [56]. Nutrient load in flood seasons was more complex due
to strengthened runoff, rainfall, and warmer temperatures. Specifically, pollutant sources in
dry seasons were more identical. The QCS Reservoir is located at the Yangtze River estuary,
where all tributaries’ runoffs converge, resulting in positive correlation among several
fractions of N and P. Additionally, aquaculture can contribute to the input of nutrients [6].
Furthermore, maintenance of the wetland park nearby, as an external nutrient input source,
cannot be neglected.

4. Conclusions

The seasonal spatial distributions, variations, and risk assessment of nitrogen and
phosphorus in sediments were studied to secure the water supply of the QCS Reservoir.
The spatial distributions of TN and TP were closely associated with seasonal alteration
and exhibited characteristics of distribution along the runoff, in which most nutrients were
distributed in the downstream sediment rather than upstream, except for the distribution
of TP in spring. The highest concentration of TN was enriched in winter, while most TP
accumulated in summer. Furthermore, NO3~-N and NH;*-N were the major components
among all nitrogen fractions in flood and dry seasons, respectively. NO, -N was the
smallest N fraction but was observed at reservoir downstream only in winter. Likewise,
high-proportioned IP and Ca-P dominated the sediment in flood and dry seasons, respec-
tively. Most P fractions tended to enrich at the reservoir downstream, and Ca-P presented
a wide distribution regardless of seasonal changes. N was the principal contributor to
the contamination of sediment in the QCS Reservoir, leading to moderate contamination
in the reservoir downstream in both flood and dry seasons. Furthermore, TN and TP
were significantly correlated, suggesting that they originated from similar agricultural and
domestic sources. This work has studied the horizontal spatial distribution of pollutants in
the sediments of a tidal reservoir. However, the reservoir may encounter strong hydraulic
disturbance and cause the release of pollutants in deep sediments during actual operation.
Thus, the vertical distribution characteristics of pollutants in the deep sediments of a tidal
reservoir should be investigated in the following study.
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