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Abstract: The spatial distributions of nitrogen (N) and phosphorus (P) in surface sediments are of
great significance in studying the ecological process of nutrient cycling in intertidal flats. However,
little is known about N and P’s spatial distribution in intertidal flats of the Yellow River Delta (YRD).
We analyzed the N and P contents in surface sediments and Suaeda glauca density at the low-tidal
level to identify the spatial distributions of nutrients and their influencing factors in coastal tidal flat
sediments. The results showed that the total nitrogen (TN) and total phosphorus (TP) concentrations
in this study were both lower than the background values of China’s shallow sea sediments. The
spatial distributions of N and P had significantly spatial heterogeneity, while those of the nutrients at
different distances from the low-tidal level to the coastline showed no significant distance effects.
The spatial distribution of S. glauca in coastal tidal flats had significant location characteristics and
was closely related to the distribution of TN and pH. The TN in non-estuarine intertidal flats was less
than that in estuaries; in contrast, the TP was higher in non-estuaries. There are some differences of
N and P between estuary and non-estuary areas.

Keywords: coastal wetland; nitrogen; non-estuary; phosphorus; spatial pattern; Yellow River Delta

1. Introduction

The environmental pollution of the Bohai Sea is serious. In recent years, the Bohai
Sea economic zone has rapidly developed. More than 40 rivers carry a large amount of
industrial and agricultural wastewater and domestic sewage into the Bohai Sea [1,2]. In
2018, the Action Plan for the Environmental Comprehensive Management and Control of
the Bohai Sea (https://www.mee.gov.cn/xxgk2018 /xxgk /xxgk15/201812/t20181211_6842
74.html) (accessed on 11 December 2018) was jointly issued by the Ministry of Ecology and
Environment of the People’s Republic of China, the National Development and Reform
Commission, and the Ministry of Natural Resources of the People’s Republic of China. The
plan aims to improve the environmental quality and protect the natural ecosystems of the
Bohai Sea. Eutrophication is a serious environmental pollution problem in the Bohai Sea [3].
Large amounts of nitrogen and phosphorus have led to eutrophication and red tides [4,5],
which have done great harm to the marine ecological balance and aquatic resources [6].
The occurrence of red tides in the Bohai Sea is increasing. From 1952 to 1999, there were 24
red tides, while from 2000 to 2016, the number of red tides in the Bohai Sea reached 165 [3].
The most serious red tides occurred in the west of Bohai Bay, the west of Liaodong Bay,
and the estuary of the Yellow River [3,7], and nitrogen (N), and phosphorus (P) are the
main factors influencing eutrophication in these areas.

The Yellow River Delta (YRD), which is located on the south bank of the Bohai Sea,
between Bohai Bay and Laizhou Bay, is an alluvial plain formed in the estuary of the Yellow
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River. The YRD is the youngest and fastest-growing sedimentary delta in the world, and
the coastal tidal flats comprise the largest area of natural wetlands in the YRD [8]. A century
and a half ago, a great course shifting of the lower Yellow River channel created a new river
channel and delta [9]; furthermore, it brought a large amount of sediment that gradually
raised the mudflats of the Bohai Sea, creating new land. Decades ago, a new city was
established on this new land, and it was also one of the areas with the fasted urbanization
and population growth in China. As the Yellow River has been carrying large amounts
of sediment into the estuary and the deposition of sediments is a primary driver for the
growth of tidal flats, the area of the YRD’s tidal flats is still rapidly increasing. Moreover,
these sediments are highly aggregated in character, with 3/4 of the total sediments coming
from the Loess Plateau. With the development of industry and agriculture, a large amount
of nitrogen and phosphorus are released into the Bohai Sea from the Yellow River, thus
increasing the risk of eutrophication. Although coastal tidal flat ecosystems could improve
the water quality [10-13], little is known about the removal of nitrogen and phosphorus
in coastal tidal flats, as they could affect their spatial distributions in the tidal flats [14,15].
Previous studies focused on the nitrogen and phosphorus in the Yellow River estuary
wetland [16,17]. Little is known about the concentrations and distributions of nitrogen and
phosphorus in the coastal tidal flats, which makes it difficult to effectively evaluate their
spatial distributions [18].

The nitrogen and phosphorus in the Yellow River Delta mainly come from sediments
carried by the Yellow River and various organic pollutants that are intentionally or unin-
tentionally discharged into the Yellow River by human beings; thus, these nutrients spread
from the estuary to the sea and non-estuarine mudflats as the river water enters the sea.
As the intertidal flats are active buffer zones for the transport of nutrients between the sea
and land, the biophysical processes in the intertidal flats can significantly affect the spatial
distributions of nitrogen and phosphorus [19]. We assume that the spatial distribution
of nitrogen and phosphorus in the intertidal flats of the YRD are possibly affected by the
sediment characteristics, plants, and the violent tidal actions. According to the intensity
and frequency of tidal action, we sampled at equal intervals from the low-tide level to
the coastline to analyze the spatial distributions of N and P in coastal tidal flats. Thus,
the objectives of this study were as follows: comparing the concentrations of the nitrogen
and phosphorus fractions in the coastal tidal flat sediments in different locations of the
YRD; verifying if the increased distance from the low-tidal level to the coastline changes
the concentrations of the N and P fractions of the sediments in the tidal flats of the YRD,
meanwhile, we regarded this influence as the distance effect; and identifying the influence
of the environmental factors on nitrogen and phosphorus in the tidal flat sediments of
the YRD.

2. Materials and Methods
2.1. Study Area

This study was carried out in the coastal tidal flats of the YRD. The YRD, located in the
northern part of Shandong Province, China, covers an area of about 6000 km?. A century
and a half ago, this vast area was part of the Bohai Sea, the youngest river delta formed by
the shift of the Yellow River’s route. The YRD is characterized by a temperate, semi-humid
continental monsoon climate. The average annual temperature in the YRD is 12.1 °C, and
the average maximum and minimum temperatures are 26 °C in July and —4 °C in January,
respectively. The average annual precipitation is 600 mm, of which 70% is rainfall during
the summer. The mean annual potential evaporation is 2049 mm-year~!, which far exceeds
the rainfall of this area [20,21].

2.2. Sample Collection

In this study, sampling sites were selected on the tidal flats along the coastline of the
YRD from the Tuhai River estuary to the Guangli River estuary (Figure 1). In Septem-
ber 2017, in total, seven sampling sites and 21 sampling lines were selected, all of which
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were located in non-estuary intertidal flats with the same plant communities (single pop-
ulations of Suaeda glauca) (Figure 2). At each sample site, there were 3 sample lines
perpendicular to the shoreline, and the distance between the sample lines was 200-300 m.
We set 7 sample points evenly from the low-tidal level to the coastline in each sample line,
and the distance between the sample points was 200 m. Due to the construction of seawalls
and roads, we only set five sample points for each sample line at sample sites 2 and 4.
Surface sediments (0-5 cm) were collected at each sample point by 5-spot sampling. A
total of 102 sediment samples were collected. The sediment samples were kept in plastic
bags and taken back to the laboratory to be air-dried. If there was vegetation at the sample
points, we randomly selected three plant quadrates (1 m x 1 m) and recorded the number
of plants.
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Figure 1. Locations of the study area and sampling sites. (a) Location map of the study area; (b) Distribution map of the

sampling sites; (c) Schematic drawing of the experimental designs in sampling site 6.

Figure 2. Suaeda glauca (a) and the population of S. glauca (b) in the intertidal flats of the Yellow River Delta (YRD).
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2.3. Characteristics and Analyses of the Sediments

The total nitrogen (TN) in the sediments was analyzed using the HT1300 solid module
of the Multi N/C3100 (Analytik Jena AJ, Jena, Germany). The sediments were extracted
with potassium chloride, the amount of nitrate nitrogen (NO3-N) was determined with
an ultraviolet spectrophotometer (UV754N, Inesa Analytical Instrument Co., Ltd, Shahng-
hai, China), and the amount of ammonium nitrogen (NH4—N) was determined with the
indophenol blue method [22]. The total phosphorus (TP) in the sediments was determined
using HClO4—H,SO, digestion [23] followed by a Mo-Sb colorimetric assay. The available
phosphorous (AP) in the sediments was measured using the Olsen bicarbonate extractable
P method, followed by the Mo-Sb colorimetric method.

The pH was measured with a pH meter (FE20-FiveEasyTM pH, Mettler Toledo,
Changzhou, China) after shaking the soil-water (1:2.5 w/w) suspension for 30 min. The total
organic carbon (TOC) in the sediments was analyzed using the HT1300 solid module of
the Multi N/C3100 (Analytik Jena AJ, Jena, Germany). Sediments were first acidified with
a 10% HCl solution to remove carbonate, then baked for 3 to 12 h at 100 °C and analyzed
for the TOC. The particle size of the sediment samples was measured using a Mastersizer
2000 (Malvern, UK) and classified as clay (<4 um), silt (4-63 pm), or sand (>63 pm).

2.4. Statistical Analyses

One-way ANOVA was used to analyze the effects of the sample sites and the distances
from the sea on the TN, NO3-N, NH4-N, TP, and AP in the sediments. After carrying out
one-way ANOVA, Fisher’s Protected LSD test was used to detect significant differences
(p < 0.05) among the sample sites or the different distances from the low-tidal level to the
coastline. Pearson’s correlation analysis was performed to test the relationship between
the TN, NOs-N, NHs-N, TP, AP, TOC, pH, and grain size fractions in the sediments.

3. Results
3.1. The Physicochemical Characterization and Plant Distribution Characteristics of the Sediments

The spatial distribution of the sediments’ physicochemical characterization had ob-
vious spatial heterogeneity. Although the sediments in intertidal flats might have the
same source, the results showed that the TOC contents of the sediments at the sample
sites were significantly different, as well as significant differences in the pH and grain
sizes of the sediments (Table 1). The distributions of the TOC content, pH, and grain sizes
of the sediments at the seven sample sites were not consistent (Figure 3). For example,
the TOC content of the sediments from site 4 was the highest of the seven sample sites,
and the TOC content of the sediments from sites 3 and 6 was the lowest of the seven
sample sites (Figure 3a). The pH of the sediments from site 3 was the highest, and the
pH of the sediments from site 5 was the lowest of the seven sample sites (Figure 3b). In
addition, the TOC content, pH value, clay particle content, and silt particle content of the
sediments at different distances from the low-tidal level had no significant differences; only
the sand content of the sediments to varying distances from the low-tidal level changed
significantly (Table 1).

The S. glauca was the main plant growing in the estuarine intertidal flats of the YRD.
The S. glauca densities at the seven sample sites were significantly different (Table 1). At
each sample site, S. glauca grew in a range from 200 to 1000 m away from the low-tide
level, and the S. glauca density in the range from 400 to 800 m away from the low-tide level
was the highest. The areas within 200 m of the low-tide level were bare tidal flats with
no S. glauca growth. The distance effect showed that the S. glauca grew best in areas with
moderate tidal inundation. This indicated that had the S. glauca densities can be affected
by the distance effect of tidal action in some extend. Meanwhile, the S. glauca densities in
the estuary were significantly higher than those in the non-estuary areas. There were about
eight S. glauca per square meter at site 5, while less than one S. glauca per square meter at
sites 1 and 7 (Figure 3f) was found.
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Table 1. One-way ANOVA results (F values) for testing for the sample sites and the distance from the low-tidal level with
nitrogen and phosphorus in the surface sediments.

Source of . Plant
Variation df. TN NH;-N  NO3;-N TP AP TOC pH Clay Silt Sand Density
Samplesites 6 07 5oipwew 4448 12875 4274 13366 11462 6897 7327, o5, gayzem
Distance
from the 6 0929 0429 0.492 1444 0803 1005 0446 0953 0368 o021 1.766
low-tidal i
level

Note: TN = Total nitrogen content, NH4—N = Ammonium nitrogen content, NO3—N = Nitrate nitrogen content, TP = Total phosphorus
content, AP = Available phosphorus content. d.f.: degrees of freedom; ns: not significant; * p < 0.05; *** p < 0.001. The data conform to
normality (Shapiro-Wilk Test, p > 0.05) and homogeneity of variance (Levene Test, p > 0.05).
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Figure 3. The physical and chemical properties of the sediments and plant density at the seven sample sites. (a) Total
organic carbon (TOC) (mg-kgfl); (b) The pH of surface sediments; (c) Clay (%); (d) Silt (%); (e) Sand (%); (f) Plant density
(ind-m_z). The whiskers in the charts are standard errors, each letter (a, b, ¢, d) indicates a significant difference according
to Fisher’s LSD test, and the same letter means that there were no significant differences.
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3.2. Nitrogen (N) and Phosphorus (P) Fractions of the Sediments at Different Locations

The spatial distribution of the N and P fractions of the sediments in the intertidal
flats had obvious spatial heterogeneity. Moreover, the correlation matrix for the N and P
fractions in all samples showed that only TN was significantly negatively correlated with
TP (Table 2). The TN concentrations of the sediments at the seven sample sites ranged
from 233.20 to 418.50 mg-kg ! (average: 311.62 mg-kg~1). The average TN concentration
of the sediments from sample site 5 was the highest, while the average TN concentration of
the sediments from sample site 4 was the lowest (Figure 4). The NH4—N concentrations
of the sediments at the seven sample sites ranged from 2.13 to 4.61 mg-kg ™! (average:
3.60 mg-kg~!). The maximum average concentration of NH;~N was in the sediments of
sample site 2, while the minimum average concentration was in the sediments of sample
site 1. The concentrations of NO3-N in the sediments of the seven sample sites ranged from
3.43 t0 9.23 mg-kg~! (average: 5.58 mg-kg~!). The maximum average concentration of
NO3z-N was in the sediments of sample site 1, while the minimum average concentration
of NO3-N was in sample site 7.

The N and P fractions of the sediments in the intertidal flats of the YRD had some
differences. The TP concentrations of the sediments in the sites ranged from 115.30 to
162.80 mg-kg ! (average 134.57 mg-kg!). The average TP concentration of the sediments
from sample site 2 was the highest, while the average TN concentration of the sediments
from sample site 5 was the lowest (Figure 4). The AP concentrations of the sediments at the
seven sample sites ranged from 0.48 to 1.07 mg-kg ! (average 0.75 mg-kg~!). The average
AP concentration of the sediments from sample site 1 was the highest, while the average
AP concentration of the sediments from sample site 3 was the lowest.

3.3. N and P Fractions of the Sediments at Different Distances from the Low-Tidal Level

The distance effects of the N and P fractions reflected the changes of increased distance
from the low-tidal level to the coastline. However, the results showed no significant
distance effects. At all of the sample sites, the spatial distribution of the TN content in
the sediments at different distances from the low-tidal level was not wholly consistent
(Figure 5a), while the differences between the distances were not significant (Table 1);
NH4-N and NO3-N also did not present similar characteristics of changing trends, and
this might indicate that the spatial distributions of the N fractions in the sediments were
heterogeneous between different sampling sites. Except for sample sites 3 and 5, the spatial
distributions of the TP (Figure 5e) and AP (Figure 5d) of the sediments at different distances
from the low-tidal level were similar, but the differences in the TP and AP of sediments
between different distances were not significant (Table 1).

3.4. The Influencing Factors of Spatial Distributions of N and P

Table 2 showed that some N and P fractions were highly correlated with the sediment
characteristics, especially with the pH of the sediments. The sediment characteristics might
have been controlling the distributions of those fractions. The correlation matrix for the N
and P fractions and the environmental factors in all samples showed that the TN, NH;-N
and NO3-N were significantly negatively correlated with the pH of the sediments (Table 2).
NH4—-N was positively correlated with the clay particle content and negatively correlated
with the silt particle content. The TP was significantly positively correlated with the pH of
the sediments, and the AP was significantly positively correlated with the TOC (Table 2).
Plant density was only positively correlated with the TN.

The distributions of TN and TP between the estuary and non-estuary areas of the
intertidal flats were significantly different. Among them, the TN in non-estuarine intertidal
flats was less than that in the estuaries, and in contrast, the TP was higher in non-estuaries
(Figure 4a). However, there were no significant differences in other nutrient components.
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Figure 4. The average concentrations of the nitrogen and phosphorus fractions in surface sediments at the seven sample
sites. (a) Spatial distributions of total nitrogen (TN), and total phosphorus (TP) (mg~kg*1); (b) Spatial distributions of
ammonium nitrogen (NH4-N), nitrate nitrogen (NO3-N), and available phosphorous (AP) (mg-kg~!). The whiskers in the
charts are standard errors.
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Table 2. The Pearson correlation coefficients for different forms of nitrogen and phosphorus and the environmental factors

of the sediments (n = 120).

NH;-N NO3-N N AP TP Clay Silt Sand pH TOC
NO;-N  —0.147 1
TN —-0.017 0.127 1
AP —0.094 0.124 —0.006 1
TP 0.084 —0.118 —0.183 * —0.156 1
Clay 0.272 ** —0.037 0.093 0.085 0.026 1
Silt —0.236 * —0.008 —0.047 —0.022 0.105 —0.519 ** 1
Sand 0.072 0.037 —0.014 —0.038 —0.141 —0.139 —0.774 ** 1
pH —-0.206* —0.210* —0.276* —0.217* 0.250 ** —0.488 ** 0.441 ** —0.151 1
TOC —0.043 0.134 —0.066 0.228 * —0.034 0.595 ** —0.394 ** 0.017 —0.376 ** 1
Plar}t 0.070 0.081 0.310 ** 0.010 —0.165 0.133 —0.166 0.094 —0.315*  0.139
density
Note: ns: not significant; * p < 0.05; ** p < 0.01.
(a) Site | [Site2  [Site3  [Site4 [Site5 [Site6  [Site 7 (b) Site I [Site2  [Site3  [Site4  [Site5  [Site6  [Site 7
0F - | r - - r e il | - HH 0F - F - L] s 2 Fra e F -
= R c‘ AREEE P 0
% 200 w‘ I u F = -.“ »-’"w - >L< -»L‘ :E: 2(10—3 F m F \\-»u“ - »L\ —n‘ »\.“‘\
ECTIL LI ITIT I AR I
:«? wor m b o= La . Lo o E 400 —w+w Lo L -.‘ Lo b Low
E 600 T F 3 C. t] - e - . é 600 ~I‘\ + wr< - -“ 4 —-Tw - }-\\ r - -
N R N R T R A
§ 800 | ‘\' . F T s = Tw -. t - “:2 800 -\ - o= H "‘,“.‘ Fm - “f“ wm F I\\
E 1000 I‘ F F >I“1 F F o+ i O »L\ - I““ g 1000 [+ \l | r F >l’\ - o \l“\ J o >\.\
3(‘)() {\(‘ll? 3("1] {\(‘)(i 3(')() (y(IY(l 3(‘)” ()(‘]() 3(‘](' (1(')() 3('7() (\(I)(] 3(‘]() (\lIY(l 0 4‘ 8‘“ ‘; ?:U 4'1 ;U 4" ;§ 0 I4 ;(() ‘4 ‘8 0 I4 IS
TN (mg-kg™) NH,-N (mgkg™)
(©) Site 1 Site 2 Site 3 Site 4 Site 5 Site6  [Site 7 (d) Site 1 [Site2 |Site3 |Site4 [Site5 |[Site 6 [Site 7
0F - \—I‘ Fm re= F /I —r . ”—‘I- r q F I“ F ‘- .- -’\‘.‘ -w-‘<
2 200f —m— frms L o m lm ] S 200 - im + L I te -
) | | | | 2 | | \ \
E 400 “‘ “ “‘ “ | “ -:2 400 —-“‘ s “- - I ow l s u \“-
- A T Eal NEEIRIEE
= oo w f - e e bom L n % 600 [ -l \\“.‘_ I ] -
: \ | | E |\ | \
o \ | | | | 5 \ | | | \ |
2 s0F rw|m r F e I m la a g sor e [
z ‘ o 3 N c
a / | | | a / / / |
1000 | = . [ Il . 1000 e r r - - Fom -

TR W
4 8 12 4 8 12

TR W L
4 812 4 8 12 4 8 12 4 8 12 4 8 12

100 150 100 150 100 150

NO,-N (mgkg™)
(e) Site I [Site2 [Site3 [Site4 [Site5 [Site6 [Site 7
0F He el . - - ‘l - .\
—_ | \ | \ \
g | \ \
s Fo \ \ \
o | \ | | \ ‘ |
5 200 \. o - - o F e
c | \ | \
-] ‘ | \ “ / \
Z 400-m |m S A ] b ]
=] \ \ i
= \ | / | |
P \ | |
= \ | | / \ | ‘
E 60f rmilm m O o] Lo
& ‘ / | | |
8 / / | \ I
2 / / \ | |
S 80f rmi bm - Fom tu o b o
a7/ \ T T
/ \ | ’
‘ | ‘ |
1000 + e S ] .
PN IR BT PN TR BT -
0 1 20 1 20 1 20 1 20 1 20 1 20 1 2

AP (mg-kg ™)

100 150 100 150 100 150 100 150

TP (mg-kg™")

Figure 5. The concentrations of the nitrogen and phosphorus fractions of the sediments at different distances from the low-
tidal level to the coastline at the seven sample sites. (a) Total nitrogen (TN) (mg~kg_1); (b) Ammonium nitrogen (NH4-N)
(mg-kgfl); (c) Nitrate nitrogen (NO3-N) (mg~kg*1); (d) Total phosphorus (TP) (mg-kgfl); (e) Available phosphorous (AP)
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4. Discussion
4.1. Spatial Changes in the N and P Fractions in the Coastal Tidal Flat Sediments of China

The distribution characteristics of N and P in the coastal tidal flat sediments were
complex [17]. In this study, the average concentrations of the TN and TP in the tidal flat
sediments of the YRD were both lower than the background values of China’s shallow sea
sediments (TN: 620 mg-kg_l, TP: 500 mg-kg_l) [24], and even the nutrient concentrations
in this study were lower than those in other studies in the YRD. It is possible that this is
the result of differences in sampling methods, with our sample sites being closer to the
low-tide line. The TN, NH;-N, NO3-N, TP, and AP contents of the sediments from the
coastal tidal flats were all significantly different between different locations of the YRD
(Figure 4), which may indicate that the transport of nutrients in tidal flat is had high spatial
heterogeneity. Furthermore, the distributions in nutrients of sediments in the coastal tidal
flats of China varied from location to location (Table 3), and these play different roles in the
water purification function and ecological balance of wetlands [17,25-28].

Table 3. Total nitrogen (TN), NH4—N, NO3-N, total phosphorus (TP), and available phosphorous (AP) concentrations
(mg-kg 1) in the surface sediments of coastal tidal flats reported from various geographic locations in China compared to

our results.

Study Area TN NH;-N NO3;-N TP AP Reference
The Yellow River Delta 233.2-358.5 2.130-4.610 3.430-9.230 118.6-162.8 0.410-1.070 this study
The Northern coast of Jiangsu
Province in Mid-Eastern China 300.0-560.0 B B 590.0-1150.0 B (29]
Non-estuary region The Northern coast of Jiangsu
Province in Mid-Eastern China . . . 594.8-887.9 . [30]
The Southeast coast of Jiangsu
Province in Mid-Eastern China 210.0 B B - B [31]
The Yellow River Estuary 418.5 4.322 6.187 115.3 0.608 this study
The Yellow River Estuary 608.0 - - 716.0 - [28]
The Yellow River Estuary 120.0-340.0 - - 585.8-633.5 2.750-4.900 [16]
The Yellow River Estuary - - - 692.0 - [27]
Estuary The Ylhong River Estuary in 213.0-317.0 B B 336.0-393.0 B [32]
Laizhou Bay
The Yangtze Estuary - 34.100-106.300 2.600-5.500 - - [33]
The Qiantang River Estuary - - - 560.0-680.0 - [34]
The Min River Estuary - - - 338.0-930.0 - [35]
The Jinjiang Estuary 1100.0-2560.0 - - - - [36]

The concentrations of nutrients in non-estuarine coastal tidal flats may not be the
same as those in the adjacent estuarine tidal flats (Table 3). The TP and AP contents of the
sediments in this study were lower than those in the sediments of the Yellow River estuary
tidal flats in previous studies [16,27,28]. However, the TN content in this study was lower
or higher than that found in the sediments of the Yellow River estuary tidal flats in previous
studies [16,28]. The sources of N and P in the sediments of estuarine and non-estuarine
coastal tidal flats may be different [30,37], thus determining their distinct distribution
characteristics [38]. Moreover, the distribution of N and P in coastal tidal flat sediments
have changed over time. For example, previous studies found that [37,39], compared to
around the year 2000, the N and P contents of the sediments in the coastal wetlands of
China have increased. As the spatial distribution of N and P are highly heterogeneous
(Figure 4), and some nutrients (e.g., TN and TP) differ significantly between estuarine and
non-estuarine tidal flats. Therefore, researchers should be very cautious when using the
characteristics of N and P in estuarine tidal flat sediments to make inferences about nearby
non-estuarine tidal flat sediments.

Contrary to our assumptions, there were no significant differences in the contents
(e.g., TN, NH4—N, NO3-N, TP, and AP) of the sediments as the distance increased in the
tidal flats from the low-tide level to the coastline (Table 2). This finding is similar to those
of other studies in high tidal flats, and middle tidal flats [35]. Furthermore, those findings
might indicate that the distance effects of tidal action had no significant correlations with
the distributions of N and P. However, the distribution characteristics of N and P in coastal
wetlands outside the study areas cannot be inferred with this result. The samples from each
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site in this study were collected from low-tidal flats with similar elevations and hydrological
characteristics, which could directly or indirectly affect the distribution of N and P in the
sediments [35,40]. In addition, the coastal tidal flats are threatened by human activities in
the YRD [41,42], which could change the N and P sequestration potential [30,31].

4.2. Effects of the Sediments’ Environmental Factors on N and P in the Sediments

The sediments’ environmental factors have important effects on the N and P fractions
in the coastal tidal flats [16]; the sediment pH is an especially important factor that affects
the nutrient distribution of sediments [43,44], and the effects of the sediment pH on different
nutrients may even vary. This study showed a significant negative correlation between the
AP and the pH of the sediments, which was in agreement with the findings of previous
studies [17,45]. Changes in the soil pH can greatly influence P sorption or desorption in
coastal wetlands [44], and the gross N mineralization and NH4—N immobilization processes
were related closely to the sediment pH [46]. Sediments N and P levels were affected by soil
organic matter [47]. The initial soil organic matter content was found to be an important
factor influencing P sorption and desorption [44], and our data supported this conclusion.
The TOC of the sediments was significantly positively correlated with the AP in this study.

The spatial variations in the sediment distributions in the tidal flats played an essential
role in controlling the concentration, transformation, and redistribution of nutrients [37].
The YRD has a zigzag coast and is a complex delta formed by the superposition of multiple
flower-petal-like accumulations [48]. Different geomorphic units have diverse and dynamic
sedimentary environments, so sediments have different grain size gradations on the coast
of the YRD [49]; our data on the grain size distribution also supported the above view.
Variations in the grain size distribution can influence the spatial-patch characteristics of N
and P in coastal wetlands [37]. Although the TN content of the sediments was reported to
be associated with the clay particle content [37], no significant correlations were observed
between them or with NO3-N and AP in this study.

4.3. Effects of Vegetation on N and P in the Sediments

S. glauca is a local therophyte that is widely distributed in the coastal wetlands of the
YRD (Figure 2a), and its single populations forms a “red beach” landscape (Figure 2b). It
has a strong salt resistance and could improve saline soil [50,51]. N and P are essential
nutrients for the growth of S. glauca and can directly affect the primary production of
wetland ecosystems [27,52]. Meanwhile, plants affect sediments’ nutrient concentrations
and distributions [53,54]. In this study, a significant correlation between the S. glauca
density and the TN content of the sediments (Table 2) supported the above conclusions.
However, the S. glauca density had different effects on different nutrients in the sediments.
There was no significant correlation between the S. glauca density and the TP, NO3-N,
NH4-N, and AP contents, unlike on the TN. We believe that the relationship between
plants and TN may be related to the lower salt concentrations in estuarine intertidal flats,
which are more suitable for plant growth.

The coastal annual plant density may not be the leading determinant of nutrient dis-
tributions in sediments. Compared to mangroves and Tamarix, S. glauca may have a weaker
capacity to reduce tidal transport and nutrient enrichment [36,55]. Coastal perennials
have much larger underground structures and stronger stems compared with annuals.
Only parts of their perennial tissues decompose as litter, while the litter of the S. glauca
community can completely decompose into the wetland soil within one year [32,56]. It may
be challenging to change the nutrient distribution in sediments significantly by increasing
the annual plant density. In this study, although there were significant differences in
the plant densities between the sample sites, the relationship between plant density and
nutrients must be further studied because there was only one species of plants. In addition,
compared to the influences of plants, the influence of altitude and hydrological conditions
on nutrient distribution may be more intense [35,40].
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This study did not consider the ecological effects of microorganisms and algae on
nitrogen and phosphorus, so there may be limitations. Some studies indicated that mi-
crobial community had high purification capacity in the tidal flats [3]. Thus, not only
plant communities but also marine algae and soil microbial microorganisms are needed to
quantitatively confirm the distribution of the nitrogen and phosphorus of surface sediments
in intertidal flats.

5. Conclusions

The spatial distributions of N and P in the surface sediments in coastal tidal flats of
the YRD were investigated. Generally, higher spatial variations in the TN, NO3-N, NH4-N,
TP, and AP contents of the sediments were observed between the sample sites in the YRD,
while there were no significant differences in the TN, NO3-N, NH4—N, TP, and AP contents
of the sediments at different distances from the low-tide level to the coastline. The average
concentrations of the TN, NH4—N, NO3;-N, TP, and AP of the sediments were 311.62, 3.60,
5.58,134.57, and 0.75 mg-kg’l, respectively. The average concentrations of the TN and TP
in this study were both lower than the background values of China’s shallow sea sediments
(TN: 620 mg-kg !, TP: 500 mg-kg~!). Furthermore, the sediment pH (range: 8.52-8.91)
was an important factor that affected the N and P fractions of sediments in the intertidal
flats. The S. glauca density affected the distribution of nutrients in the sediments, but it
may not be the main effect. Only the S. glauca density and TN had a significant correlation.
Therefore, the spatial distributions of the N and P fractions in intertidal flats had obvious
spatial heterogeneity in the coastal tidal flats of the YRD. The distance effects of tidal action
affected the spatial distributions of plants and sand, but had no significant correlation on
the distributions of N and P. Moreover, the distributions of TN and TP between estuarine
and non-estuarine intertidal flats were significantly different.
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