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Effects of ecological restoration
on soil biogenic elements and
their ecological stoichiometry in
the Yellow River Delta, China

Dongxue Li1,2, Yi’na Li1,2, Yiliang Xie1,2, Baoshan Cui1,2*,
Zhonghua Ning1,2*, Shuyan Zhang3, Zhenggang Bi3,
Shouqiang Fu3 and Chunguang Che3

1State Key Laboratory of Water Environment Simulation & School of Environment, Beijing Normal
University, Beijing, China, 2Yellow River Estuary Wetland Ecosystem Observation and Research
Station, Ministry of Education, Shandong, China, 3Yellow River Delta National Nature Reserve
Management Committee, Shandong, China
Coastal wetlands serve as sources and sinks of carbon, nitrogen, phosphorus,

and sulfur, and their ecological stoichiometry intuitively indicates the

biogeochemical cycle process of the region. This study investigated the

changing trend of the contents of soil organic carbon (i.e., SOC), total nitrogen

(i.e., TN), total phosphorus (i.e., TP), and total sulfur (i.e., TS) and their ecological

stoichiometric ratios in 2019-2021 in the Yellow River Delta (including north and

south banks) under the Internationally Important Wetland Biodiversity

Conservation Project by conducting field surveys and experiments. The results

showed that SOC, TN, and TP showed the highest content in the North

Unrestoration, while the TS content appeared highest in the North Restoration.

In addition, ecological restoration improved the biogenic element stability in

both banks and improved the stability of ecological stoichiometry on the north

bank while decreasing the ecological stoichiometry stability on the south bank.

Notably, the changing trend of soil C/S in the North Unrestoration exhibited a

considerably different profile similarity from the North Restoration, which

indicates that the ecological restoration changed the wetland ecosystem from

the perspective of soil C/S. Furthermore, the high content of soil biogenic

elements SOC and high ratio of soil ecological stoichiometry C/N and C/S in

the Yellow River Delta induce that they are more sensitive to environmental

change. Over the three years, the contributions of soil moisture content, soil

salinity, and pH to soil biogenic element contents and their stoichiometric ratios

were 32.20%, 49.30%, and 18.50% on the north bank, respectively, and 85.70%,

8.50%, and 5.80% on the south bank, respectively. This study implies that

ecological restoration generally has a positive effect on the soil biogenic

element contents and their ecological stoichiometry in the Yellow River Delta

and provides a reference for delta restoration.

KEYWORDS

wetland topsoil, water and salt conditions, biogenic elements, ecological
stoichiometry, coastal wetlands
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1 Introduction

Coastal wetlands are one of the most valuable, fragile, and

highly productive ecosystems and play an important role in

adjusting the global biogeochemical cycles of biogenic elements

(Bai et al., 2012; Lu et al., 2018; Du et al., 2022). However, coastal

wetlands have been significantly affected by climate change and

intensive anthropogenic activities in recent years and have

attracted extensive attention globally (Syvitski et al., 2009;

Giosan et al., 2014; Nicholls, 2020). Therefore, many ecological

restoration efforts have been conducted all over the world, and

their effects are considerable (Gao et al., 2010; Couvillion et al.,

2013; Xu et al., 2020; Liu et al., 2021). As one of the youngest

coastal wetlands, the Yellow River Delta has faced significant

dangers (e.g., wetland salinization, wetland degradation and

shrinkage, biodiversity decrease) from climate change and

human activities in recent years (Lu et al., 2018). More than

ten big ecological restoration projects have been performed in

the Yellow River Delta since 2020, including Suaeda salsa

restoration, Spartina alterniflora removal, hydrological

connectivity enhancement, etc. (Liu et al., 2018; Zhao et al.,

2020; Jiang et al., 2021; Ning et al., 2021). Given the critical role

of the Yellow River Delta, understanding the effects of ecological

restoration on the soil biogenic elements and ecological

stoichiometry becomes an imperative task.

In general, the number of ecological restorations steadily

increased from 1992 to 2014, and the total cost of the projects

continued to increase in China (Liang et al., 2018; Li et al.,

2019b). Notably, the outcome of ecological restorations is

usually unclear, and the effectiveness of the ecological

restoration measures is opaque (Li et al., 2019b). Soil organic

carbon storage could be decreased by 108-250 million metric

tons under a “future-without-action” in Louisiana’s wetland

(Couvillion et al., 2013). In addition, 35%-75% of the soil

organic carbon could be offset if the projects (397 different

projects) had been completed (Couvillion et al., 2013). The

phosphorus storage capacity increased with increasing time

since wetland restoration (freshwater replenishment) in the

Yellow River Delta (Xu et al., 2020). However, the risk of

losing phosphorus from the sediments decreased with

increasing time (Xu et al., 2020). The implementation of

wetland ecological restoration (removal of reeds at harvest) in

2005 in the Yellow River Delta decreased the soil pH, electric

conductivity, soil organic matter, total nitrogen, and total sulfur

while increasing the total phosphorous and potassium (Gao

et al., 2010).

The stoichiometric approach is a useful tool for examining

the fluxes of multiple elements and their ratios to deeply

understand ecosystem processes (Ptacnik et al., 2005). For

instance, soil C/N is a typical symbol of soil quality (Elser

et al., 2003). The soil C/P and C/S are sensitive indicators for

the mineralization ability of phosphorus and sulfur (Du et al.,

2022). In addition, the soil N/P is usually used as an indicator of
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biogenic element restriction type (Zhang et al., 2012b; Cao et al.,

2015; Du et al., 2022). Coastal ecological restoration, as a

combined natural and anthropogenic activity, alters the soil

ecological stoichiometry (Zeng et al., 2017; Guo et al., 2018).

The plant recovery project in Fujian decreased soil C/N (Guo

et al., 2018). In addition, the soli C/N decreased, while the soil C/

P and soil N/P increased after the Caragana korshinskii recovery

project on the Loess Plateau of China (Zeng et al., 2017). The

“Redfield-like” ratios of C/N/P stoichiometric ratios did not exist

in the wetland soil of the Yellow River Delta (Qu et al., 2014). To

date, the majority of the existing studies have focused on changes

in coastal soil biogenic elements and ecological stoichiometry for

different soil profiles or restored sites (Lu et al., 2018; Zhang

et al., 2021b; Du et al., 2022), while the effects of ecological

restoration projects need to be clarified, especially for a

specific project.

In this study, we examined the effects of a special ecological

restoration project (The Internationally Important Wetland

Biodiversity Conservation Project, hereafter IIWBCP) on the

soil organic carbon (hereafter, SOC), total nitrogen (hereafter,

TN), total phosphorus (hereafter, TP), total sulfur (hereafter,

TS), carbon-nitrogen ratio (hereafter, C/N), carbon-phosphorus

ratio (hereafter, C/P), carbon-sulfur ratio (hereafter, C/S), and

nitrogen-phosphorus ratio (hereafter, N/P) in 2019-2021 on the

north and south banks of the Yellow River Delta. Notably, we

chose the unrestored sites in both banks (i.e., the north and

south banks of the Yellow River Delta) to exclude the effects of

other factors and better compare the effects of ecological

restoration. We addressed the following questions: (1) does

ecological restoration improve conditions of soil biogenic

elements and ecological stoichiometry, and (2) what is the

possible potential mechanism of ecological restoration? This

study provides a scientific basis for determining the effects of

coastal ecological restoration on biogenic elements and

ecological stoichiometry.
2 Materials and methods

2.1 Study area and ecological
restoration description

The study area is located in the Nature Reserve of the Yellow

River Delta (37°35′N~38°12′N, 118°33′E~119°20′E), which is

located in northeastern Shandong Province and is surrounded

by Bohai Bay and Laizhou Bay (Zhao et al., 2020). In addition, it

is one of the most complete, extensive, and youngest coastal

wetland ecosystems in the warm temperate zone (Bai et al.,

2012). The rainy season of the Yellow River Delta is from June to

August, and this region has a warm-temperate and continental

monsoon climate (Qu et al., 2014; Lu et al., 2018). The annual

average temperature in the Yellow River Delta is 12.1°C, and the

average annual rainfall and evaporation are 551.6 mm and
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1962 mm, respectively (Lu et al., 2018). Due to the negative

impacts of the intensive human activities (e.g., reclamation and

construction of coastal defence) and local environmental

changes (e.g., drought and land use change), the loss and

degradation of coastal wetlands in the Yellow River Delta has

become a major issue (Wang et al., 2012). Therefore, the

vulnerable ecological environments of the Yellow River Delta

and their restorations have attracted extensive attention (Bai

et al., 2012; Zhang et al., 2021a).

The soil biogenic elements SOC, TN, TP, and TS in the coastal

wetlands of the Yellow River Delta mainly concentrates in the

topsoil, and the values are approximately 1.10-22.80 g/kg (Xu et al.,

2020), 0.08-1.64 g/kg (Jia et al., 2015; Xu et al., 2020), 0.46-0.65 g/kg

(Xu et al., 2020; Du et al., 2022) and 0.11-0.54 g/kg (Lu et al., 2018),

respectively. The biological stoichiometry of C/N, C/P, C/S, and N/

P in the Yellow River Delta are 10-15, 2-10, 5-25, and 0-0.80,

respectively (Du et al., 2022). In addition, the Yellow River Delta has

the lowest formation time compared to other wetland ecosystems in

China’s warm and humid zone (Jiang et al., 2021) and its soil N/P is

much lower compared with the Sanjiang Plain, whose N/P ranges

about 5.04-21.43 (Prusty et al., 2009; Zhang et al., 2012b; Cao et al.,

2015). SOC is significantly negatively correlated with soil pH and

positively correlated with water content in the Yellow River Delta

(Zhao et al., 2020).

The IIWBCP in the Yellow River Delta was primarily designed

to protect the biodiversity at the Dawenliu and Huanghekou

Management Stations by adding freshwater, improving bird

habitat, enhancing vegetation diversity and building sluices. The

ecological restoration on the north bank mainly aims to replenish

freshwater, while that on the south bank mainly aims to promote

vegetation growth. This project was implemented on the north and
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south banks of the Yellow River Delta in 2019. In order to solve the

sediment deposition issue in the wetland of the project area, the

fresh water from the Yellow River enters the wetland after settling

sand. The control gate joined the little portions of the wetland and

allowed water to flow into the deep ditch and diversion canal in the

wetland to modify the water level. The entire water system cycle is

completed when the water passes through the drainage gate and

onto the floodplain downstream. After the implementation of the

ecological restoration for three years, the ecological conditions were

significantly changed, especially the soil biogenic elements and their

stoichiometry. To explore the effect of the ecological restoration on

both banks of the Yellow River Delta, our study set 6 unrestored

sites and 17 restored sites on the north bank, and 6 unrestored sites

and 30 restored sites on the south bank (Figure 1). Notably, the

unrestored sites and the restored sites are both located in interaction

area of freshwater and saline water, and the unrestored sites have

relatively low impact from anthropogenic activities.
2.2 Sample collection and analysis

The topsoil (0-10 cm) of 59 sample points was collected

during 6 periods (2019/7, 2019/11, 2020/5, 2020/7, 2021/4, and

2021/6). We collected 3 soil samples with a volume of 100 cm3 at

1 site, and then we mixed 3 samples into 1; thus, 354 soil samples

were collected in total. First, the plant residues, stones, and other

debris in the soil samples were removed in the laboratory (Du

et al., 2022). Then, we weighed the wet soil weight M1 and

located the soil samples in a 60° oven to dry to constant weight

and weighed M2. Then, we calculated the soil moisture content

(hereafter, SMC) as (M1-M2)/M1. Then, one part of the soil
FIGURE 1

Location map on the north and south banks of the Yellow River Delta. The purple points represent the unrestored sites and the restored sites.
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samples were ground through sieving using a 20-mesh sieve

(0.85 mm) for the soil salinity (hereafter, SS) and pH

measurements (Jia et al., 2015). Another part of the soil

samples was continually ground through sieving using a 100-

mesh sieve (0.149 mm) for the contents of soil biogenic element

(Du et al., 2022). SS and pH were measured using a portable

salinity meter (JENCO 3010 M) and a pH meter (HANNA HI

8424), respectively, in the supernatant of soil–water 1:5 (mass:

volume) (Tandon, 2005). The TN and TS contents of the soil

samples were determined using an elemental analyzer (Vario EL

III). TP was determined using inductively coupled plasma (ICP),

and SOC was determined using the potassium dichromate

volumetric method (Walkley and Black, 1934).
2.3 Statistical analysis

To explore the significant difference between different periods

of the biogenic elements and biological stoichiometry in the north

and south banks of the Yellow River Delta, a significance test that is

a posterior analysis was performed. Specifically, we adopted the

nonparametric Kruskal–Wallis test for a nonnormally distributed

variable (McKight and Najab, 2010) and one-way ANOVA with

LSD (Line Segment Detector) post hoc multiple test for normally

distributed variables (Stahle andWold, 1989). Notably, the variables

were modified to obtain a normal distribution by using square root

(sqrt), logarithmic (ln), or inverse transformations (1/). In addition,

the T level of statistical significance was set to P (probability) <0.05,

and the statistical analyses were performed using SPSS 20.0

statistical software (IBM, Armonk, NY, USA).

To identify correlations among environmental conditions,

biogenic elements, and ecological stoichiometry in the soil

samples, Redundancy Analysis (hereafter, RDA) was conducted

using the Canoco 5.0 software package (Microcomputer Power,

Ithaca, USA) (Van Den Wollenberg, 1977; Lu et al., 2018). We

adopted regular indicators (SS, SMC and pH) as the environmental

factors (Jia et al., 2015). For the RDA, the variables are represented

by arrows, and a longer arrow indicates that the corresponding

parameter is more important. In addition, a small angle between

two arrows indicates that the correlation between the two

corresponding variables is strong (Bonari et al., 2017; Chen et al.,

2019; Jarideh et al., 2021).

To compare the similarity of the mean profile and changing

trends of grouped samples under different conditions on the

north and south banks of the Yellow River Delta, we adopted

profile analysis. The profile analysis method is a multivariate

analysis of variance (MANOVA) with repeated measures

(Crowder and Hand, 2017). Specifically, profile similarity is

used to determine whether there is any interaction between

the analysis groups. Profile coincidence is used to see if there is a

substantial difference between the groups. Horizontal profile is

used to see if there is a substantial difference between certain

parameters (Crowder and Hand, 2017).
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3 Results

3.1 Contents of biogenic elements and
ecological stoichiometry and their
comparisons between the restored and
unrestored sites

3.1.1 Contents of SOC, TN, TP and TS
The average contents of soil SOC in North Unrestoration,

North Restoration, South Unrestoration, and South Restoration

were 5.19, 4.99, 4.09, and 4.34 g/kg, respectively (Figures 2A–D).

The soil SOC contents of 2020/5, 2021/4, and 2021/6 in North

Unrestoration were significantly higher than those in 2019/11

and 2020/7 (P<0.05). Significant differences in soil SOC in South

Unrestoration were observed in 2019/11 and 2021/4 and in

2019/11 and 2021/6 (P<0.05). The North Unrestoration

exhibited the highest soil TN content (0.40 g/kg), followed by

the North Restoration (0.39 g/kg) and South Unrestoration (0.34

g/kg), while the lowest soil TN content (0.33 g/kg) was observed

in the South Restoration (Figures 2E–H). 2020/7 and 2021/6,

2019/7, and 2020/7 showed a significant difference in North

Restoration and South Unrestoration, respectively (P<0.05).

The average contents of soil TP in North Unrestoration,

North Restoration, South Unrestoration, and South Restoration

were 0.64, 0.59, 0.63, and 0.60 g/kg, respectively (Figures 2I–L).

The soil TP contents of 2021/6 and 2020/7 were significantly

different in the North Restoration. Furthermore, the soil TP

contents of 2019/11, 2020/5, and 2020/7 were significantly

different from that of 2021/6 in the South Unrestoration

(P<0.05). The South Restoration exhibited the highest TS

contents (0.42 g/kg), followed by the North Restoration (0.41

g/kg) and South Unrestoration (0.39 g/kg), while the lowest soil

TS contents (0.30 g/kg) was observed in the North Unrestoration

(Figures 2M–P). The soil TS contents of 2019/7 and 2020/7,

2021/4 in the North Restoration, 2020/5 and 2019/7 in the South

Unrestoration, and 2021/6, 2020/5, 2020/7, and 2021/4 in the

South Restoration were significantly different (P<0.05). In

addition, the soil SOC, TN, and TP showed the highest

contents in the North Unrestoration, while the TS contents

appeared highest in the North Restoration (Figure 2).

3.1.2 Ecological stoichiometry ratios of C/N, C/
P, C/S, and N/P

The highest average values of soil C/N, C/P, C/S, and N/P

(i.e., 21.77, 8.25, 32.83, and 0.76, respectively) appeared in the

South Restoration, North Unrestoration, North Unrestoration,

and North Restoration, respectively (Figures 3A–P). Soil C/N in

South Restoration was significantly different for 2020/5 and

2021/4 (Figure 3D), and C/P in South Unrestoration for 2019/

11 was significantly different from that of 2019/7 and 2021/6

(Figure 3G). In addition, the soil C/S of 2020/5 and 2019/7 in the

North Restoration and that of 2020/5, 2020/7, and 2019/7 in the

South Unrestoration were significantly different (Figures 3J, K).
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The light fluctuation of soil N/P in the Yellow River Delta was

observed (Figures 3M–P).

3.1.3 Comparison between restored and
unrestored sites

Generally, the soil SOC was an order of magnitude larger than

TN, TP, and TS (Figures 4A–D). In addition, the average soil

ecological stoichiometry showed C/S (30.70)> C/N (18.29) > C/P

(7.51) > N/P (0.62) in the Yellow River Delta (Figures 4E–H). As

Figures 4A–D show, the soil SOC, TN, TP, and TS of North

Unrestoration and South Unrestoration fluctuated more than

those of North Restoration and South Restoration, respectively.
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However, the soil C/N, C/P, C/S, and N/P ratios of North

Unrestoration and South Restoration fluctuated more than those

of North Restoration and South Unrestoration, respectively

(Figures 4E–H).

3.2 Results of profile analysis of biogenic
elements and ecological stoichiometry in
the Yellow River Delta

3.2.1 Profile analysis of SOC, TN, TP, TS
As Figure 5 shows, the changing characteristics of soil SOC,

TN, TP, and TS in the North Unrestoration and North
A B D

E F G H

C

I J K L

M N O P

FIGURE 2

The soil SOC content of (A) the North Unrestoration, (B) the North Restoration, (C) the South Unrestoration, and (D) the South Restoration. The
soil TN content of (E) the North Unrestoration, (F) the North Restoration, (G) the South Unrestoration, and (H) the South Restoration. The soil TP
content of (I) the North Unrestoration, (J) the North Restoration, (K) the South Unrestoration, and (L) the South Restoration. The soil TS content
of (M) North Unrestoration, (N) North Restoration, (O) South Unrestoration, and (P) South Restoration. Data means ± SE. Differences in SOC-
South Unrestoration, TN-South Restoration, TS-South Restoration and TP-North Unrestoration were tested by the nonparametric Kruskal–Wallis
test, and the rest were all tested by one-way ANOVA with LSD post hoc multiple tests. Bars with different letters are significantly different
(P<0.05). SOC represents soil organic carbon, TN represents total nitrogen, TP represents total phosphorus, TS represents total sulfur, and the
following figure captions are the same.
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Restoration and South Unrestoration and South Restoration

were profile similarity, profile coincidence, and trend

horizontality, which means that the unrestored and restored

sites were not significantly different. We further conclude that

the ecosystem remained natural after ecological restoration was

performed for 3 years. Notably, the changing trends of soil SOC

in the North Unrestoration and North Restoration were not

strongly coincident (Figure 5A), indicating that the ecological

restoration had great effects on the soil SOC content.
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3.2.2 Profile analysis of C/N, C/P, C/S, and N/P
The changing characteristics of soil C/P and N/P in the

North Unrestoration and North Restoration and South

Unrestoration and South Restoration were profile similarity,

profile coincidence, and trend horizontality (Figures 6C, D,

G, H). Soil C/N in the North Unrestoration and Restoration,

and soil C/S in the South Unrestoration and South

Restoration were both profile similarity, profile coincidence,

and trend horizontality (Figures 6A, F). Notably, the
A B D

E F G H

C

I J K L

M N O P

FIGURE 3

The C/N content of (A) the North Unrestoration, (B) the North Restoration, (C) the South Unrestoration, and (D) the South Restoration. The C/P
content of (E) the North Unrestoration, (F) the North Restoration, (G) the South Unrestoration, and (H) the South Restoration. The C/S content
of (I) the North Unrestoration, (J) North Restoration, (K) South Unrestoration, and (L) South Restoration. The N/P content of (M) the North
Unrestoration, (N) the North Restoration, (O) the South Unrestoration, and (P) the South Restoration. Data means ± SE. Differences for the C/N-
North Unrestoration, C/N-North Restoration, C/N-South Unrestoration, C/N-South Restoration, C/P-South Restoration, and C/S-South
Restoration were tested by the nonparametric Kruskal–Wallis test, and the rest were all tested by one-way ANOVA with LSD post hoc multiple
tests. Bars with different letters are significantly different (P<0.05). C/N represents the ratio between soil organic carbon and total nitrogen, C/P
represents the ratio between soil organic carbon and total phosphorus, C/S represents the ratio between soil organic carbon and total sulfur, N/
P represents the ratio between total nitrogen and total phosphorus, and the following figure captions are the same.
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changing trend of soil C/N in the South Unrestoration and

South Restoration was not trend horizontality considering all

the factors (Figure 6B). However, the changing trend of soil

C/S in the North Unrestoration exhibited a considerably

different profile similarity from the North Restoration,

indicating that the three-year restoration effort altered the

wetland environment in terms of soil C/S (Figure 6E).

Furthermore, the North Unrestoration of soil C/S was much

greater than that of the North Restorations. In general,

the soil C/N and C/S ratios were more susceptible to

environmental change.
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3.3 RDA of the correlation between soil
physicochemical properties and soil
biogenic element contents and their
stoichiometric ratios

The basic characteristics of the first two axes of RDA sorting

are listed in Table 1. In addition, the order of importance and

significance of test findings of the impacts of environmental

variables on soil biogenic elements and ecological stoichiometry

were determined using the Monte Carlo replacement test of

environmental factors and are shown in Table 2.
A B D

E F G H

C

FIGURE 5

The profile analysis of (A) SOC on the north bank, (B) SOC on the south bank, (C) TN on the north bank, (D) TN on the south bank, (E) TP on the
north bank, (F) TP on the south bank, (G) TS on the north bank and (H) TS on the south bank. The significance level (P) was set as 0.05.
A B D

E F G H

C

FIGURE 4

The comparison between the North Unrestoration, North Restoration, South Unrestoration and South Restoration of (A) SOC, (B) TN, (C) TP,
(D) TS, (E) C/N, (F) C/P, (G) C/S, (H) N/P.
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On the north bank in 2019, the importance order of the

environmental factors for the soil biogenic element contents and

ecological stoichiometry: SMC (51.10%) >SS (26.60%) > pH

(22.40%) (Table 2). Soil TP was positively correlated with SS but

negatively correlated with SMC, while pH was positively

correlated with C/N but negatively correlated with C/S. In

addition, soil SMC was positively correlated with soil SOC,

TN, TS, C/P, and N/P (Figure 7A). On the north bank in

2020, the importance order of the environmental factors for

the soil biogenic element contents and ecological stoichiometry:

pH (61.90%) > SMC (34.90%) >SS (3.20%) (Table 2). Further

analysis showed that both soil SMC and pH were positively

correlated with soil TS, TN, and N/P (Figure 7B). On the north

bank in 2021, the importance order of the environmental factors

for the soil biogenic element contents and ecological

stoichiometry: SS (68.90%) > SMC (20.70%) > pH (10.40%)
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(Table 2). Soil SMC and pH were positively correlated with soil

SOC, TN, TS, C/P, and N/P and negatively correlated with soil

C/S. Soil SS was positively correlated with soil TP and C/S and

negatively correlated with soil SOC, TN, TS, C/P, and N/P. Soil

pH was positively correlated with soil C/N and negatively

correlated with soil TP and C/S (Figure 7C). Overall, the

importance order of the environmental factors for the soil

biogenic element contents and ecological stoichiometry: SS

(49.30%) > SMC (32.20%) > pH (18.50%) (Table 2) on the

north bank over three years from 2019 to 2021 (Table 2). Soil

SMC was positively correlated with soil SOC, TN, TP, C/N, C/S,

C/P, N/P, and weakly correlated with soil TS. Soil SS was

negatively correlated with all soil biogenic element contents

and their stoichiometric ratios except for soil C/S (Figure 7D).

Furthermore, pH was negatively correlated with all soil biogenic

element contents and their stoichiometric ratios.
A B D

E F G H

C

FIGURE 6

The profile analysis of (A) C/N in the north bank, (B) C/N in the south bank, (C) C/P in the north bank, (D) C/P in the south bank, (E) C/S in the
north bank, (F) C/S in the south bank, (G) N/P in the north bank and (H) N/P in the south bank. The significance level (P) was set as 0.05.
TABLE 1 General characteristics of the first two axes of RDA ordination.

Sites Sort axis 2019 2020 2021 2019-2021

Eigenvalues North Axis 1 0.28 0.17 0.11 0.06

Axis 2 0.03 0.10 0.02 0.03

South Axis 1 0.04 0.31 0.03 0.08

Axis 2 0.03 0.02 0.01 0.00

Explained variation (cumulative) North Axis 1 27.93 17.16 11.17 6.40

Axis 2 30.70 27.32 12.98 9.62

South Axis 1 3.94 31.46 2.80 7.92

Axis 2 6.51 33.85 3.80 8.41

Explained fitted variation (cumulative) North Axis 1 87.69 62.21 82.33 61.98

Axis 2 8.69 36.83 13.30 31.25

South Axis 1 54.27 90.92 67.93 93.27

Axis 2 35.29 6.92 24.27 5.79
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On the south bank in 2019, soil SMC, SS, and pH contributed

12.00%, 42.70%, and 45.20% to the soil biogenic element contents

and stoichiometric ratios, respectively (Table 2). Soil pH was

positively correlated with soil TN, SOC, and N/P. Soil pH showed

a strong positive correlation with soil TN, SOC, N/P, and a

negative correlation with soil TP (Figure 8A). On the south

bank of 2020, the contribution rates of soil SMC, SS, and pH to

the soil biogenic element contents and stoichiometric ratio were

45.50%, 38.40%, and 16.10%, respectively. Among them, soil SMC

(P=0.026) and SS (P=0.004) were significant environmental

variables (Table 2). Soil SMC was positively correlated with soil

TP, SOC, C/N, C/S, and C/P and negatively correlated with soil

TS, TN, and N/P. Soil SS was positively correlated with soil TS and

N/P. Soil pH was negatively correlated with all soil biogenic

element concentrations and stoichiometric ratios (Figure 8B).

On the south bank of 2021, the contribution rates of soil SMC,

SS, and pH were 21.90%, 17.50%, and 60.60%, respectively,

(Table 2). Soil SMC was positively correlated with soil TP, SOC,

C/P, C/S, and C/N and negatively correlated with soil TN and N/

P. There was a negative correlation between soil SS and soil TS. In

addition, there was a positive correlation between soil pH and TN,

TP, and a negative correlation with soil TS, SOC, and TN

(Figure 8C). For the south bank in 2019-2021, the contributions
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of soil SMC, SS, and pH to the soil biogenic element contents and

their stoichiometric ratios were 85.70%, 8.50%, and 5.80%,

respectively, with SMC being significant (P=0.014) (Table 2).

The environmental factors were ranked in order of importance:

SMC> SS> pH. Soil SMC was positively correlated with soil SOC,

TP, C/P, C/S, and C/N and negatively correlated with soil TN, TS,

and N/P (Figure 8D). Soil SS was positively correlated with soil

TN, TS, and N/P and negatively correlated with the rest of the soil

biogenic element contents and their stoichiometric ratios.
4 Discussion

4.1 Potential mechanism of the
changes in biogenic elements and
ecological stoichiometry under
ecological restoration

The biogenic elements in coastal wetlands had different

levels of significance under different temporal and spatial

conditions due to the easily variable local water salt

conditions, vegetation distribution varying with season and

microbial activities (Zhou et al., 2007; Cao et al., 2015; Marty
TABLE 2 Significance tests of environmental factors in RDA.

Sites Indicators Year Explains % Contribution % Pseudo-F P

north bank SMC 2019 16.30 51.10 1.70 0.188

2020 9.60 34.90 1.70 0.168

2021 2.80 20.70 0.60 0.656

2019-2021 3.30 32.20 1.60 0.156

pH 2019 7.10 22.40 0.70 0.500

2020 17.10 61.90 2.90 0.048

2021 1.40 10.40 0.30 0.894

2019-2021 1.90 18.50 0.90 0.412

SS 2019 8.50 26.60 0.90 0.436

2020 0.90 3.20 0.10 0.956

2021 9.40 68.90 2.00 0.132

2019-2021 5.10 49.30 2.50 0.062

south bank SMC 2019 0.90 12.00 0.20 0.922

2020 15.80 45.50 5.80 0.026

2021 0.90 21.90 0.30 0.908

2019-2021 7.30 85.70 6.90 0.014

pH 2019 3.30 45.20 0.70 0.460

2020 5.60 16.10 2.10 0.098

2021 2.50 60.60 0.80 0.494

2019-2021 0.50 5.80 0.50 0.600

SS 2019 3.10 42.70 0.70 0.532

2020 13.30 38.40 5.90 0.004

2021 0.70 17.50 0.20 0.962

2019-2021 0.70 8.50 0.70 0.560
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et al., 2017; Zhang et al., 2021b). The soil SOC in the Yellow

River Delta was much greater than soil TN, TP, and TS, which

was likely due to the new-born wetlands (Chen et al., 2008). The

biogenic elements of the Yellow River Delta were mainly from

the Bohai Sea, which had a high organic carbon content (Wang

et al., 2018a). In this study, we found that the ecological

restoration in both banks promoted the stability of the

biogenic elements, which was probably due to environmental

homogenization by replenishing freshwater and growing plants

in the North Restoration and South Restoration (Yang et al.,

2020; Cai et al., 2021). Additionally, due to the short observation

period, ecological restoration did not alter the trends of soil SOC,

TN, TP, and TS in the Yellow River Delta. The biogenic

components, in particular the soil SOC content, may change

significantly over time. Because soil SOC was the primary

component in the Yellow River Delta and thus soil SOC was
Frontiers in Marine Science 10
more sensitive, the soil SOC of restored sites actually differed

from the unrestored sites only slightly at this time (Figure 5A).

The implementation of ecological restoration affected the

environmental variables significantly (Figures 7, 8), thereby, the

biogenic element and ecological stoichiometry were changed. In

this study, we found that the contribution of soil SS and SMC to

the soil biogenic elements and their stoichiometric ratio were

higher than that of soil pH, and SS and high SMC were favorably

correlated with most biogenic element contents and their

stoichiometric ratios on the north bank. The implementation

of ecological restoration increased the soil SMC, decreased the

soil SS, and increased the soil biogenic element contents and

their stoichiometry (Cui et al., 2021; Ma et al., 2021; Zhang et al.,

2022). However, soil pH was negatively correlated with all soil

biogenic element contents and their stoichiometric ratios

because low pH soil was beneficial to nitrogen accumulation
A B

DC

FIGURE 7

RDA of physicochemical properties and soil biogenic element contents and their stoichiometric ratios for the north bank. (A) 2019; (B) 2020;
(C) 2021; (D) 2019-2021. Purple four-pointed stars represent unrestored sites, and green circles represent restored sites.
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(Tang et al., 2014). After the implementation of the restoration

project, the retention capacity of N in the wetland soil of the

Yellow River Delta was limited by the mass fraction of soil SOC,

and the increase in the C/N mass ratio in a certain range

promoted the mineralization of organic N, resulting in soil N

loss (Wild et al., 2019).

The ecological stoichiometry was determined by the

contents of biogenic elements (Du et al., 2022). The content of

soil TS is lower than the TN and TP in the Yellow River Delta

(Lu et al., 2018; Du et al., 2022). Analogously, soil C/S was larger

than C/N and C/P (Lu et al., 2018). In addition, the soil N/P was

much lower in the Yellow River Delta (Lu et al., 2018; Du et al.,

2022). Furthermore, we found that the effect of ecological

restoration on ecological stoichiometry was distinct on the

north and south banks (Figures 5E–H). Specifically, ecological

restoration on the north bank increased the stability of the

ecological stoichiometry, while ecological restoration on the

south bank decreased the stability of the ecological

stoichiometry. This was probably because ecological
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restoration on the north bank focuses on water replenishment,

while that on the south bank focuses on vegetation growth. On

the one hand, the water replenishment results in environmental

homogenization, thus the stability is increased. On the other

hand, vegetation was more easily influenced by climate change

(e.g., the growing season and its subphases (i.e., the growing and

senescent phases) (Ding et al., 2020). Generally, ecological

stoichiometry was more sensitive than biogenic elements

because that the ecological stoichiometry is calculated by two

element content (Sardans et al., 2021; Du et al., 2022). For

ecological stoichiometry in the Yellow River Delta, the soil C/N

and C/S were more sensitive to environmental change due to

their high ratio (Lu et al., 2018; Du et al., 2022).

The south bank’s ecological restoration relied on vegetation

development, and marsh soil with vegetation and well-developed

roots can efficiently hold more nitrogen (Liang et al., 2019). The

findings of RDA for the south bank suggested that pH was the

most important physical and chemical factor influencing the N

concentration. Soil organic matter was the most direct source of
A B

DC

FIGURE 8

RDA of soil physical and chemical properties and soil biogenic element contents in the south bank. (A) 2019; (B) 2020; (C) 2021; (D) 2019-2021.
The purple quadrangular stars represent the unrestored sites, and the green circles represent the restored sites.
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nitrogen, and soil with lower pH was helpful for nitrogen

buildup (Tang et al., 2014). Soil SMC was favorably associated

with soil SOC, TP, C/P, C/S, and C/N and negatively associated

with soil TN, TS, and N/P. There was a substantial positive

relationship between soil SS and TN, TS, and N/P and a

significant inverse relationship between soil SS and the

concentrations of other biogenic element contents and their

stoichiometric ratios. Previous research also found that soil TP

in the Suaeda salsa wetland in the Yellow River Delta intertidal

zone was positively correlated with soil SMC and SS, with

obvious seasonal differences, but the correlation between soil

TP, SOC and pH was not strong. In addition, the source of soil

TS in the wetland soil on both banks was mainly TS in seawater,

which could explain the reason why soil TN and TS were closely

related to soil SS to some extent (Wei et al., 2021).
4.2 Implications for
ecological restoration

The result of the biogenic elements and ecological

stoichiometry in this study was consistent with a previous

study in the Yellow River Delta (Lu et al., 2018), especially the

soil SOC (0.47%), TN (0.04%), TP (0.06%), and TS (0.04%)

contents in the soil. In addition, the C/N ratio was a sensitive

indicator of soil quality and a symbol of soil nitrogen

mineralization capacity (Marty et al., 2017). In addition, C/N

was inversely proportional to the decomposition rate of organic

matter, which means that soil with a lower C/N value had a faster

mineralization rate (Zhu et al., 2013). In this study, the range of

C/N was 10-50 (Figure 6E), which was consistent with Du et al.

(2022). The result indicated that the soil organic matter in the

Yellow River Delta has completely humified, and SOC

mineralization has begun to be limited (Du et al., 2022).

Notably, the soil C/N value found in the Yellow River Delta is

greater than that observed in some Chinese wetlands (e.g.

Sanjing Plain, Halahai wetlands, Changyi wetland, Jinjiang

wetland) (Bai et al., 2010; Zhang et al., 2012b; Wang et al.,

2014; Cao et al., 2015; Zeng et al., 2017; Guo et al., 2018).

Soil C/P was regarded as a marker for the ability of soil P

mineralization Schadt and Classen (2007) and an index of the

latent capacity of P to be absorbed from the environment by

microbial mineralization (Wang et al., 2018b). Furthermore, the

soil C/S ratio was an indicator of the possible effects of microbial

biomass on the availability of soil S (He et al., 1997). In this study,

the ranges of soil C/P and C/S were 3-15 and 0-100, respectively.

This result means that the mineralization of P and S was the main

process, and the available phosphorus and sulfur would increase

due to the relatively lower C/P and C/S (Heinze et al., 2010; Lu

et al., 2018). In addition, the soil C/P and C/S ratios were close to

those of other Chinese wetlands (Zhang et al., 2012a; Zhang et al.,

2021b). The soil N/P ratio indicated the status of soil N saturation

and was used to determine the thresholds for soil quality limitation
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(Zhao et al., 2015). Notably, the average soil N/P of this research

(i.e., 0.62) was lower than that of other wetlands (>1.2) (Prusty

et al., 2009; Cao et al., 2015). Actually, the sedimentation

environment, hydrodynamics, grain size, vegetation biomass, and

other factors control the element contents and biological

stoichiometry in the world (Hu et al., 2016; Li et al., 2019a).

Ecological restoration altered the water table and wet-dry

conditions, and thus the mineralization rates of soil SOC, TN,

TP, and TS were affected (Comıń, 2010; Lamers et al., 2015).

Therefore, the biogenic elements and ecological stoichiometry

have changed in the Yellow River Delta under ecological

restoration. After studying the specific project in the Yellow

River Delta, three key points were identified which could

potentially imply for conducting ecological restoration. First,

we clarify the importance of soil biogeochemical cycles, namely,

that soil biogenic elements and ecological stoichiometry play

many roles in vegetation and microorganisms (Hu et al., 2016).

The biogenic element contents and their ratio are essential

evaluation indicators for ecological restoration (Wortley et al.,

2013). Therefore, we propose that the success of the ecological

restoration will be enhanced by emphasizing continuous

observation after project implementation (Li et al., 2019b).

Second, the main components of soil biogenic elements and

ecological stoichiometry should receive sufficient attention

during the implementation of ecological restorations, because

they are much more sensitive to environmental change (Du

et al., 2022). Third, the choice of unrestored sites, which need to

well reflect the natural conditions, cannot be ignored (Durbecq

et al., 2020). Notably, profile analysis can be adopted to

distinguish the effects of ecological restoration.
5 Conclusion

In this study, The soil biogenic element content (SOC, TN,

TP, TS) and ecological stoichiometry (C/N, C/P, C/S, N/P) in the

Yellow River Delta under ecological restoration (IIWBCP) were

investigated. The results showed that ecological restoration

improved the biogenic element stability in both banks of the

Yellow River Delta due to the environmental homogenization.

However, the restoration increased the ecological stoichiometry’s

stability in the north bank while decreasing the ecological

stoichiometry’s stability in the south bank because of the

different restoration focuses. The changing trend of soil C/S in

the North Unrestoration showed a significant difference from the

North Restoration, implying that ecological restoration alters the

wetland ecosystem from a soil C/S perspective. Notably, the high

content of soil biogenic elements SOC and high ratio of soil

ecological stoichiometry C/N and C/S in the Yellow River Delta

induce that they were more sensitive to environmental change.

Furthermore, the main environmental variables in the north and

south banks from 2019 to 2021 were soil SS and SMC,

respectively. The ecological restoration have changed the
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environmental condition, thus the biogenic element contents and

ecological stoichiometry were changed to some extent. Further

and more detailed investigations of biogenic elements and

ecological stoichiometry are needed to demonstrate the

influences of ecological restoration and provide a reference for

future restoration in local sites and global wetlands.
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