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Abstract
Four representative halophytes of Tamarix chinensis (Tc), Phragmites australis (TPa), Suaeda salsa (Ss)
and Spartina alterniflora (Sa) in the Yellow River Estuary wetland were selected to clarify the root
disturbance effects on soil nutrient elements, salt ions and their stoichiometric ratios. The results showed
that the average TOC content of Tc, TPa, Ss, and Sa in the rhizosphere (RS) group were 5.19, 2.15, 2.05,
and 2.14 times of those in the non-rhizosphere (CK) group, respectively. TN content of Tc in the RS group
was about 3.44 times of the CK group. The average soil pH and salinity reduced by 3.60% and 41.35%,
respectively, due to the root disturbance of Tc. Soil ions including K+, Ca2+, Mg2+, Na+, Cl- and SO4

2-

reduced by 33.86%-62.86%. The root disturbance of TPa reduced soil pH and salinity by 1.09% and
35.47%, respectively, and soil ions reduced by 16.93%-46.85%. However, the root disturbance effects in Sa
and Ss were not obvious. The results of Mantel test and PCA demonstrated that the root disturbance
diversified the soil characteristics. The disturbance of roots played a crustal role in affecting the spatial
heterogeneity of soil properties in the coastal wetlands above the intertidal zone (Tc and TPa), and its
effect was greatly weakened below the intertidal zone (Sa and Ss). These findings are important for
understanding how halophytes can impact soil nutrient levels and salt concentrations in coastal
wetlands, which is crucial for effective management and restoration efforts.

1 Introduction
Soil plays a crucial role in regulating material conversion and energy flow in wetlands, thereby
maintaining the ecosystem's internal stability (Yu et al., 2016). As a unique ecotone between terrestrial
and marine ecosystems, the coastal wetland is an intensely dynamic, intricate and fragile system that
provides vital ecological functions and services (Cao et al., 2015; Du et al., 2022). Soil properties exhibit
typically spatial heterogeneity in many ecosystems. Low nutrient content and high salinity are two major
characteristics of coastal wetland soil, leading to a high vulnerability of the ecosystem (Jia et al., 2017; Li
et al., 2021b). As the primary soil nutrient elements, carbon (C), nitrogen (N), and phosphorus (P) are the
basis for the composition of all living substances in the ecosystem (Qu et al., 2014; Meng et al., 2021). C
constitutes the fundamental structure of plants and accounts for their biomass far beyond 50% (Xu et al.,
2019). N is the basic component of enzymes and plays a pivotal role in photosynthesis and biological
production (Rong et al., 2016). P is an essential element for nucleic acids and cell membranes and
responsible for the composition of cellular structural DNA and RNA (Liang et al., 2020; Li et al., 2021a).
The balance between energy and nutrients is known as ecological stoichiometry, which reflects the
organisms' demand for natural resources. It predominantly connects biogeochemical cycles of soil C, N,
and P at different levels (Xu et al., 2019; Muhammad et al., 2020). The soil C:N:P ratio reflects the nutrient
balance and serves as an indicator of the coastal ecosystem's nutritional status (Qu et al., 2014; Li et al.,
2021a). Soil salinity is a major abiotic stress affecting the physicochemical properties of soil. The high
salinity stress leads to a decrease in soil quality, habitat conditions and biodiversity, which further
restricts the stable development of coastal wetland ecosystems (Liu et al., 2017a; Wang et al., 2018). Soil
salinification is characterized by an excessive concentration of soluble salt ions in soil solution (Zhu et
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al., 1983). This directly affects the growth and development of plants, resulting in osmotic stress and ion
toxicity, which in turn leads to the loss of biodiversity (Yi et al., 2007b; Jia et al., 2017; Zhao et al., 2022b).
The spatial distribution characteristics of soil salinity have become a vital ecological factor influencing
the distribution pattern of vegetation, plant-soil relationship, and productivity in coastal regions (Liu et al.,
2018; Sun et al., 2022b; Zhao et al., 2022b).

The variation and distribution of nutrients and salt ions in coastal soil are influenced by various factors,
such as climatic characteristics, hydrological processes, biological disturbances, and human activities
(Yu et al., 2016, Liu et al., 2018; Sun et al., 2022b). The bioturbation, which is defined as the biological
reworking of soils and sediments, has been regarded as an important component for soil processes and
geomorphology (Meysman et al., 2006). Halophytes can survive in harsh environments, such as shallow
groundwater tables, scarce freshwater, and insufficient nutrients. They distribute widely in coastal
wetlands and become an important component of the coastal ecosystem (Jia et al., 2017; Jing et al.,
2018; Li et al., 2021a). Coastal halophytes have developed varying degrees of saline tolerance due to
long-term exposure to salinity stress, influenced by tidal action and soil evapotranspiration (María et al.,
2004; Zhao et al., 2022b). Therefore, coastal halophytes commonly demonstrate a regular ribbon
distinction from land to sea along different degrees of soil salinity (Sun et al., 2022b). Simultaneously,
the soil properties are significantly impacted by the growth, development, and metabolism of halophytes,
showing the dominant bioturbation in the coastal region (Yuan et al., 2016; Liu et al., 2017a; Wang et al.,
2019). As the vital organ for obtaining soil nutrients, roots have a direct effect on soil properties through
vigorous metabolism and complicated secretions (Liu et al., 2018). Thus, a close relationship between
plants and soil in the rhizosphere was found (Jing et al., 2018; Wendel et al., 2022). Studies have found
that halophytes have different rhizosphere effects under different conditions of soil salt, pH, soil texture,
and nutrients (Yamamoto et al., 2018). Plants can alter soil physicochemical properties by releasing root
exudates, shaping rhizosphere microbial communities (Yi et al., 2007a). Meanwhile, the rhizosphere
possesses a radiative effect on the surrounding soil (Zhao et al., 2022a). Different plants have unique
metabolic processes that lead to the production of distinct root exudates. Several studies revealed that
around 11% of the net fixed C was exuded to the rhizosphere through roots, and these exudates also
contain large amounts of N and P (Bais et al. 2006; Jones et al. 2009; Nakayama and Tateno 2018). Each
halophyte can cause soil property differences between rhizosphere and bulk soils (Zhao et al., 2022c;
Amir and Moshe et al., 2017). Yamamoto et al. (2018) studied soil microenvironment in the rhizosphere,
root inner layer, and blank soil of two halophytes (Glaux maritima and Salicornia europaea) in saline-
alkali land and found that soil nutrient elements and functional characteristics of different plant types
were considerably different (Yamamoto et al., 2018). Jing et al. (2018) demonstrated that Atriplex
triangularis and Suaeda glauca changed the rhizosphere soil properties and bacterial community
significantly within 3 months planting (Jing et al., 2018). Additionally, a study by Tian et al. (2020) on
rhizosphere in salinized soil at North Yinchuan revealed that Medicago sativa and Achnatherum
splendens could modify the holistic soil conditions and enzyme activity (Tian et al., 2020). These studies
reflect that the rhizosphere possesses important ecological functions for the interaction of soil and plants
by root activities.
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As a typical coastal wetland along the Pacific Coast, the Yellow River Estuary wetland covers a large area
of salt marsh in the intertidal zone (Yu et al., 2016). The predominant halophytes include Tamarix
chinensis, Phragmites australis (tidal salt community), Suaeda salsa and Spartina alterniflora in the
natural coastal wetland of the Yellow River Estuary (Liu et al., 2018; Zhao et al., 2022c). Most community
structure is simple and dominated by one plant species with few concomitants. Under the function of
land-sea-river interaction, the dominant vegetation is distributed with a zonal sequence from land to sea.
The ecological ecotone between terrestrial and marine ecosystems has become a vital region for
biogeochemical processes in the estuary (Li et al., 2021b; Sun et al., 2022b). Affected by poor soil
nutrition and high salinity, the ecotone ecosystem is fragile. Halophytes play a key role in facilitating
material circulation, resisting salt accumulation, maintaining biodiversity and protecting the steady
infrastructure in the coastal zone (María et al., 2010; Yuan et al., 2016; Zhao et al., 2022c). For the Yellow
River Estuary wetland, the adaptation mechanism of Suaeda salsa to low nitrogen habitat and its soil
improvement effect on coastal heavy saline-alkaline soil were investigated by several previous studies
(Liu et al., 2017b; Yang et al., 2019). The results showed that the intertidal population seedlings had a
higher capability for NO3

−-N reutilization to maintain nitrogen metabolism and normal photosynthesis.
The Suaeda salsa has an obvious effect on reducing soil salinity in coastal regions. Besides, under tidal
and short-term flooding conditions, the mass losses of Phragmites australis litter were 25.21% and
19.22%, respectively, during the experimental period. Under the identical above conditions, the mass
losses of Suaeda salsa litter were 37.08% and 28.49%, respectively (Guan et al., 2020). The investigations
of the salt characteristics, homeostasis characteristics and intrinsic relationships in the plant-soil system
found that the total carbon, total nitrogen, and N: P values of the halophyte communities in the surface
soil (0–20 cm) were significantly higher than the other layers because of root activity (Zhao et al., 2022b).
However, few references about the rhizosphere bio-disturbance effects of diverse halophytes along the
intertidal ecotone in the Yellow River Estuary wetland have been caught. Therefore, based on the field
measurement results of soil properties in the rhizosphere and non-rhizosphere, the soil feature changes
by halophyte root disturbance in the Yellow River Estuary wetland were explored. The objectives of the
study are to (1) investigate the contents of soil C, N, P and salt ions of different halophyte types in
rhizosphere and non-rhizosphere, (2) compare the effects of root disturbance on soil properties under
different halophytes, and (3) reveal the dominant factors for soil synthetical property characteristics
change in the ecological ecotone of the Yellow River Estuary.

2 Materials and methods

2.1 Study area
This study was conducted in the Yellow River Estuary wetland (37°42'0″-37°51'0″N, 119°7'30″-119°15'0″E)
(Fig. 1). The study area is a warm-temperate and continental monsoon climate with distinct seasons. The
average annual temperature, precipitation, and evaporation are 12.8℃, 537.3 mm, and 1,928.2 mm,
respectively (He and Cui, 2015). The precipitation mainly concentrates in summer and autumn. The main
freshwater supplement is atmospheric precipitation and rivers. Tamarix chinensis, Phragmites australis,
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and Suaeda salsa are predominant native plant communities, and the Spartina alterniflora is an invasive
species. Both of the four halophytes are widely distributed in the intertidal zone of the Yellow River
Estuary. Due to the interactive effects of land and sea, the communities of Tamarix chinensis, Phragmites
australis, Suaeda salsa and Spartina alterniflora show a regular ribbon distribution from land to sea (Sun
et al., 2022b). The predominantly soil types are swampy soil and saline soil (Yu et al., 2016).

2.2 Sample collection and measurement
The Tamarix chinensis (Tc), Phragmites australis (tidal salt community, TPa), Suaeda salsa (Ss) and
Spartina alterniflora (Sa) were selected as study objects. Soil samples of rhizosphere and non-
rhizosphere from Tc, TPa, Ss and Sa were collected at low tide in September 2020 (Fig. 1). Six parallel
sample sites were set up at each typical community and three duplicate soil samples were collected at
each site (Fig. 1). The soil of non-rhizosphere (CK group, 0–10 cm) was collected by core sampler sterile
spatulas. The soil at halophyte rhizosphere (RS group, 0–10 cm) was collected by the shaking root
method. Three duplicate soil samples were collected and mixed homogeneity in situ after removing plant
residues, roots, and debris. Then the air-dried soil samples were sieved with a 0.149-mm diameter nylon
sieve after grinding by a mortar to determine soil properties.

Soil total organic carbon (TOC) was determined by TOC Analyzer (vario TOC cube, Elementar, Germany)
after inorganic carbon was eliminated using 1M HCl. Soil total nitrogen (TN) and total phosphorus (TP)
were determined by a continuous flow analyzer (Futura A16786, Alliance, France) after digestion and
filtration. Soil NH4

+-N and NO3
−-N in supernatant liquor were filtrated by a 0.45-µm membrane after

extraction with 2 M KCl from sieved dry soil samples; and then were determined by a continuous flow
analyzer. After extraction and dilution, the concentration of soil K+, Na+, Ca2+, Mg2+, Cl−, and SO4

2− were
measured by Ion Chromatography (Dionex ICS3000, DIONEX, America). Soil pH (water: soil = 2.5:1) and
salinity (water: soil = 5:1) were determined by a pH meter (FE28-Standard, Mettler Toledo, Switzerland)
and an electrical conductivity meter (FE38, Mettler Toledo, Switzerland), respectively. Soil particle size and
mean soil particle size (MPS) were measured by a laser particle size analyzer (Mastersizer 2000, Malvern
Panalytical, United Kingdom). The stoichiometric ratios of C/N, C/P and N/P were calculated by the
amount of TOC, TN, and TP (mol·kg− 1). The soil sodium-adsorption ratio (SAR), Cl−/SO4

2−,

(Na++K+)/(Ca2++Mg2+), and Mg2+/Ca2+ were calculated by the amount of soil salt ions (mol·kg− 1) (Chi et
al., 2011). The formula for the enrichment ratio (E) of each soil property of the rhizosphere was referred to
Du (Du et al., 2011).

2.3 Data analysis
The data on soil properties were normalized and scaled to statistical analysis. Differences among soil
types were tested using analysis of variance (ANOVA) with a post hoc test (Tukey test) in the software
Statistical Product and Service Solutions (SPSS v.24.0). A p-value less than 0.05 denoted statistical
significance. The relationships of soil properties were determined by Pearson’s correlation analysis
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method in R v4.2.3. Mantel test and Principal Component Analysis (PCA) were run in R v4.2.3. Software
of Origin 9.1 was used to draw data figures.

3 Results

3.1 Soil pH, Sa and MPS of rhizosphere in different
halophyte types
The mean values of soil pH in different types were between 8.29–8.71 (Fig. 2A). The pH values of Ss
were the highest than other types both in CK group and RS group. A significant difference in pH values
between CK group and RS group was observed in Tc and TPa (p < 0.05). The mean values of soil salinity
in different types were between 0.85–1.79 (Fig. 2B). The soil salinity values of CK group showed that the
values of TPa were significantly higher than Ss and Sa group (p < 0.05). In RS group, the soil salinity of
TPa was higher than Tc (p < 0.05). There were significant differences in soil salinity between CK group
and RS group in Tc and TPa (p < 0.05). The variation trend of mean soil particle size of CK group and RS
group in different halophyte types followed as Tc > Sa > Ss > TPa (Fig. 2C). For soil particle proportion, the
silt proportion in the study area reached more than 50% in each soil type and was significantly higher
than clay and sand (p < 0.05) (Fig. 2D). The clay proportion of TPa were obviously higher than that of
others (p < 0.05). The sand particle proportion of Tc in RS group was lower than that of CK group (p < 
0.05).

3.2 Soil C, N, P and ecological stoichiometry of rhizosphere
in different halophyte types
There were significant differences in TOC content among four halophyte types (p < 0.05) (Fig. 3A). The
TOC contents of the RS group were significantly higher than that of the CK group in each halophyte types
(p < 0.05). TOC contents of TPa and Sa were higher than that of Tc (p < 0.05) in both the CK group and RS
group (p < 0.05). The TN content of TPa was higher than that of Sa and Tc in the CK group (p < 0.05),
while the TN content of Tc in the RS group was higher than that of others (p < 0.05) (Fig. 3B). The TN
contents of Tc in RS group were higher than that of CK group (p < 0.05). There was no significant
difference in TP content in CK group among the four types (p > 0.05) (Fig. 3C). In Tc, the TP contents of
the RS group were higher than that of the CK group (p < 0.05). According to the confidence distribution of
TOC, TN and TP, the confidence intervals of TOC (Fig. 3D) and TN (Fig. 3E) in rhizosphere soil were of
obvious differences, while TP (Fig. 3F) were relatively stable. The C/P values followed as TPa > Ss > Tc in
the CK group and TPa > Sa > Ss in the RS group (p < 0.05) (Fig. 3G). The C/P values in each halophyte
type of the RS group were higher than those of the CK group (p < 0.05). The maximum mean C/P values
were observed in TPa in both two groups. The C/N values of four halophyte types in the RS group were
higher than those in the CK group (p < 0.05) (Fig. 3H). The C/N values of TPa, Ss and Sa were higher than
that of Tc in both the CK group and the RS group (p < 0.05). The N/P values showed an order of TPa > Ss
and Tc in CK group and an order of Tc > TPa > Sa and Ss in RS group (p < 0.05) (Fig. 3I). In Tc, the N/P
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values of the RS group were considerably higher than that of CK group (p < 0.05). The comprehensive
difference of soil C, N and P resulted in significant spatial heterogeneity of soil ecological stoichiometry
in the rhizosphere which was caused by root disturbance (Fig. 3J).

3.3 Soil salt ions contents of the rhizosphere in different
halophyte types
The values of soil K+, Ca2+, Mg2+ and Na+ in different halophyte types ranged 0.11–0.26 g·kg− 1, 0.13–
0.29 g·kg− 1, 0.15–0.49 g·kg− 1, and 4.07–6.50 g·kg− 1 (Fig. 4A), respectively. The highest and lowest
contents of K+ were observed in Sa and Tc of the RS group, respectively. There were significant
differences of K+ contents of Tc, TPa, and Ss between the CK and RS groups (p < 0.05). The highest and
lowest contents of Ca2+ and Mg2+ were observed in Tc of the CK group and Ss of the RS group. The
highest and lowest contents of Na+ were observed in TPa of the CK group and Tc of the RS group. The
contents of K+, Ca2+, Mg2+ and Na+ of Tc and TPa in CK group were higher than those in the RS group (p 
< 0.05). The values of soil NO3

−-N, SO4
2−, NH4

+-N, and Cl− in different types ranged 0.92–5.82 mg·kg− 1,

1.22–2.01 g·kg− 1, 1.85–6.79 mg·kg− 1, and 4.41–10.69 g·kg− 1 (Fig. 4B), respectively. The highest values
of NO3

−-N and NH4
+-N were observed in Tc of the RS group and TPa of RS group, respectively, while the

values of both SO4
2− and Cl− appeared in TPa of the CK group. The lowest contents of NO3

−-N, SO4
2−,

NH4
+-N and Cl− were found in TPa of the CK group, Ss of the RS group, Ss of the CK group and Tc of the

RS group, respectively. There were significant differences of NO3
−-N, SO4

2−, NH4
+-N and Cl− in Tc and TPa

between CK and RS groups (p < 0.05). The contents of NO3
−-N and NH4

+-N of Tc and TPa in the RS group

were higher than those in the CK group, while the contents of SO4
2− and Cl− were contrary. Compared with

CK, the soil Cl− contents of Tc and TPa in the RS group decreased by 58.44% and 33.21%, respectively.
Only the contents of NH4

+-N and NO3
−-N in studied ions of Tc and TPa in the RS group were higher than

those in the CK group, indicating that the plant root plays an important role in soil salinity improvement
because both of them are available nutrients.

The CV values of soil ions in four halophyte types showed an obviously regular change (Fig. 4C).
Between the CK group and RS group, the CV values of Mg2+ and NO3

−-N were higher than that of others in

each type, reflecting a high spatial variability for Mg2+ and NO3
− appeared in the study area under the

influence of root disturbance. The CV values of soil ions in Tc and TPa were considerably higher than
those in Ss and Sa, indicating that the root disturbance for soil major salt ions of Tc and TPa was
considerably higher than that of Ss and Sa.

The value ranges of soil sodium-adsorption ratio (SAR), Cl−/SO4
2−, DIN/TN, (Na++K+)/(Ca2++Mg2+) and

Mg2+/Ca2+ in different types were between 52.75–95.55, 9.55-18.00, 1.93%-3.78%, 9.50-19.94, and 1.57–
2.77, respectively (Fig. 5A-E). There were significant differences of SAR, Cl−/SO4

2−, DIN/TN and

Mg2+/Ca2+ in Tc and TPa between CK and RS group (p < 0.05) and those values of SAR, Cl−/SO4
2−,
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Mg2+/Ca2+ of Tc and TPa in CK group were higher than those in RS group, while the results were reversed
for DIN/TN of Tc and TPa. There was no significant difference for DIN/TN among the four types in the CK
group (p > 0.05). The CV values of soil SAR, Cl−/SO4

2−, DIN/TN, and Mg2+/Ca2+ in each halophyte type
showed a regular change (Fig. 5F). The CV value of DIN/TN of each type in both the CK group and RS
group was the largest. The CV values of soil DIN/TN, SAR, Cl−/SO4

2−, and Mg2+/Ca2+ of four halophytes
followed as Tc > TPa and Sa > Ss. The order indicated that the above four indexes had the maximum
spatial changes with and without root disturbance in Tc and had the minimum spatial changes in Ss.

3.4 The analysis of soil properties
The correlation analysis results of the CK group showed that there was an intensively positive correlation
among TOC, TN, TP, and among K+, Ca2+, Mg2+, Na+, Cl− and SO4

2−, respectively (p < 0.05) (Fig. 6A). Soil

salinity was positively correlated with metal cations, Cl− and SO4
2− (p < 0.05) and negatively correlated

with soil silt, sand, and MPS. Soil clay was positively correlated with C, N, P, and K, and negatively
correlated with NO3

−. The correlations between sand proportion with others were completely opposite to

soil clay. The correlation analysis results of the RS group showed that positive correlations existed in K+

with Mg2+, Na+, NH4
+, NO3

−, pH, salinity and clay proportion, while the opposite correlations were

observed in SO4
2− with others (p < 0.05) (Fig. 6B). The significant correlations of SAR and Cl−/SO4

2− with

TOC, TN, TP was not observed. The correlation between SAR and Cl−/SO4
2− was positive (p < 0.05). pH

was negatively correlated with TN, TP, SO4
2−, silt proportion, sand proportion, and MPS (p < 0.05), and

positively correlated with K+, Na+, NH4
+, salinity and soil clay proportion (p < 0.05). The clay proportion

was negatively correlated with TN, TP, and SO4
2−, and the silt proportion was negatively correlated with

TOC, K+, Mg2+, Na+, Cl−, NH4
+, NO3

−, pH, and salinity (p < 0.05). Compared to the CK group, the positive
correlations among C, N, P and K in the RS group were decreased, and this change was also observed
between salt ions (i.e. Ca2+, Mg2+, Na+, Cl−, SO4

2−, and NH4
+).

The principal component analysis (PCA) was selected to analyze the response of soil nutrient elements,
soil salt ions, and soil texture to root disturbance in different halophyte types (Fig. 7A-C). The cumulative
interpretation degree of the first two principal components to the overall data characteristics reached
58.3% (Fig. 7A). The obvious differences between the CK group and RS group of the point distribution
and confidence ellipse appeared in Tc and TPa. On the contrary, the point distribution of the CK group and
RS group in Ss and Sa is relatively concentrated. The PCA results showed that the root disturbance
effects on soil comprehensive properties in Tc and TPa were much stronger than those in Ss and Sa. In
the CK group, axes 1 and axes 2 could explain 45.2% and 30.7% characteristics of the overall data
(Fig. 7B), respectively. The main indicators were soil sand proportion, MPS, and NO3

−-N, corresponding to
soil TOC, C/P, TN, N/P, SAR and clay proportion. In the RS group, axes 1 and axes 2 could explain 43.2%
and 20.8% characteristics of the overall data (Fig. 7C), respectively. The main influence indicators at axes
1 direction were soil silt proportion, TP, NO3

−-N, and pH and those were soil Ca+, and NH4
+-N at axes 2
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direction. The scree plot analysis results showed that there were two dominant components in the CK
group and three dominant components in the RS group (Fig. 7B-C), suggesting that the soil property
characteristics tended to be diversified under the influence of root disturbance, which was consistent with
the results of correlation analysis (Fig. 6). The mantel test showed that the soil C, N, and P matrices
significantly correlated with the soil saline-alkali characteristics and soil texture (r > 0.2, p < 0.05), and
significantly influenced by root disturbance in TC and TPa (r > 0.2, p < 0.05) (Fig. 7D). The correlation
degree in Ss and Sa were significantly reduced, which was consistent with the results of PCA results.

4 Discussion
4.1 The root disturbance effects of soil nutrient elements in halophytes rhizosphere in the Yellow River
Estuary

As the dominating bio-disturbance in coastal wetlands, roots of halophytes played a critical role in the
processes of nutrient element transformation. A previous study confirmed that the rhizosphere had a
great cementing effect on TOC (Batista et al., 2022). Global patterns of rhizosphere effects on soil carbon
biogeochemical processes showed that rhizosphere effects could significantly enhance the soil carbon
cycle (Ma et al., 2023). Consistent with previous studies, our results showed that the average TOC content
of Tc, TPa, Ss, and Sa in RS group were 5.19, 2.15, 2.05, and 2.14 times of those in CK group, respectively
(Fig. 3A). The rhizosphere effects for soil carbon accumulation were mainly caused by the decomposition
of root litter and the organic acids secreted by plant roots (Gan et al., 2021; Zhao et al., 2022a). These
rhizosphere effects were higher in humid regions than in arid regions and higher in wetlands covered by
woody plants than in herbaceous plants (Wang et al., 2021; Ma et al., 2023). The TOC content in the
rhizosphere of Tc reached 5.19 times than in non-rhizosphere (p < 0.05) and much higher than others (p < 
0.05) (Fig. 3A). The main reason was that the underground biomass of Tc and its disturbance intensity to
the soil was much higher than those of others (Mahbobeh et al., 2019; Sun et al., 2022a). Besides,
changes in tidal action and the drying-rewetting cycle can enhance the pathway of carbon loss in a tidal
zone (Li et al., 2020). The results indicated that the halophyte root was beneficial to soil carbon
accumulation, especially Tc in the study area.

In the Tc rhizosphere, the changes of TOC and TN in soil were considerably synergistic, which was
consistent with the study of the “fertile island effect” (Cao et al., 2021; Gao et al., 2022). However, the
significant difference in TN between CK and RS groups was only observed in Tc (p < 0.05). TN content of
Tc in the RS group was about 3.44 times of the CK group (Fig. 3B). This might be explained that the Tc
community was located at a high tidal flat and small proportion of N loss by the tide. In addition, the high
biomass and litter amount of Tc caused a strong effect on soil carbon and nitrogen enrichment, leading
to the significant “fertile island effect” of the rhizosphere appeared. The cooperativity of TOC and TN was
not observed in the rhizosphere of TPa, Ss and Sa, mainly resulting in soil nitrogen loss due to tidal
erosion. The sampling sites of TPa, Sa, and Ss located at the intertidal zone where the proportion of silt
was high (more than 50%) (Fig. 2D). The soil erosion was easily occurred by the frequent tide (Fig. 1),
leading to a lot of soil nitrogen loss (Zheng et al., 2020; Zhang et al., 2022). Furthermore, in the
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alternating oxidation-reduction environment, the intensity of soil nitrogen loss by tidal rewetting triggers
pulses was much greater than that of carbon (Emery et al., 2021; Zhang et al., 2022).

There was no significant difference in soil TP contents among studied soil types (p > 0.05) in both the CK
group and RS group (Fig. 3C). The soil TP in the study area was mainly constituted by inorganic
phosphorus (> 85%) which was principally imported by the Yellow River (Qu et al., 2018; Liang et al.,
2020). The source of sediment and the saline-alkali environment of coastal wetland jointly determine the
relatively stable content of soil TP in the study area (0.5–0.7 g·kg− 1) (Meng et al., 2021). Therefore, root
disturbance from halophytes for soil TP was extremely small in newborn wetlands (Yu et al., 2016; Qu et
al., 2021).

4.2 The root disturbance effects on soil ecological stoichiometry in halophytes rhizosphere in the Yellow
River Estuary

As a sensitive index to manifest soil environment change, C/N can reflect the circulation of soil organic
carbon and nitrogen (Huang et al., 2021), C/P can be used to indicate the mineralization capacity of soil
organic phosphorus (Wang et al., 2019)d can reflect the supply capacity and limiting level of soil
nutrients (Muhammad et al., 2020). We observed that the C/N values and C/P values in the RS group
were obviously higher than those in the CK group (Fig. 3H; Fig. 3G). The average C/N values in CK and RS
groups were 19.12 and 39.23, respectively (p < 0.05), and the C/P values were 17.10 and 42.41,
respectively (p < 0.05). The high C/N values of the RS group illustrated that halophyte roots could create a
soil environment that could be conducive to the continuous accumulation of organic matter (Xiong et al.,
2022). To support our results, Du (Du et al., 2022) found that the C/N/P of each sampling site was high in
the surface soils with plant root disturbance and decreased with depth based on 137Cs dating technology
in the study area. The values of the CK group were much lower than the optimal C/N value (25) for soil
organic matter decomposition (Ye et al., 2018; Elizabeth et al., 2020), because the decomposition of soil
organic matter was quick and the nutrient accumulation was low in the intertidal zone (Xu et al., 2019;
Meng et al., 2021). The average N/P values in CK and RS groups were 0.88 and 1.24, respectively, and the
obvious difference was only observed in Tc (p < 0.05) (Fig. 3I). The N/P and C/N/P were relatively low,
indicating the Yellow River Delta intertidal wetland was a N-limited ecosystem (Cao et al., 2015; Qu et al.,
2017; Sun et al., 2022b). As an essential nutrient element for plant growth and development, nitrogen is
an important limiting element that affects the primary productivity of coastal wetland ecosystems (Cheng
et al., 2020; Sun et al., 2022). The significant difference in N/P values of Tc between the CK group (0.64)
and RS group (2.00) suggested that the rhizosphere of Tc could promote the transformation rate of
nitrogen and reduce the nitrogen limitation in the ecosystem. The NH4

+-N and NO3
−-N contents of Tc in

RS group was 1.49 times and 2.43 times than that in CK group (p < 0.05), respectively (Fig. 4B), and the
CV of NH4

+-N (34.32) and NO3
−-N (53.34) of Tc were obviously higher than that in Ss and Sa (Fig. 4C),

which could verify the results of eco-stoichiometry. The significant differences in N/P values of TPa, Ss
and Sa between the CK group and RS group were not observed, because the soil N loss and relatively
stable content of soil TP as mentioned above.
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4.3 The root disturbance effects on soil saline-alkali characteristics in halophytes rhizosphere in the
Yellow River Estuary

Soil pH, salinity, salt ions content, as well as salt ion stoichiometric ratios are important indicators to
characterize soil saline-alkali property and soil salt type (Wang et al., 2018; Hartemink et al., 2023).
Compared with CK group, the average pH of Tc and TPa in RS group decreased by 3.60% and 1.09% (p < 
0.05), respectively (Fig. 2A), and the average salinity decreased by 41.35% and 35.47% (p < 0.05),
respectively (Fig. 2B). Several studies related soil salt ions and homeostasis characteristics of halophytes
showed that the strategies for salt tolerance were the critical factors affecting the relationship between
plants and soil environments (Maria et al., 2004; Li et al., 2021b; Lau et al., 2012). Phragmites australis
and Suaeda salsa tend to form similar rhizosphere soil environments in the intertidal zone to cope with
high salt stress through physiological metabolism and root exudates (Li et al., 2021a; Zhao et al., 2022c).
Therefore, the resistance and recovery ability of rhizosphere soil were higher than that of bulk soils (Yuan
et al., 2016; Yamamoto et al., 2018).

The significant differences of K+, Ca2+, Mg2+, Na+, Cl−, and SO4
2− between CK and RS groups were

observed in Tc and TPa (p < 0.05) (Fig. 4A-B). The Tc had a strong absorption effect on soil nutrient
elements and salt ions by root. Tc acts as “salt pumps” to transfer salt ions out of the soil system (Sun et
al., 2022a). Under a high salinity environment, TPa roots had a selective absorption ability for salt ions (Li
et al., 2021b). When plants grow vigorously, the rate of ion migration to the root surface is slower than
root absorption, causing an ion deficit in the rhizosphere (Yi et al., 2007a; Ge et al., 2018). In addition, a
“preferential path” formed by the exuberant transverse brat roots of TPa in 0–20 cm depth reduced the
surface accumulation ability of the rhizosphere soil environment (Li et al., 2021b). The chloride migrates
more actively than sulfate in the ascending process of salt ions (Andreas et al., 2001; Dong et al., 2013),
resulting in much greater spatial variability of Cl− in Tc and TPa than that of SO4

2− (Fig. 4C). Compared
with the bulk soil with intense salt accumulation, the salt ions content decreased significantly in the
rhizosphere. However, the significant difference in ion contents between the CK and RS groups did not
exist in Ss and Sa (p > 0.05) (Fig. 4). The dominant reason is that the tidal action strongly interfered with
the spatial distribution of salt ions in the rhizosphere soil at intertidal ecotone zone. Based on the salt ion
stoichiometry, the soil salinity composition types of the study area were mainly sodium chloride salt and
magnesium sulfate-sodium chloride salt (Zhu et al., 1983; Wang et al., 1993). The soil SAR in the study
area was much higher than 13, and the soil salinity was higher than the critical threshold value of saline-
soil grade (0.6%). Therefore, the soil in the study area belongs to saline-alkali soil and the soil salinization
degree is serious (Jia et al., 2017; Wang et al., 2018). Due to the SAR value is determined by Na+, Mg2+

and Ca2+ contents, the migration rate of Na+ in soil was higher than that of Mg2+ and Ca2+ under the
condition of repeated flooding (Hasegawa et al., 2000). Our results showed that the values of SAR,
Cl−/SO4

2−, Mg2+/Ca2+ of Tc and TPa in CK group were higher than those in RS group, while the results
were reversed for DIN/TN of Tc and TPa (Fig. 5). The change of salt ions in rhizosphere soil might be
caused by the selective absorption and different absorption rates of ions by the root system (Yi et al.,
2007a). The calcium salt is easy to fix in the condition of high pH in the CK group, while sodium salt
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exists in soil solution with a free state (Zhao et al., 2022b). Plant root activities can provide sufficient
Ca2+ to replace Na+ (Qadir et al., 2001; Li et al., 2021a), leading to the CV of Na+ is much lower than that
of Ca2+. Therefore, In Tc and TPa rhizosphere, the significant differences of soil SAR, pH, soil salinity and
salt ions to the CK group suggested that the root disturbance of Tc and TPa could reduce the relative
activity of sodium-soil exchange reaction and the soil alkalinity. However, the tidal effect on the region of
Ss and Sa located below the intertidal zone caused the homogenization of soil properties. The PCA and
mantel test results (Fig. 7) also can support the above opinions about the root disturbance effects on soil
comprehensive properties of studied soil types.

5 Conclusions
In this study, the root disturbance effects of four representative coastal halophytes on soil nutrient
elements, salt ions and their stoichiometric ratios were evaluated in the Yellow River Estuary. The results
demonstrated that the strong effects of root disturbance occurred in Tc and Tpa. The obvious “fertile
island effect” appeared in the rhizosphere of Tc and Tpa, which had the high mitigation capability to soil
nitrogen limitation. However, the effects of root disturbance of Ss and Sa were not obvious. The
differences in soil pH, soil salinity and salt ions in Tc and TPa between CK and RS groups were
synergistic. An obvious “salt valley effect” appeared in the Tc and TPa rhizosphere, which could assist the
soil desalting. The root disturbance of Tc and TPa located above the intertidal zone performed a vital
factor affecting the spatial heterogeneity of soil properties. However, the root disturbance of Sa and Ss
located below the intertidal zone was weakened greatly because of the tidal effect, leading to the
homogenization of soil properties. Our results illustrated that the effects of halophyte root disturbance on
soil nutrient elements of the rhizosphere in coastal wetlands depended to a large extent on the tidal
situation.
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Figure 1

Study area and sample sites of Tamarix chinensis (Tc), Phragmites australis (tidal salt community, TPa),
Suaeda salsa(Ss) and Spartina alterniflora (Sa) in the Yellow River Estuary.
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Figure 2

The soil pH (A), salinity (B) and mean soil particle size (C-D) in different halophyte types. The vertical bar
is standard deviation; different lower letter denotes the significant differences among soil types for the
same halophyte type (p< 0.05); different upper letter denotes the significant differences among halophyte
types for the same soil type (p < 0.05).
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Figure 3

The contents of soil TOC (A), TN (B), TP (C), confidence distribution of C, N, and P (D-F) and ecological
stoichiometry of C, N, and P (G-J) in different halophyte types. The vertical bar is standard deviation;
different lower letter denotes the significant differences among soil types for the same halophyte type (p<
0.05); different upper letter denotes the significant differences among halophyte types for the same soil
type (p < 0.05).
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Figure 4

The soil ion contents (A-B) and their coefficient of variation (C) in different halophyte types (rs: RS group,
ck: CK group).
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Figure 5

The soil sodium-adsorption ratio (SAR), DIN/TN, salt ions stoichiometry (A-E) and their coefficient of
variation (F) values in different halophyte types.

Figure 6
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Pearson’s correlation of soil properties of CK group (A) and RS group (B). The * denotes the p < 0.05, and
the ** denotes the p < 0.01.

Figure 7

The PCA of soil properties (A) in CK group (B) and RS group (C), respectively, and the mantel test results
of soil C, N, and P in each vegetation types (D).


