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Abstract

:

Ditch plant biomass and diversity play an important role in maintaining ditch ecosystem structure and function stability, which are subject to environmental changes. However, the regulation of abiotic factors on the aboveground biomass and diversity of plants on the slopes of coastal agricultural ditches remains unclear. In this study, the spatial distribution of soil physicochemical properties, aboveground biomass, and diversity of vegetation on different slope positions (upper slope, middle slope, and lower slope) and slope aspects (north-south direction) of farmland drainage ditches and their correlations were investigated through field surveys of vegetation on the slopes of coastal farmland drainage ditches at different sampling sites. First, water content and bulk density) decreased with the increase of slope position, while the salinity showed the opposite spatial distribution characteristics and the distribution of soil nutrients in space was mainly concentrated in the 0–20 cm soil layer. Second, the aboveground biomass of vegetation was significantly higher on the south slope than on the north slope, with the highest biomass at the lower slope on the south slope and higher aboveground biomass on the north slope at the upper and middle slopes. The Shannon-Wiener index, Pielou index, and Margalef index of ditch slope vegetation in Dongying and Binzhou farmland ditch slopes showed the same pattern of change at different slope positions and directions, which were significantly higher at the upper and middle slopes than at the lower slopes. In contrast, the Simpson index showed the opposite pattern, decreasing with the increase in slope position. Further, WC, BD, organic matter content, and total nitrogen content had positive effects on vegetation aboveground biomass, while soil pH, salinity, and available potassium content hindered vegetation growth. Finally, the Shannon-Wiener index and Pielou index were positively correlated with soil BD and available phosphorus content, and negatively correlated with organic matter and total nitrogen content, while the Simpson index was positively correlated with soil BD and WC, and had a significant negative correlation with soil salinity.
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1. Introduction


The Yellow River Delta is one of the nascent terrestrial ecosystems in China and is also the most active area of sea-land change. Subject to seawater erosion, the soils there have been accumulating salts on the surface, resulting in the gradual development of coastal saline soils under the influence of rainwater and microorganisms [1]. The salinization, poor permeability, and low nutrient content of agricultural soils in the Delta are not conducive to agricultural production [2]. The agricultural drainage ditch is an important engineering measure for saline soil improvement, which regulates the distribution of water and salt in agricultural fields through irrigation and then discharges through a drainage ditch, thus reducing the salinity of coastal agricultural fields and improving their farming conditions [3]. As a marginal part of the farmland ecosystem, farm drains carry salts, nutrients, and residual pesticides from the farmland with varying degrees of adsorption, forming a unique ecological landscape. Meanwhile, the slope vegetation of the drainage ditch can prolong the residence time of agricultural drainage in the ditch, and improve the desalination rate of the soil surface layer in the ditch and the purification rate of the drainage. Moreover, rich vegetation can also increase the content of soil organic matter, total nitrogen, and other nutrients, with a positive impact on the improvement of the soil [4].



The aboveground biomass and diversity of plants are important evaluation indicators for the composition and function of plant communities [5]. As the total aboveground organic matter accumulation of an organism or community in a certain period of time, aboveground biomass is usually used to evaluate vegetation community productivity and population function. Species diversity not only describes the abundance, degree of variation, and evenness of species in a community or habitat, but also reflects the interrelationship between different physical geographic conditions and communities [6]. The influencing factors of vegetation aboveground biomass and diversity are very complex. Various factors such as site conditions, environmental factors, disturbance characteristics, restoration degree, isolation degree, etc., may have an impact on species biomass and diversity. Environmental factors are usually considered to affect the growth of vegetation, and research on the effect of environmental factors has been a research hotspot, attracting the attention of ecologists [7]. Liu et al. [8] studied the influence of elevation-induced hydrothermal conditions and the spatial distribution of their combinations on vegetation structure, and found a positive correlation between elevation and vegetation diversity index and Margalef index. Yang et al. [9] found that vegetation diversity increased with the increase of restoration degree by analyzing the diversity characteristics of vegetation in different restoration stages of rocky slopes. Sewerniak et al. [10] deemed soil fertility as the most critical environmental factor affecting vegetation richness by analyzing the influence of topography-induced microclimate and soil conditions on vegetation diversity in Scottish pine woodlands. Xiao et al. [11] argued that environmental factors exerted an important influence on vegetation diversity.



Soil is the material basis for the occurrence and development of plant communities, with critical effects on plant community composition, community diversity, and biomass size [12]. Studies on the characteristics of plant community species diversity with different soil factors can reveal the interrelationship between biodiversity and soil factors, which has been a key area in ecological research [13]. Previous studies have mostly focused on grassland communities [5,14], forest communities [15], degraded sandy grasslands, roadside slopes, but less research has been conducted on saline drainage ditches. Therefore, the typical agricultural drainage ditches in the Yellow River Delta were selected as the research object in this study to investigate the spatial distribution characteristics of soil physicochemical properties, aboveground biomass, and diversity of vegetation in different slope positions (upper slope, middle slope, and lower slope) and slope aspects (north-south direction) of the ditch slopes. Because the elevation of the two sampling sites in the study area did not vary much and the climatic environment of the sites was similar, the influence of climatic factors such as temperature and precipitation on the aboveground biomass and diversity of vegetation was relatively small. In this paper, the vegetation index changes caused by soil factors were analyzed to explore the regulation of vegetation biomass and diversity on slopes by soil factors in coastal wetlands, which is expected to provide basic data and a theoretical basis for ecological restoration of saline soil on drainage ditch slopes.




2. Study Area Overview and Methodology


2.1. Study Area Overview


Bohai Farm, Lijin County, Dongying City, Shandong Province, and Huanghedao Island, Wudi County, Binzhou City, Shandong Province were selected as sample sites. The location and climatic conditions of sampling points are shown in Figure 1.



Lijin County is located in the northeastern part of Shandong Province, on the southwestern coast of the Bohai Sea, and on the left side of the near-mouth section of the Yellow River. The terrain of the whole territory slopes to the northeast; high in the southwest, low in the northeast, high near the Yellow River, and low at the far Yellow River. Given the frequent breach of the Yellow River, the area is subject to repeated punching by both flooding and sedimentation, thus forming a complex micro-land with interlocking hills, slopes, and depressions [16]. The average annual temperature is 14.2 °C, and the average precipitation is about 634.4 mm. It belongs to the continental monsoon region. The soil texture is mainly silting loam, a coastal saline Chao soil, and the farmland is a typical saline soil farmland [16]. Bohai Farm has formed a complete irrigation and drainage system after years of development, mainly planting corn, rice, and cotton. The self-sow herbaceous plants mainly include suaedasalsa (Suaeda glauca Bunge), reeds (Phragmites australis), Miscanthus sacchariftorus (Triarrhena sacchariflora Nakai), and cogon grass (Imperata cylindrica Beauv) [17,18].



Huanghedao Island, located in the transitional zone between the coastal plain and coastal mudflats, is the alluvial plain formed by the ancient Yellow River. Under the influence of river siltation and sea tide overflow, the area has formed a strip-like terrain surrounded by water on all sides, with a north-south direction and high and low. The soil is mainly silt loam, a typical coastal solonchak and coastal saline Chao soil with serious soil salinization. The annual average temperature is 13.6 °C, and the average rainfall is about 600 mm, a continental monsoon climate. The island has a wide variety of wildlife and plants, and self-sow vegetation mainly includes reeds (Phragmites australis), Tamarix (Tamarix chinensis Lour), Pyrus betulaefolia, and Suaedasalsa (Suaeda glauca Bunge), etc.




2.2. Sampling Design


A total of nine east-west aligned bucket ditches with typical vegetation were selected at each of the two sampling sites, with an average length of 1.7 km, an average depth of 2.0 m, a bottom width of 1.5 m, an upper width of 9.5 m, and a slope of 2:1. The north slope of the ditches faced the sun and had denser vegetation than the south slope. The bottom of the ditch was waterlogged all year round and covered by tall reeds with a coverage of 85%, and the vegetation diversity was higher on the middle and upper slopes, mainly growing with Suaeda salsa (Suaedaphysophora), artemisia annua (Artemisia annua L.), Apocynumvenetum (Apocynumvenetum L.), and chenopodium glaucum (Chenopodium glaucum L.).



Field surveys and sampling were conducted in July 2020 (peak growth period), when the biomass in the ditch was at its maximum. The ditch was divided into three equal parts from the top down to the bottom of the ditch, marked as upper slope, middle slope, and lower slope; the ditch profile is shown in Figure 2A. An amount of 3 sample plots were selected as replicates (with an interval of 20 m) at the same slope position and slope aspect, and 18 sample plots were taken for each ditch, with 108 sample plots for 6 ditches slope sampling, as shown in Figure 2B. For good sample collection and vegetation survey, a random sample plot with the size of 1 m × 1 m was established. Four inflection points in the sample plot were marked with eye-catching markers. The names and basic traits of all plants in the sample plots: species composition, cover, height, abundance, and aboveground biomass, were measured as follows.



Height: Expressed as the average height of 10 random individuals.



Coverage: Expressed as the projected area on the ground of all individuals in the quadrant.



Abundance: Expressed as the average number of clumps of a species in the quadrant.



Aboveground biomass: The above-ground parts of the plants in 1 m2 were completely mowed and then killed at 105 °C for 30 min and dried to constant weight.



After harvesting the aboveground plants, soil samples from 0–20 cm and 20–40 cm soil layers were taken in self-sealing bags with an earth-boring auger in each quadrant, providing 216 bags in total, which were brought back to the laboratory, dried naturally in a place protected from light, the plant roots, residues, and gravels were removed, along with other debris from the soil, and were then sieved through 100 mesh for later use.




2.3. Determination of Soil Properties and Species Diversity


Soil indicators were determined according to the method of Yang et al., as follows: soil bulk density was determined with the cutting ring method; soil salt content and water content were determined with the oven drying method; bulk density was the ratio of water in the soil to the total weight of the soil; the soil-water suspension was prepared at a 5:1 (v/w) water-to-soil ratio and soil pH was determined by a pH meter (PHS-3C, Shanghai INESA Scientific Instruments Co., Ltd., Shanghai, China); soil organic matter content was determined by concentrated sulfuric acid-potassium dichromate oxidation-outer heating; total nitrogen content was determined by Kjeldahl apparatus (KDN-9820, Wuxi Chemical Equipment Co., Ltd., Wuxi, China) after the addition of boiled soil by concentrated sulfuric acid; available phosphorus content was extracted with 0.5 mol/L NaHCO3 solutions, and then colorimetry was conducted with spectrophotometer; and available potassium content was extracted with 1 mol/L NH4OAc solution, and then measured with a flame photometer (FP6430, Shanghai INESA Scientific Instruments Co., Ltd., Shanghai, China).



In this study, the importance values of the plant species were used as the basis for species diversity calculation. The importance value reflects the comprehensive quantitative index of the role and status of a species in the forest community, and is critical in determining the dominant species and constructive species, identifying the community type, and investigating the structure and function of ecological communities [19]. Different scholars have different approaches to calculating importance values, mainly differing in the combinations of relative density, relative dominance, relative height, relative coverage, and relative frequency. Because the number of individuals of species in the scrub and herbaceous layers is difficult to count compared to the tree layer, and Cr (relative coverage) and Hr (relative height) are the most readily available data in field surveys, relative height and relative cover are often used to calculate importance values for the shrub and herbaceous layers. In this study, the formula Iv = (Hr + Cr)/2 was used to calculate the importance value of each species. Four categories of species diversity measures were chosen: diversity index (Shannon-Wiener index), evenness index (Pielou index), richness index (Margalef index), and ecological dominance index (Simpson index); calculated as follows [14]:



Shannon-Wiener index (H):


  H =   ∑   i = 1  S  Pi ln Pi  



(1)







Pielou index (E):


E = H/InS



(2)







Margalef index (M):


M = (S − 1)/lnS



(3)







Simpson index (C):


  C =   ∑   i = 1  S     (  Pi  )   2   



(4)




where H is the species Shannon-Wiener index, Pi is the dominance of the species in the sample plot, and S is the number of species in the sample plot.




2.4. Data Processing


The data were statistically sorted using Microsoft Excel and then processed and analyzed with SPSS to explore the correlations between vegetation biomass, species diversity, and soil factors. PCA analysis was performed and the correlation diagram was plotted using Origin 2019b (Origin Lab, Northampton, MA, USA). Finally, an SEM model was constructed using AMOS 22.0 to explain the effects of soil characteristics on plant biomass and vegetation diversity.





3. Results


3.1. Spatial Distribution Characteristics of Soil Physical and Chemical Properties


As can be seen in Table 1, the bulk density and pH of soil in the two slopes of sampling site 1 in the south and north were not significantly different in different soil depths, with the highest BD value found in the 20–40 cm soil layer in the lower slope of 1.56 g/cm3 and 1.52 g/cm3, respectively. The variation pattern of soil pH at different slope levels in both slope aspects was: lower slope position > middle slope position > upper slope position. Soil salt showed a pattern of upper slope position > middle slope position > lower slope position in both slope aspects, where the upper slope of the north slope showed significant surface aggregation with 4.03 g/kg in the 0–20 cm soil layer, 30% higher than that in the 20–40 cm soil layer, while the upper and middle slopes of the south slope both showed different degrees of surface aggregation with 4.14 g/kg and 2.7 g/kg, respectively. There was no significant difference in the total salt content of the soil at different soil depths on the other slope positions. The soil water content in both slopes showed a pattern of upper slope position > middle slope position > lower slope position, and the soil contents in the 0–20 cm soil layer were higher than those in the 20–40 cm soil layer in different slopes. The soil organic matter, total nitrogen, available phosphorus, and available potassium contents of soils on the north slope all exhibited the surface aggregation phenomenon, and the phenomenon in the 0–20 cm soil layer was significantly higher than that in the 20–40 cm soil layer. The contents of organic matter, total nitrogen, and available phosphorus did not significantly differ among the same soil layers at different slope positions, while the available potassium content showed a pattern of upper slope position > middle slope position > lower slope position. The organic matter content of the soil in the 0–20 cm soil layer on the lower slope position of the south slope was significantly higher than that in the 20–40 cm soil layer, while the differences in organic matter content between other slopes and soil layers were not significant. The total nitrogen and available phosphorus content were both highest in the 0–20 cm soil layer on the south slope, with 0.6 g/kg and 6.36 mg/kg, respectively.



As can be seen in Table 1, bulk density and pH at sampling site 2 on both south and north slopes were not significantly different in different soil layers on the same slope, and soil water content on different slopes showed the pattern of upper slope < middle slope < lower slope, with the soil water content in the 20–40 cm soil layer higher than that in the 0–20 cm soil layer. The soil organic matter content of the 0–20 cm soil layer on the north slope was the highest at 6.88 g/kg, significantly higher than that of the other slopes. The soil organic matter content of the 20–40 cm soil layer on the lower slope was the lowest at 4.88 g/kg, and the difference between the other slope layers was not significant. The highest soil organic matter content of 9.12 g/kg was found in the 0–20 cm soil layer on the south slope at the mid-slope, and the lowest organic matter content of 4.66 g/kg was found in the 20–40 cm soil layer on the upper slope. Total nitrogen content showed 0–20 cm > 20–40 cm on the upper and lower slopes of the northern slope, with no significant differences between different soil layers on the middle slope, while its content showed 0–20 cm > 20–40 cm on the upper and middle slopes of the southern slope, with no significant differences between different soil layers on the lower slope. The content of available phosphorus on the north slope showed a pattern of middle slope position > lower slope position > upper slope position, with the highest value of 9.45 mg/kg in the 0–20 cm soil layer of the middle slope position and the lowest value of 3.75 mg/kg in the 20–40 cm soil layer of the upper slope position. The content of available phosphorus in the south slope showed a pattern of lower slope position > upper slope position > middle slope position, in which the content in the 0–20 cm soil layer in the upper and lower slope positions was significantly higher than that in the 20–40 cm soil layer, and the difference between different soil layers in the middle slope was not significant. The content of available potassium showed a pattern of 0–20 cm > 20–40 cm on different slope aspects and slope positions, lower slope position > upper slope position > middle slope position on the north slope, and middle slope position > upper slope position > lower slope position on the south slope. As can be seen in Figure 3, soil physicochemical properties greatly varied on different slopes of the ditch, and nutrient mineralization also greatly varied between slope aspects under the influence of physical factors, such as soil temperature and soil moisture.




3.2. Spatial Distribution Characteristics of Vegetation Biomass and Diversity


The analysis of the aboveground biomass of vegetation on the slope at different positions and aspects (Figure 4) revealed that the average aboveground vegetation biomass at site 1 was significantly higher than that at site 2, with the average vegetation biomass on the southern slope of the two sites, 0.70 kg/m2, substantially higher than the northern one. At site 1, the north slope with the order of middle slope position > upper slope position > lower slope position witnessed the mid-slope displaying 1.36 kg/m2 aboveground biomass on average; unquestionably higher than the other two. The average aboveground biomass on the south slope represented the highest in the lower slope position, followed by the upper slope position, and with that in the middle slope being the lowest. At site 2, the distribution of different slope positions on the north slope turned into the upper slope position > lower slope position > middle slope position, while the vegetation biomass of the lower slope position on the south slope was 0.53 kg/m2; significantly higher than that of the upper and middle counterparts.



As can be observed in Figure 5, the species diversity exhibited distinct changes in different aspects and positions, with the same laws discovered on the indexes of species diversity, Margalef, and Pielou of the two sites: the upper position on the south slope was significantly higher than other slope positions with the middle on the north greater than other counterparts. The indexes of species diversity, Margalef, and Pielou showed upper slope position > lower slope position > middle slope position at the south slope of site 1 with middle slope position > upper slope position > lower slope position on the north. They surfaced upper slope position > middle slope position > lower slope position, with middle slope position > lower slope position > upper slope position on the north. The Simpson index saw the uniform law on the two site slopes: the lower slope position, the highest on the southern slope, swelled with the slope position climbing with lower slope position > upper slope position > middle slope position on the north.




3.3. Correlation Analysis of Plant Diversity and Soil Properties


The accumulation and consumption of nutrients by plants on the slopes of coastal wetlands is a dynamic process. The close correlation between plant species diversity and soil properties indicates more than a simple and direct relationship. More importantly, species diversity could be affected through the integration of various soil characteristic factors, and therefore, both single- and multi-factor analyses are required for various influencing factors of soil. Principal component analysis (PCA) was performed on the 12 variables reflecting the soil characteristics of lateral ditches in the coastal wetland to determine the correlation between the variables and the aboveground vegetation biomass and diversity. The results are shown in Figure 5. The PC1 axis mainly reflected the soil chemical properties accounting for 37.3% of the overall change in the standard soil variables, with the PC2 axis mainly reflecting the soil physical properties, explaining 18.1% of the standard deviation. The cumulative variance contribution rate of the two was 55.4%, a primary mirror of the variation information of the soil characteristic factor system. Figure 6 presents a positive correlation between vegetation biomass and soil organic matter content, water content, and total nitrogen content, and a negative correlation between the former and soil salt content, pH, available phosphorus content, and available potassium content. The Shannon-Wiener index and Pielou index were positively correlated with soil bulk density and available phosphorus, with apparent negative correlation with soil organic matter content and total nitrogen content, while the Margalef index enjoyed visible positive correlation with soil organic matter content and total nitrogen content, with Simpson index buffeted hardest by soil bulk density and water content.



The structural equation model (SEM) is a technique suitable to evaluate the relations between variable networks that can be used as both predictive and response variables to study the direct and indirect effects of factor combination on variables. This paper adopted SEM in order to quantify the impact of physical and chemical soil properties on the diversity and aboveground biomass of the vegetation (Figure 7). The analysis results displayed a more significant impact of the latter than the former, whose influence on biomass was negligible, with a total effect of −0.85. Both physical and chemical soil properties exerted significant effects on vegetation diversity with the effects −1.06 and −1.01, respectively.





4. Discussion


In coastal farmland drainage ditches, the diminutive reshaping of soil formation and vegetation growth by the slope aspect and position indicate the primary source of the spatial heterogeneity of soil and vegetation properties in the same altitude zone. Studies have revealed that aspect and position changes represented the ecological sequence of light, water, and nutrient conditions. This study signified that the lower slope with high vegetation coverage boasted higher soil water content and bulk density, as well as better water-holding and storage capacities. While the swelling slope position signals a poorer performance of the four indicators mentioned, with increased soil porosity and salt content. All these agreed with results obtained by Zhang [20], who studied the distribution characteristics of physical and chemical soil properties of desert riparian forests in the middle reaches of the Tarim River. In addition, the contents of soil organic matter, total nitrogen, available phosphorus, and potassium in the 0–20 cm soil layer, at different slope positions and aspects of the two sites, were all higher than those in the 20–40 cm counterparts. This could be explained by the fact that the more outstanding nutrient content was discharged from litter and irrigation water than the value absorbed by vegetation growth engendered nutrient enrichment in topsoil. In comparison, the 20–40 cm soil layer was less affected by the outside world, with a more minor change in nutrient content than the surface one. Slope aspect, as a pivotal topographical factor in ditches, can exert important effects on biodiversity, plant growth and development, productivity, and ecosystem functions by changing ecological factors, such as light, temperature, moisture, and soil [21]. The analysis of the nonmetric multidimensional scaling (NMDS) discovered significant distinctions in the soil physical and chemical properties on different slopes with a greater soil water content in the southern slope (shady slope) than that in the northern slope (sunny slope). This could be attributed to strong sunlight and high soil temperature, resulting in colossal evaporation accompanied by the moving up and surface concentration of salt, giving higher soil salt content from the northern slope than that in the southern counterpart. Maren [22] pointed out that the difference in soil temperature and soil moisture will also cause disparities in nutrient mineralization in various slope directions. Moreover, the fact that the northern slope boasted a remarkably higher bulk density than that of the southern agreed with the study results obtained by Schittko [23], the consequence of greater biomass, denser grassroots, and sparser soil in the southern slope. Analysis revealed lower soil water content of the farmland ditch slopes in site 2 compared with that of site 1, with the former assailed by more severe salinization, lower organic matter, and total nitrogen content, but supplied with more available nutrients. All these were possibly connected with the diversified irrigation volumes and modes in distinct areas.



The indexes of diversity, Pielou, and Margalef, in the different slope positions and aspects of the farmland ditch slopes in Dongying and Binzhou, witnessed significantly higher degrees in the upper and middle positions in comparison to the lower positions. Ricotta [24] indicated the close connection between species Margalef and Pielou and the diversity index, a statistic that combines the first two indexes, the diverse expression of the two-index combination. The vegetation Simpson index of the lower slope position in this study was significantly higher than that of the upper and middle slopes, in opposition to the other three indexes. That could be explained by the fact that the lower position was tormented by perennial flooding and laborious absorption of soil organic matter and other nutrients; therefore, the position was only suited for the emergent aquatic plants like reeds to form a single superior community [25]. In a community with obvious dominance where the dominant plant occupies more living conditions, other non-dominant species have little access to re-enter the community and be repulsed by them, with its species diversity reduced. The increased slope position of the ditch meant a gradual improved flooded environment, swelled soil aeration, and better mineralization of surface soil organic matter [26]. This possibly resulted in competition between individual plants and species for limited soil resources and affected the species composition of plant communities. At the same time, Harpole [27] also pointed out that in the absence of a dominant species, the number of species in the corresponding community could be increased, and so could its species diversity.



Through principal component analysis, it was determined that the soil water content of the coastal farmland ditch slopes exerted a significant positive effect on the vegetation aboveground biomass, which was in line with most research results on the relationship between vegetation biomass and soil [28]. Water represented a key factor in curbing plant growth, as declined soil moisture will severely limit vegetation growth with dropped plant height, leaf area, number of leaves, and other traits, clouding plant biomass accumulation [29]. Romina et al. [30] determined that slight differences in soil water content can also engender significant distinctions in seed germination and changes in vegetation biomass. In addition to water content, soil organic matter content and total nitrogen content are also positively correlated with aboveground biomass of vegetation, agreeing with the research results of Zhang [31]. It is generally believed that higher soil nutrients can promote vegetation growth with more litter produced by vegetation with high-ground biomass, along with soil organic matter and total nitrogen content. The negative correlation between Soil SS and pH, two factors curing aboveground biomass, is a result of high soil salinization in the coastal farmlands, with the plants being forced to become saline and alkali resistant. Furthermore, such a relation can also be applied to the connection between available phosphorus, available potassium, and the biomass previously mentioned. That is because excessive available nutrients fall heavily on plants; even moderate available phosphorus and available potassium can provide the necessary nutrients for vegetation growth.



Soil organic matter and total nitrogen, the leading nutrient indicators of the soil, directly affect soil fertility, water holding capacity, anti-erodibility, soil bulk density [22], and pH. The complex relationship between plants and soil nutrients is supported by the mixed research results of scholars in different regions [20]. Yang [32] et al. discovered a positive correlation between the species diversity index and organic matter and total nitrogen, after having studied the community diversity and soil nutrients of various vegetation types in the hilly region of Loess Plateau. Wang et al. [33] uncovered zero significance among organic matter, total phosphorus, and species diversity and plant quantitative features when studying the plant diversity and soil environmental factors in the Qinghai Lake area. Through principal component analysis, a negative correlation was found between organic matter, TN content, and the Shannon-Wiener index and Pielou index of vegetation with various negative correlations between the first two and the indexes of Margalef and dominance. This was in line with the research outcome of Al-Munqedhi [33]. The experimental results of Kejian [34] revealed raised soil nutrients indicated reduced species diversity. It is generally believed that the former leads to the rapid expansion of the dominant species population, with the growth of other plants being curbed, leaving simplistic community structures with decreased vegetation diversity, and improving the ecological dominance of dominant species. Lifted slope positions indicated ballooned plant community diversity; as the aquatic environment shifted to the wet, mesic, and xeric, so did the diversification and structure complexity of the plant community [35]. Alongside that, the substance decomposition rate and biological return rate of soil, fueled by promoted nutrient utilization, dwindled soil organic matter and total nitrogen content as the plant diversity enriched. This could help to explain the positive correlation between the ecological advantage of vegetation on the ditch slope and soil moisture.



In addition, through SEM analysis, it was revealed that changes in soil chemical properties cast more uncertainly on vegetation biomass than its physical counterparts. The soil chemical properties were the main limiting factor for the aboveground biomass of vegetation on the slopes of coastal ditches, as the properties disrupted biomass with indirect influence through confusing plant diversity on the aboveground biomass of vegetation, while the physical counterparts invisibly acted. Both soil physical and chemical properties can have a significant impact on vegetation diversity. In addition to directly affecting plant diversity, soil physical properties can also indirectly affect vegetation diversity by influencing soil chemical properties.




5. Conclusions


The analysis of the two sites shed light on the prominent spatial distinctions in the soil physical and chemical properties, vegetation biomass, and diversity of the slopes of the farmland drainage ditches in the Yellow River Delta on the diversified slope positions, aspects, and tops, with similar change patterns found in both sites.



(1) Soil nutrient content at the same slope and soil depth was higher on the north slope than on the south slope, and higher in the 0–20 cm soil layer than in the 20–40 cm soil layer, and the salt content also showed the same pattern. Soil water content was higher on the south slope than on the north slope and higher in the 20–40 cm soil layer than in the 0–20 cm soil layer at the same slope and soil depth.



(2) The vegetation biomass on the south slope of the same slope position of the ditch was higher than that on the north slope; on the south slope of the ditch, the biomass was highest on the upper slope; and on the north slope, the biomass was highest on the middle slope. The vegetation diversity, Margalef, and Pielou indices showed the same pattern on the north and south slopes; that is, the highest on the upper slope in the south slope and the highest on the middle slope in the north slope. The Simpson index of vegetation gradually increased with the increase in slope position.



(3) The physical and chemical properties of soil exert varying degrees of influence on the vegetation biomass and diversity of ditch slopes. Among them, soil water content, soil bulk density, organic matter content, and total nitrogen content have a positive influence on the aboveground biomass of vegetation, whose growth is impeded by soil pH and salinity content, and available potassium content. The Shannon-Wiener index and Pielou index of coastal ditch slope vegetation are positively correlated with soil BD and available phosphorus content, with a negative correlation with organic matter and total nitrogen content. The Simpson index is most affected by soil bulk density and water content.
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Figure 1. Sampling location and climate in 2020. Note: (A) is the location of the two sampling sites; (B) is the monthly average precipitation and temperature of sampling site 1 in 2020; (C) is the monthly average precipitation and temperature of sampling site 2 in 2020. 






Figure 1. Sampling location and climate in 2020. Note: (A) is the location of the two sampling sites; (B) is the monthly average precipitation and temperature of sampling site 1 in 2020; (C) is the monthly average precipitation and temperature of sampling site 2 in 2020.



[image: Water 14 03547 g001]







[image: Water 14 03547 g002 550] 





Figure 2. Schematic diagram of ditch section and slope sampling location. Note: (A) is the distribution of sampling points on the slope, (B) is the profile of the trench. 
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Figure 3. NMDS ranking of soil indicators. Note: N is the north slope of the ditch, S is the south slope of the ditch. The blue triangles and red squares represent the differences in soil physicochemical properties between the south and north slopes in the nine sampling sites (in this study, nine ditches were selected for sampling in two sampling sites). 
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Figure 4. Spatial distribution of biomass on the ground of vegetation on ditch slope. Note: The four lines on the left of each graph are the maximum, upper quartile, median, lower quartile, and minimum values from top to bottom, with the circle being the mean, and the values of the nine sampling points on the right. BN—lower position of the north slope, BS—the lower position of the south slope, MN—the middle position of the north slope, MS—middle position of the south slope, UN—upper position of the north slope, US—lower position of the south slope. Group A is Dongying, northeastern Shandong Province, China; Group B is Binzhou, northern Shandong Province, China. 
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Figure 5. Spatial distribution characteristics of vegetation diversity on ditch slope. Note: BN—lower position of the north slope, BS—the lower position of the south slope, MN—the middle position of the north slope, MS—middle position of the south slope, UN—upper position of the north slope, US—lower position of the south slope. Group A is Dongying, northeastern Shandong Province, China; Group B is Binzhou, northern Shandong Province, China. Same lowercase letter indicates no significant difference between soil factors with different slope direction and slope position (p < 0.05). 
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Figure 6. Principal component analysis. Note: a—South Slope direction, Upper Slope position; b—South Slope direction, Middle Slope position; c—South Slope direction, Bottom Slope position; d—North Slope direction, Upper Slope position; e—North Slope direction, Middle Slope position; f—North Slope direction, Bottom Slope position; 1 denotes 0–20 cm soil layer, 2 denotes 20–40 cm soil layer; SS—soil salt; WC—water content; BD—bulk density; SOM—soil organic matter; TN—total nitrogen; AP—available phosphorus; AK—available potassium; H—Shannon-Wiener index; E—Pielou index; M—Margalef index; C—Simpson index. 
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Figure 7. The structural equation model (SEM) of biomass, soil physical properties, chemical properties, and plant biomass and diversity. Note: SS—soil salt content; WC—water content; BD—bulk density; SOM—soil organic matter content; TN—total nitrogen content; AP—available phosphorus content; AK—available potassium content; AB-aboveground biomass; H—Shannon-Wiener index; E—Pielou index; M—Margalef index; C—Simpson index; ** represents a significant correlation at p < 0.01. 
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Table 1. Spatial distribution characteristics of soil physical and chemical properties.
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Sampling Point

	
Slope Direction

	
Slope Position

	
Soil Depth

cm

	
Bulk Density

g/cm3

	
pH

	
Total Salt Content

g/kg

	
Water Content

%

	
Soil Organic Matter Content

g/kg

	
Total Nitrogen Content

g/kg

	
Available Phosphorus Content

mg/kg

	
Available Potassium Content

mg/kg






	
Sampling point 1

	
North

	
Upper

	
0–20

	
1.50 ± 0.03 b

	
8.17 ± 0.11 bc

	
4.03 ± 0.42 a

	
17.97 ± 2.42 c

	
7.09 ± 0.88 a

	
0.57 ± 0.08 a

	
4.29 ± 0.38 a

	
185.67 ± 19.45 a




	
20–40

	
1.52 ± 0.05 ab

	
8.11 ± 0.10 c

	
3.12 ± 0.43 b

	
22.71 ± 3.08 b

	
4.61 ± 0.64 b

	
0.35 ± 0.04 b

	
2.58 ± 0.25 c

	
99.67 ± 9.24 cd




	
Middle

	
0–20

	
1.51 ± 0.05 ab

	
8.13 ± 0.11 bc

	
2.71 ± 0.36 bc

	
23.87 ± 2.36 b

	
6.41 ± 0.68 a

	
0.55 ± 0.07 a

	
4.09 ± 0.49 a

	
138.33 ± 18.47 b




	
20–40

	
1.53 ± 0.04 ab

	
8.21 ± 0.08 abc

	
2.38 ± 0.33 cd

	
26.28 ± 3.00 b

	
4.56 ± 0.55 b

	
0.34 ± 0.03 b

	
2.74 ± 0.26 c

	
83.78 ± 2.82 d




	
Bottom

	
0–20

	
1.54 ± 0.05 ab

	
8.29 ± 0.17 ab

	
2.25 ± 0.27 d

	
30.74 ± 3.03 a

	
6.33 ± 0.73 a

	
0.52 ± 0.05 a

	
3.23 ± 0.32 b

	
110.78 ± 9.48 c




	
20–40

	
1.56 ± 0.03 a

	
8.35 ± 0.19 a

	
1.95 ± 0.25 d

	
30.95 ± 2.91 a

	
3.96 ± 0.47 b

	
0.29 ± 0.04 b

	
2.81 ± 0.33 bc

	
65.33 ± 6.94 e




	
South

	
Upper

	
0–20

	
1.46 ± 0.03 b

	
8.15 ± 0.17 b

	
4.14 ± 0.34 a

	
21.60 ± 2.55 c

	
4.57 ± 0.63 b

	
0.45 ± 0.06 b

	
4.29 ± 0.42 b

	
139.56 ± 16.99 a




	
20–40

	
1.48 ± 0.03 ab

	
8.14 ± 0.14 b

	
3.97 ± 0.47 a

	
22.60 ± 2.22 c

	
4.41 ± 0.57 b

	
0.29 ± 0.03 c

	
1.79 ± 0.21 d

	
88.44 ± 8.18 c




	
Middle

	
0–20

	
1.47 ± 0.03 b

	
8.28 ± 0.13 ab

	
2.72 ± 0.38 b

	
26.95 ± 2.45 b

	
5.58 ± 1.10 b

	
0.49 ± 0.06 b

	
2.81 ± 0.30 c

	
135.44 ± 12.72 a




	
20–40

	
1.50 ± 0.03 ab

	
8.26 ± 0.13 ab

	
2.10 ± 0.25 c

	
27.38 ± 3.81 b

	
4.51 ± 0.44 b

	
0.35 ± 0.03 c

	
1.85 ± 0.21 d

	
94.11 ± 11.60 c




	
Bottom

	
0–20

	
1.49 ± 0.04 ab

	
8.34 ± 0.09 a

	
2.16 ± 0.28 c

	
30.48 ± 2.59 ab

	
7.20 ± 0.86 a

	
0.60 ± 0.08 a

	
6.36 ± 0.59 a

	
120.11 ± 8.69 b




	
20–40

	
1.52 ± 0.03 a

	
8.37 ± 0.11 a

	
2.08 ± 0.26 c

	
32.36 ± 3.29 a

	
5.30 ± 0.65 b

	
0.31 ± 0.03 c

	
2.89 ± 0.32 c

	
81.44 ± 7.57 c




	
Sampling point 2

	
North

	
Upper

	
0–20

	
1.50 ± 0.06 a

	
8.65 ± 0.40 a

	
5.64 ± 0.57 a

	
9.89 ± 1.30 d

	
6.88 ± 0.78 a

	
0.54 ± 0.06 a

	
8.41 ± 1.16 b

	
599.33 ± 58.88 a




	
20–40

	
1.52 ± 0.03 a

	
8.54 ± 0.24 a

	
5.44 ± 0.44 ab

	
15.51 ± 1.74 c

	
5.10 ± 0.48 b

	
0.31 ± 0.04 c

	
3.75 ± 0.51 e

	
517.00 ± 51.67 bc




	
Middle

	
0–20

	
1.49 ± 0.02 a

	
8.51 ± 0.17 a

	
5.73 ± 0.52 a

	
16.81 ± 2.21 c

	
4.89 ± 0.46 b

	
0.34 ± 0.04 c

	
9.45 ± 1.03 a

	
470.78 ± 63.89 c




	
20–40

	
1.53 ± 0.06 a

	
8.56 ± 0.20 a

	
4.85 ± 0.30 bc

	
19.81 ± 2.34 bc

	
2.18 ± 0.29 b

	
0.31 ± 0.03 c

	
4.78 ± 0.47 d

	
380.89 ± 41.05 d




	
Bottom

	
0–20

	
1.52 ± 0.03 a

	
8.55 ± 0.32 a

	
5.79 ± 0.44 a

	
17.26 ± 2.37 b

	
5.07 ± 0.51 b

	
0.40 ± 0.05 b

	
8.40 ± 0.27 b

	
594.78 ± 63.36 a




	
20–40

	
1.54 ± 0.02 a

	
8.53 ± 0.22 a

	
4.60 ± 0.57 d

	
23.38 ± 1.91 a

	
4.88 ± 0.51 c

	
0.31 ± 0.04 c

	
6.62 ± 0.64 c

	
557.78 ± 67.88 ab




	
South

	
Upper

	
0–20

	
1.40 ± 0.05 d

	
8.75 ± 0.50 a

	
5.75 ± 0.77 a

	
9.76 ± 1.09 d

	
6.75 ± 0.61 b

	
0.45 ± 0.05 b

	
6.36 ± 0.50 b

	
491.33 ± 34.79 ab




	
20–40

	
1.45 ± 0.06 cd

	
8.64 ± 0.35 a

	
5.02 ± 0.63 b

	
13.49 ± 1.36 cd

	
4.66 ± 0.43 c

	
0.29 ± 0.03 c

	
4.39 ± 0.42 c

	
479.50 ± 51.30 abc




	
Middle

	
0–20

	
1.46 ± 0.05 c

	
8.55 ± 0.36 a

	
5.72 ± 0.54 a

	
12.07 ± 1.62 c

	
9.12 ± 1.07 a

	
0.54 ± 0.06 a

	
4.45 ± 0.33 c

	
520.89 ± 58.34 a




	
20–40

	
1.49 ± 0.03 bc

	
8.55 ± 0.36 a

	
4.52 ± 0.15 bc

	
18.30 ± 1.78 b

	
3.13 ± 0.39 d

	
0.25 ± 0.03 c

	
3.66 ± 0.34 c

	
459.44 ± 39.15 bc




	
Bottom

	
0–20

	
1.53 ± 0.03 ab

	
8.35 ± 0.36 a

	
3.65 ± 0.49 d

	
22.59 ± 2.70 a

	
3.76 ± 0.53 d

	
0.26 ± 0.03 c

	
9.69 ± 1.26 a

	
440.00 ± 41.15 bc




	
20–40

	
1.55 ± 0.03 a

	
8.45 ± 0.40 a

	
3.97 ± 0.27 cd

	
22.73 ± 2.64 a

	
3.56 ± 0.47 d

	
0.25 ± 0.03 c

	
5.78 ± 0.70 b

	
431.00 ± 52.93 c








Note: Data in the table are mean ± standard deviation, and same lowercase letter indicates no significant difference between soil factors with different slope direction, slope position, and soil depth (p < 0.05).
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