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Background: Phytogenic mounds are a type of microtopography formed under perennial plants canopies in water erosion areas. However, the function of phytogenic mounds in seed assemblages and their ecological consequences remain poorly understood in semiarid areas with water erosion. Thus, understanding the characteristics of seed banks on mounds is crucial for ecosystem conservation and management in water-eroded areas.Methods: We compared the quantity and composition of soil seed banks on the upslope and downslope parts of mounds and intercanopy surfaces along four slope gradients. We also explored the relationships among the soil seed bank, aboveground vegetation, and environmental factors. Furthermore, the species similarity between the soil seed bank and aboveground vegetation was analyzed to clarify the important ecological consequences of phytogenic mounds for plant community construction in serious soil erosion area.Results: For slopes with α ≤ 46.6%, the intercanopy surfaces had greater soil seed bank species composition, density, and diversity than did the phytogenic mounds, and these characteristics showed no significant differences between the upslope and downslope parts of the mounds. As the slope increased, the soil seed bank density and species composition increased on the upslope part of the mound, and reached a maximum for slopes with α > 70%, while the downslope part of the mound negatively effected on seed aggregation. The sediment accumulation rate, soil moisture, particle size distribution, pH, organic matter carbon, and hardness were significantly correlated with the soil seed bank density and diversity in the study area. For slopes with 0 < α ≤ 26.8%, the species similarity coefficient between the soil seed bank and aboveground vegetation was the highest for the intercanopy surface. This species similarity on the upslope part of the mound showed an increasing trend with increasing slope gradient, while the downslope part of the mound had the opposite trend. For slopes with α > 70%, the upslope part of the mound did not only have more species in the soil seed bank but also had more species in aboveground vegetation than did the downslope part of the mound and intercanopy surface.Conclusion: For slopes with α ≤ 46.6%, phytogenic mounds had barely impact soil seed bank accumulation and conservation in semiarid and eroded areas. For slopes with α > 46.6%, the mounds (particularly on the upslope part of the mound) showed seed assemblage functions, which are coupled with improving edaphic conditions and decreasing microhabitat stress; thus, phytogenic mounds, or areas of microtopography, can be used to promote restoration success in semiarid eroded areas.Keywords: soil seed bank, phytogenic mound, vegetation restoration, sediment accumulation rate, water erosion, microtopography
1 INTRODUCTION
Perennial plants can be physical barriers, accumulating runoff sediments from uphill areas, and their canopy can protect the underlying soil from erosion in arid and semiarid eroded areas. These effects lead to a microtopography called phytogenic mounds (Bochet et al., 2000). These mounds cause spatial heterogeneity in biotic or abiotic resources, which may be important in determining soil biological activity and plant community structure in harsh environments (El-Bana et al., 2007). Thus, understanding the ecological consequences of phytogenic mounds has become a popular topic in semiarid and arid ecosystems (Venier et al., 2023).
Phytogenic mounds, or areas of microtopography, are important in promoting important ecosystem functions in arid and semiarid regions. First, phytogenic mounds can act as “fertility islands” by capturing nutrient-rich surface runoff and sediment eroded from uphill positions (Goudie, 2022); thus, the soil on phytogenic mounds has a higher water content and more nutrients than surrounding interplant spaces (Escudero et al., 2004). This improvement in soil physicochemical properties also enhances soil biological activity, such as high soil enzymatic activity and microbial biomass (Deák et al., 2017). Second, the host plants of mounds can act as “nurse plants,” providing more suitable habitats for understory plant establishment and development (Ba et al., 2022). For example, the host plant canopy can decrease soil temperature (da Silva et al., 2024), and underlying litter can improve water infiltration, which is important for improving microhabitats for flora in semiarid zones (Du et al., 2017). Therefore, phytogenic mounds have generally been regarded as “safe sites” that can create, modify and maintain habitats by improving and conserving soil water availability and accumulating and conserving soil nutrients, thus increasing the productivity and biodiversity of plants in arid and semiarid lands. However, studies have shown that the host plants of mounds may compete with other plants for resources such as water, nutrients, and sunlight, potentially limiting the growth and survival of neighboring plant species, this can negatively impact the diversity and abundance of plant species in the area (Bennett and Klironomos, 2019). Additionally, the continuous accumulation of sediment in mounds negatively impacts plant growth because these processes disturb seedling establishment (Huang et al., 2018). Therefore, the ecological consequences of phytogenic mounds in improving soil properties and maintaining biodiversity need further study.
Phytogenic mounds also represent a “species pool” for many species by altering seed capture processes, especially on eroded land (Melnik et al., 2018). Soil erosion leads to recurrent superficial soil loss and seed removal through runoff or windflow on barren interplant spaces (Bochet et al., 2000). Moreover, mounds and their host plants can restrict seed loss by reducing runoff or wind velocity within or around the canopy, and can trap seeds and propagules carried by runoff or wind from nearby areas (Vulliet et al., 2024). Thus, mounds have greater soil seed banks than adjacent area (Farrell et al., 2012). Moreover, improving soil quality on mounds and enhancing habitats under the host plant canopy may affect seed viability and longevity, which is conducive to long-term conservation and prolonged seed life (Shang et al., 2016). This seed aggregation effect, coupled with rich soil water and nutrient resources, enables the seeds on mounds to germinate and grow efficiently (Braz et al., 2014), which leads to more plant species on mounds than the surrounding areas. Moreover, it seems that mound are important in structuring the plant community through the growth of some keystone plant species, which in turn influence long-term vegetation dynamics and ecosystem processes (Pongen, 2024). On the other hand, research has shown that the host plant canopy can prevent anemophilous seeds from falling on mounds (Bohrer et al., 2008), thereby reducing the seed accumulation on mounds. Therefore, both the positive and negative effects of phytogenic mounds occur simultaneously and shift with environmental conditions, which seems to be more complex than previously assumed. Information regarding seed assemblages on phytogenic mounds or “nebkhas” and their ecological consequences is available mainly for arid desert regions, while there is little evidence about which of these seed trapping affect in semiarid soil erosion areas. The relative importance of trapping seeds and prolonging seed life induced by the mound and its host plants is not clear and requires further investigation.
In a study (Du et al., 2013; Du et al., 2017; Du et al., 2020), we experimentally demonstrated that phytogenic mounds in water erosion areas are formed due to water erosion on bare soil and sediment accumulation under plants; thus, these mounds maintain high soil quality and plant diversity, especially on steep slopes. As a result, we hypothesized that sediment accumulation on mounds is accompanied by seed trapping. However, seed trapping has not been sufficiently researched in water erosion areas. Understanding composition and quantity of seed banks on phytogenic mounds and their influencing factors not only enables us to theoretically predict the ecological resilience of the seed bank, which is an important indicator of ecosystem resilience (Ma et al., 2019) but also enables us to assess the potential of the seed bank for natural restoration processes in eroded areas because the seed bank could represent the local species pool for restoration (Ludewig et al., 2021).
In this paper, we investigated soil seed bank on phytogenic mounds to determine whether they can trap seeds eroded from uphill positions to build a large seed bank. Therefore, the quantity and composition of soil seed banks on the upslope and downslope areas of mounds and intercanopy surfaces at four slope gradients were analyzed. The relationships among aboveground vegetation, soil factors, and the soil seed bank were analyzed to explore the ecological functions of seed bank on phytogenic mound in semiarid areas with water erosion. We addressed the following hypotheses: (I) Seed trapping effects lead to greater density and diversity of the soil seed bank on phytogenic mounds than on intercanopy surfaces, especially on the upslope side of the mound. (II) The spatial heterogeneity of soil sediment accumulation and environmental factors may be vital in determining soil seed bank structure. (III) There is a high level of species composition similarity between the soil seed bank on the mound and the surrounding aboveground vegetation, therefore, phytogenic mounds should have important effects on the natural restoration of soil erosion-disturbed areas.
2 MATERIALS AND METHODS
2.1 Study site description
Five small watersheds with an area of 32 km2 in the Yanhe watershed in northern China (109 15′N, 3644′E) were selected for this study (Figure 1). The study area is a typical loess area with hills and gullies, and the soil type is dominated by loessal soil (FAO). The rainfall is distributed unevenly throughout the year, and the annual precipitation is mainly concentrated in summer. The area has a semiarid climate, with an average annual precipitation of 542.5 mm, an average annual temperature of 8.8°C, an average elevation of 1010–1430 m (average topographic slope of 54%), and an average aridity index of 1.5. The area is characterized as a forest-grassland vegetation zone, and the vegetation consists mostly of Gramineae, Asteraceae, Leguminosae and Rosaceae species (Wang et al., 2020).
[image: Figure 1]FIGURE 1 | Location of the study area in the Yanhe Watershed, Loess Plateau (top left) and the five small watersheds sampled in this study (filled white squares, bottom left image); the vegetation distribution pattern of the study area is also shown (images taken during sampling).
2.2 Plot selection
The sample plot selected in this study was in a loess gully area, where the vegetation has been naturally restored for 40 years. The sampling plots was arranged on the southern slope where vegetative coverage is approximately 10%–25%. The vegetation was discontinuous, with isolated plants growing in bare soil, and mounds always developed under plant canopies (Figure 2A). The phytogenic mound was approximately 0.15–0.50 m high, with an area of 0.4–1.5 m2. To compare the changes in soil seed bank characteristics on phytogenic mounds across slope gradients, four slope gradient classifications were established according to the Soil Erosion Classification and Gradation Standard set forth by the Ministry of Water Resources of the People’s Republic of China (MWR, 2008), i.e. 0 < α ≤ 26.8%, 26.8 < α ≤ 46.6%, 46.6 < α ≤ 70%, and α > 70%. Fifteen phytogenic mounds were randomly selected and sampled from each slope class.
[image: Figure 2]FIGURE 2 | Development of a phytogenic mound under a plant canopy in the Yanhe Watershed, Loess Plateau, China. Phytogenic mound under an isolated plant (A); schematic top view of a mound and the sampling sites (B, C); and erosion pin (D) for measuring sediment accumulation rates.
2.3 Sampling method
2.3.1 Vegetation survey on phytogenic mounds
For each phytogenic mound, two parts were set up based on the slope runoff direction: the upslope and downslope parts (Figure 2B). Before soil seed bank sampling, vegetation surveys were first conducted on each part of the mound and intercanopy surface. The full upslope and downslope parts of the mound were included in the vegetation survey area. The number, coverage, crown width, and height of each plant species were recorded separately. After the vegetation survey, the radius of the base of the mound and the height of the mound were measured to calculate the vegetation survey area (Du et al., 2020).
2.3.2 Soil seed bank sampling method
After the vegetation survey, the soil seed banks on the upslope and downslope parts of the phytogenic mound were sampled. Ten soil cores were collected from each part, and each core had a depth of 10 cm and dimensions of 5 cm in both width and length. They were later mixed to form a single representative soil sample. After manually removing the gravel and incidental debris, the soil samples were placed in fabric bags, transported to the laboratory, and subsequently subjected to an air-drying process.
2.4 Experimental methods
2.4.1 Seed germination
The seedling emergence method was used in this study to determine the species composition and abundance of the soil seed banks (Thompson and Grime, 1979). First, the air-dried soil samples were concentrated following the method of Ter Heerdt et al. (1996). Briefly, soil with particle sizes less than 0.2 mm was screened through a soil sieve to remove fine soil material without seeds. The concentrated samples were spread evenly into germination trays with sterilized sand (115°C–120°C for 48 h), and the soil layer was kept maintained at 2 cm depth. Germination experiments were carried out in a temperature- and light-controlled greenhouse at which the temperature was maintained at 20°C–30°C. Four hundred-watt high-pressure sodium lamps provided growth illumination, with a light regime of 10 h of darkness and 14 h of light. The resulting 180 trays and 5 additional sample-free control trays (to recognize potential airborne seed contamination) were randomly arranged within the greenhouse.
From early April until early October, trays were irrigated daily or every other day, as necessary, to preserve soil moisture. Germinated seedlings were regularly counted and identified, while seedlings that were challenging to identify were transferred to separate containers to promote continued growth until identification became feasible. When there was no seedling emergence within 2 weeks, the soil sample was stirred and persistently observed for germination until plant emergence ceased. When no more seedlings emerged after the second germination period, a gibberellin solution (1 g L−1) was sprayed on the soil samples to prevent seed dormancy. The germination experiment was finished when there was no seedling emergence for 4 weeks.
2.4.2 Analysis of soil physical and chemical properties
To explore the relationships among the soil seed bank, aboveground vegetation, and environmental factors, soil samples were collected at a depth of 0–10 cm on each part of mound and intercanopy surface. The soil hardness was directly assessed from the profile wall using a TF-3 measuring device. The soil bulk density was measured for the soil cores using a cutting ring with dimensions of 50.46 mm in diameter and 50 mm in height (volume:100 cm3). The soil water content was determined through a 24-h drying process at 105°C. The soil samples used for other physical and chemical property analyses were air-dried before analysis. The pH levels were assessed using a pH meter. A Bettersize 2000 E laser particle size analyzer was utilized for particle size determination. Soil organic carbon was measured using the dichromate oxidation method. The above soil properties were analyzed following the methods of Jones (2018).
To measure surface light intensity, a Vantage Pro 2 handheld mini-automated weather station was used. Measurements of sediment accumulation rates were carried out over 1 year, from July 2020 through July 2021. The sediment accumulation rates were recorded using erosion needles laid out on a 5 cm × 5 cm grid on the UP and DN and on the IS (Figures 2C, D). The erosion needles indicated changes in the soil surface level over time. Sedimentation was recorded every year, and the annual rates were calculated as following Eq. 1; (Du et al., 2020):
[image: image]
where SA is the sediment accumulation rate (SA, g cm−2 year−1), n is the number of erosion needles, hi is the increase or decrease in the soil surface height (cm), i is monitoring grid i, A is the upslope or downslope mound area (cm2) and BD is the average soil bulk density (g cm−3).
2.5 Statistical analysis
Seed density was 4 calculated as the average number of emerged seedlings per square meter from the soil samples. Species diversity indices of the soil seed banks were measured based on the following Eqs 2–5 (Begon and Townsend, 2021):
The Margalef index:
[image: image]
Shannon‒Wiener index:
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Simpson index:
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Pielou index:
[image: image]
where S represents the number of plant species, N represents the total number of individuals of all plant species in one quadrat, and Pi represents the relative abundance of plant species i in one quadrat. Pi was calculated as follows: Pi = ni/N.
The species similarity between the soil seed bank and standing vegetation was calculated using the following Eq. 6 (Hopfensperger, 2007):
[image: image]
where Sc is Sorensen similarity index, a is the number of species in the soil seed bank, b is the number of species in the standing vegetation, and c is the number of species shared by both.
The comparison of plant community attributes on distinctive mound sections with diverse slope gradients was performed using one-way analysis of variance (ANOVA) and least significant difference (LSD) multiple comparisons at a significance level of p < 0.05. These analyses were performed utilizing IBM SPSS statistics software package 24.0. Canoco 5.0 software was used to conduct a redundancy analysis (RDA) of the impact of environmental variables on the plant community composition within the soil seed banks present on the mounds. To explore the similarity between the soil seed banks and aboveground vegetation species, the Sorensen similarity index was calculated using Excel 16.0, and the UpSet R v1.4.0 package was used to visualize the intersecting species between soil seed banks and aboveground vegetation in different sampling plots (Conway, et al., 2017).
3 RESULTS
3.1 Characteristics of the soil seed bank
3.1.1 Density
Overall, the soil seed bank densities on the intercanopy surfaces and downslope part of the mound decreased as the slope increased, but the density in the upslope part of the mound increased with increasing slope (except for slopes with α > 70%). The soil seed bank density on the intercanopy surfaces was 99% greater than that on the mounds with slopes showing 0<α ≤ 26.8% (p < 0.05) (Figure 3), and it was significantly greater on the intercanopy surfaces and upslope part of the mounds than on the downslope part of the mounds at 26.8 < α ≤ 46.6% (p < 0.05). However, the soil seed bank densities on the upslope part of the mound increased by 307% and 152% compared with those on the downslope part of the mound and intercanopy surface for slopes with α > 46.6%, respectively. There was no significant difference in the soil seed bank density between the intercanopy surface and downslope parts of the mound for slopes with α > 46.6% (P < 0.05).
[image: Figure 3]FIGURE 3 | The seed density of the soil seed bank on phytogenic mounds and intercanopy soil surfaces at different slope gradients. The values are denoted as the mean ± SD, and the differences among means were determined by ANOVA and LSD. Different letters denote significant differences on the upslope and downslope parts of the mounds and intercanopy surfaces at different slope gradients (P < 0.05).
3.1.2 Species composition
A total of 44 species were identified from seeds germinated from all soil seed banks collected from the four slope gradients on phytogenic mounds. The top three families were Compositae (11 species), Fabaceae (8 species), and Poaceae (8 species) (Supplementary Table S1). Overall, annual and perennial herbs constituted a large proportion of the seed bank (Figure 4). For slopes with 0 < α ≤ 46.6%, the proportion of annual plants accounted for 52% on average. Moreover, it decreased by 36% and 55% on mounds and intercanopy surfaces, respectively, for slopes with α > 46.6%. Except for 46.6 < α ≤ 70%, the proportion of annual plants did not significantly differ among the parts of the mound for 26.8 < α ≤ 46.6% and α > 46.6%. In contrast to annual plants, the proportion of perennial plants in the seed bank increased with increasing slope gradient and increased from 31% on slopes with α ≤ 46.6%–63% with α > 46.6%. The shrub and tree seeds appeared only on the upslope part of the mound at α > 46.6%, and the proportion was approximately 2%.
[image: Figure 4]FIGURE 4 | Relative abundance of different growth forms for the soil seed bank on phytogenic mounds and intercanopy soil surfaces at different slope gradients. IS: intercanopy surfaces, UP: upslope part of mounds, DN: downslope part of mounds.
3.1.3 Species diversity
The Margalef richness index, Shannon-Wiener diversity index, Simpson dominance index and Pielou evenness index did not significantly differ among the intercanopy surface and upslope and downslope parts of the mound for slopes with α ≤ 70%, even though the Simpson index did not significantly differ for slopes with α > 70% (Figure 5). At α > 70%, the Margalef index in the upslope part of the mound increased by 41% and 46% (Figure 6A), the Shannon‒Wiener index increased by 25% and 32% (Figure 6B), and the Pielou index decreased by 46% and 55% (Figure 6D), respectively, compared to those on the intercanopy surface and downslope parts of the mound.
[image: Figure 5]FIGURE 5 | The Margalef index (A), Shannon‒Wiener index (B), Simpson dominance index (C), and Pielou index (D) of soil seed bank on phytogenic mounds and intercanopy soil surfaces at different slope gradients. Two different lowercase letters indicate statistically significant differences concerning the index (significance level P < 0.05). IS: intercanopy surfaces, UP: upslope part of mounds, DN: downslope part of mounds.
[image: Figure 6]FIGURE 6 | Biplot of the two axes for the RDA (redundancy analysis) for soil factors and soil seed bank on phytogenic mounds and intercanopy soil surfaces at 0 < α ≤ 26.8% (A), 26.8 < α ≤ 46.6% (B), 46.6 < α ≤ 70% (C), and α > 70% (D) slope gradients. [image: FX 1]Intercanopy surfaces; [image: FX 2]Upslope part of mounds; [image: FX 3]Downslope part of mounds. The red arrows represent soil factors and the blue arrows represent plant species. Note:X1, Aster altaicus; X2, Bothriochloa ischaemum; X3, Ixeris polycephala; X4, Cleistogenes hancei; X5, Melilotus officinalis; X6, Cleistogenes squarrosa; X7, Astragalus scaberrimus; X8, Corispermum mongolicum; X9, Robinia pseudoacacia; X10, Lespedeza davurica; X11, Viola philippica; X12, Euphorbia humifusa; X13, Androsace umbellata; X14, Syringa oblata; X15, Elymus kamoji; X16, Sibbaldianthe bifurca; X17, Oxytropis racemosa; X18, Saussurea japonica; X19, Glycyrrhiza uralensis; X20, Periploca sepium; X21, Setaria viridis; X22, Scorzonera albicaulis; X23, Clematis fruticosa; X24, Bidens pilosa; X25, Oxybasis glauca; X26, Artemisia giraldii; X27, Potentilla tanacetifolia; X28, Ixeris sonchifolia; X29, Sophora davidii; X30, Erodium stephanianum; X31, Taraxacum mongolicum; X32, Rubia cordifolia; X33, Artemisia gmelinii; X34, Gueldenstaedtia verna; X35, Dracocephalum moldavica; X36, Cirsium setosum; X37, Linum stelleroides; X38, Poa sphondylodes; X39, Polygala tenuifolia; X40, Stipa bungeana; X41, Cleistogenes hackelii; X42, Salsola collina; X43, Artemisia scoparia; X44, Stenosolenium saxatile; OC, soil organic carbon; SW, soil water content; SH, soil hardness; SA, sediment accumulation rate; LI, surface illumination intensity; PC, Soil silt particle; SC, Soil sand particle; CC, Soil clay particle; SP, soil porosity.
3.2 Relationships between the soil seed bank and soil factors
In general, the sediment accumulation rate, soil water content, particle size distribution were the most critical soil environmental factors affecting the soil seed bank species composition (Table 1). For slopes of 0 < α ≤ 26.8%, the upslope and downslope parts of the mound were clustered on the left side of Axis 1, indicating that there was no difference in the soil physiochemical properties or seed bank species composition on the different parts of the mound. The species richness of the soil seed bank was greater on intercanopy surfaces than on the upslope and downslope parts of the phytogenic mounds, and the species richness was mostly positively correlated with the sediment accumulation rate, soil hardness, and soil water content (Figure 6A). For slopes with 26.8 < α ≤ 46.6%, the species richness was greater on the intercanopy surfaces and the upslope part of the mound. Species richness was positively correlated with the soil clay content, soil particles, soil organic carbon content, and surface illumination intensity (Figure 6B). At α > 46.6%, the species composition of the seed banks had similar distribution patterns according to the RDA ordination diagram (Figures 6C,D). The intercanopy surfaces and downslope part of the mound clustered to the left of Axis 1, and the seed bank species richness was relatively low. The species richness on the upslope part of the mound clustered to the right of Axis 1, where most of the seed bank species were included. Species richness was positively correlated with sediment accumulation rate, soil organic carbon, soil water content, soil clay, and soil porosity but negatively correlated with soil sand, soil bulk density, and soil hardness.
TABLE 1 | Importance and signification level of soil factors affecting the soil seed bank species composition.
[image: Table 1]3.3 Relationships between the soil seed banks and aboveground vegetation
On the upslope part of the phytogenic mound, the species similarity between the soil seed bank and aboveground vegetation showed an increasing trend with increasing slope, while the downslope part of the mound had the opposite trend. For slopes with 0 < α ≤ 26.8%, the species similarity coefficient between the soil seed bank and aboveground vegetation was the highest on the intercanopy surface, and the species similarity on the mounds decreased by 22% compared with that on the intercanopy surface (Figure 7). Along this slope gradient, there were 5 overlapping species between the soil seed bank and aboveground vegetation, including Potentilla tanacetifolia, Artemisia scoparia, Taraxacum mongolicum, D. moldavica, and Polygala tenuifolia (Figure 8A). For slopes with 26.8 < α ≤ 46.6%, the species similarity between the soil seed bank and aboveground vegetation ranged from 0.41 to 0.47, and there was no difference between the intercanopy surface and different parts of the mound (Figure 7). The overlapping species between the soil seed bank and aboveground vegetation included Stipa bungeana, P. tanacetifolia, D. moldavica, A. scoparia, Melilotus suaveolens, and Poa sphondylodes (6 species) (Figure 8B). For slopes with α > 46.6%, the species similarity between the soil seed bank and aboveground vegetation on the upslope part of the mound increased by 36% and 32%, respectively, compared with that on the downslope part of the mound and intercanopy surface (Figures 7, 8C). For slopes with α > 70%, the upslope part of the mound not only had a greater number of aboveground vegetation species but also had a greater number of specific species in the soil seed bank than did the downslope part of the mound and intercanopy surface, such as the arbor Robinia pseudoacacia; shrubs Ocimum gratissimum, Clematis fruticosa, and Sophora davidii; and herbs Agropyron ciliare and Salsola collina (6 species) (Figure 8D).
[image: Figure 7]FIGURE 7 | The species similarity matrix of aboveground vegetation and soil seed bank on phytogenic mounds and intercanopy soil surfaces at different slope gradients.
[image: Figure 8]FIGURE 8 | UpSet plot of seedling bank and aboveground vegetation species at 0 < α ≤ 26.8% (A), 26.8 < α ≤ 46.6% (B), 46.6 < α ≤ 70% (C), and α > 70% (D) slope gradients. The horizontal bar on the left represents the number of seedling bank and aboveground vegetation species in sampling plots of different parts of mounds and intercanopy surface. Dots and lines represent two plot associations. Vertical histogram represents the number of intersecting species between these associative plots. Note: I: 0 < α ≤ 26.8%, II: 26.8 < α ≤ 46.6%, III: 46.6 < α ≤ 70%, IV: α > 70%, S, soil seed bank species; V: aboveground vegetation species; IS: intercanopy surfaces, UP: upslope part of mounds, and DN: downslope part of mounds.
4 DISCUSSION
4.1 Accumulation of soil seed banks on phytogenic mounds
Our results indicated that phytogenic mounds exhibit large variations in soil seed bank size across slopes in semiarid and water erosion regions. The soil seed bank density and species number on the phytogenic mounds are significantly lower than those on intercanopy surfaces for slopes with 0 <α ≤ 26.8%, while these soil seed bank characteristics on the upslope part of the mound increase with slope and reach the highest values on slopes with α > 46.4%. This observation confirms Hypotheses I and II in which sediment and seed trapping effects lead to soil seed banks formation on phytogenic mounds. In a previous study, we showed that mounds on gentler slopes are formed due to differences in rain splash erosion beneath plant canopies and surrounding bare surfaces (Du et al., 2013). Thus, only small amounts of sediment and litter that are rich in plant propagules accumulate on the mounds. Moreover, the dense plant canopy blocks windborne seeds from dropping on the mound (Miri et al., 2021). Consequently, mounds seem to negativly effect seed trapping on slopes with α < 46.6%. In contrast, mounds on slopes with α > 46.4% are formed due to sediment accumulation under plants. The topsoil and litter enriched in plant propagules on intercanopy surfaces are removed by slope flow due to the high carrying capacity of surface runoff (Liu et al., 2020), which causes low soil seed bank density and species diversity on slopes with α > 46.6% (Figure 9). The washed material is intercepted by plants and deposited on phytogenic mounds, and the upslope part of the mounds is the main area of seed accumulation (Peralta et al., 2016). This can explain the formation of high soil seed bank density on the upslope part of the mounds. A counterexample of the effects of seed trapping on soil seed bank formation is the characteristics of the seed bank on the downslope part of the mound on slopes with α > 46.6%, which cannot directly block or intercept sediments in runoff from higher slope positions. Thus, the downslope part of mounds with α > 46.6% have the lowest seed bank density and diversity.
[image: Figure 9]FIGURE 9 | Effects of aboveground vegetation and environmental factors on soil seed bank on a phytogenic mound in water erosion area. Note: The red arrow indicates that the external environment positively effects the accumulation and preservation of soil seed banks. The yellow arrow indicates that the external environment does not significantly effect the accumulation and preservation of soil seed banks. Green arrows indicate that the external environment negatively impacts the accumulation and preservation of soil seed banks.
Analysis of the seed bank composition revealed that annual plants predominate in the soil seed bank on intercanopy surfaces and on mounds with different slopes. This is consistent with several studies conducted on the Loess Plateau of China and those conducted in other regions of the world (Rago et al., 2020). Annual plants always produce many seeds, which enables annual plants to quickly colonize disturbed or vacant areas by seed rain or slope runoff, and their seeds can accumulate in the soil over time. In this study, the arbor and shrub seeds appeared only on the upslope part of the mound on slopes with α > 46.6%. These seeds, such as Sophora viciifolia, R. pseudoacacia, and C. fruticosa, commonly have relatively large masses (20–40 mg per seed) and nearly circular shapes (Wang et al., 2011). These seed masses resist water erosion and seed removal processes on slopes with α < 46.6%. However, the transporting power of runoff can move large, round seeds on steep slopes (Janeau et al., 2022), and the mounds intercept slope runoff and intercept these seeds. Moreover, larger seeds are less likely to be incorporated into the soil because they have a lower chance of passively entering through cracks and are more vulnerable to environmental determinants on intercanopy surfaces (Bekele et al., 2022). Moreover, the runoff sediments on the upslope part of mounds can bury seeds and prevent their inactivation from the severe external environment in arid zones. Moreover, mound host plants are nurse plants, reducing soil water evaporation, decreasing thermal stress (Pugnaire et al., 2004), and improving soil quality under the plant canopy, which reduces damage to seed activity from the external environment on steep slopes (Li et al., 2022). This suitable habitat is important for shrubs and trees, which otherwise may fail to establish in more hostile environments (Varela et al., 2021). The emergence of trees and shrubs is not only essential in maintaining species diversity on steep slopes in semiarid areas but also benefits the positive succession of plant communities on steep slopes because trees and shrubs are considered late-stage species in plant community succession (Kalacska et al., 2004). Therefore, our results reaffirmed that phytogenic mounds not only promote seed bank density and diversity but are also refuges for seeds, which can determine plant community dynamics during natural vegetation restoration in areas disturbed by soil erosion (Figure 9).
4.2 Relationships between soil seed banks, soil factors and aboveground vegetation
Contrary to Hypothesis III, our results showed that the species occurring in the seed banks on the mounds had low similarity to the aboveground vegetation except for those on the upslope part of the mounds with slopes at α > 46.6%. These results were consistent with studies on perennial grasslands showing a low correspondence between the species composition of the seed bank and aboveground vegetation (Birhanu et al., 2022). The main reason for this pattern in this research may be that the density of the mound host plant canopy hinders the settlement of seeds on mounds, while the open area of the intercanopy surface can accept seeds from the surrounding area and from distant regions or ecosystems (Witkowski and Garner, 2000). These seeds are also not easily carried away by slope runoff on slopes with α < 46.6%. Another reason for the low level of species similarity between aboveground vegetation and the soil seed bank is that the soil seed bank contains seeds that disappear from aboveground vegetation early in succession and that can survive underground according to their opportunistic species strategy (Amiaud and Touzard, 2004), such as Linum usitatissimum, S. collina, Stenosolenium saxatile, and Androsace umbellate, in this study. However, analysis indicated that the similarity of the seed bank and aboveground vegetation is greater on the upslope part of the mound on slopes with α > 46.6%. This strong similarity between vegetation and the seed bank is attributed to the interception of seed-rich runoff sediments and litter at this site, which, coupled with improving soil physicochemical properties on the upslope part of the mound, may be beneficial for seed viability (Leicht-Young et al., 2009; Wang et al., 2023). Our results indicated that the species composition of the soil seed bank is positively correlated with the soil sediment accumulation rate, soil water content, and particle size distribution. These results are different from those in humid areas where excessively moist soil may reduce seed respiration leading to more seed rot or deterioration (Ma et al., 2017; Zhong et al., 2019), and indicate that good soil aeration and appropriate soil moisture are beneficial for soil seed banks conservation in semiarid areas. In contrast, the intercanopy surfaces and downslope parts of mounds on steep slopes are exposed to strong surface light intensity and excessively dry soil, which potentially accelerate seed inactivation (Figure 9).
The seed bank is generally considered a crucial parameter for plant communities community regeneration in ecologically disturbed areas (Dölle and Schmidt, 2009). Our resluts demonstrated that phytogenic mounds barely impact soil seed bank accumulation and seed bank activity on slopes with α < 46.6%, where plant habitats are less disturbed by soil erosion. The mounds (particularly on the upslope part) maintain greater soil seed bank density and species diversity than do the intercanopy surface on slopes with α > 46.6%, where severe soil erosion interference makes it difficult to renew vegetation (Zuazo and Pleguezuelo, 2009). In this situation, the soil seed bank on the upslope part of the mound serves as a “species pool” for plant propagules accumulation, which provides the necessary foundation for future vegetation restoration and renewal. However, it appears that this promoting effect of plant establishment and growth needs to be accompanied by improved edaphic conditions and decreased microhabitat stress, as in the upslope part of phytogenic mounds. The number and diversity of grass and shrub species established on mounds are evidence that the upslope part of phytogenic mounds on slopes with α > 46.6% is important for natural vegetation restoration in ecosystems degraded by erosion. These results showed that small microtopography, such as phytogenic mounds, can concentrate nutrients and seed resources, which increase seed survival and plant establishment in in severely disturbance areas. Thus, mounds, or areas of microtopography, can be used to promote restoration success in arid and semiarid eroded areas.
5 CONCLUSION

(1) Phytogenic mounds for slopes with α < 46.6% barely impact soil seed bank accumulation in semiarid and eroded areas, while mounds (particularly those on the upslope part) intercept and preserve plant propagules, leading to high soil seed bank density and species diversity compared with those on intercanopy surfaces for slopes with α > 46.6%.
(2) The sediment accumulation rate, soil water content, and particle size distribution have been suggested as crucial determinants of soil seed bank density and species composition in semiarid regions.
(3) Phytogenic mounds, or small areas of microtopography, can trap runoff, nutrients, and plant seeds. Such simultaneous improvements in abiotic and biotic resources create different habitats that promote the recruitment of species with different growth forms on the mound, which is not only essential in maintaining species diversity in semiarid areas but also benefits the positive succession of plant communities in environments disturbed by severe soil erosion.
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