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Abstract

:

Research Highlights: 1. Soil fungi have a higher influence on seedling density compared to soil environmental factors; 2. Host-specific pathogens and beneficial fungi affect seeding density via different influencing mechanisms. Background and Objectives: The growth and development of seedlings are the key processes that affect forest regeneration and maintain community dynamics. However, the influencing factors of seedling growth around their adult conspecifics are not clear in arid desert forests. Probing the intrinsic relations among soil fungi, soil environmental factors (pH, water content, salinity, and nutrition), and seedling density will improve our understanding of forest development and provide a theoretical basis for forest management and protection. Materials and Methods: Four experimental plot types, depending on the distance to adult conspecifics, were set in an arid desert forest. Soil environmental factors, the diversity and composition of the soil fungal community, and the seedlings’ density and height were measured in the four experimental plot types, and their mutual relations were analyzed. Results: Seedling density as well as the diversity and composition of the soil fungal community varied significantly among the four plot types (p < 0.05). Soil environmental factors, especially soil salinity, pH, and soil water content, had significant influences on the seedling density and diversity and composition of the soil fungal community. The contribution of soil fungi (72.61%) to the variation in seedling density was much higher than the soil environmental factors (27.39%). The contribution of detrimental fungi to the variation in seedling density was higher than the beneficial fungi. Conclusions: Soil fungi mostly affected the distribution of seedling density in the vicinity of adult conspecifics in an arid desert forest. The distribution of seedling density in the vicinity of adults was mainly influenced by the detrimental fungi, while the adults in the periphery area was mainly influenced by the beneficial fungi.
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1. Introduction


Seedling density is the key biophysical factor affecting the regeneration dynamics of forest communities [1]. However, the seedling stage is the most vulnerable in the life cycle of plants due to a high mortality rate [2]. Studies have shown that the growth and survival of seedlings are more affected by the spatial distance to their adult conspecifics [3,4]. Higher mortality was observed for seedling in the locations closer to their adult conspecifics [3,4]. One possible mechanism is the regulation of soil microorganisms, especially fungi. An adult tree increases the local abundance of soil host-specific pathogenic fungi, and thus also increase the infection probability of nearby congeneric individuals. Seedlings that are located near the propagated adult trees could be easily attacked by the fungi, resulting in a higher mortality rate [5,6,7].



Such an influence of soil microorganisms on seedling density has been proved in many previous studies [3,8]. For example, plant-related fungi reduce the recruitment of seedlings in the vicinity of adult conspecifics in temperate humid forests [8]. As such, plant pathogens play a key role in seedling settlement via their inhibiting effects on seed germination in rainforest ecosystems [3,9]. However, these obvious influences of soil fungi on seedling density were mainly found in highly structurally complex forests [3,4,8], probably because a high stem density facilitates the spread of fungi and maintains the fungal abundance, thereby limiting the seedling density in the vicinity of adult conspecifics [10,11,12]. Previous epidemiological theories suggested that the restriction of fungi, especially host-specific pathogens, on biological survival decrease with a decrease in population density. In some case, the restriction may disappear completely [10,11,13,14,15]. In less structurally complex forests, the impacts of soil fungi on seedling survival in the vicinity of adult conspecifics are still unclear. Moreover, in contrast to host-specific pathogens, some beneficial fungi may impose the opposite effects by increasing the nutrient uptake ability of the root system, raising the seedling survival ability near adult conspecifics [11,16,17]. However, current studies on the relationships between soil fungi and seedling density have mostly focused on the host-specific pathogens rather than on the beneficial fungi [4,10,18].



The relationship between soil fungi and seedling density also may be affected by environmental factors [12,19,20,21] (see the conceptual framework in Figure 1). For example, environmental factors can influence the abundance of a soil fungus in a forest community, which may in turn the affect seedling density by reducing the resistance of the plants to the fungus (Figure 1). On the other hand, environmental factors can also alter the infective ability of the fungus to the host plants, thus facilitating or inhibiting seedling survival (Figure 1) [12,19]. Examples have been reported in humid forests with high stem density [3]. Soil organic matter, total nitrogen, and total phosphorus were reported to affect the seedling density in the vicinity of adult conspecifics through the triangular framework [22,23]. However, there is lack of knowledge on whether these relationships also exist in other forest ecosystems or types, especially in the less structurally complex forests (e.g., the sparse forests in arid regions). It is possible that the areas that are favorable for adult tree survival also might be suitable for seedlings survival because they have the same environmental requirements, as indicated by some studies. However, it is mostly likely that there will be negative effects on the growth and survival of the seedlings due to host-specific pathogenic attack, resource competition, and shading after a big tree has grown in a given place. It could even cause death and thus a change in seedling density.



Arid and semi-arid regions account for approximately one-third of the global land surface [24]. The desert forest, an especially important type of arid and semi-arid forest ecosystem, has been recognized as one of the forests experiencing the most severe ecological destruction and biodiversity loss in the past few decades [25,26]. Therefore, expounding the driving forces behind seedling density, especially for the seedling density of the dominant species in the arid desert forest, has been one of the major concerns for policymakers and researchers [26]. Compared with humid forests, the vegetation coverage and stem density are extremely low in arid desert, sparse forests. The relationships amongst soil fungi, environmental factors, and seedling survival in the vicinity of adult conspecifics are still unknown [8,22,27]. Moreover, the ecological limiting factors for plant growth in arid forests, such as soil salinity and water content, were completely different from that in humid forests, which were mainly limited by pH and soil nutrients [8,28].



It is still unclear whether the traditional driving factors, such as pH, soil organic matter, and soil total nitrogen, play a role in affecting the seedling density in the vicinity of adult conspecifics in arid desert forests. In this study, Populus euphratica Oliv., a dominant species with a high abundance in arid desert forests, was selected as the model species. The composition and diversity of the soil fungal community, soil environmental factors, and community survey data of P. euphratica’s seedlings were collected, and their relationships were analyzed. The purpose of this study is to answer the following three scientific questions regarding arid desert forest: (1) Do soil fungi affect the distribution of seedling density in the vicinity of the adult conspecifics? (2) What are the main environmental factors and fungal species impacting seedling density in the vicinity of adult conspecifics? and (3) What are the relative contributions of the soil fungi and soil environmental factors to seedling density in the vicinity of adult conspecifics? This study will provide a new perspective in explaining the mechanisms of the variance in seedling density in arid desert forests, and a theoretical basis for the management and protection of these low-stem-density forests.




2. Materials and Methods


2.1. Study Site


The study site is in the Ebinur Lake Wetland Natural Reserve, in northwest China (82°36′–83°50′ E, 44°30′–45°09′ N). The site has a typical arid temperate continental climate. The mean annual precipitation is less than 100 mm, while the annual potential evaporation ranges from 1500 to 2000 mm. The annual average temperature ranges from 6 to 8 °C. The soil belongs to the Arenosols group, with the surface salt content ranging from 4 to 8 [26]. The zonal vegetation is desert forest, which is mainly composed of drought-tolerant plants (e.g., P. euphratica, Haloxylon ammodendron C.A.Mey., Halocnemum strobilaceum Pall., Halimodendron halodendron Pall., Reaumuria soongonica Pall., Suaeda glauca Bunge, Alhagi sparsifolia Shap., and Nitraria tangutorum Bobr.). P. euphratica is a constructive species of arid desert forests. The forest canopy coverage is less than 35%.




2.2. Experimental Plot and Sample Collection


In this study, both of the tree height and diameter at breast height (DBH) were used to classify the P. euphratica tree individuals into small adults (height ≤ 4.5 m, DBH ≤ 20 cm) and big adults (height ≥ 8.5 m, DBH ≥ 60 cm). Tree height, DBH, and crown area were measured using a Vertex meter (Vertex-IV, Haglöf Haglof, Dalarna, Sweden), tape, and a meter stick, respectively. In mid-July 2019, nine small adults and nine big adults of P. euphratica were randomly selected from a 100 m × 100 m long-term experimental field (approximately 20 years) in a natural P. euphratica forest. The distance among these selected individuals was greater than 15 m. Based on the distance from the trunk, one ringed plot (DBnear, 3 m in radius) and one cambered plot (DBfar, inside and outside radius were 3 m and 6 m, respectively) were established around each big adult (Figure 2). There was only one ringed plot established around the small tree with a radius of 3 m (DSnear). The control was set as a circular plot of 3 m in radius without adults, and was at least 9 m away from both the small and big adults (Figure 2). In total, four plot types were selected in this study: DBnear, DBfar, Control, and DSnear. Each treatment had nine repeated plots. All plot areas were set as 28.26 m2 in order to remove the bias of different sampling areas (Figure 2).



In each plot, the density, height, basal diameter, and crown area of the P. euphratica seedlings were surveyed. Three small and three big trees were randomly selected from the previous experimental individuals as further studied objects. Five soil samples (0–20 cm depth) were randomly collected using a core sampler (301.66, AMS, Inc., Vista, CA, USA) in each plot to determine the soil physicochemical properties, soil fungal diversity, and community composition. The inner diameter of the soil cores was 2.50 cm. The core sampler was sterilized by ethanol (75%) before collecting the soil sample. To reduce the bias of spatial heterogeneity in microbial diversity and physicochemical property analyses, five soil samples were mixed into one composite sample for each plot. Thus, each treatment (i.e., DBnear, DBfar, DSnear, and Control) included composited soil samples in triplicate. Finally, the mixed soil sample was divided into two parts. One part was packed in a Ziplock plastic bag and brought back to the Plant Physiology Laboratory of Xinjiang University to measure the soil physicochemical properties. Another part of the soil was placed into a 5 mL sterile freezing tube, and then brought to the Noah Source Gene Sequencing Company in Beijing, China, for the analyses of soil microbial diversity and community composition.



The soil water content, organic matter, bulk density, pH, total nitrogen, and total phosphorus contents were measured using oven drying (105 °C), oil bath–K2CrO4 titration, the ring knife method, semi-micro Kjeldahl, and acid-soluble-molybdenum-antimony colorimetric methods, respectively [29,30]. Soil salinity was measured by using a conductivity meter in 1:5 (w/v) soil suspensions in deionized water (DDS-12A, Hongyi, Inc., Shanghai, China). All the physiochemical properties were measured in triplicate for each of the composited soil samples.




2.3. Sequencing of Soil Fungal DNA


Soil fungal DNA was extracted using the MoBio PowerSoil Extraction Kit (MoBio Laboratories, Inc., Carlsbad, CA, USA) using 0.30 g fresh soil according to the manufacturer’s instructions. The quality of the DNA was examined using a Nanodrop ND2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA). For ITS1, the first region of the fungal ribosome gene interval, fungus-specific primers were used for PCR amplification of ITS5-1737F and ITS2-2043R. All the samples were amplified in triplicate, and no-template controls were included in all steps of the process. The PCR products were visualized using electrophoresis on 1.5% agarose gels and purified using the GeneJET Gel Extraction Kit (Thermo Scientific). The purified PCR amplicons products were sequenced on the Illumina HiSeq (300-bp paired-end reads) platform (Illumina Inc., San Diego, CA, USA) at the Novogene Bioinformatics Technology Co., Ltd. (Beijing, China).



The acquired sequences were filtered for quality according to the previous work of Edgar et al. [31] and Haas et al. [32]. All effective tags of the samples were clustered into the operational taxonomic units (OTUs) using UPARSE (Version 7.0.1001) based on the 97% identity of the sequences. The sequences with the highest occurrence frequency in the OTUs were selected as the representative sequences. Annotation analysis of the representative sequences was conducted using MOTHUR (Version 1.30.1) to obtain the community composition in each taxonomic level (i.e., genus, family, order, class, and phylum). The goods coverage of the fungi reached 99.9%, indicating that most of the soil fungi were captured in the DNA sequence.




2.4. Statistical Analysis


One-way ANOVA was used to analyze the differences in seedling density, soil fungal diversity (Shannon Wiener index), and soil physicochemical properties. In the one-way ANOVA, the least-square mean separation with Duncan’s correction was used to test the differences among the four treatments, if the variance of the above indicators was homogeneous. Otherwise, if the variance was heterogeneous, Tamhane’s T3 test was used to test the differences.



The soil fungi’s Shannon-Wiener index was calculated using QIIME 1.8.0 software based on a normalized database of OTUs [33]. At the same time, clustering analysis and analysis of similarities (ANOSIM) were used to test the differences in the composition of the soil fungi community among the four treatments. Rose Plot was used to explore the relationships between the soil environmental factors and the composition of the soil fungal community. Linear regression and hierarchical partitioning analysis were used to analyze the contributions of the soil environmental factors and soil fungi to the P. euphratica seedling density. More specifically, linear regression was first used to analyze the relationship of each soil environmental factor or each fungal abundance with the P. euphratica seedling density. If a given influencing factor has a significant linear correlation with seedling density, then this factor affects seedling density and was considered as an independent variable. The hierarchical partitioning analysis was used to test the contribution of all the independent variables to the changes in seedling density. Except for the soil fungi’s Shannon-Wiener index, all data analyses were conducted in R. 3.4.3 software.





3. Results


3.1. Differences in Seedling Density, Height, and Fungal Community Composition among Plot Types


P. euphratica seedling density (mean ± SD) was significantly higher in Control (5 ± 1) and DSnear (3 ± 1) than in DBnear (0 ± 0) and DBfar (1.67 ± 1.53) (p < 0.05) (Figure 3a). The average height of P. euphratica seedlings was also significantly higher in Control (1.96 ± 0.22 m) and DSnear (1.52 ± 0.17 m) than in DBnear (0 ± 0 m) and DBfar (0.90 ± 0.78 m) (p < 0.05) (Figure 3b).



There were significant differences in the Shannon Wiener index of the soil fungal community among the four plot types (p < 0.01). The comparative relationships were ordered as DSnear > control ≥ DBfar ≥ DBnear (Figure 3c).



Clustering analysis indicated that the 12 soil samples can be firstly divided into four groups (Figure 4a). The ANOSIM test showed that the differences between any two groups of the four plot types were significantly higher than those within the groups (r = 1, p = 0.10) (Figure 4b). These results indicated that our soil sampling and experimental design of soil fungi were reasonable. Moreover, these results showed the compositions of the soil fungal community were different among the four plot types (Figure 4). This result can also be found in the distribution pattern of the relative abundance of the fungal species at different taxonomic levels (Figure 5 and Supplementary Materials Figures S1–S3).



For example, at the phylum level, the relative abundance of Ascomycota, Basidiomycota, Mortierellomycota, Chytridiomycota, Mucoromycota, and Glomeromycota all differed among the four plot types. The relative abundances of Ascomycota were ordered as following: DBnear > Control > DSnear > DBfar. Basidiomycota had a greater relative abundance in DBnear and DBfar than those in Control and DSnear. Mortierellomycota had the highest abundance in DSnear among all plot types (Figure 5a). At the genus level, the abundance of a member of unidentified_sordariomycetes in DBnear was significantly higher than that in the other three plot types, while Russula was the highest in Control and DBfar. Alternaria followed the order Control > DBfar > DSnear > DBnear. Penicillium and Mortierella were both higher in DSnear than in the other three plot types (Figure 5b).



Additionally, clustering analysis suggested that DSnear was combined with the control to form a group, whereas DBnear and DBfar were combined to form the other group (Figure 4a). The composition of the soil fungal community in DSnear was similar to the control, whereas that in DBnear was similar to DBfar (Figure 4a).




3.2. Influences of Soil Environmental Factors on Soil Fungi and Seedling Density


Except for soil bulk density and pH, DBnear had the highest contents of soil water, organic matter, total nitrogen, total phosphorus, and salt salinity, followed by DBfar, while the lowest in Control and DSnear (p < 0.05) (Table 1). All soil environmental factors had no significant difference between Control and DSnear (p > 0.05) (Table 1). Soil water content, pH, and salinity were significantly correlated to the seedling density (p < 0.05), while soil bulk density, organic matter, total nitrogen, and total phosphorus were not (p > 0.05) (Supplementary Materials Table S2).



The top 20 soil fungal genera, ranked according to relative abundance, were selected, and then assessed to determine the influence of the soil environmental factors. The results of the Rose Plots showed that the soil environmental factors affected the abundance of soil fungi among the four plot types (Figure 6). Specifically, organic matter, total nitrogen, total phosphorus, salinity, and pH significantly affected the abundances of 3, 4, 6, 8, and 5 fungal genera among the four plot types, respectively (p < 0.05) (Figure 6). Soil bulk density had greater influences on the relative abundances of Alternaria, Engyodontium, Fusarium, Helvella, and Monosporascus than other genera (Figure 6). The variability in abundance of Helvella, Microspaeropsis and Mortierella were affected by soil water content (Figure 6).




3.3. Contributions of the Soil Environmental Factors and Soil Fungi to the Change in Seedling Density among the Four Plot Types


The credibility of the analytical result decreased with the increase in the number of independent variables, when the hierarchical partitioning analysis was used to calculate the relative contribution of different independent variables to the response variables. In this study, linear regression was first used to reduce the number of independent variables. A total of 10 factors, namely, soil salinity, soil water content, pH, unidentified_Sordariomycetes, Russula, Monosporascus, Scedosporium, Acremonium, Microsphaeropsis, Engyodontium, and Aporospora, were selected as the independent variables, which were all significantly related to seedling density (Supplementary Materials Tables S1 and S2). The result of the hierarchical partitioning analysis showed that the contribution of soil fungi (the sum of 8 genera; 72.61%) on seedling density was significantly greater than that of the soil environmental factors (the sum of soil salinity, soil water content, and pH; 27.39%). The pH had a higher contribution (15.88%) on seedling density than soil salinity (3.09%) and soil water content (8.44%) (Figure 7). According to the correlation coefficient (CC) between the relative abundance of the fungi and seedling density, soil fungi can be divided into beneficial (CC > 0) and detrimental (CC < 0) fungal groups. The beneficial fungal group included Engyodontium and Apopora, while the detrimental fungal group consisted of Acremoniu, Monosporascus, Microsphaeropsis, Russula, Scedosporium, and unidentified_Sordariomycetes (Supplementary Materials Table S1). The contribution of the detrimental fungal group to seedling density (59.88%) was higher than that of the beneficial fungal group (12.73%). For the detrimental fungal group, the contribution followed the order Russula (27.95%) > Monosporascus (10.59%) > Acremonium (7.97%) > Scedosporium (4.95%) > Microsphaeropsis (4.69%) > unidentified_Sordariomycetes (3.82%). For the beneficial fungal group, the contribution of Engyodontium (6.81%) to seedling density was higher than that of Aporospora (5.92%) (Figure 7).





4. Discussion


4.1. The Influence of Soil Fungi on Seedling Density near Adults of Conspecifics in Arid Desert Forest


The density and average height of the P. euphoretic seedlings changed along with the distance to and the size of their nearby adult conspecifics (Figure 3a,b), indicating that the survival and growth of the seedlings were limited by adult conspecifics [3,4]. This result is consistent with previous studies, which indicated that seedlings had a lower density near their propagated trees due to the attack of soil fungi, especially host-specific pathogens [3,4,34]. Paine et al. and Comita et al. described the negative influence of host-specific pathogens on seedling density as two ecological processes: a “distance-dependence effect” and “density-dependent effect” [35,36]. The first process is that the probability of a fungal attack on seedlings decreases with increasing of distance from adult conspecifics, due to the significant reduction in the quality of the host-specific pathogens in the surroundings nearby the adult trees [18,37]. Another process indicates that seedlings are more likely to be attacked by host-specific pathogens in areas with a high conspecific individual density than those areas with low-density. The explanation for this is that a higher density of conspecific individuals can host more pathogens, leading to more opportunities to infect seedlings [18,37]. In this study, seedling density increased along with the distance to the big adults (Control > DBfar > DBnear) (Figure 3a), indicating that there was a “distance-dependent effect” in the arid desert forest. Host-specific pathogens negatively affected seedling density in the vicinity of adult conspecifics. In addition, although no investigations of the change in seed bank, nor control experiments (such as seed germination and microbial inoculation) to prove the existence of a “density-dependence effect” in the arid forest in this study, the comparison in seedling density between areas around big adults and small trees can also have a similar purpose [18,37,38]. In the process of growth, the reproductive capacity and seed yield increased with the increase in plant size [38]. Compared to small trees, there was a higher probability of seed dispersal around the larger plants. Therefore, the density of the seeds was expected to be higher near the big adults than near the small one. It is worth knowing that our results show that the seedling density around the big adult conspecifics was significantly lower than that around small individuals (DSnear > DBnear) (Figure 3a), indicating that seedling survival was inversely related to the seed dispersal density. This result is in accordance with the “density-dependent effect”, in that the seedling density decreased with the increase in the seed density in the vicinity of the adult conspecifics [37]. Therefore, soil fungi may play an important role in shaping the distribution of seedling density around adult conspecifics in arid desert forests.



There may also be other processes, such as resource competition, shading, and allelopathy, that affect the change in seedling density nearby the big adult conspecifics [2,39]. For example, the advantages of big trees in resource competition might cause the seedlings difficulty in obtaining enough nutrients to meet the growing demand, consequently leading to a reduced seedling density [39]. In the vicinity of the big adult trees, the shading also makes it difficult for seedlings to get sufficient sunlight for photosynthesis [40]. When the amount of photosynthetic organic matter is less than the metabolic consumption, seedlings are likely to die, resulting in a low density [40]. According to Sher et al., P. euphratica can release some secondary substances, especially for phenols, into the soil through litter and roots, which are used to restrict the growth of other individuals [41]. This process might also lead to changes in seedling density around the adult conspecifics [41]. These processes were not involved in this study; more work needs to be conducted in the future to fully reveal the mechanism of the changes in seedling density around the adult conspecifics in arid desert forests.




4.2. The Influencing Mechanisms of Soil Fungi on Seedling Density near Adult Conspecifics in Arid Desert Forest


The influence of soil fungi on seedling density might be attributed to their impacts on the seedling survival and seed germination in the vicinity of adult conspecifics [3,7,11,19]. With the ontogenetic development of plants, the abundance and diversity of soil fungi around the adults, especially the host-specific pathogens, increase with the adult size and decrease with the distance to the adults [3,4,8]. These changes would increase the influence of the host-specific pathogens on seedling survival and seed germination correspondingly, and consequently change the distribution pattern of seedling density nearby the adult conspecifics [3,4,8,9]. This conclusion is supported in this study as the composition and diversity of the soil fungal community changed with the four plot types (Figure 3 and Figure 5). DBnear had a higher similarity to DBfar than to Control and DSnear regarding the composition of the soil fungal community (Figure 4).



The distribution pattern of seedling density near adult conspecifics was also affected by soil environmental factors [11,22,42]. As suggested by the framework of the disease triangle (Figure 1), soil environmental factors can directly affect seedling survival through nutrient supply and physiological stress [19,22,42]. In addition, it can indirectly affect seedling survival by altering the relationships between the soil fungus and seedlings (i.e., the trade-offs between pathogen infectivity and plant resistance) [19,42]. The results of this study support this ecological assumption. The completely opposite change pattern among the four plot types between soil environmental factors and seedling density (soil environmental factors: DBnear > DBfar ≥ Control ≥ DSnear; while seedling density is opposite) (Figure 3), indicate an obvious correlation between them. However, the magnitude of influence of the different soil environmental factors on seedling density varied. For example, seedling density was negatively correlated with soil salinity, pH, and soil water content, while insignificantly related to soil nutrition (Table 1). This indicates that soil salinity, pH, and water content may be the priority factors impacting seedling density. As the two main ecological limiting factors in this arid desert forest ecosystem, the increase in soil salinity and drought stresses can reduce seedling survival and seed germination through a change in osmotic pressure and electrolyte balance [43,44,45]. In addition, with the increase in these factors, the resistance of seedlings to fungal infection would be decreased, resulting in seedling death and changing the distribution pattern of seedling density [3,8,43,44]. The increase in pH would be detrimental to soil enzyme activity and nutrient absorption of plant root, thus leading to seedling death and the decline in density [46]. Oppositely, the improvement in soil nutrients, especially nitrogen and phosphorus, are beneficial for seedling density due to the facilitation of plant survival in a nutrient-poor desert ecosystem, such as arid forests [46,47]. In this study, the indirect influences of soil environmental factors on seedling survival can be confirmed by their correlations with the relative abundance of various soil fungi. The Rose Plot showed that soil environmental factors, especially salinity, pH, total phosphorus, total nitrogen, and organic matter, affect the change in abundance of the majority of soil fungi among the four plot types (Figure 6). This reduced the probability of the contact between the soil fungi and seedlings, the chance of fungal infection, and altered the survival and density of the seedlings [3,8,43,44].



The results of the hierarchical partitioning analysis showed that soil fungi had higher contributions to the change in P. euphratica seedling density than soil environmental factors (Figure 7), indicating that soil fungi may play a decisive role in the density distribution of seedlings near adult conspecifics. Based on the correlation coefficients between the relative soil fungi abundance and seedling density, soil fungi can be divided into two categories: beneficial and detrimental (Supplementary Materials Table S1). The detrimental group included many host-specific pathogens that inhibit seeding growth and seed germination, while the beneficial group contained beneficial soil fungi that promote seedling growth by forming symbiotic mycorrhiza in plant root systems [16,17,48]. In this study, the detrimental group included the Microsphaeropsis, Monosporascus, unidentified_Sordariomycetes, Acremonium, Russula, and Scedosporium, which contributed 4.69%, 10.59%, 3.82%, 7.97%, 27.95%, and 4.95% of the variance in seedling density among four plot types, respectively (Figure 7). The Microsphaeropsis was the most influential fungus on seedling density, which may cause plant death through rotten root disease [49,50]. The unidentified_Sordariomycetes belonged to a genus in the Ascomycetes. Most of the fungi in the Ascomycetes have been confirmed as pathogenic and parasitic fungi, which are harmful to the host plants by consuming nutrients and causing plant blight [51]. Acremonium, Monosporascus, and Scedosprium are considered as the common pathogenic fungi [52,53]. The increase in abundance of Acremonium, Monosporascus, and Scedosprium inhibited the seedling survival and decreased the seedling density. Russula is an ectomycorrhizal fungus. It was possible to inhibit the seedling survival by forming exogenous mycorrhiza with P. euphratica to increase the spread of specific pathogens [54]. The beneficial fungus group included Engyodontium and Aporospora, which contributed 6.81% and 5.92% of the seedling density variance near the adults, respectively (Figure 7). Engyodontium is a strain of arbuscular mycorrhiza fungi, which often coexist with plant roots and improved plant nutrients and water uptake [55]. Aporospora is an endophytic fungus in the Ascomycetes [56]. Since it has the same ecological niche as the host-specific pathogens, the competition in space and nutrition may cause the Aporospora to expel the host-specific pathogens from the seedlings. Additionally, the Aporospora can also secrete antibiotics that enhance plant disease-resistance and promote plant survival [56].



Compared to species of higher relative abundance, fungi having lower relative abundance have greater effects on the distribution pattern of seedling density (Figure 5 and Figure 7). For example, in the detrimental fungal group, the relative abundance of Russula and Monosporascus was lower than that of the unidentified_Sordariomycetes, while their contributions to the changes in seedling diversity showed the opposite pattern (Figure 5 and Figure 7). This result was consistent with previous studies, suggesting that rare fungal species (of lower relative abundance) have a greater impact on seedling survival than common species (of higher relative abundance). This is because of the formation of the mutually restrictive triangle among fungi, soil environmental factors, and seedling survival in the long-term process of evolution [18,19,43]. Although common fungal species had a higher chance of contact with seedlings, their infection was also more likely to be restricted by soil environmental factors due to domestication of the environment to the pathogen fungi’s pathogenicity. In contrast, rare species can be less susceptible to environmental constraints during its infection of seedlings due to their relatively low abundance [19].



The detrimental fungal group had larger contributions to the changes in seedling density than the beneficial group in the vicinity of adults (Figure 7). Additionally, the relative abundance of the soil fungi in the detrimental group decreased with the distance to the adults while it increased with adult size, whereas the beneficial group showed the opposite pattern (Figure 5). These indicate that there might be an opposite triangle relationship among seedling survival, soil environmental factors, and soil fungi [19]. In the place close to adult conspecifics, the “fertile island effect” leads to favorable soil environmental conditions in this site (such as a higher nutrient content and higher water content) [20,21]. At the same time, the closer distance results in a higher density of parasitic fungi from the adults [9,11]. The advantages of these two aspects would make it easier for harmful parasitic fungi to infect seedlings and inhibit seed germination, thus increasing seedling mortality and altering the distribution pattern of seedling density [9,11,21]. Here, the “island of fertility” is the phenomenon where trees act as a nutrient pump, taking up nutrients from deep soil layers and soil outside the single tree’s canopy, and depositing the nutrients back under the tree canopy through litter fall or leaching [20,57]. On the contrary, a reduction in the influence of the “island of fertility” on nutrient enrichment causes the relatively low soil nutrient contents in places far from the adults [20,21]. Additionally, an arid forest is an ecosystem with very poor soil nutrition [26,27]. Therefore, some beneficial fungi, especially fungi that form mycorrhiza on the surface of seedling roots, can form a co-symbiosis with the seedlings’ roots to reduce the limitation of a poor soil environment on seedling growth—in multiple ways, such as synthesizing the available nitrogen, expanding the uptake area of the root system, and improving the resistance of the seedling to environmental stress [17]. In this case, the beneficial fungal group affected seedling density in the places that are far from the adults.



The influences of soil fungi on seedling density distribution indicated a similar mechanism in the plant’s development. The “island of fertility” results in higher nutrients in the periphery of big trees than that of small trees (Table 1). Such differences in soil environment would make the detrimental fungal group mainly control the distribution of the seedling density around large trees, while the beneficial group dominates the changes in seedling density around the small trees. In this study, the usage of soil DNA sequencing, a community survey, and statistical analysis revealed the influence of the triangular relationships among soil fungi, soil environmental factors, and adult conspecifics on seedling density distribution in an arid desert forest. However, our results in revealing the mechanism of the distribution of seedlings around the adult conspecifics might be limited by the lack of direct evidence from controlled experiments to test the influences of the soil fungi on seedling survival and seed germination. Specifically, the fungi that were statistically responsible for seedling density were not screened and cultured from natural soils. Additionally, the direct role of the fungi in seedling survival and seed germination under the conditions of controlling the soil environmental factors were not verified by inoculation experiments. We believe further research activities are required to investigate the beneficial and detrimental influences of soil fungi on seedling survival and seed germination in arid desert forests. The results of this study, however, provided the implications of the influences of fungi on seedling density in comparison with other soil environments in natural, arid forests.





5. Conclusions


Our study elucidates the influences of soil fungi and soil environmental factors on the distribution of seedling density near adults of conspecifics in arid desert forests. The results showed that the soil fungi and soil environmental factors all affected the change in seedling density around the adult conspecifics. The contributions of soil fungi to the changes in seedling density was higher than that of the soil environmental factors. Based on the correlation coefficient of the relative abundance of soil fungi to seedling density, soil fungi can be divided into beneficial and detrimental fungal groups. The detrimental fungal group mainly controlled the distribution of seedling density nearer big adults, while the beneficial group mainly controlled the distribution of seedling density at a larger distance to big adults. Compared with other soil environmental factors, soil salinity, soil water content, and pH had higher influences on the distribution of seedling density in the vicinity of adult conspecifics, which can directly affect seedling density by physiological stress, and also indirectly affect seedling density by changing the fungal infection to plants. However, we did not use microbial inoculation experiments to verify the influences of the soil fungi, especially for the dominant fungi (e.g., Microsphaeropsis, Monosporascus, unidentified_Sordariomycetes, Acremonium, Russula, Scedosporium, Engyodontium, and Aporospora), on the seedling survival and seed germination in this arid forest. Additionally, the allelopathy, shading, and resource competition of adult trees versus seedlings might affect the distribution of seedling density; however, these aspects are not discussed in detail in this study. Further research efforts are needed to fully reveal the mechanism of the distribution of seedlings around the adult conspecifics in the future. Our study provides a new insight for explaining the reason for the seedling distribution around adult conspecifics in arid desert forests.
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Figure 1. A conceptual framework of the triangular relationship between the host-specific fungus, soil environmental factors, and seedling density. 
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Figure 2. A schematic diagram of the sampling site design. 
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Figure 3. Differences in P. euphratica seedling density, height, and soil fungal diversity among the four plot types: (a) seedling density; (b) average seedling height; (c) soil fungal diversity. F and p-value are the statistical results of a one-way ANOVA. DBnear and DBfar are the ringed plots and the cambered plots, and their radius around the big adults were 3 m and 6 m, respectively. DSnear is the ringed plots, which were around the small adults with a radius of 3 m. Control was the circular plots of 3 m in radius situated more than 9 m away from trunks of both the big and small adult trees. 
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Figure 4. The clustering analysis (a) and similarities (ANOSIM) test (b) of the four fungal communities (i.e., DBnear, DBfar, DSnear, and Control) based on the normalized database of OTUs. The introduction of DBnear, DBfar, DSnear, and Control, as suggested in Figure 3. 
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Figure 5. Differences in distribution pattern of the relative abundance of soil fungi among the four plot types at the phylum and genus levels: (a) phylum; (b) genus. 
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Figure 6. Rose diagrams, demonstrating the influence of the soil environmental factors on the relative abundance of soil fungi at the genus level. The longer petals indicate the greater influence of the soil environmental factors on the relative abundance of the soil fungi. BD, SWC, SS, SOM, TP, and TN are the soil bulk density, soil water content, soil salinity, soil organic matter, total phosphorus, and total nitrogen, respectively. * p < 0.05. ** p < 0.01. 
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Figure 7. Contributions of the soil fungi and soil environmental factors to the change in seedling density among the four plot types. 
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Table 1. Differences in soil environmental factors among the four plot types tested by one-way ANOVA (mean ± SD). The different lowercase letters after the Mean values indicate a significant difference (p < 0.05) in soil environmental factors among the four plot types, whereas same lowercase letters show no significant differences (p > 0.05).
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	Soil Environmental Factors
	DBnear
	DBfar
	Control
	DSnear
	F
	p-Values





	Soil water content (%)
	17.0 ± 1.32 a
	15.9 ± 2.07 b
	15.0 ± 0.61 b
	14.7 ± 0.40 b
	6.83
	<0.05



	Soil salinity (g/kg)
	99.7 ± 7.80 a
	74.8 ± 13. 6 b
	48. 6 ± 3.79 c
	56.0 ± 5.92 c
	23.9
	<0.01



	Soil total phosphorus (g/kg)
	1.80 ± 0.44 a
	1.40 ± 0.16 ab
	1.29 ± 0.08 ab
	1.38 ± 0.17 b
	4.20
	<0.05



	Soil organic matter (g/kg)
	28.1 ± 17.2 a
	6.88 ± 3.64 b
	7.57 ± 4.30 b
	4.82 ± 3.15 b
	6.99
	<0.05



	Soil total nitrogen (g/kg)
	1.12 ± 0.73 a
	0.29 ± 0.07 b
	0.24 ± 0.13 b
	0.19 ± 0.08 b
	7.34
	<0.05



	Bulk density (g/dm3)
	1.02 ± 0.01 a
	1.03 ± 0.02 a
	1.12 ± 0.16 a
	1.30 a
	1.07
	>0.05



	pH
	8.42 ± 0.03 a
	8.43 ± 0.07 a
	8.26 ± 0.03 b
	8.37 ± 0.04 a
	2.32
	>0.05
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