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Abstract

:

Forests are affected by a wide range of disturbances globally, resulting in the decline or death of large areas of them. There is a lack of comparative studies on how soil properties change in forests that die under the influence of disturbances, especially considering different levels of disturbance. For this study, we took Larix olgensis—a major plantation forest species in northeast China—as the research object, one in which a large outbreak of bark beetle led to large-scale forest death, and set up fixed sample plots characterized by different disturbance intensities. We investigated the responses of soil physicochemical properties and microbial community compositions to different disturbance intensities through the determination of soil nutrient indices and high-throughput sequencing. The results show that there were significant differences (p < 0.05) in the effects of different disturbance intensities on soil physicochemical properties, where the soil moisture content, total nitrogen, total carbon, and total phosphorus in the control group were significantly higher than those in the disturbed groups. The soil pH was highest under low-intensity disturbance and the soil total potassium content was highest under high-intensity disturbance. At different disturbance intensities, the highest soil moisture content was found in the high-intensity group. Proteobacteria, Actinobacteria, Verrucomicrobia, Acidobacteria, Candidatus_Rokubacteria, Chloroflexi, Gemmatimonadetes, and Thaumarchaeota were the dominant populations with higher abundances; meanwhile, the relative abundance of Bacteroidetes, Tenericutes, and a tentatively unclassified fungus differed significantly (p < 0.05) across disturbance intensities. Among the dominant microbial populations, Acidobacteria showed a significant negative correlation with soil pH and a significant positive correlation with total potassium content, Thaumarchaeota showed significant positive correlations with soil moisture content and total nitrogen content, and Firmicutes and Gemmatimonadetes showed significant negative correlations with total carbon content in the soil. Furthermore, soil total nitrogen content was the key factor driving changes in microbial communities. The results of this study provide a scientific basis for the study of the long-term effects of tree mortality caused by insect pests on soil microbial communities and their response mechanisms, which is of great theoretical value for the establishment of scientific and effective methods for woodland restoration.
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1. Introduction


Earth’s forests play a critical role in the global carbon cycle, absorbing up to 25% of human-generated CO2 emissions annually [1,2]. However, forests are currently being impacted by a wide range of disturbances globally, including changing wildfire regimes, biotic disturbances, and climate change [3,4,5], which have multiple impacts on biodiversity, ecosystem service function, and the carbon cycle [6]. For example, climate change-induced bark beetle outbreaks in countries such as Canada and the United States have led to widespread tree mortality [7,8]. Upon disturbance, the total amount of dead branches and fallen logs on the forest floor increases, resulting in greater carbon inputs to the soil, thus affecting the nutrient and microbial composition of the soil [9]. Tree mortality is a fundamental process of forest succession, directly affecting changes in forest structure, species composition, nutrient cycling, and biomass accumulation rate [10,11,12]. Tree mortality is normally low in forests, and the results of changes in mortality are often not obvious. In recent years, global warming has resulted in higher temperatures and more frequent insect infestations [13,14,15]. The frequency and scale of tree mortality has increased, leading to the destruction of evergreen forests in many areas globally [16]. For this reason, it is becoming increasingly important to clarify how ecosystem components respond when forest stands are disturbed.



Coniferous forests in the northern hemisphere are more vulnerable to disturbances. After being disturbed, forest stands experience population decline, increased risk of forest fires, and increased forest mortality [17,18,19]. In recent years, many scholars have begun to pay more attention to the effects of disturbance factors on forest stands, conducting a series of relevant studies. In his research report, Williams [20] highlighted that warming-induced aridification has led to forest die-off. European scholars [21] have studied the relationship between soil nutrients and bark beetle outbreaks in spruce forests and concluded that increased litter increases cation and soil carbon concentrations in the forest floor. Soil carbon concentrations could explain changes in other soil component concentrations. Morehouse et al. [22] and Griffin et al. [23] have suggested that insect infestations resulting in the death of large numbers of conifer species increase the total amount of dead branches and fallen logs which, in turn, affects soil nutrient inputs. In a long-term monitoring study, Sandén et al. [24] found that soil carbon stocks did not change over for up to 8 years after insect infestations had resulted in the death of birch forests. Trahan et al. [25] and Marschner et al. [26] have concluded that insect infestations causing widespread tree mortality can lead to a sharp decline in soil nutrient content in the short-term. Recent research on the effects of tree mortality on soil nutrients has focused on how nutrients change after death, but there remains a lack of research on the differences and changes in soil nutrients between different stages of tree mortality. Soil micro-organisms are an important part of the ecosystem, and play an important role in the decomposition of soil organic matter and the transformation and cycling of soil nutrients [27,28]. Their community characteristics are sensitive to changes in external environmental factors, and can thus reflect the changes in soil quality in a timely manner [29]. Bacteria play an important role in soil carbon, nitrogen, and phosphorus cycles [30], and Wang et al. [31] have concluded that changes in nitrogen content lead to a decrease in soil fungal abundance when poplar is used as a study subject. Through their study, Mayer et al. [32] found that the number of dead standing trees retained after tree mortality significantly affected the structure and composition of soil fungal communities. Fernández [33] has concluded that soil pH is one of the most influential factors determining the growth and composition of soil bacterial communities. Yao et al. [34] have concluded that adaptive responses in genes and proteins that respond to the process of elemental P changes in soil play a regulatory role in soil phosphorus effectiveness. Li et al. [35] found that tree diversity significantly increases microbial biomass and decreases microbial diversity. While microbial biomass–plant–microbial community–soil interactions can determine aboveground plant abundance and diversity [36], the relationship between their interactions is very complex, posing a challenging problem that has not yet been fully resolved and which requires more exploratory research [37].



Larix olgensis A. Henry is a tree species native to the northeast of China, and is also the main tree species for afforestation and forest regeneration in the region, having rich timber reserves (existing plantation forests cover an area of 2,038,100 hectares). Larch bark beetle (Ips subelongatus Motschulsky) is the main pest of China’s L. olgensis, and can harm both healthy and weak standing trees. Since the 1880s, a large area of L. olgensis plantation forests have been infested by bark beetle, with the mortality rate of trees having increased significantly [38]. In this study, we investigate the surface soil physicochemical properties and microbial community structural changes in a typical L. olgensis plantation in northeastern China using high-throughput sequencing. We explore the correlation between soil properties and microbial communities, assessing their responses to significant bark beetle disturbances under the background of environmental changes. This research aims to provide a scientific basis by which to understand the long-term impacts of bark beetle outbreaks on soil and micro-organisms, allowing for the development of effective post-infestation forest restoration methods and informing deadwood management strategies.




2. Materials and Methods


2.1. Overview of the Study Area and Sample Plots


The experimental sample site was located in Mengjiagang forest (130°32′42″–130°52′36″ E, 46°20′16″–46°30′50″), Jiamusi city, Heilongjiang province, which is characterized by an east Asian continental monsoon climate, with an average annual temperature of 2.7 °C, average annual precipitation of 550 mm, average annual sunshine hours of 1955 h, and an average annual frost-free period of 120 d. The site is located in the western foothills of Wanda mountain, with an average elevation of 250 m. The soil in the L. olgensis plantation cultivation area is mostly dark brown loam, and it is a plantation base with larch as the main business. At present, it is a secondary deciduous broad-leaved mixed forest dominated by Betula dahurica, Populus davidiana, Betula platyphylla and Pinus koraiensis, with Pinus sylvestris var. mogolica- and Larix olgensis-dominated planted conifer forests [39].



This L. olgensis plantation experienced a major outbreak of bark beetles in 2020, which caused extensive tree mortality. For this study, we selected a L. olgensis plantation with different levels of larch bark beetle disturbance in Mengjiagang forest farm, including control (no bark beetle disturbance), low-intensity disturbance, medium-intensity disturbance, and high-intensity disturbance. Different disturbance intensities were designed according to tree mortality rates: control (0%–5% tree mortality), low intensity (10%–30% tree mortality), medium intensity (40%–60% tree mortality), and high intensity (70%–90% tree mortality); see Figure 1 and Table 1.




2.2. Sample Collection and Analysis


In October 2021, we selected 3 sample plots for each of the 4 different mortality intensities separately, for a total of 12 plots. Soil samples from 0–10 cm were taken at each sample site using a 5 cm diameter soil auger in an “S” pattern, and 5 soil samples from each sample site were mixed well and repeated 3 times, with withered material and humus in the topsoil layer being removed before sampling. Fresh soil samples were placed in an insulated box and brought back to the laboratory, plant roots and stones in the soil samples were removed and sieved through a 2 mm sieve. The soil was divided into three parts, one of which was placed in a refrigerator at 4 °C for storage and used for the measurement of soil moisture content, and another of which was air-dried, pulverized, and used for the later determination of soil pH, total carbon, total nitrogen, total phosphorus, and total potassium content. The other copy was taken in a centrifuge tube and stored in a −80 °C refrigerator for subsequent sequencing of microbial macro-genomes [40].



Soil pH was determined potentiometrically. Soil organic carbon content was determined through combustion using the solid module of the multiC/N 3000 analyzer (Anailtik Jena AG, Jena, Germany), soil total nitrogen content was determined using the liquid module of the multiN/C3000 analyzer, soil total phosphorus content was determined using the acidic solubilization-molybdenum antimony colorimetric method, and soil total potassium content was determined using the alkali fusion-flame photometer method.



Total DNA was extracted from the microbial communities of soil samples according to the instructions of the E.Z.N.A.®soil DNA kit (Omega Bio-tek, Norcross, GA, USA), and DNA concentration and purity were determined through electrophoresis on 1% agarose gels. PCR amplification of the corresponding regions was carried out with universal primers. The V3 to V4 regions of the bacterial r RNA gene were amplified using the universal primers 338F (5′-ACTCCTACGGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGGTWTCTAAT-3′), and the endogenous transcribed spacer region of the fungal r RNA gene was amplified using the universal primers ITS1F (CTTGGTCATTTAGAGGAAGTAA) and ITS2R (GCTGCGTTCTTCATCGATGC), The databases used are SwissProt, the Protein Information Resource (PIR), the Protein Research Foundation (PRF), and the Protein Data Bank (PDB). The PCR products were mixed and the products were detected through electrophoresis on 2% agarose gels for identification. Product purification was performed using a kit to recover the products. The library was constructed using a NEXTflexTM Rapid DNA-Seq Kit (Bioo Scientific, Austin, TX, USA), and the qualified PCR products were subjected to Illumina High-Throughput Sequencing by Shanghai Meiji BioPharmaceuticals Technology Co. (Shanghai, China). Quality control of the raw sequencing data was performed to remove the sequencing junction sequences, low-quality bases, N (N stands for uncertain base information) bases, and short sequences that seriously affect the quality of the subsequent analysis, in order to obtain high-quality control data (clean data). Then, the obtained short fragment sequences were assembled for the subsequent analysis.




2.3. Data Processing and Analysis


The data were organized using the software Excel 2016. The coefficient of variation (CV = (SD/Mean) × 100%) was calculated, which indicates the degree of fluctuation of soil physicochemical properties with the intensity of disturbances. The data on soil physicochemical properties under different mortality intensity conditions were analyzed through one-way ANOVA using the software SPSS v23, combined with the least significant difference method to test the differences between the comparison parameters. The significance level was set at α = 0.05. α diversity was calculated and displayed using the QIIME2 and R4.0.4 software. The diversity of micro-organisms in the environment was analyzed in terms of the richness of microbial communities, reflected by the Alpha diversity of a single sample (i.e., the species richness ACE index can reflect community richness). The test of variability in the relative abundance of microbial phyla between different sample groups was performed using the Kruskal–Wallis test. The community bar plot analysis was based on the corresponding taxonomic data table and mapped using the R software. The correlation heatmap is based on the correlation coefficients between environmental factors and selected species, and R software was used to visually display the obtained numerical matrix as a Heatmap. According to the permutational multivariate analysis of variance (PERMANOVA) method, the total variance was decomposed using a half-metric or metric distance matrix to analyze the degree of explanation of the sample variance by the different environmental factors, with a larger R2 indicating that the environmental factor indicator explains a higher degree of variance.





3. Results


3.1. Changes in Physical and Chemical Properties of Soil with Different Levels of Disturbance


Changes in soil physicochemical properties under different disturbance conditions are shown in Figure 2. Under different disturbance intensities, soil moisture content fluctuated with disturbance intensity (CV = 26%). The soil moisture content in the control group was significantly higher than that in the disturbed stands, the lowest soil moisture content was observed for the medium-intensity disturbance group, there were higher values for the low- and high-intensity disturbance groups, and no significant difference was found in soil moisture content between low- and high-intensity disturbance groups. Soil pH fluctuated least with disturbance intensity (CV = 3%) and was significantly higher in the low-intensity group than in the control group. There was no significant difference in pH between the medium- and high-intensity groups, when compared with the control group. Soil total carbon content showed a decreasing trend and large fluctuation (CV = 28%) with increasing disturbance intensity; the total carbon content in the control group was significantly higher than that for the disturbed stands. The total carbon content in the high-intensity group was the lowest, significantly differing from those of all other stands. Soil total nitrogen content presented the same trend as soil water content, showing a trend of decreasing and then increasing, and fluctuated the most with the change in disturbance intensity (CV = 31%). The soil total nitrogen content at different levels of disturbance was significantly lower than that for the control group. Compared with the control soil, soil total phosphorus content was significantly lower in the low-, medium-, and high-intensity groups, while there was no significant difference in total phosphorus content between the disturbed stands. The soil total potassium content fluctuated little with the intensity of disturbance (CV = 9%) and showed a tendency to increase with increasing disturbance level. The soil total potassium content was significantly higher in the high-intensity group than in the other stands, while that in the control group was significantly lower than in the other stands.




3.2. Characterization of Soil Microbial Community Structure at Different Levels of Disturbance


According to the results of high-throughput sequencing, as shown in Figure 3, different disturbance levels increased the biodiversity of the soil microbial community (CK = 319.3, LM = 325.5, MM = 332.5, HM = 329.3); however, these results were not significant (p > 0.05). In soils with different levels of disturbance, Proteobacteria, Actinobacteria, Verrucomicrobia, Acidobacteria, Candidatus_Rokubacteria, Chloroflexi, Gemmatimonadetes, and Thaumarchaeota were the dominant populations, with high abundance (Figure 4). The microbial population with the highest relative abundance was Proteobacteria (0.35, 0.33, 0.35, 0.34), while the second-most dominant population was Actinobacteria (0.33, 0.31, 0.33, 0.35). The medium-intensity group was most similar to the control in terms of soil dominant population composition and relative abundance size. In the low-intensity group, Proteobacteria and Actinobacteria had the lowest relative abundances. The difference in relative abundance between Proteobacteria and Actinobacteria was 0.02 for the control, low-intensity, and medium-intensity groups. The difference in relative abundance between Proteobacteria and Actinobacteria in the high-intensity group was 0.01, which was closer than in the other groups. Proteobacteria was the microbial population with the highest relative abundance. The relative abundances of Bacteroidetes, Tenericutes, and a tentatively unclassified fungus differed significantly (p < 0.05) between sample groups at different levels of disturbance. The relative abundances of Bacteroidetes and Tenericutes increased in soils with different intensities of mortality, compared with control (Figure 5a,b). The relative abundance of Bacteroidetes was significantly higher in the low-intensity group than in the control, while the relative abundance of Tenericutes was significantly higher in the medium-intensity group than in the control. The different intensities of disturbance resulted in a significant decrease in the relative abundance of all tentatively unclassified fungi (Figure 5c). Most of the negative correlations were found between microbial populations and soil moisture content, total carbon, total nitrogen, and total phosphorus content, while most of the positive correlations were found with pH and total potassium content. Acidobacteria showed a significant negative correlation with pH and a significant positive correlation with total potassium content. Thaumarchaeota showed significant positive correlations with soil moisture content and total nitrogen content. Firmicutes and Gemmatimonadetes showed significant negative correlations with total carbon content (Figure 6). PERMANOVA analysis indicated that soil nitrogen content (R2 = 0.15289, p = 0.081) was the key factor driving changes in the microbial community.





4. Discussion


4.1. Soil Response to Bark Beetle Disturbance


Global forest ecosystems are currently facing increasing biotic and abiotic environmental stresses, and widespread forest mortality or decline is becoming an escalating global phenomenon [3,41]. In this study, we found that different levels of pest disturbance affected soil physicochemical properties, microbial community composition, and the relationships between these variables in larch plantation forests. Abiotic factors (e.g., fire, wind, logging, and so on) can damage or remove above-ground vegetation in a short period, leading to more significant effects [42,43]; as such, they have received more attention in recent scientific research. Compared with abiotic disturbances, biotic (e.g., insect pests or pathogens) disturbances are a longer process, and the impacts on forest ecosystems need to be validated through further studies [44]. Experimental plots and data on the intensity of different pest disturbances in the natural state are difficult to obtain; therefore, existing research on the disturbance of forest ecosystems with respect to biological factors (pests and pathogens) has focused on the aftermath of the large-scale forest mortality caused by pest disturbances [8,45,46], leading to a lack of studies on the disturbance of forests due to other biological factors and studies on forest disturbance processes in general. In this study, larch forests characterized by different levels of disturbance were selected as research objects, allowing for the further clarification of the soil changes occurring during forest death or decline. Meanwhile, reasonable forest management measures may reduce the impact of disturbance factors on forests [47], providing a theoretical basis for the development of reasonable management measures.



Soil physicochemical properties and the microbial community composition are sensitive to the influence of the external environment and can be a good indicator of changes in soil properties and functions [48,49]. Under similar environments at certain spatial scales, the differences in physicochemical properties and microbial community composition of native soils are not obvious [50]. In this study, an L. olgensis plantation with different disturbance intensities in the same area was sampled in its natural state. The differences between soil physicochemical properties and microbial community composition exhibited through the study results further demonstrate the effects of different disturbance intensities on the soil. Although the results of spatially repeated experiments at a large scale may be more representative, the conditions of spatial heterogeneity, environmental factors, and climatic factors lead to the complexity of the factors considered in the research process, and the results of the study are subject to a certain degree of uncertainty [51].




4.2. Relationships between Soil Physical and Chemical Properties at Different Levels of Disturbance


Tree mortality can lead to changes in biodiversity, as well as carbon and nutrient cycling [13]. As the upper soil layers are closely associated with vegetation, they will be more sensitive to external disturbances. Due to tree death, canopy thinning, and increased sunlight hours on the forest floor, the soil moisture content of larch plantation forests in the low-, medium-, and high-intensity disturbance groups was significantly lower than that in the control group and, on the forest floor in the high-intensity disturbance group, a large amount of dead leaves covered the soil surface, resulting in changes in soil and surface temperatures and increased soil moisture [52], leading to a slight increase in soil moisture content in the high-intensity group relative to the low- and medium-intensity groups; however, the difference was not significant. Larch reduced soil pH and cation exchange, such that soil pH in the low- and medium-intensity groups was significantly higher than that in the control group, indicating that pH recovered in the short-term after tree mortality and changes in stand structure, similar to the findings of Farahnak et al. [53]. In contrast, a major outbreak of boll weevil resulted in a higher levels of stand mortality and large amounts of deadwood, leading to increased cation inputs and organic matter, which decreased soil pH [21]. Soil total carbon content decreased significantly in the short term with increasing levels of disturbance, as plant carbon uptake stops when trees die, and soil respiration and carbon content decrease with the loss of root respiration and exudation [45,54], which is basically consistent with the conclusions drawn by Trahan et al. [25], who studied the soil carbon content in subalpine forests after insect damage disturbance. The soil nitrogen content decreased significantly under different levels of disturbance, probably due to the increase in soil microbial activity, the intensification of soil organic nitrogen utilization, the intensification of nitrogen mineralization, and the increase in nitrogen mineralization after large amounts of trees had died. After the death of trees, the forest floor has sufficient light and the surface temperature increases, promoting the biological nitrogen fixation process and enhancing nitrogen fixation. In addition, considering the high number of tree deaths in the high-intensity group, the return of large amounts of deadwood and its decomposition increases the soil nitrogen content, which may be the reason for the observed increase in soil nitrogen content in the high-intensity group. In their study of North American pine forests, Griffin et al. [55] concluded that there was no significant difference in soil nitrogen content under different death intensities, whereas Cigan et al. [52] concluded that input rates of nitrogen and phosphorus increased with increasing intensity of tree mortality in their investigation of nutrient cycling in pine forests in western Canada, which may be related to differences in time of tree mortality, sampling season, tree species, geographic location of the sample site, nutrients in the litterfall, and the role of the root system. Varying levels of disturbance resulted in a significant decrease in soil phosphorus compared with the control group, which could be related to the death of trees after infestation, reduction of root exudates, and changes in microbial loads. Marschner et al. [26] have suggested that this phenomenon is related to a decrease in the rate of phosphorus mineralization, in contrast with reports of an increase in phosphorus content in the upper layers of the soil after beetle disturbance [56]. In this study, soil total potassium content showed an increasing trend with an increase in the disturbance level, and the soil total potassium content in the low-, medium-, and high-intensity groups was significantly higher than that in the control group, which may be attributed to the fact that the decomposition of organic matter by micro-organisms in the soil produces excessive potassium ions, which are difficult to be absorbed into plants, resulting in elevated soil total potassium content.




4.3. Changes in Soil Microbial Community Structure at Different Levels of Disturbance


Soil microbial communities regulate many biogeochemical cycling processes and are essential for ecosystem restoration [57]. The present study found that, in soils with different levels of disturbance, Proteobacteria, Actinobacteria, Verrucomicrobia, Acidobacteria, Candidatus_Rokubacteria, Chloroflexi, Gemmatimonadetes, and Thaumarchaeota were the dominant phyla with high relative abundance, the vast majority of which were bacterial flora, indicating their predominance in the forest soil. The composition of the flora in this study was basically the same at the systematic level, The results for the dominant population composition are similar to those reported by Sun et al. [58] in a study on the soil microbial community; thus, the microbial diversity in the soil was relatively stable. When trees appeared to die under different levels of disturbance due to the bark beetle, significant changes occurred mainly in bacteria, indicating that soil bacteria are highly sensitive to tree mortality. In contrast, Ferrenberg et al. [59] concluded that the soil bacterial community structure did not change when studying the tree mortality associated with bark beetle; the reason for the differing results may be due to the different locations of the study areas and the different number of years of recovery after tree death, suggesting that the response of the soil microbial community structure to changes in tree mortality is related to the host or ecosystem. In this study, it was found that the microbial community composition in the medium-intensity group was the most similar to that of the control group. This may be due to the microbial community in the medium-intensity group having recovered the best in the short-term after the death of the trees. Actinobacteria had the highest relative abundance in the high-intensity group, surpassing Proteobacteria as the dominant population with the highest abundance. Actinobacteria may be the key phylum responsible for the high degree of tree mortality under insect pest disturbance, related to possible changes in soil total nitrogen and phosphorus content. Chen et al. [60], in a global meta-analysis of soil microbial community composition and diversity, found that Actinobacteria were largely proportional to soil total nitrogen and phosphorus content. They may also be related to available carbon, as Proteobacteria are one of the most dominant bacterial types in the soil and can utilize carbon sources for rapid reproduction [61]. In the present study, it was found that the relative abundances of Bacteroidetes and Tenericutes in the sample groups with different levels of disturbance were increased relative to the control group, which may indicate these as the pathogens responsible for the death of trees under the influence of bark beetle. It has been suggested that Bacteroidetes play a central role in the decomposition of the plant body, being a key microbial group for cellulose and lignin degradation [62]. The increase in the relative abundance of Bacteroidetes proves the enhancement of microbial carbon metabolism in this region; regarding Tenericutes, there is less literature available evidencing it as a micro-organism present in the intestinal tracts of animals, and the relative abundance of Tenericutes was higher under different levels of disturbance than in the control group, possibly due to the soil with a higher level of disturbance containing more beetle feces. Between the disturbance groups and the control group, there was also a significant difference in the relative abundance of a tentatively unclassified fungus, whose relative abundance was opposite that of Bacteroidetes and Tenericutes, and whose role can also be presumed to be opposite to that of Bacteroidetes and Tenericutes; it may be that this is a beneficial micro-organism that can increase the resistance of trees to bark beetle and inhibit tree death. Acidobacterium spp. are mostly acidophilic bacteria, are better adapted to more acidic environments [2] and, so, are negatively correlated with pH. Some studies have proposed that Thaumarchaeota plays an important role in the process of ammonia oxidation [63], as it is a typical ammonia-oxidizing archaea. High C/N inhibits the growth of Thaumarchaeota, which may be the reason why Thaumarchaeota was positively correlated with soil total nitrogen content. The results of Zhang et al. [64] demonstrate that an increase in nitrogen concentration promotes the growth of the soil bacterial community, and that soil nitrogen and phosphorus content are key factors driving changes in the microbial community, which is consistent with the conclusions of Cui et al. [65]. The structure of soil microbial communities is affected by many factors; however, the driving factors may differ between different ecosystems, which cannot be generalized and need to be further explored.





5. Conclusions


Soil physicochemical properties and microbial community structure were altered in an L. olgensis plantation under different levels of bark beetle disturbance. Correlations between the level of disturbance and these variables were analyzed, and soil total nitrogen content emerged as the key factor driving changes in microbial communities. The effects of tree mortality caused by bark beetles on soil physicochemical properties and microbial community structure involve a complex and long-term process, the analysis of which is limited by the sampling size and time. While the effects of the disturbance degree of bark beetles on the soil physicochemical properties and microbial community structure of the L. olgensis plantation were studied as short-term effects in this study, the long-term effects and the underlying mechanisms need to be further investigated.
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Figure 1. Study area. (a): location of the study area; (b,c): study plots. 
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Figure 2. Effects of different levels of disturbance on soil physicochemical properties. TN: total nitrogen; TC: total carbon; TP: total phosphorus; TK: total potassium. Lowercase letters indicate significant differences in the effects of different levels of disturbance on soil physicochemical properties. The figure shows the means ± SD. 
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Figure 3. Bar graph of alpha diversity index at different levels of disturbance. Different lowercase letters indicate significant differences between the different sample groups. 
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Figure 4. Relative abundance of soil micro-organisms at the phylum level at different levels of disturbance. 
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Figure 5. Phyla with significant differences at different levels of disturbance. (a) Bacteroidetes (low intensity significantly higher than other disturbance intensities); (b) Tenericutes; and (c) unclassified_k__Fungi. *: Significant difference, ***: Very significant difference. 
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