

  plants-12-03743




plants-12-03743







Plants 2023, 12(21), 3743; doi:10.3390/plants12213743




Article



Plant and Soil Microbial Diversity Co-Regulate Ecosystem Multifunctionality during Desertification in a Temperate Grassland



Yeming Zhang 1,2,†, Xiuli Gao 3,†, Ye Yuan 4, Lei Hou 5, Zhenhua Dang 1,* and Linna Ma 2,*





1



Ministry of Education Key Laboratory of Ecology and Resource Use of the Mongolian Plateau & Inner Mongolian Key Laboratory of Grassland Ecology, School of Ecology and Environment, Inner Mongolia University, Hohhot 010021, China






2



State Key Laboratory of Vegetation and Environmental Change, Institute of Botany, The Chinese Academy of Sciences, Beijing 100093, China






3



Chinese Research Academy of Environmental Sciences, Beijing 100012, China






4



School of Urban Planning and Design, Shenzhen Graduate School, Peking University, Shenzhen 518055, China






5



Beijing Municipal Pollution Source Management Center, Beijing 100089, China









*



Correspondence: zhdang@imu.edu.cn (Z.D.); maln@ibcas.ac.cn (L.M.); Tel.: +86-1514-802-6396 (Z.D.); +86-10-62836564 (L.M.); Fax: +86-10-82595962 (L.M.)






†



These authors contributed equally to this work.









Citation: Zhang, Y.; Gao, X.; Yuan, Y.; Hou, L.; Dang, Z.; Ma, L. Plant and Soil Microbial Diversity Co-Regulate Ecosystem Multifunctionality during Desertification in a Temperate Grassland. Plants 2023, 12, 3743. https://doi.org/10.3390/plants12213743



Academic Editors: Emilia Fernández Ondoño and Daniel Sánchez-Mata



Received: 5 September 2023 / Revised: 12 October 2023 / Accepted: 30 October 2023 / Published: 31 October 2023



Abstract


Biodiversity plays a crucial role in driving multiple ecosystem functions in temperate grasslands. However, our understanding of how biodiversity regulates the impacts of desertification processes on ecosystem multifunctionality (EMF) remains limited. In this study, we investigate plant diversity, soil microbial diversity (fungal, bacterial, archaeal, and arbuscular mycorrhizal fungal (AMF) diversity), soil properties (soil water content, pH, and soil clay content), and multiple ecosystem functions (soil N mineralization, soil phosphatase activity, AMF infection rate, microbial biomass, plant biomass, and soil C and nutrients (N, P, K, Ca, Fe, Na, Cu, Mg, and Mn)) at six different grassland desertification intensities. The random forest model was conducted to assess the importance of soil properties, plant diversity, and soil microbial diversity in driving EMF. Furthermore, a structural equation model (SEM) was employed to analyze the indirect and direct impacts of these predictors on EMF. Our study showed that plant, soil bacterial, fungal, and archaeal diversity gradually decreased with increasing desertification intensity. However, only AMF diversity was found to be less sensitive to desertification. Similarly, EMF also showed a significant decline with increasing desertification. Importantly, both plant and soil microbial diversity were positively associated with EMF during desertification processes. The random forest model and SEM revealed that both plant and soil microbial diversity were identified as important and direct predictors of EMF during desertification processes. This highlights the primary influence of above- and below-ground biodiversity in co-regulating the response of EMF to grassland desertification. These findings have important implications for planned ecosystem restoration and sustainable grassland management.
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1. Introduction


Biodiversity plays a fundamental role in the maintenance of ecosystem multifunctionality (simultaneously providing multiple ecosystem functions, EMF) in terrestrial ecosystems [1,2,3,4]. These functions predominantly include plant production, litter decomposition, C storage, nutrient cycles, and greenhouse emissions [5,6,7]. Recently, numerous studies have demonstrated the positive and precise impacts of plant and microbial diversity on EMF in natural ecosystems. Therefore, any biodiversity loss may negatively impact multiple ecosystem functions and significantly decrease EMF [8,9,10]. However, a comprehensive assessment of the roles of plant and microbial diversity in regulating the EMF of disturbed ecosystems remains largely uninvestigated.



Grassland is one of the most common vegetation types in the world, accounting for 46% of the global land area [11]. China has the third-largest grassland area in the world, accounting for approximately a quarter of the country’s land area [12]. Grassland provides various ecosystem functions and services, including C storage, biogeochemical cycles, biodiversity conservation, and food production for human well-being [13]. During recent decades, Chinese grasslands have experienced large-scale desertification (i.e., grassland degradation) as a result of human and climatic disturbances (e.g., overgrazing, farming, and drought), which affect the lives of over 47.9 million people [14,15,16]. Overgrazing leads to the loss of plant cover and a decline in soil quality due to the trampling of plants by livestock [17]. These variations in plant and soil properties may negatively impact biodiversity and subsequently influence ecosystem functions.



Plant diversity is a critical predictor for explaining the variations in multiple ecosystem functions under disturbed ecosystem paradigms. A recent study showed that grazing disturbance can negatively impact plant diversity, soil bacterial diversity, and EMF under different grazing intensities. Grazing reduces EMF primarily by decreasing plant diversity rather than bacterial diversity [2]. By contrast, soil microbial diversity, including bacterial, fungal, archaeal, and AMF diversity, may also act as a primary driver of EMF during desertification, as diverse soil microbes can perform critical ecosystem functions by decomposing litter, defining soil structure, regulating nutrient cycling, and supporting productivity [14]. To date, although most studies have demonstrated the effects of desertification on biodiversity and ecosystem functions, the importance of above- and below-ground biodiversity in mediating the impact of desertification intensities on EMF remains unclear [18].



A comprehensive understanding of the impacts of above- and below-ground diversity on EMF at different grassland desertification stages is crucial for developing practical solutions for combating global grassland desertification. In this study, we assessed plant richness, microbial richness (bacterial, fungal, archaeal, and AMF richness), and 15 ecosystem functions (i.e., soil-available N, phosphatase activity, AMF infection rate, phospholipid fatty acids, plant biomass, and soil nutrients (N, Ca, K, Fe, Na, Mg, C, Cu, Mn, and P)) at different desertification stages (potential desertification, light desertification, moderate desertification, heavy desertification, severe desertification, and very severe desertification) in a temperate grassland. We hypothesized that (a) plant and soil microbial diversity gradually decrease during grassland desertification processes [6]; (b) EMF also exhibits a gradual decrease trend with increasing desertification intensity based on the fact that desertification causes soil degradation and reduces potential productivity [2]; and (c) plant and soil microbial diversity co-regulate EMF during desertification processes in temperate grassland based on the fact that plant and microbial communities modulate the supply and conversion of C and nutrients in grasslands [19].




2. Materials and Methods


2.1. Study Site


This study was conducted at the Hulunber meadow steppe, located at Xiertala farm (49°19′ N, 120°02′ E, 630 m a.s.l.), Inner Mongolia, China. The mean annual air temperature ranged from −3 °C to −1 °C, and the mean annual precipitation was approximately 350 mm (1980–2010; http://data.cma.cn (30 January 2023)). According to FAO classification, the soil in this region is classified as chestnut soil. The natural vegetation is primarily composed of perennial grass species such as Stipa baicalensis and Leymus chinensis, as well as other plentiful plant species, including Artemisia tanacetifolia, Artemisia frigida, and Serratula centauroides. Throughout various stages of desertification, overall plant biomass ranged from 5 to 150 g m−2 (Table S1).




2.2. Sampling and Processing


A space-for-time technique was utilized in this study to describe different stages of grassland desertification [20]. Potential desertification (PD), light desertification (LD), moderate desertification (MD), heavy desertification (HD), severe desertification (SD), and very severe desertification (VSD) were the six desertification intensities [21] (Table S1). The PD stage was considered the natural grassland with high vegetation biomass, species richness, and soil quality (Tables S1–S3).



A total of 90 soil samples were acquired, with 15 samples collected for each desertification stage (site). Field sampling was performed in mid-August 2022, during the peak growing season. The site locations were approximately 5 to 10 km apart. A 100-m transect was laid out at each site, and fifteen 1 × 1 m2 quadrats were randomly distributed along the transect, with a minimum interval of 15 m between quadrats. Three soil samples with a diameter of 5 cm were obtained at a depth of 15 cm within each quadrat. The soil samples were bulked, homogenized in the field, and kept in a 4 °C cooler for 7 days before being brought to the laboratory. The soil samples were sieved through a 2 mm sieve.



Air-dried subsamples for soil physical and chemical property tests were crushed into a fine powder. Subsamples for phosphatase activity and soil microbial diversity were maintained at −80 °C. The number of species identified in each quadrat was recorded as plant richness. Plant species diversity was estimated using plant richness. All plant tissue from each quadrat was harvested to determine the aboveground biomass of vascular plants. To quantify root biomass, a cylindrical root sampler was used to gather three soil cores in each quadrat. All plant tissue samples were dried in an oven at 65 °C until they reached a consistent weight.




2.3. Measurements of Soil Functions and Properties


The levels of soil total C and N were determined using a vario EL III CHNOS Elemental Analyzer (Elementar Analysensysteme GmbH, Langenselbold, Germany). The levels of soil P, Mn, Ca, Cu, Mg, K, Na and Fe were determined using an iCAP 6300 ICP-OES Spectrpmeter (Thermo Fisher, Waltham, MA, USA). Soil phosphatase activity was measured by the release of phenol from samples incubated with p-nitrophenyl phosphate (0.5%) at 37 °C [22]. Soil inorganic N was determined using a FIAstar 5000 analyzer (Foss Tecator, Hillerød, Denmark). The potential N mineralization rate was estimated as the difference between initial and final inorganic N levels before and after 14 days of incubation at 25 °C [20]. Arbuscular mycorrhizal fungal infection (AMF) rate was calculated by the number of root tips colonized by fungi divided by the total number of root segments examined [23].




2.4. Measurements of Microbial Biomass and Diversity


Phospholipid fatty acid (PLFA) analysis was used to assess the microbial biomass [24]. The PLFAs were extracted from 8.0 g soil subsamples and separated by solid-phase extraction. Methyl sulfate was used in the esterification procedure to transform the purified fatty acids into esterified molecules. Gas chromatography-mass spectrometry (Agilent 6850, Santa Clara, CA, USA) was used to examine the esterified products. The fatty acids were separated, and their mass spectra were found using GC-MS analysis. The amount of various kinds of microbial fatty acids was determined based on the peak height of the fatty acid peaks (Table S4).



Genomic DNA was extracted from soil samples using the E.Z.N.A.® Soil DNA Kit. The extracted DNA samples were kept at −20 °C. The V4 hypervariable region of the 16S rRNA gene was amplified using the universal primers 806 R (5′-GGACTACNNGGGTATCTAAT-3′) and 515F (5′-GTGCCAGCMGCCGCGGTAA-3′). The fungal ITS regions were amplified using the universal primers ITS3 (5′-GCATCGATGAAGAACGCAGC-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) [25]. The 16S rRNA gene region was selected as the focus for archaeal diversity and makeup analysis. The primers Arch349F (5′-GYGCASCAGKCCMGCCGCGGTAA-3′) and Arch806R (5′-GGACTACVSGGGTATCTAAT-3′) were used for the PCR amplification of the V3–V4 hypervariable regions of archaeal DNA. The primers utilized for the DNA of AMF were ITS1F and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) to amplify the ITS region.



PCR amplification was conducted using a Mastercycler ladder from Eppendorf, Germany. The generation of libraries from the PCR products using corresponding index tags allowed for the parallel sequencing of multiple samples. The library samples were sent to the USA-based Illumina, Inc.’s Miseq for sequencing. Following sequencing, low-quality sequences and primer sequences were discarded as part of the quality control processes for the raw data. The Uparse method was employed to perform operational taxonomic unit (OTU) clustering, which assembles related sequences into OTUs based on predetermined similarity levels. Samples were subsampled twice (dilution) to limit the effect of sequencing depth on inter-sample variance. The OTU sequences were compared to Silva 138 and Unite v8.2 databases using BLAST in order to annotate the species of the OTUs, which was applied to categorize all sequences into different genus taxonomic groups. The number of OTUs was evaluated in each subsample as microbial diversity [26]. Based on the OTUs and their abundance results obtained using QIIME (v1.8.0) software, the alpha diversity index was calculated. The number of OTUs in the soil samples served as an indicator of soil microbial diversity.




2.5. Statistical Analyses


To assess the simultaneous provision of multiple ecosystem functions in the temperate grassland, an EMF index was calculated by the averaging approach [27]. In this study, the EMF indexes obtained using the single-function and multiple-threshold approaches were comparable to those assessed by the averaging approach. Therefore, we used the average multifunctionality index as the EMF index. Each function (soil N mineralization, soil phosphatase activity, AMF infection rate, microbial biomass, plant biomass, and soil nutrients) was first transformed into Z-scores. The transformed values were then averaged to obtain the EMF index for each site. We assessed potential trade-off effects among multiple ecosystem functions by calculating Pearson’s correlation coefficients between each pair of single ecosystem functions. Among the 15 combinations, we found 15 significant positive correlations, and none presented a significant negative correlation, indicating no trade-off effects among them. The EMF index characterizes ecosystem multifunctionality.



To analyze the relationship between the EMF index and plant and microbial predictors, linear regression fitting methods were employed. The Shapiro-Wilk normality test was used to check for the normality of the data. Statistical analysis was conducted to compare means using Tukey’s test with a significance level of p < 0.05. Pearson correlation coefficients were calculated to assess the relationships between the measured variables. The “Hmisc 4.2.3” software package was used for calculating correlation coefficients, and the “ggplot2 3.4.0” software package was used for data visualization [28].



A random forest model was built using the “randomForest 4.7-1.1” software package [29]. Multiple decision tree models were constructed, each based on a random subset of features, to reduce variance and the risk of overfitting [30]. These models were then combined to make predictions. Structural equation modeling (SEM) was employed to identify the direct and indirect impacts of soil properties, plant diversity, and microbial diversity on EMF. An a priori model, representing a reasonable assumption of possible causality, was conducted for the SEM analysis (Tables S5 and S6). IBM SPSS Amos 21 was used to fit the SEM model, with the significance level set at p < 0.05, except for the chi-square test, where p > 0.05 indicated a good fit for the SEM model.





3. Results


3.1. Effects of Desertification on Biodiversity and EMF


Plant, soil bacterial, fungal, and archaeal diversity gradually decreased with increasing desertification intensity (p < 0.01), while arbuscular mycorrhizal fungal (AMF) diversity was not sensitive to desertification processes (Table S2; Figure 1). Compared with the potential desertification (PD) stage, plant diversity decreased by 12.6%, 27.8%, 45.7%, 56.5%, and 55.1%; bacterial diversity decreased by 3.4%, 7.4%, 12.2%, 11.9%, and 19.5%; fungal diversity decreased by 9.7%, 14.1%, 24.0%, 24.7%, and 45.1%; and archaeal diversity decreased by 18.1%, 35.0%, 28.4%, 45.5%, and 49.0% under the light desertification (LD), moderate desertification (MD), heavy desertification (HD), severe desertification (SD), and very severe desertification (VSD) stages, respectively.



Similar to the biodiversity, the EMF also showed a similar tendency (Figure 1). As desertification intensified, EMF decreased by 46.3%, 68.8%, 114.6%, 161.7%, and 198.7% under the LD, MD, HD, SD, and VSD stages, respectively. Among the 15 ecosystem functions, soil total C, soil nutrients (N, Ca, K, Fe, Na, Mg, Cu, Mn, and P), NMR, PMA, PLFA, AMF infection rate, and plant biomass all presented to gradually decline as the desertification intensified (Figure 2).




3.2. Relationships between Predictors and EMF during Desertification


Linear regression showed that soil bacterial diversity (r2 = 0.802, p < 0.01), fungal diversity (r2 = 0.850, p < 0.01), and archaeal diversity (r2 = 0.342, p < 0.01) were all positively associated with EMF during desertification processes, except for AMF diversity (Figure 3). Similar to plant diversity, microbial diversity was also positively correlated with EMF across different desertification stages (r2 = 0.837, p < 0.01).



For the soil property predictors, the regression analyses also showed that EMF was positively correlated with soil water content (r2 = 0.863, p < 0.01) and soil clay content (r2 = 0.811, p < 0.01) but was negatively associated with soil pH (r2 = 0.683, p < 0.01; Figure 3). Furthermore, plant diversity significantly and positively correlated with soil bacterial diversity (r2 = 0.654, p < 0.01), fungal diversity (r2 = 0.654, p < 0.01), and archaeal diversity (r2 = 0.285, p < 0.01).




3.3. Relative Importance of Biodiversity and Abiotic Factors on EMF during Desertification


In order to determine the significance of biodiversity and soil property predictors of EMF under grassland desertification processes (plant diversity, bacterial diversity, fungal diversity, archaeal diversity, arbuscular mycorrhizal fungi (AMF) diversity, soil water content, soil clay content, and soil pH), we first employed a random forest model. The soil water content, plant diversity, fungal diversity, soil clay content, bacterial diversity, and AMF diversity were the most significant predictors in controlling EMF during desertification (p < 0.01), followed by soil pH (p < 0.05), according to the random forest model (r2 = 0.98, p < 0.001). In contrast, there was no significant link between soil archaeal diversity and EMF (Figure 4).



The relationships between biodiversity (plant, bacterial, fungal, archaeal, and AMF diversity) and EMF were then examined using structural equation modeling (SEM; see the a priori model in Tables S7 and S8) to see if they remained constant when soil properties were also taken into account. Under grassland desertification processes, the SEM explained 97% of the variance in the EMF (Chi-squire/df = 0.946, p = 0.483, AIC = 110.000; Figure 5). We discovered that plant diversity, soil microbial diversity, soil water content, and soil clay content all directly and indirectly influenced EMF. Furthermore, only soil pH had no significant effect on EMF when desertification processes occurred. Although AMF diversity has a direct impact on EMF, it does not appear to be impacted by the processes of desertification.





4. Discussion


Our findings established that increasing desertification significantly declined plant diversity, soil microbial diversity, and ecosystem multifunctionality (EMF) (Figure 1 and Figure 3). Furthermore, we observed that both plant and soil microbial diversity were critical for regulating the response of EMF to desertification processes in temperate grasslands.



4.1. Impact of Desertification on Plant Diversity


Consistent with our first hypothesis, we observed a gradual reduction in plant diversity with increasing desertification intensity (Figure 1). This finding is consistent with recent studies conducted in temperate grasslands [31]. Several explanations underscore this observation. Firstly, grassland desertification leads to the decline of soil moisture and soil nutrient storage, which contributes to the loss of specific plant species that are unable to adapt to water and nutrient limitations in temperate grassland [32,33]. Secondly, desertification processes may be accompanied by the cumulative effects of wind erosion in semiarid regions. The low plant coverage in the desertified grasslands is exacerbated by the impact of wind erosion on the soil clay content [34,35] and may inhibit the growth of specific plant species [36]. Consequently, once the plant diversity is lost, the grassland soils will continue to degrade, resulting in soil C and nutrient instability and accelerating desertification processes. These alterations adversely impact ecological construction as well as economic and social development [37].




4.2. Impact of Desertification on Soil Microbial Diversity


Similar to the changes in plant diversity, our results also demonstrated that soil bacterial, fungal, and archaeal diversity gradually decreased with increasing desertification intensity (Figure 1), consistent with previous studies [33]. There are several explanations for these observations. Firstly, low soil moisture and high soil sand content during desertification may inhibit the growth of anaerobic bacteria by increasing the oxygen content [38]. Secondly, plant diversity can predict soil microbial taxonomic diversity in natural and managed ecosystems [2,39]. Therefore, the significant decreases in soil bacterial, fungal, and archaeal diversity are likely because of the positive plant-microbe relationships during desertification in our study (Figure 1). Furthermore, soil C storage is considered a dominant determinant of microbial diversity [7]. As plant biomass decreased during desertification, there was a subsequent reduction in litter input and soil C storage, which may result in a significant loss in microbial diversity [5]. In contrast, AMF relies on symbiotic mechanisms and obtains plant photosynthetic C from host plants in exchange for other nutrients [40]. This unique relationship may contribute to their resistance and reduced variation compared to bacterial and fungal diversity (Figure 3).




4.3. Impact of Desertification on EMF


Consistent with our second hypothesis, we identified a significant decline in EMF with increasing desertification intensity (Figure 1). This could be attributed to substantial reductions in multiple ecosystem functions, including soil nutrients, plant biomass, and C storage during desertification (Figure 2). This finding was consistent with studies conducted in arid and semiarid grasslands, which have reported that desertification significantly reduced many ecosystem functions, including productivity and nutrient storage [16,31]. Firstly, the decrease in soil clay content in the desertified grasslands leads to a reduction in soil nutrients as soil organic matter is combined with soil fine fractions [41]. Secondly, desertification-induced loss of water and nutrients ultimately leads to limited plant productivity [42]. Thirdly, significant decreases in productivity could limit soil nutrient inputs from litter. In addition, increases in soil porosity can increase water infiltration, amplifying the risk of soil organic C loss via water erosion [43]. In general, EMF is sensitive and vulnerable to increasing desertification intensity within the temperate grassland ecosystem [2].




4.4. Biodiversity Regulates EMF during Desertification


Consistent with our third hypothesis, we identified that plant and microbial diversity were positively correlated with EMF during desertification (Figure 3). Our SEM indicated that plant, bacterial, and fungal diversity played clear roles in mediating EMF during desertification (Figure 3, Figure 4 and Figure 5). The result was in agreement with previous studies conducted in drylands and grasslands, which demonstrated that plant richness is closely tied to multiple ecosystem functions, including net primary production [44,45], C sequestration [46], nutrient cycling [47], and soil respiration [17,38,39,40]. Therefore, the reduction in plant diversity with increasing desertification intensity could limit EMF through biodiversity-regulated effects in temperate grassland [48].



Similar to plant diversity, soil bacterial and fungal diversity also played crucial roles in directly regulating EMF during desertification (Figure 3). This is consistent with previous studies, which reported a positive correlation between soil microbial diversity and EMF due to niche differentiation among diverse species having considerable potential to simultaneously stimulate multiple functions [5,49]. In addition, the positive impact of fungal diversity on EMF throughout desertification was slightly higher than that of bacterial diversity (Figure 4 and Figure 5). This is because soil fungi are more tolerant to desiccation than bacteria, and fungal diversity may, therefore, have a larger impact on EMF [7,50]. This finding indicates that soil microbial diversity is primary to linking the above- and below-ground functions in desertified grasslands.



To contribute to ammonia oxidation, soil archaea, which are important participants in the global C and N cycles, have congeners and subunits of the bacterial ammonia monooxygenases [51]. Therefore, the reduction in archaeal diversity may lead to a reduction in EMF in the temperate grassland (Figure 3). However, our random forest model indicates that archaeal diversity is not a significant predictor during desertification processes. In contrast, soil bacteria and fungi have broader taxonomic groups than archaea and AMF, with relatively diverse association traits and functions. The similarities in taxonomic composition, morphological structure, and biochemical metabolism between archaea and bacteria likely contribute to a co-linear relationship (Figure 4).



Our study is consistent with prior studies suggesting that abiotic predictors also play essential roles in grassland desertification (Figure S1). For the soil property predictors, our random forest and structural equation models further showed that soil water content was the most significant factor impacting EMF during desertification (Figure 4 and Figure 5). Soil water availability is a crucial abiotic predictor for ecosystem functions in degraded grasslands [52]. A recent study demonstrated that increased precipitation enhances biodiversity in desert grasslands, which is positively correlated with EMF [4]. Additionally, grassland desertification can limit soil clay content (Figure S1). Low soil clay content may have adverse impacts on the physical and chemical properties of soil [27].



In contrast, plant diversity appears to have a greater influence on EMF than bacterial and fungal diversity throughout the desertification processes (Figure 4 and Figure 5). This finding could be explained by the comparatively delayed response of soil microbial communities to regulating soil functions [2]. Compared to plants, soil microbes have increased resistance and resilience to climate change and disturbance because they can utilize both fresh and old organic matter under harsh conditions [53]. Generally, both plant and microbial diversity play a cooperative and integral role in regulating EMF.




4.5. Limitations and Future Work


We have addressed several limitations in our study that should be considered in future work. First, studies on the biodiversity-multifunctionality relationship during desertification have primarily focused on the topsoil layers, ignoring possible dynamics in the deep soil layers. Second, although the EMF index is useful for ecological research, it is necessary to recognize the uncertainty in assessing multifunctionality accurately. Therefore, it is crucial to consider any biases that might be created by the measurement methods and ecosystem functions chosen for EMF assessment. Future studies should develop a standardized technique (e.g., cluster analysis) and focus on independent aspects of ecosystem functions (e.g., nutrient storage and decomposition).





5. Conclusions


Our findings showed that the EMF, plant, soil bacterial, fungal, and archaeal diversity gradually decreased with the increasing desertification intensity in the temperate grassland. However, arbuscular mycorrhizal fungal diversity was not affected by desertification. We found that plant and soil microbial diversity co-regulated the responses of EMF to desertification processes. This study provides innovative insights into teasing apart the influences of plant and microbial diversity in mediating the impact of desertification on EMF in temperate grassland. This highlights that any loss in plant and microbial diversity resulting from grassland desertification would undermine EMF. This finding has important implications for degraded ecosystem restoration and sustainable management in grassland ecosystems.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/plants12213743/s1, Table S1: Dominant plant species at the different stages of grassland desertification; Table S2: The effects of desertification intensity on plant diversity and soil microbial diversity under the potential desertification (PD), light desertification (LD), moderate desertification (MD), heavy desertification (HD), severe desertification (SD), and very severe desertification (VSD); Table S3: The effects of desertification intensity on soil property at the six levels: potential desertification (PD), light desertification (LD), moderate desertification (MD), heavy desertification (HD), severe desertification (SD), and very severe desertification (VSD); Table S4: The theoretical information on 15 ecosystem functions and their importance; Table S5: Clonbach’s coefficient to test data reliability; Table S6: KMO values and Bartlett’s sphericity test were used to replace validity tests. Table S7: Relationships between biodiversity and soil properties on EMF; Table S8: Analysis of variance for effects of desertification, their interactive effects on plant diversity, fifteen ecosystem functions and EMF; Figure S1: Relationships between EMF (a), soil water content (b), soil clay content (c), soil pH (d), and relationships between bacterial diversity (OTUs) and plant diversity (richness).





Author Contributions


L.M. conceived the project. Y.Z., X.G., Y.Y. and L.H. performed the field experiments. L.M., Y.Z. and Z.D. contributed datasets. L.M. and Y.Z. interpreted the results. Y.Z. and L.M. wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


We thank Chaoxue Zhang at the Institute of Botany, CAS, for their support during field sampling. The authors acknowledge the grants provided by the National Natural Science Foundation of China (No. 32071602; No. 32160088) and the Program for Young Talents of Science and Technology in Universities of the Inner Mongolia Autonomous Region of China (No. NJYT22093).




Data Availability Statement


All data are included in the manuscript and Supporting Information section.




Conflicts of Interest


The authors declare that they have no conflict of interest.




References


	



Tilman, D.; Isbell, F.; Cowles, J.M. Biodiversity and Ecosystem Functioning. Annu. Rev. Ecol. Evol. Syst. 2014, 45, 471–493. [Google Scholar] [CrossRef] [Scilit]

	



Zhang, R.; Wang, Z.; Niu, S.; Tian, D.; Wu, Q.; Gao, X.; Schellenberg, M.P.; Han, G. Diversity of Plant and Soil Microbes Mediates the Response of Ecosystem Multifunctionality to Grazing Disturbance. Sci. Total Environ. 2021, 776, 145730. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Bardgett, R.D.; van der Putten, W.H. Belowground Biodiversity and Ecosystem Functioning. Nature 2014, 515, 505–511. [Google Scholar] [CrossRef] [Scilit]

	



Hu, W.; Ran, J.; Dong, L.; Du, Q.; Ji, M.; Yao, S.; Sun, Y.; Gong, C.; Hou, Q.; Gong, H.; et al. Aridity-Driven Shift in Biodiversity–Soil Multifunctionality Relationships. Nat. Commun. 2021, 12, 5350. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Philippot, L.; Spor, A.; Hénault, C.; Bru, D.; Bizouard, F.; Jones, C.M.; Sarr, A.; Maron, P.-A. Loss in Microbial Diversity Affects Nitrogen Cycling in Soil. ISME J. 2013, 7, 1609–1619. [Google Scholar] [CrossRef] [Scilit]

	



Wagg, C.; Bender, S.F.; Widmer, F.; Van Der Heijden, M.G.A. Soil Biodiversity and Soil Community Composition Determine Ecosystem Multifunctionality. Proc. Natl. Acad. Sci. USA 2014, 111, 5266–5270. [Google Scholar] [CrossRef] [Scilit]

	



Delgado-Baquerizo, M.; Maestre, F.T.; Reich, P.B.; Jeffries, T.C.; Gaitan, J.J.; Encinar, D.; Berdugo, M.; Campbell, C.D.; Singh, B.K. Microbial Diversity Drives Multifunctionality in Terrestrial Ecosystems. Nat. Commun. 2016, 7, 10541. [Google Scholar] [CrossRef] [Scilit]

	



Isbell, F.I.; Polley, H.W.; Wilsey, B.J. Biodiversity, Productivity and the Temporal Stability of Productivity: Patterns and Processes. Ecol. Lett. 2009, 12, 443–451. [Google Scholar] [CrossRef] [Scilit]

	



Le Bagousse-Pinguet, Y.; Soliveres, S.; Gross, N.; Torices, R.; Berdugo, M.; Maestre, F.T. Phylogenetic, Functional, and Taxonomic Richness Have Both Positive and Negative Effects on Ecosystem Multifunctionality. Proc. Natl. Acad. Sci. USA 2019, 116, 8419–8424. [Google Scholar] [CrossRef] [Scilit]

	



Zavaleta, E.S.; Pasari, J.R.; Hulvey, K.B.; Tilman, G.D. Sustaining Multiple Ecosystem Functions in Grassland Communities Requires Higher Biodiversity. Proc. Natl. Acad. Sci. USA 2010, 107, 1443–1446. [Google Scholar] [CrossRef] [Scilit]

	



Ni, J. Estimating Net Primary Productivity of Grasslands from Field Biomass Measurements in Temperate Northern China. Plant Ecol. 2004, 174, 217–234. [Google Scholar] [CrossRef] [Scilit]

	



Liu, J.; Diamond, J. China’s Environment in a Globalizing World. Nature 2005, 435, 1179–1186. [Google Scholar] [CrossRef] [Scilit]

	



Bengtsson, J.; Bullock, J.M.; Egoh, B.; Everson, C.; Everson, T.; O’Connor, T.; O’Farrell, P.J.; Smith, H.G.; Lindborg, R. Grasslands—More Important for Ecosystem Services than You Might Think. Ecosphere 2019, 10, e02582. [Google Scholar] [CrossRef] [Scilit]

	



Coban, O.; De Deyn, G.B.; Van Der Ploeg, M. Soil Microbiota as Game-Changers in Restoration of Degraded Lands. Science 2022, 375, abe0725. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



An, R.; Zhang, C.; Sun, M.; Wang, H.; Shen, X.; Wang, B.; Xing, F.; Huang, X.; Fan, M. Monitoring Grassland Degradation and Restoration Using a Novel Climate Use Efficiency (NCUE) Index in the Tibetan Plateau, China. Ecol. Indic. 2021, 131, 108208. [Google Scholar] [CrossRef] [Scilit]

	



Wang, X.; Ge, Q.; Geng, X.; Wang, Z.; Gao, L.; Bryan, B.A.; Chen, S.; Su, Y.; Cai, D.; Ye, J.; et al. Unintended Consequences of Combating Desertification in China. Nat. Commun. 2023, 14, 1139. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Ren, H.; Eviner, V.T.; Gui, W.; Wilson, G.W.T.; Cobb, A.B.; Yang, G.; Zhang, Y.; Hu, S.; Bai, Y. Livestock Grazing Regulates Ecosystem Multifunctionality in Semi-Arid Grassland. Funct. Ecol. 2018, 32, 2790–2800. [Google Scholar] [CrossRef] [Scilit]

	



Zirbel, C.R.; Grman, E.; Bassett, T.; Brudvig, L.A. Landscape Context Explains Ecosystem Multifunctionality in Restored Grasslands Better than Plant Diversity. Ecology 2019, 100, e02634. [Google Scholar] [CrossRef] [Scilit]

	



Ma, L.; Zhang, C.; Xu, X.; Wang, C.; Liu, G.; Liang, C.; Zuo, X.; Wang, C.; Lv, Y.; Wang, R. Different Facets of Bacterial and Fungal Communities Drive Soil Multifunctionality in Grasslands Spanning a 3500 Km Transect. Funct. Ecol. 2022, 36, 3120–3133. [Google Scholar] [CrossRef] [Scilit]

	



Lv, Z.; Lu, X.; Xin, X. Status and Trends of Grassland Desertification in Northern China. J. Grassl. 2005, 13, 24–27. [Google Scholar]

	



GB/T 20483-2006; Land Desertification Monitoring Method. Standardization Administration of China: Beijing, China, 2006.

	



Soil Enzymes—Tabatabai—1994—SSSA Series—Wiley Online Library. Available online: https://acsess.onlinelibrary.wiley.com/doi/abs/10.2136/sssabookser5.2.c37 (accessed on 18 June 2023).

	



Ma, L.; Xu, X.; Zhang, C.; Lv, Y.; Liu, G.; Zhang, Q.; Feng, J.; Wang, R. Strong Non-growing Season N Uptake by Deciduous Trees in a Temperate Forest: A 15N Isotopic Experiment. J. Ecol. 2021, 109, 3752–3766. [Google Scholar] [CrossRef] [Scilit]

	



Bossio, D.A.; Scow, K.M. Impacts of Carbon and Flooding on Soil Microbial Communities: Phospholipid Fatty Acid Profiles and Substrate Utilization Patterns. Microb. Ecol. 1998, 35, 265–278. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Yu, Y.; Zheng, L.; Zhou, Y.; Sang, W.; Zhao, J.; Liu, L.; Li, C.; Xiao, C. Changes in Soil Microbial Community Structure and Function Following Degradation in a Temperate Grassland. J. Plant Ecol. 2021, 14, 384–397. [Google Scholar] [CrossRef] [Scilit]

	



Lemos, L.N.; Fulthorpe, R.R.; Triplett, E.W.; Roesch, L.F.W. Rethinking Microbial Diversity Analysis in the High Throughput Sequencing Era. J. Microbiol. Methods 2011, 86, 42–51. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Jing, X.; Sanders, N.J.; Shi, Y.; Chu, H.; Classen, A.T.; Zhao, K.; Chen, L.; Shi, Y.; Jiang, Y.; He, J.-S. The Links between Ecosystem Multifunctionality and above- and Belowground Biodiversity Are Mediated by Climate. Nat. Commun. 2015, 6, 8159. [Google Scholar] [CrossRef] [Scilit]

	



R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2018; Available online: https://www.R-project.org/ (accessed on 16 February 2023).

	



Random Forest—An Overview|ScienceDirect Topics. Available online: https://www.sciencedirect.com/topics/engineering/random-forest (accessed on 17 February 2023).

	



Liaw, A.; Wiener, M. The R Journal: Classification and Regression by randomForest. R News 2002, 2, 18–22. [Google Scholar]

	



Zhang, R.; Wang, Z.; Han, G.; Schellenberg, M.P.; Wu, Q.; Gu, C. Grazing Induced Changes in Plant Diversity Is a Critical Factor Controlling Grassland Productivity in the Desert Steppe, Northern China. Agric. Ecosyst. Environ. 2018, 265, 73–83. [Google Scholar] [CrossRef] [Scilit]

	



Wu, G.-L.; Zhang, Z.-N.; Wang, D.; Shi, Z.-H.; Zhu, Y.-J. Interactions of Soil Water Content Heterogeneity and Species Diversity Patterns in Semi-Arid Steppes on the Loess Plateau of China. J. Hydrol. 2014, 519, 1362–1367. [Google Scholar] [CrossRef] [Scilit]

	



Li, X.R.; Jia, X.H.; Dong, G.R. Influence of Desertification on Vegetation Pattern Variations in the Cold Semi-Arid Grasslands of Qinghai-Tibet Plateau, North-West China. J. Arid Environ. 2006, 64, 505–522. [Google Scholar] [CrossRef] [Scilit]

	



Lei, L.; Zhang, K.; Zhang, X.; Wang, Y.; Xia, J.; Piao, S.; Hui, D.; Zhong, M.; Ru, J.; Zhou, Z.; et al. Plant Feedback Aggravates Soil Organic Carbon Loss Associated With Wind Erosion in Northwest China. J. Geophys. Res. Biogeosci. 2019, 124, 825–839. [Google Scholar] [CrossRef] [Scilit]

	



Zheng, M.; Song, J.; Ru, J.; Zhou, Z.; Zhong, M.; Jiang, L.; Hui, D.; Wan, S. Effects of Grazing, Wind Erosion, and Dust Deposition on Plant Community Composition and Structure in a Temperate Steppe. Ecosystems 2021, 24, 403–420. [Google Scholar] [CrossRef] [Scilit]

	



Zheng, J.; Zhang, F.; Zhang, B.; Chen, D.; Li, S.; Zhao, T.; Wang, Q.; Han, G.; Zhao, M. Biodiversity and Soil pH Regulate the Recovery of Ecosystem Multifunctionality during Secondary Succession of Abandoned Croplands in Northern China. J. Environ. Manag. 2023, 327, 116882. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Huang, B.; Ouyang, Z.; Zheng, H.; Zhang, H.; Wang, X. Construction of an Eco-Island: A Case Study of Chongming Island, China. Ocean Coast. Manag. 2008, 51, 575–588. [Google Scholar] [CrossRef] [Scilit]

	



Haroon, M.F.; Hu, S.; Shi, Y.; Imelfort, M.; Keller, J.; Hugenholtz, P.; Yuan, Z.; Tyson, G.W. Anaerobic Oxidation of Methane Coupled to Nitrate Reduction in a Novel Archaeal Lineage. Nature 2013, 500, 567–570. [Google Scholar] [CrossRef] [Scilit]

	



Wang, Z.; Jiang, S.; Struik, P.C.; Wang, H.; Jin, K.; Wu, R.; Na, R.; Mu, H.; Ta, N. Plant and Soil Responses to Grazing Intensity Drive Changes in the Soil Microbiome in a Desert Steppe. Plant Soil 2023, 491, 219–237. [Google Scholar] [CrossRef] [Scilit]

	



Yang, N.; Wang, B.; Liu, D.; Wang, X.; Li, X.; Zhang, Y.; Xu, Y.; Peng, S.; Ge, Z.; Mao, L.; et al. Long-Term Nitrogen Deposition Alters Ectomycorrhizal Community Composition and Function in a Poplar Plantation. J. Fungi 2021, 7, 791. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Zong, N.; Shi, P. Soil Properties Rather than Plant Production Strongly Impact Soil Bacterial Community Diversity along a Desertification Gradient on the Tibetan Plateau. Grassl. Sci. 2020, 66, 197–206. [Google Scholar] [CrossRef] [Scilit]

	



Dong, S.K.; Wen, L.; Li, Y.Y.; Wang, X.X.; Zhu, L.; Li, X.Y. Soil-Quality Effects of Grassland Degradation and Restoration on the Qinghai-Tibetan Plateau. Soil Sci. Soc. Am. J. 2012, 76, 2256–2264. [Google Scholar] [CrossRef] [Scilit]

	



Hiltbrunner, D.; Schulze, S.; Hagedorn, F.; Schmidt, M.W.I.; Zimmmermann, S. Cattle Trampling Alters Soil Properties and Changes Soil Microbial Communities in a Swiss Sub-Alpine Pasture. Geoderma 2012, 170, 369–377. [Google Scholar] [CrossRef] [Scilit]

	



Duffy, J.E.; Godwin, C.M.; Cardinale, B.J. Biodiversity Effects in the Wild Are Common and as Strong as Key Drivers of Productivity. Nature 2017, 549, 261–264. [Google Scholar] [CrossRef] [Scilit]

	



Ma, W.; He, J.-S.; Yang, Y.; Wang, X.; Liang, C.; Anwar, M.; Zeng, H.; Fang, J.; Schmid, B. Environmental Factors Covary with Plant Diversity–Productivity Relationships among Chinese Grassland Sites. Glob. Ecol. Biogeogr. 2010, 19, 233–243. [Google Scholar] [CrossRef] [Scilit]

	



Tilman, D.; Lehman, C. Human-Caused Environmental Change: Impacts on Plant Diversity and Evolution. Proc. Natl. Acad. Sci. USA 2001, 98, 5433–5440. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Handa, I.T.; Aerts, R.; Berendse, F.; Berg, M.P.; Bruder, A.; Butenschoen, O.; Chauvet, E.; Gessner, M.O.; Jabiol, J.; Makkonen, M.; et al. Consequences of Biodiversity Loss for Litter Decomposition across Biomes. Nature 2014, 509, 218–221. [Google Scholar] [CrossRef] [Scilit]

	



Chen, C.; Chen, H.Y.H.; Chen, X.; Huang, Z. Meta-Analysis Shows Positive Effects of Plant Diversity on Microbial Biomass and Respiration. Nat. Commun. 2019, 10, 1332. [Google Scholar] [CrossRef] [Scilit]

	



Luo, G.; Rensing, C.; Chen, H.; Liu, M.; Wang, M.; Guo, S.; Ling, N.; Shen, Q. Deciphering the Associations between Soil Microbial Diversity and Ecosystem Multifunctionality Driven by Long-Term Fertilization Management. Funct. Ecol. 2018, 32, 1103–1116. [Google Scholar] [CrossRef] [Scilit]

	



Chamizo, S.; Cantón, Y.; Miralles, I.; Domingo, F. Biological Soil Crust Development Affects Physicochemical Characteristics of Soil Surface in Semiarid Ecosystems. Soil Biol. Biochem. 2012, 49, 96–105. [Google Scholar] [CrossRef] [Scilit]

	



Megyes, M.; Borsodi, A.K.; Árendás, T.; Márialigeti, K. Variations in the Diversity of Soil Bacterial and Archaeal Communities in Response to Different Long-Term Fertilization Regimes in Maize Fields. Appl. Soil Ecol. 2021, 168, 104120. [Google Scholar] [CrossRef] [Scilit]

	



Yang, C.; Sun, J. Impact of Soil Degradation on Plant Communities in an Overgrazed Tibetan Alpine Meadow. J. Arid Environ. 2021, 193, 104586. [Google Scholar] [CrossRef] [Scilit]

	



Boeddinghaus, R.S.; Marhan, S.; Berner, D.; Boch, S.; Fischer, M.; Hölzel, N.; Kattge, J.; Klaus, V.H.; Kleinebecker, T.; Oelmann, Y.; et al. Plant Functional Trait Shifts Explain Concurrent Changes in the Structure and Function of Grassland Soil Microbial Communities. J. Ecol. 2019, 107, 2197–2210. [Google Scholar] [CrossRef] [Scilit]








[image: Plants 12 03743 g001] 





Figure 1. Soil bacterial diversity ((a) OTUs), fungal diversity ((b) OTUs), archaeal diversity ((c) OTUs), arbuscular mycorrhizal fungal diversity ((d) OTUs), plant diversity ((e) richness), and ecosystem multifunctionality index (EMF, (f)) under different desertification stages. Significant differences (p < 0.05) among different desertification stages are indicated by different lowercase letters. PD, potential desertification; LD, light desertification; MD, moderate desertification; HD, heavy desertification; SD, severe desertification; and VSD, very severe desertification. 
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Figure 2. Correlation heat maps show relationships between ecosystem functions (soil total C, soil nutrients (N, Ca, K, Fe, Na, Mg, Cu, Mn, and P), soil nitrogen mineralization (NMR), phosphatase activity (PMA), phospholipid fatty acid (PLFA), arbuscular mycorrhizal fungal infection rate (AMFI), and plant biomass) during desertification processes. 
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Figure 3. Relationships between ecosystem multifunctionality (EMF) and bacterial diversity ((a) OTUs), fungal diversity ((b) OTUs), archaeal diversity ((c) OTUs), arbuscular mycorrhizal diversity ((d) OTUs), and plant diversity ((e) richness). The solid lines represent the fitted ordinary least squares. 
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Figure 4. Main predictors of ecosystem multifunctionality (EMF). The figure shows the random forest mean predictor importance (% of increase in MSE) of biodiversity and abiotic factors on EMF for temperate grassland. The significance levels of each predictor are as follows: * p < 0.05 and ** p < 0.01. SWC, soil water content; PD, plant diversity; FUN, fungal diversity; SCC, soil clay content; BAC, bacterial diversity; AMF, arbuscular mycorrhizal fungal diversity; ARC, archaeal diversity. 
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Figure 5. The structural equation model is shown for the direct and indirect effects of soil water content, soil clay content, soil pH, bacterial diversity, fungal diversity, archaeal diversity, arbuscular mycorrhizal fungal diversity, and plant diversity on ecosystem multifunctionality. Numbers adjacent to arrows are indicative of the effect size (bootstrap p value) of the relationship. Significant positive and negative effects are shown with blue and red arrows, respectively. The width of arrows is proportional to the strength of path coefficients. R2 denotes the proportion of variance explained. EMF, ecosystem multifunctionality; SWC, soil water content; SCC, soil clay content; PD, plant diversity; FUN, fungal diversity; BAC, bacterial diversity; AMF, arbuscular mycorrhizal fungal diversity; PH, soil pH; ARC, archaeal diversity. * represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001. 
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