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Nitrogen (N) and phosphorus (P) are the main restrictive elements in terrestrial ecosystems, which have an important role in determining the community composition of plants and soil microorganisms. However, there is still a lack of understanding about whether plant and soil microbes respond synchronously to external N and P addition deposition, particularly on a short time scale (< 1 year). Here, we conducted a short-term experiment (3 months) involving control, N addition, P addition, and N + P addition in an alpine grassland on the Qinghai-Tibetan Plateau. Responses of plant and soil microbial (bacterial and fungal) communities were analyzed using the quadrat method and high-throughput sequencing, respectively. N addition significantly increased aboveground biomass and changed the plant community composition, but had no significant effect on soil microbes. Thus, microbial and plant processes were asynchronous following the resource availability in this alpine meadow. According to our research, the plant community may react to short-term nutrient deposition more quickly than the soil microbial community.
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Introduction

In terrestrial ecosystems, nitrogen (N) and phosphorus (P) are two crucial nutrients for organisms and have an impact on a variety of biogeochemical processes. Due to several recent worldwide changes (such as climate warming, nitrogen deposition, etc.) caused by human activity, the availability of these nutrients in the environment has dramatically changed (Wang et al., 2020). This change triggered an imbalance between the availability of resources and organisms. On a worldwide scale, numerous studies have been carried out to investigate how plants or bacteria react to simulated N and P addition (Stiles et al., 2017; Li et al., 2020). These studies considerably contribute to our understanding of biogeochemical cycles in the context of global change (Ling et al., 2022). However, combined field experimental studies about both plant and microbial responses to N and P additions are still comparatively underutilized. In order to comprehend terrestrial ecosystem responses to nutrient deposition more thoroughly, both plant and soil communities should be taken into account at the same time.

Naturally, the aboveground and belowground ecosystems are closely connected (Wardle et al., 2004), and both plant and soil microbial communities could be affected by environmental factors (Dahl et al., 2017; Ma et al., 2018; Adair et al., 2019). The interactions between plants and soil bacteria make it more difficult to distinguish how environmental change affects a single population (Rudgers et al., 2020). On the other hand, little is known about whether these communities respond similarly or synchronously to environment change (Classen et al., 2015). It will be necessary to fill information gaps regarding the sequential or concurrent responses of plant and soil microbial populations to environmental change. In order to achieve this, short-term trials (less than a year) may present the chance to screen out the ephemeral responses brought on by the stepwise change, which are crucial for comprehending and identifying the tipping points (De Boeck et al., 2015).

The Qinghai-Tibetan Plateau is the plateau with the highest altitude and the largest area on earth, known as the “third pole of the world.” Affected by global change, the climate in this region has undergone drastic changes, and the annual average temperature, annual precipitation, and total nitrogen deposition rate have increased to varying degrees (Chen et al., 2013; IPCC, 2018). Under such a background, it is necessary to investigate the response mode mechanism of plant and soil microbial organisms to resource availability in this region. Here, we conducted a 3 months experiment with increasing soil fertility (nitrogen and phosphorus addition), the response of species composition of plant and soil microbes under different treatments were measured simultaneously. The following questions were specifically addressed by this study in an effort to provide answers: (1) How do the assemblages of plant and soil microbes respond to temporary external nutrient addition? (2) Do soil microbial and plant communities react simultaneously to resource availability?



Materials and methods


Study site

This experiment was carried out on a flat field located at the Haibei Alpine Grassland Ecosystem Research Station (37°36′N, 101°19′E, c. 3,215 m a.s.l.), located on the northeastern Qinghai-Tibetan Plateau in Qinghai Province, China. The site is a typical continental climate, where the annual average precipitation is 488 mm, and the annual average temperature is –1.1°C. The growing season in this region is from May to September. The vegetation is dominated by Kobresia humilis, Elymus nutans, and Stipa aliena.



Experimental design

Experimental treatments began in June 2021. A two-way factorial design with N and P addition was implemented involving four treatments: (1) control, CK; (2) nitrogen addition, N; (3) phosphorus addition, P; and (4) combined N and P addition, NP. With NH4NO3 and Ca(H2PO4)2, respectively, 10 g N m–2 and 5 g P m–2 of N and P addition were added to the meadow’s surface. The fertilizer was manually spread in solid form manually on drizzly day. Each treatment was replicated four times, resulting in a total of 16 plots. These plots (2.5 m × 2.5 m) were arranged in a complete randomized block design and each plot was separated by a 2-m buffer zone to minimize nutrient exchange between plots.



Sampling

After 3 months, we collected samples from all plots in the middle of August 2021. The plant species richness was determined for each plot as the total number of species in one 0.5 m × 0.5 m quadrat at the center of each plot. In each plot, three 0.16 m × 0.16 m quadrats were further randomly selected to measure the plant biomass. All individual plants in each quadrat were clipped to the soil surface and used to measure the shoot biomass after drying at 80°C for 48 h. Three soil cores with a depth of 0–10 cm and a diameter of 3.5 cm were randomly collected and mixed as one sample. Fine live roots were carefully separated from each soil sample, washed cleanly, and used for the determination of belowground biomass. The remaining soil samples were transported in sterile plastic bags on dry ice to the laboratory and stored at –20°C until the start of the extraction.



Sequencing and bioinformatics

Total DNA was extracted from soils using a PowerSoil® DNA Isolation Kit (Qiagen, USA), following the manufacturer’s instructions. Universal primers were used to amplify the 16S rRNA genes of bacteria (338F and 806R) and ITS genes of fungi (ITS1 and ITS2). Amplicons were purified and sequenced by Magigene (Guangzhou, China) on a NovaSeq6000 platform (Illumina Inc., San Diego, USA). The resulting sequences were first merged using FLASh v1.2.11. Afterward, the primer sequences were removed by the command of “fastq_filter” in VSEARCH 2.14.2. The filtered sequences were assigned to zero-radius operational taxonomic units (zOTUs) using UNOISE3 algorithm. The command of “usearch_global” was then used to map the fastq file into an zOTU table. The representative sequences were annotated for their taxonomic information based on the RDP database version 11.5 for bacteria and UNITE database release version 8.2 for fungi, respectively. All non-bacteria or non-fungi sequences and singletons were removed from the analysis. To correct for sampling effort, the number of sequences per sample was rarefied to the minimum number for the bacterial and fungal community, respectively. Raw sequence data is deposited to the Genome Sequence Archive (GSA) in National Genomics Data Center, China National Center for Bioinformation (CNCB) under the BioProject id PRJCA011844.



Statistical analysis

The data analyses were conducted using various packages in R v4.0.2. Before analysis, the data were tested for normality and loge(x + 1)-transformed when needed. The effects of treatments on plant and soil microbial richness were analyzed using mixed linear models with block as a random effect. The analysis was performed in R using the “lmer” command in the “lme4” package. The corresponding F and P values were derived from the “anova” function in the “lmerTest” package. Based on the linear mixed-effects models, the differences of each variable between treatments were tested by post hoc pairwise comparisons (Tukey method) using “glht” function of multcomp package. The principal coordinates analysis (PCoA) was performed to visualize differences in the plant or microbial community composition using “pcoa” function of the ade4 package in R. Significant differences in the plant or microbial community among treatments were further analyzed by Permutational multivariate ANOVA (PERMANOVA) with constraining permutations within blocks using “adonis2” function of the vegan package.




Results

The N addition significantly increased shoot biomass (F = 21.59, P < 0.001). Compared with unfertilized soils, the shoot biomass was increased by 17.91 and 31.94% under N and NP treatments, respectively (Figure 1A). Besides, the shoot biomass was marginally affected by P addition (F = 3.63, P = 0.08) and not affected by the interaction between N and P addition (F = 0.95, P = 0.35). On the other hand, we did not observe significant effects of our treatments on the root biomass (all P > 0.05, Figure 1B). We recorded 56 plant species belonging to 41 genera and 18 families over the course of the experiment. The richness of plant communities was not significantly affect by N addition (F = 0.01, P = 0.93), P addition (F = 0.07, P = 0.78), or their interaction (F = 1.43, P = 0.25; Figure 1C). PCoA ordinations of plant communities revealed that the species composition was highly changed by nitrogen addition (Figure 1D), which was confirmed by PERMANOVA analysis (F = 1.71, P = 0.01). With an increase in N availability, fast-growing grasses like E. nutans are more abundant relatively.
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FIGURE 1
Shoot (A), root (B) biomass and plant richness (C) under different treatments. Bars represent means ± SEs. Significant differences of each variable among treatments are indicated by dissimilar letters above boxes (post hoc Tukey’s test). Principal coordinate analysis ordination (PCoA) plot based on a Bray–Curtis dissimilarity matrix of plant communities under different treatments (D).


Illumina NovaSeq paired-end sequencing of bacterial V3–V4 and fungal ITS1 region yielded 412,048 and 688,592 clean reads, respectively. These sequences were grouped into 7,016 bacterial zOTUs and 2,142 fungal zOTUs. The bacterial zOTUs were classified into 21 phyla, Proteobacteria (35.89%) and Acidobacteria (16.04%) were the two predominant phyla (Figure 2A), followed by Actinobacteria (15.48%) and Bacteroidetes (9.17%). The fungal communities were mainly dominated by Ascomycota with an average of 34.04% reads, followed by Basidiomycota with 26.94% of reads (Figure 2B). We did not observe any significant effect of our treatment on bacterial or fungal richness (all P > 0.05, Figures 3A,B). The PCoA based on Bray–Curtis dissimilarities was conducted to reflect the soil bacterial and fungal beta diversity among different treatments. The results showed that our treatment did not influence the bacterial or fungal community composition (Figures 3C,D), which was confirmed by the PERMANOVA analysis (all P > 0.05). Therefore, we speculate that in an alpine meadow on the Qinghai-Tibetan Plateau, the soil microbial community may react to resource availability more slowly than plants.
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FIGURE 2
Relative abundances (%, proportion of sequencing reads) of bacteria (A) and fungi (B) at the phylum level in this study.
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FIGURE 3
Bacterial richness (A) and fungal richness (B) under different treatments. Bars represent means ± SEs. Principal coordinate analysis ordination (PCoA) plot based on a Bray–Curtis dissimilarity matrix of bacterial communities (C) and fungal communities (D) under different treatments.




Discussion

By examining the effect of nutrient addition on the plant and soil microbial community structure, our results provide strong evidence that plant and soil microbes responded asynchronously to short-term nutrient deposition on the Qinghai-Tibetan Plateau.

Our results demonstrated that the N addition significantly increased aboveground biomass and altered the composition of plant community. The results are in line with the findings of previous studies, which shown that additional N increases aboveground biomass (Gao et al., 2018) and changed plant community composition (Stiles et al., 2017). However, neither the aboveground biomass nor the plant community composition was substantially influenced by P addition in our study. Therefore, it is possible that N was the predominant limiting nutrient in the alpine grassland on the Qinghai-Tibetan Plateau (Jiang et al., 2018; Li et al., 2021). In contrast to most previous findings, we did not observe any significant effect of nutrient addition on plant richness. In alpine meadows, nutrient addition typically resulted in the loss of some sedges and forbs (Sun et al., 2016). The explanation for the not significant decline of plant richness in response to nutrient enrichment in our study might be the relatively short-term experimental duration (Humbert et al., 2016). So, instead of the loss of species, our data also implied that the response of plants to nitrogen addition is firstly caused by changes in community composition.

Soil microorganisms are commonly thought to respond quickly to short-term events due to their rapid generation rates, high population densities, and diverse communities (Chase et al., 2021). Contrary to what we expected, the addition of fertilizer had no obvious influence on the diversity or composition of the soil microbial community. The following potential reasons might be responsible for the observations. First, soil microbial communities are insensitive to nutrient addition in our ecosystem, because previous study also reported that soil microbial biomass and community structure showed minor responses to 4 years of nitrogen and phosphorus addition (Chen et al., 2019). Since the root biomass was the major determinant of soil microbial community (Rinnan et al., 2005), the insensitivity of soil microbes could be related to the stability of root biomass in this study. The limitation of our study design is that we did not analyze the soil properties from soil. Therefore, we could not conclude whether the stability of soil microbial communities was also related to the soil properties.

Second, soil microbial composition transition may need a longer time than plant community to show up, since many studies reported changes in both plant and soil microbial community composition after long-term scale (Dahl et al., 2017; Ma et al., 2018). An apparent lack of responses in the short term may progress or cascade through the system, leading to long-term changes and adaptations (Knapp et al., 2012). In this case, the changes of soil microbial communities maybe triggered by plant community or changes in plant resource stoichiometry (Yuan et al., 2016; Liu et al., 2020; Wang et al., 2022). This finding corroborates the previous study which also reported that N deposition has greater effects on the plant community than on the soil microbial community (Wu et al., 2013). However, given that long-term time scale (8 years) used in their study, our current result may relate to different mechanism. Further dynamic monitoring is needed to illustrate the possible effects and mechanisms by which resource availability alter plant and soil microbial development at multiple time points.

In our study, fertilization addition affected plant shoot biomass and community composition while having no effect on the composition of the soil microbial community, demonstrating that, on a short-term time scale, resource availability has a greater impact on the plant community than the soil microbial community. This research contributes to our understanding of how above- and below-ground microbial communities are impacted by short-term environmental change, and the knowledge acquired can be applied to forecast long-term implications in alpine grassland ecosystems.
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