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Temperature and precipitation are expected to increase in the forthcoming decades in the northeastern Qinghai-Tibetan Plateau, with uncertain effects of their interaction on plant and soil carbon:nitrogen:phosphorus (C:N:P) stoichiometry in alpine ecosystems. A two-year field experiment was conducted to examine the effects of warming, precipitation increase, and their interaction on soil and plant C:N:P stoichiometry at functional groups and community level in an alpine meadow. Warming increased aboveground biomass of legumes and N:P ratios of grasses and community, but did not affect soil C:N:P stoichiometry. The piecewise structural equation model (SEM) indicated that the positive effect of warming on community N:P ratio was mainly resulted from its positive influence on the aboveground biomass of functional groups. Precipitation increase reduced C:N ratios of soil, grasses, and community, indicating the alleviation in soil N-limitation and the reduction in N use efficiency of plant. SEM also demonstrated the decisive role of grasses C:N:P stoichiometry on the response of community C:N:P stoichiometry to precipitation increase. The interaction of warming and precipitation increase did not alter plant community and soil, N:P and C:P ratios, which was resulting from their antagonistic effects. The stable soil and plant community C:N:P stoichiometry raised important implications that the effect of warming was offset by precipitation increase. Our study highlights the importance of considering the interaction between warming and precipitation increase when predicting the impacts of climate change on biogeochemical cycles in alpine meadow ecosystems.
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Introduction

In recent decades, ongoing global climate changes (e.g., warming, altered precipitation, elevated carbon dioxide, and nitrogen (N) deposition), induced by human activities such as fossil fuel combustion and fertilizer application (IPCC, 2017; Bai et al., 2020), have caused prominent effects on terrestrial ecosystems, especially on the sensitive and fragile grassland ecosystems at high altitudes (Chen et al., 2013). The Qinghai-Tibetan Plateau (QTP), the Eurasian continent’s largest geo-morphological unit (Song et al., 2021), covers an area of 2.5 million ha at an average altitude of 4000 m above sea level (Qiu, 2008). The alpine meadow is one of the most important grassland ecosystems and accounts for 35% of the plateau area (Cao et al., 2004). In the past 50 years, the air temperature of the QTP increases at a rate of 0.4°C per decade, a pace of nearly doubling warming speed of global warming (Gai et al., 2009; Liu et al., 2018). Precipitation changes on the QTP show spatial variation, with an increasing trend in the northern and southern regions but a decreasing trend in the central regions (Wu et al., 2007). Annual precipitation is expected to increase by more than 10% by the end of the century in the northeastern QTP (Ding et al., 2007). Thus, it might be inevitable that warming and precipitation increase would occur simultaneously in the northeastern QTP in future scenarios.

Climate change may profoundly impact primary productivity of grassland ecosystems as well as change biogeochemical cycles among key elements such as carbon (C), N, and phosphorus (P) (Yue et al., 2017). C, N, and P are the key elements that form plant tissue structure and maintain plant growth and development and physiological metabolism (Chen and Chen, 2021). Ecological stoichiometry has often been employed to shed light on the relationship and feedback between soil and plants in grassland ecosystems (Bai et al., 2012), which plays an important role in driving crucial ecological progress such as plant biomass, plant community structure, and biogeochemical cycles (He et al., 2006; Dijkstra et al., 2012; Li et al., 2021b). The C:N:P ratios in environments and organisms were used as measurement criteria to track the distribution of elements among the components of ecosystems (Zechmeister-Boltenstern et al., 2015; Chen and Chen, 2021). Temperature and precipitation are key driver factors of ecosystem processes (Wu et al., 2011). Given such importance, a better understanding of plant and soil C:N:P stoichiometry in an alpine meadow response to warming and altered precipitation is critical to accurately predict changes in the interaction between plant and soil under global change scenarios.

Warming affects plant physiology and stoichiometry by directly increasing microbial activity or directly inhibiting nutrient uptake due to warming-induced drought (Yuan and Chen, 2015; Yan et al., 2022). Yue et al. (2017) found that soil showed high stoichiometric homeostasis to global warming. Elevated temperature can promote soil nitrification and net N mineralization rate (Melillo et al., 2011), but decrease the soil available P content (Dijkstra et al., 2012), leading to the positive effect on plant nutrient uptake, higher plant N:P ratio, and lower C:N and C:P ratios. Conversely, drought induced by warming can depress N and P uptake by plant (Ma et al., 2015), decreasing N and P concentration in plant tissues, and ultimately leading to a lower C:N and C:P ratios in plant (Viciedo et al., 2019). Previous studies have reported inconsistent results about the response of soil and plant stoichiometry to warming in QTP. For instance, it is generally agreed that warming increased the plant C:N ratio (Yang et al., 2011; Wang et al., 2021) and had no effect on soil C, N, P or C:N:P stoichiometry (Wang et al., 2014; Chen et al., 2021; Xu et al., 2022), but other studies reported inconsistent results (Na et al., 2011; Qin et al., 2020).

Water availability is critical to the productivity of grassland ecosystems, so precipitation is expected to be a key driver of ecosystem processes (Wu et al., 2011). Precipitation increase provides higher moisture to the soil in the plant growing area, which promotes plant growth and alters the elemental cycle in plant, roots, and soil (Sun et al., 2021). Yuan & Chen (2015) found that the increased rainfall reduced plant N:P ratio and cause a shift in the type of limiting elements for plant growth. He et al. (2006) demonstrated that there was no significant correlation between plant leaf C and P concentrations and precipitation, which implied that it was difficult to detect the response of plant C:P ratio to short-term precipitation changes. Precipitation increase promoted plant growth, resulting in more C input to the soil from litter and roots (Zhang and Xi, 2021), and promoted soil N leaching (Chen et al., 2016), leading to an increase in soil C:N ratio (Sun et al., 2021). Soil N:P ratio was greatly determined by nutrient uptake of plant (Abbasi et al., 2020). In an alpine meadow of QTP, the enhanced rainfall increased the shoot N and P content of grasses and forbs, and N:P ratio of grasses (Li et al., 2019). However, the effects of precipitation increase on soil and plant C:N:P stoichiometry were not well documented in alpine meadows.

The above findings all belong to the impacts of global change single-factor impacts on terrestrial ecosystems, while climate change scenarios were often accompanied by warming and altered precipitation. The interactive effects of warming and altered precipitation are expected to have major consequences on important ecosystem properties and processes (Wu et al., 2011; Yue et al., 2018). For instance, the increased precipitation amplified the positive impact of warming on forage quality and community biomass in alpine grasslands (Ma et al., 2017; Xu et al., 2018), but it alleviated the warming impact on plant growth in northeastern China’s Horqin sandy land (Luo et al., 2017). Furthermore, the increased precipitation offset warming effects on plant biomass and ecosystem respiration in a Tibetan alpine steppe by maintaining the balance between precipitation and evapotranspiration (Zhao et al., 2019). However, little investigation is available on the interactive effects of warming and precipitation increase on plant and soil C:N:P stoichiometry, which hinders the establishment of a sound framework for nutrient cycling in grassland ecosystems.

Temperature is one of the most important limiting factors on the QTP due to high altitude and cold climate (Zhao et al., 2018; Wang et al., 2022), and water availability is considered to the key limiting factors in controlling nutrient cycle in grassland ecosystems especially in northeastern region of QTP with low rainfall (Li et al., 2019; Yan et al., 2022). Moreover, it was reported that enhanced rainfall mitigated the water deficit induced by warming (Yu et al., 2019b; Zhao et al., 2019). To explore the effects of warming, precipitation increase, and their interaction on plant and soil C:N:P stoichiometry, we established a field experiment of simulated warming (+ 2°C) and precipitation increase (+ 20% rainfall) in an alpine meadow of the northeastern QTP and attempted to answer the following specific questions: a) Do warming and precipitation increase change plant and soil C:N:P stoichiometry? b) Does precipitation increase change the effect of warming on plant and soil C:N:P stoichiometry? We hypothesized that: a) Warming and precipitation increase change the plant and soil C:N:P stoichiometry. b) The effect of warming on plant and soil C:N:P stoichiometry is counteracted by precipitation increase.



Materials and methods


Site description

A field trial was conducted between 2020 and 2021 at the warming and precipitation increase simulation platform located in Haibei Autonomous Prefecture, Qinghai Province, China (36°54′59″ N, 100°56′12″ E, 3090 m above sea level, Figure S1). The area is typical plateau continental climate with short warm summers and long cold winters. The mean annual temperature is 1.4°C, with the maximum temperature of 27°C in July, and with the minimum temperature of -29°C in January. The mean annual precipitation is 400 mm, which mainly occurs in the plant growing season from June to August (Wei et al., 2021). The mean monthly temperature and mean monthly precipitation for 2020-2021 were shown in Figure S2. The annual evaporation capacity is about 1400 mm (Zhao et al., 2017). According to the Chinese soil classification system, the soil is classified as Mat-Gryic Cambisol with a clay loam texture (alpine meadow soil, Cambisols in FAO/UNESCO classification) (Ma et al., 2017). The typical vegetation type is an alpine meadow, which are dominated by species of Elymus nutans, Leymus secalinus, Stipa purpurea, Poa pratensis, Melissilus ruthenicus, Kobresia humilis, Artemisia scoparia, and Potentilla chinensis.



Experimental design

A 30 m × 30 m meadow containing a fairly uniform mixture of plant species was fenced to eliminate the interference of livestock in 2012. The experimental facility platform was established to simulate the impacts of climate change (climate warming and precipitation increase) on the alpine meadow ecosystems in 2014. The facility platform consisted of four treatments (control (CK), warming (W, + ~ 2°C), precipitation increase (P, + 20%), and the combined treatment of warming and precipitation increase (WP)) (Wei et al., 2021). Experimental design was the randomized block design with four replicates (Figure S1). Each experimental plot was a circular with 2.2 m diameter and separated from the others by a 3 m buffer zone. A total of 16 circular plots were set up. All the treatments had similar topographies and land-use histories.

Eight treatments including warming were heated by open-top chambers (OTCs) with 2.2 m diameter bottom, 1.5 m diameter top, and 0.7 m height, in which the temperature was ~2°C higher than the outside. Three automatic control fans were installed on the top of each OTC to ensure that the temperature difference between the warmed and control plots is always maintained at 2°C. Eight treatments including precipitation increase were added extra water addition (20% of the precipitation) with a hand-held sprinkler after each rainfall event in the growing season (from June to August), and the amount of water added each time was calculated from the precipitation recorded by a rain gauge.



Plant and soil sampling

We investigated the plant community characteristics (height, density, coverage) using a quadrat (1 m × 1 m) at each plot in August, 2020 and 2021, respectively. Shannon-Wiener index (H) was used to indicate the diversity of plant community. The index was calculated using the following formula (Wang et al., 2019):

	

where Pi is the importance values (IV) of the i-th species in all species, and S is the total number of plant species in each plot. IV of each plant species was computed as: IV = (RH + RD + RC)/3, where RH, RD, and RC are the relative height (RH), relative density (RD), and relative coverage (RC) of each plant species. The RH (or RD or RC) was equal to the height (or density or coverage) of the plant species divided by the respective sum of the heights (or densities or coverages) of all plant species in each quadrat.

The aboveground plants rather than biomass were clipped annually flush with the ground in these quadrants. According to ecological niches or functions of plant species in the grassland ecosystem, all clipped plant species were classified into four functional groups (grasses, legumes, sedges, and forbs). These plant samples were dried at 65°C for 72 h, and then weighed.

Four soil cores to depths of 0-10 cm were randomly taken from each plot using soil auger with a diameter of 3.5 cm, and mixed thoroughly to form one composite soil sample. After removing roots, litter, and stones, each composite soil sample was sieved through a 2-mm mesh. Soil samples were air-dried for physical and chemical characteristics analyses.



Laboratory analysis

Total carbon (TC) and total nitrogen (TN) of soil and plant were measured by a C/N element analyzer (Elementar, Hanau, Germany). Total phosphorous (TP) of plant was measured by a microplate reader with ammonium molybdate and ascorbic acid as color reagents (Li et al., 2019). TP of soil was determined using the HClO4-H2SO4 digestion-molybdenum antimony colorimetric method (Murphy and Riley, 1962; Han et al., 2021).

We calculated community TC, TN, and TP concentrations using the following formula:

	

where Pi is the proportion of the aboveground biomass of function group i to aboveground biomass of the community, and A is the TC, or TN or TP concentration of grasses, legumes, sedges, and forbs.



Statistical analysis

The effects of warming, precipitation increase, and their interaction on plant and soil nutrients were examined using a linear mixed-effects model from the “predictmeans” package of R version 4.0.5 (The R Project for Statistical Computing, https://www.r-project.org/). Warming and precipitation increase were assigned as fixed effects, and year and plot as the random effects. Before these analyses, all data were examined for normality and log-transformed when necessary to conform with assumptions of normality and variance homogeneity. Significance levels were set at P<0.05.

We employed individual effects and 95% confidence intervals of effect sizes for interaction computed by Hedges’ d+ to classify interactive effects as significant (antagonistic or synergistic) and non-significant (additive) interactions. We regarded interactive effects as additive when the 95% CI overlaps with zero. When comparing individual effects in negative or opposite directions, their interaction effect size less than zero was regarded as synergistic and interaction effect size greater than zero as antagonistic. Finally, if the individual effects of two factors were opposite, then their sum was positive, the interaction was synergistic when it was positive, and antagonistic when it was negative, and vice versa (Hedges et al., 1999; Crain et al., 2008; Tang et al., 2019; Shi et al., 2022).

We employed piecewise structural equation models (SEM) to explore how warming, precipitation increase, and their combination affected community C:N:P stoichiometry through their effects on soil and plant characteristics. The model assumed that warming, precipitation increase, and their combination change plant community diversity, aboveground biomass of plant functional groups (extracting first component scores from principal component analysis (PCA) of aboveground biomass of grasses, legumes, sedges, and forbs), and soil C:N:P stoichiometry (extracting first component scores from PCA of soil TC, TN, TP concentration, and C:N, N:P, C:P ratios), which then alter plant functional groups C:N:P stoichiometry (extracting first component scores from PCA of TC, TN, TP concentration and C:N, N:P, C:P ratios of each plant functional group), and ultimately affect community C:N:P stoichiometry (extracting first component scores from PCA of community TC, TN, TP concentration, and C:N, N:P, C:P ratios). These were based on prior conceptual models with hypothetical relationships, which included all possible cascade pathways (Figure S3). The data were normalized by z-transformation and used in the analysis, incorporating random effects into the year and plot (Ma et al., 2021). We simplified the original model by sequentially removing non-significant paths until the final optimal models were acquired. The same model only contained the variables with variance inflation coefficients < 5. Directed-separation test, Fisher’s C statistic, and Akaike information criteria (AIC) were applied to evaluate the model fitness (Shipley, 2013). The SEM analyses were conducted by the “pievewiseSEM” package (Lefcheck, 2016) of R version 4.0.5.




Results


Soil C:N:P stoichiometry

Neither warming nor precipitation increase affected the soil TC, TN, TP concentrations, and N:P, C:P ratios (P>0.05, Figures 1A–C, E, F). Precipitation increase had a significant effect on soil C:N ratio (P<0.05, Figure 1D). The interaction of warming and precipitation increase had non-significant effects on soil C:N:P stoichiometry (P>0.05, Figure 1). The interactive effects of warming and precipitation increase on soil TC and TN concentrations were synergistic (Figures 2A, B), while antagonistic interactions were observed on soil TP concentration, C:N, N:P, and C:P ratios (Figures 2C–F).




Figure 1 | Soil total C (TC), total N (TN), total P (TP) concentration, and C:N:P stoichiometry under treatments in an alpine meadow. TC (A), TN (B), TP (C), C:N (D), N:P (E), and C:P (F). CK, control; W, warming; P, precipitation increase; WP, the combined warming and precipitation increase. Data are shown as means ± SE. Lowercase letters indicate differences between treatments (Duncan’s multiple comparison post hoc test: P<0.05).






Figure 2 | The main and interactive effects of warming and precipitation increase on soil total C, total N, total P concentration, and C:N:P stoichiometry. TC (A), TN (B), TP (C), C:N (D), N:P (E), and C:P (F). Values represent means with 95% confidence intervals (CIs).





Community composition and plant aboveground biomass

Warming exerted a significant impact on Shannon-Wiener index (P<0.01, Figure 3A), the aboveground biomass of legumes (P<0.01, Figure 3D) and sedges (P<0.001, Figure 3E), but had non-significant influences on the aboveground biomass of the community, grasses and forbs (P>0.05, Figures 3B, C, F). Precipitation increase had a significant effect on total aboveground biomass of community (P<0.01, Figure 3B), but did not significantly affect the Shannon-Wiener index (P>0.05, Figure 3A) and aboveground biomass of four functional groups (P>0.05, Figures 3C–F).




Figure 3 | The Shannon-Wiener index (A), aboveground biomass of the community (B), aboveground biomass of grasses (C), aboveground biomass of legumes (D), aboveground biomass of sedges (E), and aboveground biomass of forbs (F) in an alpine meadow. CK, control; W, warming; P, precipitation increase; WP, the combined warming and precipitation increase. Data are shown as means ± SE. Lowercase letters indicate differences between treatments (Duncan’s multiple comparison post hoc test: P<0.05).





Functional groups C:N:P stoichiometry

Four functional groups significantly differed in TC, TN, and TP concentrations and C:N:P stoichiometry (Figure 4). Warming significantly affected TN concentration in grasses and plant N:P ratios in grasses (P<0.05, Figures 4B, E). Precipitation increase had significantly positive effects on TN concentration (P<0.01, Figure 4B) and plant N:P ratio (P<0.05, Figure 4E) in grasses. The plant C:N ratio in grasses showed a negative response to precipitation increase (P<0.001, Figure 4D), whereas other functional groups showed non-significant responses. Interaction of warming and precipitation increase had significant effects on TN, TP concentrations, and plant C:N, C:P ratios in sedges (P<0.05, Figures 3B–D, F). Antagonistic interactions were observed in plant N:P ratio of four functional groups and plant C:P ratio of grasses, legumes, and sedges (Table 1).




Figure 4 | Plant total C (TC), total N (TN), total P (TP) concentration, and C:N:P stoichiometry of four functional plant groups under treatments in an alpine meadow. TC (A), TN (B), TP (C), C:N (D), N:P (E), and C:P (F). CK, control; W, warming; P, precipitation increase; WP, the combined warming and precipitation increase. Data are shown as means ± SE. *P<0.05, **P<0.01. Lowercase letters indicate differences among treatments, and uppercase letters indicate significant differences among four functional groups (Duncan’s multiple comparison post hoc test: P<0.05).




Table 1 | The individual effect sizes of warming and precipitation increase, as well as their interaction effect sizes with 95% confidence intervals on the plant total C (TC), total N (TN), total P (TP) concentration and C:N:P stoichiometry of four functional groups.





Community C:N:P stoichiometry

Warming and precipitation increase had no significant effects on community TC, TN, TP concentrations, and C:P ratio (Figures 5A–C, F). Precipitation increase significantly decreased community C:N ratio (P<0.01, Figure 5D), whereas warming did not affect plant C:N ratio at community level. Warming had a positive effect on community N:P ratio (P<0.05, Figure 5E), but precipitation increase did not affect plant N:P ratio at community level. Warming and precipitation increase interactively influenced community TC, TN, TP concentrations, and C:N:P stoichiometry (Figure 6). The interactive effects of warming and precipitation increase on soil TC and TN concentrations were synergistic (Figures 6A, B). There was an additive interaction in community C:N ratio (Figure 6D), while antagonistic interactions were observed in community TP concentration, N:P, and C:P ratios (Figures 6C, E, F).




Figure 5 | Plant total C (TC), total N (TN), total P (TP) concentration, and C:N:P stoichiometry at community level under treatments in an alpine meadow. TC (A), TN (B), TP (C), C:N (D), N:P (E), and C:P (F). CK, control; W, warming; P, precipitation increase; WP, the combined warming and precipitation increase. Data are shown as means ± SE. Lowercase letters indicate differences between treatments (Duncan’s multiple comparison post hoc test: P<0.05).






Figure 6 | The main and interactive effects of warming and precipitation increase on community total C (TC), total N (TN), total P (TP) concentration, and C:N:P stoichiometry. TC (A), TN (B), TP (C), C:N (D), N:P (E), and C:P (F). Values represent means with 95% confidence intervals (CIs).





Factors determining community C:N:P stoichiometry

Based on our prior conceptual models (Figure S3), the final SEMs predicted that warming, precipitation increase, and their combination had significant effects on community C:N:P stoichiometry (Figure 7). The SEMs indicated all predictor variables included in the models explained 74%, 69%, and 54% of the variance in community C:N:P stoichiometry in warming, precipitation increase, and their combination plots, respectively. The positive and direct effects on community C:N:P stoichiometry were primarily due to changes in the sedges C:N:P stoichiometry, diversity, and aboveground biomass of functional groups in the warming plot (Figure 7A). Precipitation increase indirectly affected community C:N:P stoichiometry through variation in grasses C:N:P stoichiometry (Figure 7B). The significant indirect effects of combined warming and precipitation increase on community C:N:P stoichiometry were mainly due to change in sedges C:N:P stoichiometry (Figure 7C).




Figure 7 | The piecewise structural equation modes performed for the scenarios of warming (A), precipitation increase (B), and combined warming and precipitation (C), linking community C:N:P stoichiometry to soil and plant characteristics. Solid arrows indicate significantly directions and effects (*P<0.05, **P<0.01, ***P<0.001), and grey dashed arrows denote non-significant directions and effects but crucial to the final model fit (P>0.05). Numbers associated with solid and dashed arrows indicated the standard path coefficient. R2 indicates the variance explained by the models of each dependent variable.






Discussion

Soil nutrient concentration and C:N:P stoichiometry reflect C cycle, soil fertility, and available nutrient in the terrestrial ecosystems (Whitehead et al., 2018; Li et al., 2021a). Plant C:N and C:P ratios imply the N and P use efficiency, respectively (Patterson et al., 1997), and N:P ratio reflects the nutrient limit during plant growth (Güsewell, 2004). Our results showed that warming and precipitation increase showed antagonistic effects on plant and soil N:P and C:P ratios, indicating that precipitation increase offsets the effect of warming on N:P and C:P ratios of plant and soil. Our results provided evidence for the individual, combined, and interactive effects of warming and precipitation increase on plant and soil C:N:P stoichiometry in an alpine meadow.


Effects of warming on plant and soil C:N:P stoichiometry

Conflicted with our first hypothesis, warming did not alter soil TC, TN, TP concentrations and C:N:P stoichiometry (Figure 1), similar observations have been made in the previous studies that the effects of warming on soil nutrition and C:N:P stoichiometry appear to be negligible (Wang et al., 2014; Yu et al., 2019a). These consistent results indicate that soil has high stoichiometric homeostasis under future warming scenarios in an alpine meadow, which is supported by previous meta-analysis (Yue et al., 2017) and case study (Xu et al., 2022).

Warming exerted a significantly negative impact on plant diversity, which is consistent with previous studies from the Tibetan plateau (Ganjurjav et al., 2016) and the Arctic tundra (Alatalo et al., 2021). This phenomenon might be explained by the opposite effect of warming on legumes and sedges. In this study, warming significantly increased the aboveground biomass of legumes (Figure 3D), which is in line with previous studies in alpine meadows (Wang et al., 2012; Xu et al., 2018). On the contrary, the aboveground biomass of sedges was significantly decreased by warming (Figure 3E). The result is explicable by the fact that OTCs warming promotes soil evaporation and plant evapotranspiration, resulting in a reduction of soil moisture, which is not conducive to the growth of sedges with roots distributed in the shallow soil (Ganjurjav et al., 2016; Xu et al., 2018). Warming did not influence the aboveground of grasses and forbs in our experiment (Figures 3C, F), which implies that these two functional groups were less sensitive to warming.

The C:N:P stoichiometry of four functional groups had distinct responses to warming (Figure 4). These results supported our first hypothesis that warming significantly change plant C:N:P stoichiometry. Given the significantly increased TN concentration and unchanged TP concentration in response to warming, a significantly positive response of N:P ratio was observed in grasses. Furthermore, the N:P ratio of grasses under the warming treatment was 18.57, which was significantly higher than that of 14.81 under the CK. The uncoupled change in TN and TP concentration of grasses indicated warming shifted grasses from N and P limitation to P limitation (Koerselman and Arthur, 1996; Güsewell, 2004).

The community C:N:P stoichiometry of ecosystem reflects the sum impacts of the functional groups (Bai et al., 2012; Ning et al., 2021). Hence, the community-level C:N:P stoichiometry is a strong indication of the elemental balance of the ecosystems (Ning et al., 2021). Our results showed that warming tended to increase community N:P ratio (Figure 5E), which is comparable with similar findings in previous study (Yue et al., 2017; Zhou et al., 2021). These results may be attributable primarily to enhanced P dilution of plant (Zong et al., 2018), and facilitated N uptake of plant caused by the increased rates of soil N mineralization and nitrification under warming (Melillo et al., 2011). This may be an indication that warming alleviates N limitation and increase P limitation of plant growth (N:P ratio=18.67) (Dijkstra et al., 2012). However, the enhanced plant N:P ratio induced by warming was inconsistent with those results obtained from typical and meadow steppes (Yan et al., 2022). These distinct observations might be attributed to difference in the limited environmental factors. Moreover, SEM indicated that the aboveground biomass of functional groups played a more crucial role than sedges C:N:P stoichiometry and diversity in regulating the response of community C:N:P stoichiometry to warming (Figure 7A). Given that grasses were the functional group with the highest relative biomass, the positive response of their N:P ratio resulted in a significant higher community N:P ratio under warming. Although warming had a negative effect on total N concentration of forbs, the minor contribution of forbs to community biomass (< 15%) resulted in a non-significant effect on community total N concentration.



Effects of precipitation increase on plant and soil C:N:P stoichiometry

Our results indicated that soil nutrients had no significant responses to precipitation increase (Figures 1A–C), suggesting that increased 20% rainfall hardly affects soil fertility. The negative response of soil C:N ratio to precipitation increase is probably because the increased rainfall alleviates N-limitation (Yuan and Chen, 2015; Li et al., 2021b). The result supports our first hypothesis that soil C:N:P stoichiometry respond to precipitation increase. The higher N:P and C:P ratios under precipitation increase compared with control were partially owing to marginally increased soil TP concentration.

The availability of water, nutrients, and other resources shape plant community composition (Tilman, 1987). In line with previous studies (Ponce-Campos et al., 2013; Xu et al., 2018), our results showed that precipitation increase significantly increased total aboveground biomass (Figure 3B). The positive response of total aboveground biomass might attribute to a remarkable increase in aboveground biomass of grasses. TN concentration of grasses had a positive response to precipitation increase (Figure 4B). A possible mechanism for the result is that grasses often become increasingly dominant under water supply due to their higher ability to absorb nutrients, whereas other functional groups are located on the relatively low canopy, so it has weak light competition compared with the upper grasses (Collins et al., 2012; Li et al., 2019). Although precipitation increase did not significantly change TC concentration of grasses, the C:N ratio was decreased significantly due to the significant increase in TN concentration of grasses. In addition, the positive response of N:P ratio in grasses to precipitation increase indicated that the growth of grasses might be limited by P concentration. It was noteworthy that legumes had a lower C:P ratio under precipitation increase relative to control due to unchanged TC concentration and increased TP concentration. This may be an indication that increased rainfall facilitates the uptake of P by legumes (Zhang et al., 2020b).

There were no significant responses of plant TC, TN, and TP concentrations to precipitation increase (Figures 5A–C). Given that grasses were the functional group with the highest relative biomass, the negative response of their C:N ratio resulted in a significantly negative effect of precipitation increase on community C:N ratio. This result was also verified in SEM that grasses C:N:P stoichiometry and aboveground biomass of functional groups mediated the impact of precipitation increase on community C:N:P stoichiometry (Figure 7B). Lower C:N ratio at community level indicated that precipitation increase inhibited the plant N use efficiency and promote plant growth to compete for resources such as water in favorable environments (Zhang et al., 2020a). Non-significant N:P and C:P ratios indicated that precipitation increase did not alter nutrient limitation and P use efficiency during plant growth.



Antagonistic effects of warming and precipitation increase on plant and soil C:N:P stoichiometry

Actually, global climate change usually involves the simultaneous occurrence of multiple climate factors (e.g., warming and altered precipitation), which interactively affect plant and soil C:N:P stoichiometry (Yuan and Chen, 2015; Yue et al., 2017). Confirming our second hypothesis, antagonistic effects dominated the response of soil total P concentration, C:N, N:P, and C:P ratios to warming and precipitation increase (Figures 2C–F). Furthermore, warming greatly dampened the effects of precipitation increase on soil N:P and C:P ratios, resulting in non-significant effects of the combined treatment. These results indicated that the interactive effect of warming and precipitation increase on soil C:N:P stoichiometry was weaker than that of single factor treatment (Larsen et al., 2011; Leuzinger et al., 2011). This is because precipitation increase mitigates or even offsets the inhibition of soil water availability caused by warming (Yu et al., 2019b; Zhao et al., 2019).

The response of functional groups to the combination and interaction of warming and precipitation increase was inconsistent from the perspective of plant C:N:P stoichiometry (Figures 4, 5). Precipitation increase dampened the effects of warming on total N and P concentrations and C:P ratio of sedges, resulting in non-significant effects of the combined treatment. The significant effect of the interaction of warming and precipitation on TN and TP concentrations and non-significant TC concentration in sedges caused significant responses of C:N and C:P ratios and non-significant response of N:P ratio. Warming and precipitation increase had antagonistic effects on N:P and C:P ratios of grasses, legumes, and sedges, thus exacerbating nutrient limitation and inhibiting P use efficiency (Yan et al., 2022).

At the community level, precipitation increase weakly suppressed the positive effect of warming on plant N:P ratio due to their antagonistic effects. As a result, precipitation increase alleviated P limitation for plant growth caused by warming. However, the combined treatment of warming and precipitation increase still had a higher community N:P ratio relative to the control, indicating that the inhibited effect of precipitation increase on the warming-induced increase in plant N:P ratio was non-significant.




Conclusion

Warming and precipitation increase affected soil and plant C:N:P stoichiometry to some extent. First, soil C:N:P stoichiometry showed high stoichiometric homeostasis to warming and the interaction of warming and precipitation, whereas precipitation increase had a significantly negative effect on soil C:N ratio. The combined treatment had no significant effects on soil N:P and C:P ratios due to antagonistic interaction between warming and precipitation increase. Second, warming shifted plant community structure to more legumes and fewer sedges. Warming increased grasses and community N:P ratios, indicating the shift in plant nutrient limitation from N and P limitation to P limitation. Precipitation increase enhanced the productivity of alpine meadows, and reduced C:N ratio of grasses and community. Finally, warming and precipitation increase had antagonistic effects on N:P and C:P ratios of soil and plant. Although precipitation increase alleviated warming-induced P limitation of plant growth, the combined treatment of warming and precipitation increase still had a higher community N:P ratio relative to the control. This study demonstrated that warming and precipitation increase could interact antagonistically on N:P and C:P ratios of plant and soil in alpine meadows, which might have important implications for predicting the future nutrient cycle of high-altitude grassland ecosystems. Therefore, the interactive effects between warming and precipitation increase should be taken into account when assessing the effects of climate change on biogeochemical cycles in grassland ecosystems.



Data availability statement

The original contributions presented in the study are included in the article Supplementary Material, further inquiries can be directed to the corresponding author.



Author contributions

XS and KL conceived the study, supervised the writing, and revised the manuscript. LS led the writing. ZL, XW, CP, ZY, BH, and QX contributed sections to the manuscript. HZ and XS provided funding support. All authors read and approved the final submission.



Funding

This work was financially supported by the National Natural Science Foundation of China (Grant No. 32171685 and 31971746), the second batch of forestry and grassland ecological protection and restoration funds in 2020: Qilian Mountain National Park Qinghai Area Biodiversity Conservation Project (QHTX-2021-009), Qinghai Province Innovation Platform Construction Special Project (2022-ZJ-Y02), and National Natural Science Foundation of China Joint Fund Project (U21A20186).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.1044173/full#supplementary-material



References

 Abbasi, A. O., Salazar, A., Oh, Y., Reinsch, S., Uribe, M. D. R., Li, J., et al. (2020). Soil responses to manipulated precipitation changes: A synthesis of meta-analyses. Biogeosciences 17, 3859–3873. doi: 10.5194/bg-17-3859-2020

 Alatalo, J. M., Erfanian, M. B., Molau, U., Chen, S., Bai, Y., et al. (2021). Changes in plant composition and diversity in an alpine heath and meadow after 18 years of experimental warming. Alpine Bot. 132, 181–293. doi: 10.1007/s00035-021-00272-9

 Bai, T., Wang, P., Hall, S. J., Wang, F., Ye, C., Li, Z., et al. (2020). Interactive global change factors mitigate soil aggregation and carbon change in a semi-arid grassland. Global Change Biol. 26, 5320–5332. doi: 10.1111/gcb.15220

 Bai, Y., Wu, J., Clark, C. M., Pan, Q., Zhang, L., Chen, S., et al. (2012). Grazing alters ecosystem functioning and C:N:P stoichiometry of grasslands along a regional precipitation gradient. J. Appl. Ecol. 49, 1204–1215. doi: 10.1111/j.1365-2664.2012.02205.x

 Cao, G., Tang, Y., Mo, W., Wang, Y., Li, Y., and Zhao, X. (2004). Grazing intensity alters soil respiration in an alpine meadow on the Tibetan Plateau. Soil Biol. Biochem. 36, 237–243. doi: 10.1016/j.soilbio.2003.09.010

 Chen, X., and Chen, H. Y. H. (2021). Plant mixture balances terrestrial ecosystem C:N:P stoichiometry. Nat. Commun. 12, 4562. doi: 10.1038/s41467-021-24889-w

 Chen, Y., Han, M., Yuan, X., Hou, Y., Qin, W., Zhou, H., et al. (2021). Warming has a minor effect on surface soil organic carbon in alpine meadow ecosystems on the Qinghai-Tibetan Plateau. Global Change Biol. 28, 1618–1629. doi: 10.1111/gcb.15984

 Chen, X., Zhang, D., Liang, G., Qiu, Q., Liu, J., Zhou, G., et al. (2016). Effects of precipitation on soil organic carbon fractions in three subtropical forests in southern China. J. Plant Ecol. 9, 10–19. doi: 10.1093/jpe/rtv027

 Chen, H., Zhu, Q., Peng, C., Wu, N., Wang, Y., Fang, X., et al. (2013). The impacts of climate change and human activities on biogeochemical cycles on the Qinghai-Tibetan Plateau. Global Change Biol. 19, 2940–2955. doi: 10.1111/gcb.12277

 Collins, S. L., Koerner, S. E., Plaut, J. A., Okie, J. G., Brese, D., Calabrese, L., et al. (2012). Stability of tallgrass prairie during a 19-year increase in growing season precipitation. Funct. Ecol. 26, 1450–1459. doi: 10.1111/j.1365-2435.2012.01995.x

 Crain, C. M., Kroeker, K., and Halpern, B. S. (2008). Interactive and cumulative effects of multiple human stressors in marine systems. Ecol. Lett. 11, 1304–1315. doi: 10.1111/j.1461-0248.2008.01253.x

 Dijkstra, F. A., Pendall, E., Morgan, J. A., Blumenthal, D. M., Carrillo, Y., LeCain, D., et al. (2012). Climate change alters stoichiometry of phosphorus and nitrogen in a semiarid grassland. New Phytol. 196, 807–815. doi: 10.1111/j.1469-8137.2012.04349.x

 Ding, Y., Ren, G., Zhao, Z., Xu, Y., Luo, Y., Li, Q., et al. (2007). Detection, causes and projection of climate change over China: An overview of recent progress. Adv. Atmospheric Sci. 24, 954–971. doi: 10.1007/s00376-007-0954-4

 Gai, J. P., Christie, P., Cai, X. B., Fan, J. Q., Zhang, J. L., Feng, G., et al. (2009). Occurrence and distribution of arbuscular mycorrhizal fungal species in three types of grassland community of the Tibetan Plateau. Ecol. Res. 24, 1345–1350. doi: 10.1007/s11284-009-0618-1

 Ganjurjav, H., Gao, Q., Gornish, E. S., Schwartz, M. W., Liang, Y., Cao, X., et al. (2016). Differential response of alpine steppe and alpine meadow to climate warming in the central Qinghai-Tibetan Plateau. Agric. For. Meteorology 223, 233–240. doi: 10.1016/j.agrformet.2016.03.017

 Güsewell, S. (2004). N:P ratios in terrestrial plants: Variation and functional significance. New Phytol. 164, 243–266. doi: 10.1111/j.1469-8137.2004.01192.x

 Han, B., Li, J., Liu, K., Zhang, H., Wei, X., and Shao, X. (2021). Variations in soil properties rather than functional gene abundances dominate soil phosphorus dynamics under short-term nitrogen input. Plant Soil 469, 227–241. doi: 10.1007/s11104-021-05143-0

 Hedges, L. V., Gurevitch, J., and Curtis, P. S. (1999). The meta-analysis of response ratios in experimental ecology. Ecology 80, 1150–1156. doi: 10.1890/0012-9658(1999)080[1150:TMAORR]2.0.CO;2

 He, J. S., Fang, J., Wang, Z., Guo, D., Flynn, D. F., and Geng, Z. (2006). Stoichiometry and large-scale patterns of leaf carbon and nitrogen in the grassland biomes of China. Oecologia 149, 115–122. doi: 10.1007/s00442-006-0425-0

 IPCC (2017). “Climate change 2017,” in The physical science basis. contribution of working group I to the sixth assessment report of the intergovernmental panel on climate change (United Kingdom: Cambridge University Press).

 Koerselman, W., and Arthur, F. M. M. (1996). The vegetation N:P ratio: A new tool to detect the nature of nutrient limitation. J. Appl. Ecol. 33, 1441–1450. doi: 10.2307/2404783

 Larsen, K. S., Andresen, L. C., Beier, C., Jonasson, S., Albert, K. R., Ambus, P., et al. (2011). Reduced N cycling in response to elevated CO2, warming, and drought in a Danish heathland: Synthesizing results of the climate project after two years of treatments. Global Change Biol. 17, 1884–1899. doi: 10.1111/j.1365-2486.2010.02351.x

 Lefcheck, J. S. (2016). PiecewiseSEM: Piecewise structural equation modelling in R for ecology, evolution, and systematics. Methods Ecol. Evol. 7, 573–579. doi: 10.1111/2041-210X.12512

 Leuzinger, S., Luo, Y., Beier, C., Dieleman, W., Vicca, S., and Körner, C. (2011). Do global change experiments overestimate impacts on terrestrial ecosystems? Trends Ecol. Evol. 26, 236–241. doi: 10.1016/j.tree.2011.02.011

 Li, L., Liu, Y., Xiao, T., and Hou, F. (2021a). Different responses of soil C:N:P stoichiometry to stocking rate and nitrogen addition level in an alpine meadow on the Qinghai-Tibetan Plateau. Appl. Soil Ecol. 165, 103961. doi: 10.1016/j.apsoil.2021.103961

 Liu, D., Li, Y., Wang, T., Peylin, P., MacBean, N., Ciais, P., et al. (2018). Contrasting responses of grassland water and carbon exchanges to climate change between Tibetan Plateau and Inner Mongolia. Agric. For. Meteorology 249, 163–175. doi: 10.1016/j.agrformet.2017.11.034

 Li, J., Yang, C., Liu, X., and Shao, X. (2019). Inconsistent stoichiometry response of grasses and forbs to nitrogen and water additions in an alpine meadow of the Qinghai-Tibet plateau. Agricult. Ecosyst. Environ. 279, 178–186. doi: 10.1016/j.agee.2018.12.016

 Li, L., Zhang, J., He, X. Z., and Hou, F. (2021b). Different effects of sheep excrement type and supply level on plant and soil C:N:P stoichiometry in a typical steppe on the Loess Plateau. Plant Soil 462, 45–58. doi: 10.1007/s11104-021-04880-6

 Luo, Y., Zhao, X., Zuo, X., Li, Y., and Wang, T. (2017). Plant responses to warming and increased precipitation in three categories of dune stabilization in northeastern China. Ecol. Res. 32, 887–898. doi: 10.1007/s11284-017-1493-9

 Ma, Z., Liu, H., Mi, Z., Zhang, Z., and He, J. S. (2017). Climate warming reduces the temporal stability of plant community biomass production. Nat. Commun. 8, 15378. doi: 10.1038/ncomms15378

 Ma, Z., Zeng, Y., Wu, J., Zhou, Q., and Hou, F. (2021). Plant litter influences the temporal stability of plant community biomass in an alpine meadow by altering the stability and asynchrony of plant functional groups. Funct. Ecol. 12, 773804. doi: 10.1111/1365-2435.13935

 Ma, S., Zhu, X., Zhang, J., Zhang, L., Che, R., Wang, F., et al. (2015). Warming decreased and grazing increased plant uptake of amino acids in an alpine meadow. Ecol. Evol. 5, 3995–4005. doi: 10.1002/ece3.1646

 Melillo, J. M., Butler, S., Johnson, J., Mohan, J., Steudler, P., Lux, H., et al. (2011). Soil warming, carbon–nitrogen interactions, and forest carbon budgets. Proc. Natl. Acad. Sci. 108, 9508–9512. doi: 10.1073/pnas.1018189108

 Murphy, J., and Riley, J. (1962). A modified single solution method for the determination of phosphate in natural waters. Anal. Chim. Acta 27, 31–36. doi: 10.1016/S0003-2670(00)88444-5

 Na, L., Genxu, W., Yan, Y., Yongheng, G., and Guangsheng, L. (2011). Plant production, and carbon and nitrogen source pools, are strongly intensified by experimental warming in alpine ecosystems in the Qinghai-Tibet plateau. Soil Biol. Biochem. 43, 942–953. doi: 10.1016/j.soilbio.2011.01.009

 Ning, Z., Zhao, X., Li, Y., Wang, L., Lian, J., Yang, H., et al. (2021). Plant community C:N:P stoichiometry is mediated by soil nutrients and plant functional groups during grassland desertification. Ecol. Eng. 162, 106179. doi: 10.1016/j.ecoleng.2021.106179

 Patterson, T. B., Guy, R. D., and Dang, Q. L. (1997). Whole-plant nitrogen- and water-relations traits, and their associated trade-offs, in adjacent muskeg and upland boreal spruce species. Oecologia 110, 160–168. doi: 10.1007/s004420050145

 Ponce-Campos, G. E., Moran, M. S., Huete, A., Zhang, Y., Bresloff, C., Huxman, T., et al. (2013). Ecosystem resilience despite large-scale altered hydroclimatic conditions. Nature 494, 349–352. doi: 10.1038/nature11836

 Qin, R., Wen, J., Zhang, S., Yang, X., and Xu, M. (2020). Effects of simulated warming on c, n and p stoichiometric characteristics of alpine meadow soils in the Qinghai-Tibetan Plateau. Arid Zone Res. 37, 908–916. doi: 10.13866/j.azr.2020.04.11

 Qiu, J. (2008). China: The third pole. Nature 454, 393–396. doi: 10.1038/454393a

 Shipley, B. (2013). The AIC model selection method applied to path analytic models compared using a d-separation test. Ecology 94, 560–564. doi: 10.1890/12-0976.1

 Shi, L., Lin, Z., Tang, S., Peng, C., Yao, Z., Xiao, Q., et al. (2022). Interactive effects of warming and managements on carbon fluxes in grasslands: A global meta-analysis. Agriculture, Ecosystems & Environment. 340, 108178. doi: 10.1016/j.agee.2022.108178

 Song, Y., Chen, L., Kang, L., Yang, G., Qin, S., Zhang, Q., et al. (2021). Methanogenic community, CH4 production potential and its determinants in the active layer and permafrost deposits on the Tibetan Plateau. Environ. Sci. Technol. 55, 11412–11423. doi: 10.1021/acs.est.0c07267

 Sun, Y., Wang, C., Chen, H. Y. H., Luo, X., Qiu, N., and Ruan, H. (2021). Asymmetric responses of terrestrial C:N:P stoichiometry to precipitation change. Global Ecol. Biogeography 30, 1724–1735. doi: 10.1111/geb.13343

 Tang, L., Zhong, L., Xue, K., Wang, S., Xu, Z., Lin, Q., et al. (2019). Warming counteracts grazing effects on the functional structure of the soil microbial community in a Tibetan grassland. Soil Biol. Biochem. 134, 113–121. doi: 10.1016/j.soilbio.2019.02.018

 Tilman, D. (1987). Secondary succession and the pattern of plant dominance along experimental nitrogen gradients. Ecol. Monogr. 57, 189–214. doi: 10.2307/2937080

 Viciedo, D. O., de Mello Prado, R., Martínez, C. A., Habermann, E., and de Cássia Piccolo, M. (2019). Short-term warming and water stress affect Panicum maximum jacq. stoichiometric homeostasis and biomass production. Sci. Total Environ. 681, 267–274. doi: 10.1016/j.scitotenv.2019.05.108

 Wang, X., Dong, S., Gao, Q., Zhou, H., Liu, S., Su, X., et al. (2014). Effects of short-term and long-term warming on soil nutrients, microbial biomass and enzyme activities in an alpine meadow on the Qinghai-Tibet Plateau of China. Soil Biol. Biochem. 76, 140–142. doi: 10.1016/j.soilbio.2014.05.014

 Wang, S., Duan, J., Xu, G., Wang, Y., Zhang, Z., Rui, Y., et al. (2012). Effects of warming and grazing on soil N availability, species composition, and ANPP in an alpine meadow. Ecology 93, 2365–2376. doi: 10.1890/11-1408.1

 Wang, S., Quan, Q., Meng, C., Chen, W., Luo, Y., and Niu, S. (2021). Experimental warming shifts coupling of carbon and nitrogen cycles in an alpine meadow. J. Plant Ecol. 14, 541–554. doi: 10.1093/jpe/rtab008

 Wang, P., Wang, J., Elberling, B., Yang, L., Chen, W., Song, L., et al. (2022). Increased annual methane uptake driven by warmer winters in an alpine meadow. Global Change Biol. 28, 3246–3259. doi: 10.1111/gcb.16120

 Wang, J., Zhao, W., Zhang, X., Liu, Y., Wang, S., and Liu, Y. (2019). Effects of reforestation on plant species diversity on the Loess Plateau of China: A case study in danangou catchment. Sci. Total Environ. 651, 979–989. doi: 10.1016/j.scitotenv.2018.09.266

 Wei, X., Shi, Y., Qin, F., Zhou, H., and Shao, X. (2021). Effects of experimental warming, precipitation increase and their interaction on AM fungal community in an alpine grassland of the Qinghai-Tibetan Plateau. Eur. J. Soil Biol. 102, 103272. doi: 10.1016/j.ejsobi.2020.103272

 Whitehead, D., Schipper, L. A., Pronger, J., Moinet, G. Y. K., Mudge, P. L., Calvelo Pereira, R., et al. (2018). Management practices to reduce losses or increase soil carbon stocks in temperate grazed grasslands: New Zealand as a case study. Agricult. Ecosyst. Environ. 265, 432–443. doi: 10.1016/j.agee.2018.06.022

 Wu, Z., Dijkstra, P., Koch, G. W., Peñuelas, J., and Hungate, B. A. (2011). Responses of terrestrial ecosystems to temperature and precipitation change: A meta-analysis of experimental manipulation. Global Change Biol. 17, 927–942. doi: 10.1111/j.1365-2486.2010.02302.x

 Wu, S., Yin, Y., Zheng, D., and Yang, Q. (2007). Climatic trends over the Tibetan Plateau during 1971-2000. J. Geographical Sci. 17, 141–151. doi: 10.1007/s11442-007-0141-7

 Xu, M., Zhao, Z., Zhou, H., Ma, L., and Liu, X. (2022). Plant allometric growth enhanced by the change in soil stoichiometric characteristics with depth in an alpine meadow under climate warming. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.860980

 Xu, W., Zhu, M., Zhang, Z., Ma, Z., Liu, H., Chen, L., et al. (2018). Experimentally simulating warmer and wetter climate additively improves rangeland quality on the Tibetan Plateau. J. Appl. Ecol. 55, 1486–1497. doi: 10.1111/1365-2664.13066

 Yang, Y., Wang, G., Klanderud, K., and Yang, L. (2011). Responses in leaf functional traits and resource allocation of a dominant alpine sedge (Kobresia pygmaea) to climate warming in the Qinghai-Tibetan Plateau permafrost region. Plant Soil 349, 377–387. doi: 10.1007/s11104-011-0891-y

 Yan, C., Liu, Z., Yuan, Z., Shi, X., Lock, T. R., and Kallenbach, R. (2022). Aridity modifies the responses of plant stoichiometry to global warming and N deposition in semi-arid steppes. Sci. Total Environ. 831, 154807. doi: 10.1016/j.scitotenv.2022.154807

 Yuan, Z. Y., and Chen, H. Y. H. (2015). Decoupling of nitrogen and phosphorus in terrestrial plants associated with global changes. Nat. Climate Change 5, 465–469. doi: 10.1038/nclimate2549

 Yue, K., Fornara, D. A., Yang, W., Peng, Y., Li, Z., Wu, F., et al. (2017). Effects of three global change drivers on terrestrial C:N:P stoichiometry: A global synthesis. Global Change Biol. 23, 2450–2463. doi: 10.1111/gcb.13569

 Yue, K., Yang, W., Peng, Y., Peng, C., Tan, B., Xu, Z., et al. (2018). Individual and combined effects of multiple global change drivers on terrestrial phosphorus pools: A meta-analysis. Sci. Total Environ. 630, 181–188. doi: 10.1016/j.scitotenv.2018.02.213

 Yu, C., Han, F., and Fu, G. (2019a). Effects of 7 years experimental warming on soil bacterial and fungal community structure in the northern Tibet alpine meadow at three elevations. Sci. Total Environ. 655, 814–822. doi: 10.1016/j.scitotenv.2018.11.309

 Yu, C., Wang, J., Shen, Z., and Fu, G. (2019b). Effects of experimental warming and increased precipitation on soil respiration in an alpine meadow in the northern Tibetan Plateau. Sci. Total Environ. 647, 1490–1497. doi: 10.1016/j.scitotenv.2018.08.111

 Zechmeister-Boltenstern, S., Keiblinger, K. M., Mooshammer, M., Peñuelas, J., Richter, A., Sardans, J., et al. (2015). The application of ecological stoichiometry to plant-microbial-soil organic matter transformations. Ecol. Monogr. 85, 133–155. doi: 10.1890/14-0777.1

 Zhang, J., He, N., Liu, C., Xu, L., Chen, Z., Li, Y., et al. (2020a). Variation and evolution of C:N ratio among different organs enable plants to adapt to N-limited environments. Global Change Biol. 26, 2534–2543. doi: 10.1111/gcb.14973

 Zhang, H., Shi, L., and Fu, S. (2020b). Effects of nitrogen deposition and increased precipitation on soil phosphorus dynamics in a temperate forest. Geoderma 380, 114650. doi: 10.1016/j.geoderma.2020.114650

 Zhang, C., and Xi, N. (2021). Precipitation changes regulate plant and soil microbial biomass via plasticity in plant biomass allocation in grasslands: A meta-analysis. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.614968

 Zhao, Z., Dong, S., Jiang, X., Liu, S., Ji, H., Li, Y., et al. (2017). Effects of warming and nitrogen deposition on CH4, CO2 and N2O emissions in alpine grassland ecosystems of the Qinghai-Tibetan Plateau. Sci. Total Environ. 592, 565–572. doi: 10.1016/j.scitotenv.2017.03.082

 Zhao, J., Luo, T., Li, R., Wei, H., Li, X., Du, M., et al. (2018). Precipitation alters temperature effects on ecosystem respiration in Tibetan alpine meadows. Agric. For. Meteorology 252, 121–129. doi: 10.1016/j.agrformet.2018.01.014

 Zhao, J., Luo, T., Wei, H., Deng, Z., Li, X., You, Q., et al. (2019). Increased precipitation offsets the negative effect of warming on plant biomass and ecosystem respiration in a Tibetan alpine steppe. Agric. For. Meteorology 279, 107761. doi: 10.1016/j.agrformet.2019.107761

 Zhou, J., Li, X. L., Peng, F., Li, C., Lai, C., et al. (2021). Mobilization of soil phosphate after 8 years of warming is linked to plant phosphorus-acquisition strategies in an alpine meadow on the Qinghai-Tibetan Plateau. Global Change Biol. 27, 6578–6591. doi: 10.1111/gcb.15914

 Zong, N., Shi, P., and Chai, X. (2018). Effects of warming and nitrogen addition on nutrient resorption efficiency in an alpine meadow on the northern Tibetan Plateau. Soil Sci. Plant Nutr. (Tokyo) 64, 482–490. doi: 10.1080/00380768.2018.1467727



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Shi, Lin, Wei, Peng, Yao, Han, Xiao, Zhou, Deng, Liu and Shao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-13-1044173-g006.jpg
1 TC ] N " ™
1.5 15 10
1.0 10 y
o i o 05
9 4 ?
8 05 + 8 05 + S
k] B 3
3 |5 o 0.0 T
T 00 . T o0 : T +
-0.5 0.5/ 081
1.0 P Interaction .0 P Interaction 1o P Interaction
1 CN 3 : ® -
N:P cp @ Synergistic
) 2 @ Antagonistic
o ‘ + + © Additive
¥ S 1) = H
2 | 8 g
& g §
g L — 1 .
21
+ _1~ _1
34 -2- e P Interaction

P

Interaction

P

Interaction





OEBPS/Images/fpls-13-1044173-g001.jpg
TC (g/kg)

C:N

60

45

30

15

14

12

10

A W: P=0.06 B W: P=0.11 W: P=0.94
P: P=0.58 59 P: P=0.84 P: P=0.75
WxP: P=0.17 WxP: P=0.07 WxP: P=0.50
44 0:3 T
ab a a b _ ab ab a b _ 1L ; r b
2, g :
o 202
z o
=l [=
0.14
14
0 0.0 T T
D W: P=0.56 E W: P=0.40 W: P=0.35
P: P<0.05 P: P=0.53 P: P=0.65
WxP: P=0.13 20 WxP:P=0.14|  oqq ] JNxP:P=0.18
a I
i arb T b
2 bbb 15 @ [ b 150, P ;
T s o ; T o i
z L S
104 1004
54 50
0 T . : - 0 v T - -
CK W P WP CK W P WP CK W P WP





OEBPS/Images/M2.jpg
Community TC, or TN, or Tl





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Precipitation increase counteracts warming effects on plant and soil C:N:P stoichiometry in an alpine meadow

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Site description

          



          		

            Experimental design

          



          		

            Plant and soil sampling

          



          		

            Laboratory analysis

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Soil C:N:P stoichiometry

          



          		

            Community composition and plant aboveground biomass

          



          		

            Functional groups C:N:P stoichiometry

          



          		

            Community C:N:P stoichiometry

          



          		

            Factors determining community C:N:P stoichiometry

          



        



        



        		

          Discussion

        

          		

            Effects of warming on plant and soil C:N:P stoichiometry

          



          		

            Effects of precipitation increase on plant and soil C:N:P stoichiometry

          



          		

            Antagonistic effects of warming and precipitation increase on plant and soil C:N:P stoichiometry

          



        



        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-13-1044173-g003.jpg
N
&)

N
=)

=

Shannon-Wiener index

o
2

w
fd

N

2

AGB of legumes (g-m’)
o

W: P<0.01 250/ B W: P=0.28 c W: P=0.17
P: P=0.19 P: P<0.01 P: P=0.39
WxP: P=0.32 wxp: p=0.83 | ~100 WxP: P=0.64
a ~200- a |
1 ? e aTb [ g 80 I I [
5 250 & P [T i : I |
il m 1 T T 173 T
(2 T g 60 T
o
5 1001 5 40
o m
= Q
50 < 90
- - 0 . - . - 0 - . - -
40
W: P<0.01 E W: P<0.001 F W: P=0.13
P: P=0.37 P: P=0.96 P: P=0.54
wxp: p=064| 401 3 WxP: P=0.27 WxP: P=0.86
a £ [ a &30
I I S0 [ I = [ I
I b | s | 2 J i
t 3 b | 8 f [
T S = 20
T @ b el
1 2 20+ [ T S J-
: i E
2 10 4 0
- - 0 - - 0 T - -






OEBPS/Images/fpls-13-1044173-g005.jpg
W: P=0.36 B W: P=0.26 c W: P=0.68

5004 P: P=0.72 P: P=0.49 P: P=0.62

WxP: P=0.62 20 WxP: P=0.66 I 121 WxP: P=0.30
[ I ’

4004 [ ! L o ! I :
— ~154 [1 — I I T I
2 2 2 L I
33004 > ) 0.8
2 z10 3

2004

0.4
100 51
0 T T r r 0 T r T T 0.0 T r T T
W: P=0.53 E W: P<0.05 W: P=0.13
30+ P: P<0.01 251 P:P=0.08 5004 P: P=0.94
WxP: P=0.98 WxP: P=0.29 [ WxP: P=o.34Jr
254 [ I a 1 ;
m 20 b a ab r 4004 [T
T T
20+ I g
z 015 03004
S 45 Z O
104 200+
104
54 54 100
0 T T r y 0 v T T T 0 T r T T
CK W P WP CK W P WP CK W P WP






OEBPS/Images/fpls-13-1044173-g007.jpg
R2=0.84

Sedges C:N:P
stoichiometr

B R?=0.04

Soil C:N:P
stoichiometr

R?=0.69

Community C:N:P
stoichiometn

1.34*

Fisher's C = 9.784, P-value = 0.778, and AIC=45.784 Fisher's C = 12.680, P-value = 0.696, and AIC=40.680
R?=0.23
(o] Aboveground biomass |
, of functional groups 0.39 W‘
e R2=0.15 I
> // ‘
D |
Mg I
A |
// !
Y |
7/
/

Combined warming and . ]
precipitation increase Diversity

R2=0.39
Sedges
stoichiometry

Fisher's C = 10.916, P-value = 0.693, and AIC=40.916





OEBPS/Images/fpls-13-1044173-g002.jpg
TC

TN

P

0.0 - T 5 é ‘ 2
.05 . . ¢
el el o 1
) w» -1 )
£ 104 g g
3 3 8o . ,
T 45/ T, X
2.0 + s ¢ & ¢
-2.54 g < -2- :
P Interaction P Interaction P Interaction
w 3 3 .
3 C:N N:P C:P @ Synergistic
| 2 @ Antagonistic
2 © 2 ] @ O Addtve
Ly 14 14
+ + +
o0 . . oo . , o0 , .
[0} [} Q
) =4 S
8 -1 3 -11 8 -11
= T T
-24 % 21 ¢ -2+
-3+ -3 -3 Q
4 P Interaction 4 P Interaction a P Interaction





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls.2022.1044173_cover.jpg
& frontiers | Frontiers in Plant Science

Precipitation increase
counteracts warming
effects on plant and soil
C:N:P stoichiometry in
an alpine meadow





OEBPS/Images/M1.jpg





OEBPS/Images/fpls-13-1044173-g004.jpg
500

A CcK w B
- P - WP 30 W: P<0.05 c A
—450] A B b g
el B b, B —~ 251 w: p<0.05 [T B WP: PO
> £z D 2 |pipeoot WP pe00s g | BT w f
o : Bo| C 2| 510 c, [
o = a D 7 ab = H b3
400 = bap a S g
15 b ; aba =
T]p 0.5
350 10
: 0.0 - ]
40 P: P<0.001 WxP: P<0.05 D W: P<0.05
A i s E 800 F WxP: P<0.01
aab B %
30!+ ab ab B
Z b k> B " BC. & c | 0o B i
G20 c i = £ 1 o I a i [ ¢
i I G 4004[t T f
Hb L
10 10
200
0 | t 0
25;09 &09 (§’% @% ?’f" 2 o 0 ' ' '
& § & < & & & F # & g
o 4 o Q} Q,Q %0 & O‘,b‘: 0(35@ %ebg Qo{o





OEBPS/Images/table1.jpg
Response

variable

Grasses

Legumes

Sedges

Forbs

TC
TN
TP
C/

N/

C/

TN
TP
C/

N/

C/

TN
TP
C/

N/

C/

TC
TN
TP,
C/

N/

C/

Individual effect
sizes of warming

0.25
1.84
-121
-0.69

211
1.21

1.98
-0.67
-0.52

1.37

-1.60
-1.65
-0.90
-0.04

-0.66

0.62
-2.26
-0.33

0.21

-0.45

Individual effect sizes of
precipitation increase

-0.35
247
-0.59
-331

2.00
0.24

-0.28
1.43
1.88

-1.59

-091
-1.88

-1.58
0.85
0.24
-1.21

0.68
-0.49

-0.24
-2.00
-0.44
-0.68

-0.73

-0.05

‘Warming and precipitation
increase interaction effect sizes

0.33

0.77
1.93

-0.26

-1.10
-1.56

1.00
0.16
-1.24
-0.67

0.97
117

-0.01
2.19
3.15

-1.99

-1.17
-3.47

0.93

-0.41
-0.91
-1.32

0.80

0.83

Lower

95% C.L. 95% C.L.

-0.02
0.41

1.55
-0.61

-1.46

-1.93

0.64
-0.19
-1.61
-1.03

0.61

0.81

-0.36
1.81

2.74
-2.37

0.57
-0.77
-1.27
-1.68

Upper

0.68
113
230
0.09

-0.74
-1.19

1.36
0.51
-0.88
-0.31

1.33
1.53

0.34
257
355
-1.62

-0.81
-3.05

129
-0.06
-0.56
-0.95

116

118

Interaction

type

additive
synergistic
antagonistic

additive
antagonistic
antagonistic
synergistic
additive

antagonistic

synergistic
antagonistic
antagonistic

additive
antagonistic
antagonistic

synergistic
antagonistic
antagonistic
synergistic
synergistic

synergistic

synergistic
antagonistic

synergistic





