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Nitrogen Deposition Shifts Grassland Communities Through Directly Increasing Dominance of Graminoids: A 3-Year Case Study From the Qinghai-Tibetan Plateau
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Nitrogen (N) deposition has been increasing for decades and has profoundly influenced the structure and function of grassland ecosystems in many regions of the world. However, the impact of N deposition on alpine grasslands is less well documented. We conducted a 3-year field experiment to determine the effects of N deposition on plant species richness, composition, and community productivity in an alpine meadow of the Qinghai-Tibetan Plateau of China. We found that 3 years of N deposition had a profound effect on these plant community parameters. Increasing N rates increased the dominance of graminoids and reduced the presence of non-graminoids. Species richness was inversely associated with aboveground biomass. The shift in plant species and functional group composition was largely responsible for the increase in productivity associated with N deposition. Climatic factors also interacted with N addition to influence productivity. Our findings suggest that short-term N deposition could increase the productivity of alpine meadows through shifts in composition toward a graminoid-dominated community. Longer-term studies are needed to determine if shifts in composition and increased productivity will be maintained. Future work must also evaluate whether decreasing plant diversity will impair the long-term stability and function of sensitive alpine grasslands.
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INTRODUCTION

Atmospheric nitrogen (N) deposition has been increasing globally for decades (Phoenix et al., 2006; Galloway et al., 2008a). N deposition rates in terrestrial ecosystems are projected to increase to 200 Tg N yr–1 by 2050 (Galloway et al., 2008b). As N is the principal limiting nutrient for plant growth (Vitousek and Howarth, 1991), N deposition may have positive effects on plant productivity. These effects may be strongest in N-limited ecosystems (Vitousek et al., 1997) such as alpine grasslands, which are more sensitive to shifts in nitrogen availability (Xu et al., 2018). There is evidence that long-term N deposition can increase the productivity of grassland ecosystems (Bai et al., 2008; Xia and Wan, 2008; Shen et al., 2019), possibly impacting ecosystem function (Gruber and Galloway, 2008; Stevens et al., 2015). High levels of N deposition (72 kg N ha–1 year–1) in grassland ecosystems have also been shown to alter plant community structure, decreasing plant species richness and altering species composition (Mountford et al., 1993; Bobbink et al., 2010; Pierik et al., 2011; Isbell et al., 2013). As N deposition rates increase, nitrophilous species become more abundant while N-sensitive species become less abundant (Stevens et al., 2004).

Grasslands are important terrestrial ecosystems covering approximately 25% of earth’s land surface (Hui and Jackson, 2006). Species richness and composition are two important components of plant diversity in grassland ecosystems (Marini et al., 2007). The effects of N inputs on species richness and composition may be mediated by changes to multiple soil properties (Myklestad, 2004). Different plant functional groups in a grassland ecosystem may respond differently to N deposition because of contrasting N-use efficiencies and adaptation mechanisms (Harpole and Tilman, 2007; Song et al., 2011). Some grassland studies have highlighted the importance of species richness to ecosystem function by demonstrating that species richness is positively correlated with productivity (Tilman et al., 1996; Hector et al., 1999). However, other research has indicated that plant composition represents a stronger influence on productivity than species richness (Hooper and Vitousek, 1997). Therefore, additional research is needed to assess the importance of species richness and composition in determining grassland productivity under N deposition, especially in N-limited habitats such as alpine meadows.

The Qinghai-Tibetan Plateau (QTP), known as the “third pole” on Earth, has experienced increasing N deposition rates in recent decades (Stocker et al., 2013). N deposition rates on the QTP range from 8.7 to 13.8 kg N ha– 1 year– 1 and are likely to increase in the coming decades (Lü and Tian, 2007). Alpine grasslands are the largest ecosystem on the QTP (Wang et al., 2012a; Zhao et al., 2017) and provide important life-supporting services for millions of people (Dong et al., 2010). These crucial plant communities are being degraded by numerous stressors, including climate change (Wen et al., 2010), and are likely to be especially sensitive to N deposition.

The objective of our study was to assess the response of plants in an alpine meadow of the QTP to increasing N deposition. We conducted a 3-year field experiment using four levels of N (0, 8, 40, and 72 kg N ha–1 yr–1) to simulate atmospheric N deposition. In this experiment, the nitrogen addition level of 8 kg N ha–1 year–1 was set according to the background value of atmospheric nitrogen deposition in this area (8.7–13.8 kg N ha–1 year–1) (Lü and Tian, 2007). Galloway et al. (2004) pointed that the N deposition rate on the Qinghai-Tibetan Plateau is predicted to increase to 40 kg N ha–1 year–1 by 2050, and this rate is estimated to be the N saturation threshold in alpine meadow (Zong et al., 2016). So in our experiment, the setting of 40 and 72 kg N ha–1 yr–1 was to simulate medium and high nitrogen deposition rate, respectively (Galloway et al., 2004; Bowman et al., 2012; Zong et al., 2016). Moderate nitrogen input can usually increase plant aboveground productivity (Xia and Wan, 2008). However, excessive N input can cause species loss through shifting plant communities to compositions that can tolerate high N levels (Bowman et al., 2008; Clark and Tilman, 2008). Additionally, excessive N input can substantially change soil nutrient balance and decrease soil pH (Phoenix et al., 2012), which may be the main reason that cause species loss (Stevens et al., 2010). Previous studies found that rhizomatous grasses are better adapted to high N levels (Bai et al., 2010). In addition, grasses species are in the upper part of meadow canopy and more competitive for light and soil nutrients (Hautier et al., 2009). Previous study found that grasses species such as Poa pratensis and Stipa aliena in alpine meadow had a more high N use efficiency with exogenous nitrogen input (Wang et al., 2012b). Based on the above studies, we hypothesized that nitrogen deposition would (1) decrease species richness, (2) increase the abundance and dominance of graminoids (mostly grasses), and (3) increase productivity, primarily through alterations in species composition.



MATERIALS AND METHODS


Study Site

We conducted our study in an alpine meadow near the town of Xihai, Haiyan County (36°56′N, 100°57′E, 3,100 m a.s.l.) in the Qinghai province of China (Figure 1). The soil at the study site is comprised primarily of clay. The study site had been fenced (1.2 m high) since 2012 to prevent entry by resident mammalian herbivores such as yak and sheep. The growing season in this region typically begins in early May and ends in late September. During the experimental years of 2015, 2016, and 2017, the annual rainfall totaled 392.8, 396.5 and 556.3 mm, respectively, while the mean annual temperature was 1.8, 3.3, and 1.8°C, respectively. The highest temperatures and precipitation generally occurred from April to October of each year (Figure 2).
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FIGURE 1. Location of the study site in the Qinghai-Tibetan Plateau of China.
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FIGURE 2. Monthly temperature (°C) and precipitation (mm) during each of 3 years at the study site. (A,B) Monthly temperature and precipitation in 2015, respectively; (C,D) Monthly temperature and precipitation in 2016, respectively; (E,F) Monthly temperature and precipitation in 2017, respectively.




Experimental Design

We initiated the N addition treatments to simulate N deposition in 2014 on 12 plots, each measuring 2 by 5 m. All plots had similar topography, vegetation, and land-use history. Treatments comprised four N addition rates with three replicates for each rate: 0 kg N ha–1 yr–1 (control-CK), 8 kg N ha–1 yr–1 (Low-N), 40 kg N ha–1 yr–1 (Mid-N), and 72 kg N ha–1 yr–1 (High-N). We selected these N addition rates based on current and projected N deposition levels for the region (Lü and Tian, 2007). We applied nitrogen fertilizer (powder) to plots as ammonium nitrate (NH4NO3) in early May and July from 2014 to 2017 at dusk on a rainy day to avoid needing to water.



Vegetation and Soil Sampling

We carried out vegetation surveys as well as biomass harvests and soil sampling in July and early-August of each year at peak vegetation growth for the region. Within each of the 12 plots, we identified each plant species in a randomly placed 1 by 1 m quadrat and recorded its abundance by point intercept method. In the same quadrats, another survey was carried out to visually estimate the percentage cover (visual estimation) of two functional plant groups: graminoids and non-graminoids. We used these data to calculate the graminoid dominance, the ratio of graminoid percentage cover to forb percentage cover. The graminoid dominance is a measure of functional composition. We also harvested the aboveground biomass of plants of the two functional groups in a 0.5 by 0.5 m sub-quadrat in each plot. Harvested plant samples oven-dried at 65°C (firstly oven-dried at 105°C for 3 h for de-enzyming) to constant weight. Lastly, we collected three soil cores in each plot using a 3.5 cm-diameter soil probe at a depth of 20 cm. Soil samples were mixed, air-dried at 70°C to constant weight, and sieved through a 0.15-mm mesh. We determined total nitrogen (TN) and carbon (TC) content of each composite soil sample using an elemental analyzer (EuroEA 3000, Pavia, Italy).



Statistical Analysis

We performed all statistical analyses using SPSS (SPSS for Windows, version 22.0). We tested the effects of N addition on graminoids dominance (value of graminoids cover/non-graminoids cover), species richness, and productivity using one-way analysis of variance (ANOVA) with treatment means separated using the least significant differences (LSD) test at the P < 0.05 level. We used a two-way ANOVA to evaluate interactions between N addition and year. We used least-squares regression to assess relationships between graminoids dominance, species richness, and aboveground biomass. We evaluated associations between these community metrics, soil measurements, and climate factors with principal component analysis (PCA); Non-metric multidimensional scaling (NMDS) to estimate the differences in overall community composition across the treatments, and all these two analyses were carried out in R (version 4.1.2). To test the significance of the observed associations and understand their functional underpinnings that N addition and climatic factors affected plant productivity. The software package AMOS 22.0 was used to develop the SEM model and calculate related path coefficients, squared multiple correlations, direct and indirect effects and model fit. An insignificant χ2-statistic indicates that the SEM model provides a good fit. A qualified structural equation model (SEM) should match the criterion below (Jonsson and Wardle, 2010; Wei et al., 2013): (1) non-significant χ2 test, namely P > 0.05; (2) Comparative fit index, CFI > 0.95; (3) Root mean square error of approximation, RMSEA < 0.05.




RESULTS


Effects of Nitrogen Deposition on Species and Functional Group Composition

The species composition of our alpine meadow plant community was markedly altered following the 3 years of N addition (Figures 3, 4). In plots subjected to the highest N addition rate, the abundance of grass species such as Leymus secalinus, Agropyron cristatum, Poa crymophila, and Stipa purpurea increased substantially during the experimental period while the abundance of forb species such as Aster tataricus and Artemisia scoparia decreased. There was a significant interaction between N treatment and year on the abundance of graminoids (mostly grasses) relative to non-graminoids (F = 12.72, P < 0.05, Table 1). In 2015, the first year of sampling after N addition, the abundance of graminoids relative to non-graminoids was greatest at the intermediate and highest N levels. In 2016, the relative abundance of graminoids was greatest at the highest N level. In 2017, following 3 years of N addition, the relative abundance of graminoids increased with increasing N addition rate. The graminoids ratio, the percent cover of graminoids relative to non-graminoids, increased significantly (P < 0.05) from 2015 to 2017 and this trend strengthened with increasing N addition. Species richness was not affected by N addition (Figure 5A) rate in our 3-year experiment but varied by year (F = 33.26, P < 0.05, Table 1). Species richness decreased significantly in 2016 and 2017 relative to 2015 (Figure 5B). Species richness was negatively associated with mean annual temperature (1.8°C in 2015, 3.3°C in 2016, and 1.8°C in 2017).
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FIGURE 3. Effect of nitrogen addition rate on species composition based on abundance from 2015 to 2017. Species denoted in color are graminoids (mostly grasses).
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FIGURE 4. Non-metric multidimensional scaling (NMDS) plot of species composition from 2015 to 2017 under different treatments. (A) 2015; (B) 2016; (C) 2017. 0 kgN ha–1 yr–1 (CK), 8 kgN ha–1 yr–1 (LowN), 40 kgN ha–1 yr–1 (MidN), and 72 kg N ha–1 yr–1 (HighN).



TABLE 1. Two-way ANOVA for the effects of year and N-addition rate on species richness, species composition, and total aboveground biomass.
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FIGURE 5. Effects of nitrogen addition rate on (A) graminoid ratio, (B) species richness, and (C) aboveground biomass during the 3-year study. Vertical bars indicate standard deviation of the mean. Lowercase letters indicate significant differences among nitrogen addition rates within years and uppercase letters indicate significant inter-annual differences (P < 0.05). Functional composition is expressed as the ratio of graminoid cover relative to the cover of non-graminoids (i.e., graminoid dominance). 0 kg N ha–1 yr–1 (CK), 8 kg N ha–1 yr–1 (LowN), 40 kg N ha–1 yr–1 (MidN), and 72 kg N ha–1 yr–1 (HighN).




Effect of Nitrogen Deposition on Plant Aboveground Biomass

There was a significant interaction between N addition level and year (F = 3.76, P < 0.05, Table 1) on aboveground biomass. In 2015, after 1 year of N addition, the aboveground biomass of plants subjected to the highest N addition rate was greater than all other treatments (Figure 5C). In 2016, plants in the two highest N addition treatments had greater biomass than the control and lowest N addition treatment. In 2017, after 3 years of treatments, aboveground biomass increased with each increase in N addition rate. The total aboveground biomass across N addition levels increased significantly between 2015 and 2017 (Figure 5C and Table 1).



Relationships Between Species Richness, Functional Group Composition, and Aboveground Biomass

Using data for all 3 years and least-squares regression analysis, we evaluated the relationship between aboveground biomass and functional group composition (i.e., graminoid dominance) (Figure 6A) and the relationship between aboveground biomass and species richness (Figure 6B). Increasing graminoid dominance was positively correlated with total aboveground biomass (R2 = 0.729, P = 0.001) while species richness was negatively correlated with the total aboveground biomass (R2 = 0.249, P < 0.001).
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FIGURE 6. Aboveground biomass in terms of (A) graminoid dominance and (B) species richness. Fitted lines are based on least-squares regression. Graminoid dominance is expressed as the ratio of graminoid cover relative to the cover of non-graminoids.




Direct and Indirect Drivers That Affect Plant Productivity

A PCA analysis of plant community performance, soil properties, and climatic factors revealed that PC1 and PC2 explained 70.5% of the variance (Figure 7). Data were clearly separated by year. We found that soil N and soil C/N were the two variables contributing most to the patterns observed. The graminoid dominance and the total aboveground biomass were positively related to N addition rates and mean annual precipitation. We also developed an SEM model (Figure 8, χ2 = 3.066, P = 0.382, GFI = 0.979, NFI = 0.989, RMSEA = 0.025) showing that N addition and climate can influence aboveground community biomass indirectly as well as directly. Nitrogen addition increased aboveground biomass largely by increasing the graminoid dominance. Precipitation influenced aboveground biomass through its effects on both the graminoid dominance and species richness. Lastly, higher mean annual temperatures affected aboveground biomass by decreasing species richness.
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FIGURE 7. Principal component analysis (PCA) for all plant community parameters, soil properties, temperature, and precipitation across different N addition rates during the 3-year field study. The length of a variable vector in the representation space is indicative of the contribution level of the variable. Composition is expressed as graminoid cover/non-graminoids (i.e., graminoid dominance). AGB, aboveground biomass.
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FIGURE 8. Structural equation model (SEM) testing the relationships between community, soil, and climatic variables. Significant impacts are shown by solid lines whereas non-significant impacts are shown by dashed-dotted lines. Arrow width is proportional to the strength of the relationship. Positive impacts are shown in black and negative impacts are shown in red. MAT, mean annual temperature; MAP, mean annual precipitation; Soil C, soil carbon content; Soil N, soil nitrogen content; AGB, aboveground biomass. χ2 = 3.066, P = 0.382, GFI = 0.979, NFI = 0.989, RMSEA = 0.025.





DISCUSSION


Inter-Annual Variability in Species Richness

Species richness is a fundamental component of biodiversity. Despite numerous studies, the relationship between productivity and the species richness of a community remains unclear (Mittelbach et al., 2001; Adler et al., 2011). This relationship has sometimes been characterized as a hump-back response in temperate vegetation (Oba et al., 2001). The hump-back model has received some support on the Qinghai-Tibetan Plateau, although productivity-diversity relationships in this region show considerable variation associated with variation in precipitation and species composition (Wu et al., 2014). The downhill slope of the hump-back model may be consistent with previous reports of declines in species richness following N deposition (Bai et al., 2010; Damgaard et al., 2011; Fang et al., 2012). In our study, the impact of N deposition on species richness was not significant in any of the 3 years, although we did observe a decreasing trend with increasing N in 2016 and 2017. We also observed that species richness was negatively correlated with aboveground biomass across the entire dataset.

We found that more variation in species richness was explained by year than by N deposition rates. Average species richness across treatments declined from 17 species in 2015 to 9 species in 2016, and then increased back to 12 species in 2017. These fluctuations in species richness appeared to be inversely associated with mean annual temperatures. Elevated ambient temperatures have been reported to reduce the number of plant species in this region of China (Klein et al., 2004). Additional research and longer-term studies should evaluate this negative relationship between temperature and species richness, which may have significant implications for the stability of sensitive alpine grassland communities in the context of climate change.



Nitrogen Availability and Climate Jointly Influence Productivity

Nitrogen is a limiting soil nutrient in many terrestrial ecosystems (LeBauer and Treseder, 2008). N deposition can improve soil N availability and thereby promote plant productivity (Bai et al., 2010; Liu et al., 2011; Zhang et al., 2015). In the first year of our study, we found that aboveground biomass increased significantly under the high N deposition rate but did not change substantially under the low and intermediate N deposition rates. In the next 2 years, aboveground biomass increased with the rate of N deposition. These results suggest that N may be a critical limiting nutrient for plant productivity in this region, yet there exists hysteresis effect of N accumulation. In this study, soil N and soil C/N were the two variables contributing most to the patterns observed. The graminoid dominance and the total aboveground biomass were positively related to N addition rates and mean annual precipitation. This suggests that soil nutrients which are classically considered to be variable and in this system may be most strongly controlled mechanistically by amount of rainfall, and both soil C and N which classically only change with long-term or very disruptive manipulations ecosystem change are what is driving separation in multivariate space among years. Our findings are consistent with previous studies showing N limitation in grassland ecosystems (Bassin et al., 2007; Dai et al., 2019). Alpine grasslands are usually N-limited, therefore N deposition can release such nutrient restriction to some degree. Our results substantiated previous conclusions that N deposition can enhance alpine grassland productivity (Liu et al., 2011; Zhang et al., 2015), however, hysteresis effect existed as N loads and time length of N deposition increase. Also, climatic factors such as precipitation can obviously interact with N deposition to influence productivity.

We also observed interannual differences in aboveground plant productivity. These differences are consistent with the idea that N availability interacts with climatic variables, such as temperature and precipitation, to affect plant productivity in grassland ecosystems (Harpole et al., 2007; Sala et al., 2012). Water availability is a particularly important influence on plant responses to N (Hooper and Johnson, 1999; Bai et al., 2008), primarily because increasing productivity increases transpiration, potentially exacerbating water shortages (Harpole et al., 2007). In our study, the effects of N deposition on plant productivity were greatest in the year with the highest precipitation (2017). Our SEM modeling analysis also showed that precipitation may intensify the effects of N on plant productivity. Mean annual precipitation increased from 2015 to 2017, and the mean annual precipitation was highest among 3 years, also the plant community AGB significantly increased over years, suggesting that a higher water availability induced by high precipitation will also favor the grassland productivity in alpine ecosystem. In addition, the high precipitation period was mainly during the growing season (July∼August), indicating that summer precipitation variability plays an important role in determine the increase of grassland productivity. Soil water content is related to temperature and precipitation, higher temperature can cause water evaporation. During the growing season, the temperature increased over years, and precipitation showed the same variation trend, suggesting that the alpine regions is experiencing a warming and more humid environment change. Therefore, soil water content might increase if the increase of soil water availability induced by precipitation can override water loss of evaporation under warmer climate. Our previous study has found that warming could cause water loss in alpine meadow (Shen et al., 2020). In cold alpine regions, temperature and precipitation are usually the limiting factors for plants, though warmer could accelerate water evaporation, some studies reckoned that a higher temperature may favor plant growth by releasing cold-limitation in alpine regions (Ganjurjav et al., 2016). However, relation between temperature and soil nutrients is not clear (Kladivko and Keeney, 1987; Sardans et al., 2008; Wang et al., 2016). Higher temperature can cause more soil water evaporation, such water loss is detrimental for plant nutrient uptake as the acquisition of nutrients by plants depends mostly on soil water availability (Querejeta et al., 2021). Yet, at least in our study such negative effects are not obvious than the positive effects from the perspective of community productivity level. Community productivity increases can likely occur in the warmer and wetter alpine regions in the future (Winkler et al., 2016).



Shifts in Community Composition Help Explain Trends in Productivity

Previous nutrient addition studies have reported increases in the aboveground biomass and cover of graminoids with increasing N and concomitant decreases in the dominance of non-graminoids (Stevens et al., 2006; Song et al., 2011; Fang et al., 2012). In agreement with such studies, we found that N deposition increased the abundance and cover of graminoids over non-graminoids. Our data also indicated that N deposition could shift plant species composition in favor of graminoid species within a 3 years period.

We found that the graminoid dominance was positively correlated with community productivity. This finding is consistent with previous research showing that increases in productivity following N deposition were largely due to increases in the prevalence and aboveground growth of grasses (Xu et al., 2015; Fu and Shen, 2016; You et al., 2017). In our study site, grasses grew much taller than non-graminoids and likely outcompeted forb species for light after N deposition. Grasses have also been shown to have higher soil nutrient-use efficiencies, especially for soil N (Huang et al., 2008). Lastly, N deposition can lead to soil acidification and accumulation of Mn2+, which reduces photosynthetic rates more in non-graminoids than grasses (Tian et al., 2016). The differential effects of N on grasses and non-graminoids suggest that N deposition is likely to have significant effects on community function in the long-term (Shaver et al., 2001).




CONCLUSION

Simulated N deposition led to large differences in plant community performance in an alpine meadow of the Qinghai-Tibetan Plateau over 3 years. Nitrogen deposition significantly increased the total aboveground biomass of the plant community and shifted community composition in favor of graminoids. These results suggest that continued N deposition in alpine meadow could significantly alter plant communities diversity, function, and stability. Increased productivity of these generally N-limited habitats could support greater densities of wild or domesticated grazing animals, but the long-term potential effects of N on these sensitive ecosystems are largely unknown. The effects of temperature and precipitation on species richness and plant community responses to N also require further research. Our 3-year field study demonstrates that N deposition and climate variability can have extensive impacts on alpine grassland plant communities, even over short periods. These changes are likely to be magnified if N deposition persists over longer time periods or interacts with the effects of climate change.
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