Low-level nitrogen deposition leads to nitrogen accumulation and plant-diversity decline in a relatively closed grassland ecosystem
Peng Lu1#, Tianxiang Hao2#, Xin Li1,3, Hong Wang4, Xiufeng Zhai1,3, Qiuying Tian1*, Wenming Bai1, Carly Stevens5, Wen-Hao Zhang1, 3, 6*
1State Key Laboratory of Vegetation and Environmental Change, Institute of Botany, Chinese Academy of Sciences, Beijing 100093, China.

2College of Resources and Environmental Sciences, Key Laboratory of Plant–Soil Interactions of the Ministry of Education, China Agricultural University, Beijing 100193, China
3College of Resource and Environment, University of Chinese Academy of Sciences, Beijing 100049, China

4Mountain Area Research Institute, Agricultural University of Hebei, Baoding 071001, China.

5Lancaster Environment Centre, Lancaster University, Lancaster, LA1 4YQ, United Kingdom
6Inner Mongolia Research Center for Prataculture, Chinese Academy of Sciences, Beijing 100093, China
#These authors contributed equally to this work.
Author for correspondence: Qiuying Tian;Tel: 86-010-6283 6177
                       Wen-Hao Zhang; Tel: 86-010-6283 6697
Email: tianqiuying@ibcas.ac.cn; whzhang@ibcas.ac.cn
Running title: Effects of environmental variables and anthropogenic management on plant diversity of grasslands 

Abstract 
1. Atmospheric nitrogen (N) deposition, climatic variables and anthropogenic managements affect grassland-ecosystem stability by driving plant-community changes and plant-diversity loss. Determination of their influences on plant composition and diversity is essential for predicting ecosystem response to future global changes and for applying appropriate grassland managements.
2. We evaluated the relative contributions of atmospheric N deposition, climatic variables and grassland management to plant diversity and N accumulation by temporally monitoring the changes in plant community and N status in a temperate grassland ecosystem. 
3. Ambient low-level N deposition combined with long-term enclosure led to the increases in the aboveground biomass and abundance of grasses and sedges, and decreases in those of forbs. The dominant species of perennial forbs and grasses also displayed divergence in their biomass and abundance over time. Nitrogen deposition made greater contributions to the divergent changes in perennial forbs and grasses, however, air temperature and precipitation fluctuations mainly contributed to the annual fluctuations in annual and biennial species. Long-term enclosure aggravated the cumulative effects of soil inorganic N on plant-diversity loss, while mowing led plant community to show opposite variations to ecosystem N accumulation. 
4. Synthesis and applications. As for the semi-arid temperate steppe, ambient low-level N deposition can drive plant diversity loss by the N accumulation if it maintains a relatively closed ecosystem for a long time due to enclosure. Therefore, an appropriate grassland utilization, such as mowing or grazing, may be an effective management practice in terms of maintenance of plant biodiversity under the enhanced atmospheric N deposition.  
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1  INTRODUCTION
Biodiversity is essential for human well-being due to its provision of ecosystem services (Cardinale et al., 2012). Changes in ecosystem function often occur in parallel with biodiversity loss in grasslands. Many natural and anthropogenic factors, including the climatic fluctuation, increasing atmospheric nitrogen (N) deposition and patterns of grassland management are related to the changes (Bellard, Bertelsmeier, Leadley, Thuiller, & Courchamp, 2012; Borer et al., 2014; Simkin et al., 2016; Clark et al., 2018; Kinnebrew, Champlin, & Neill, 2019; Wamelink et al., 2020). Simulation experiments and large-scale field surveys have been conducted to study the responses of plant diversity to grassland management and global changes (Bowman, Murgel, Blett, & Porter, 2012; Simkin et al., 2016; Clark et al., 2019). The results obtained from field surveys across environmental gradients can fill a gap between simulation experiments and natural situations. However, the great spatial scales across the field surveys may lead to variation in other variables, such as edaphic and community traits, making it difficult to evaluate the effect of global changes on community composition (Fridley, Grime, Askew, Moser, & Stevens, 2011; Gaitán et al., 2014). Therefore, long-term monitoring of vegetation dynamics at given sites will provide important information to predict ecosystem biodiversity in response to future global changes (Vellend et al., 2017).
As for the semiarid temperate grasslands, the aboveground net primary productivity (ANPP) is limited by both N availability and climate factors, such as rainfall and air temperature (Harpole, Potts, & Suding, 2007; Mowll et al., 2015). Therefore, N enrichment is beneficial to increase ANPP, while the increase in ANPP by N enrichment is associated with loss of plant richness (Clark & Tilman, 2008; Midolo et al., 2019). The negative effects of N deposition on plant species richness have been demonstrated across different grasslands (Dupre et al., 2010; Humbert, Dwyer, Andrey, & Arlettaz, 2016; Tian et al., 2020). Nitrogen deposition also reduces plant diversity through interaction with climatic variation and anthropogenic management (Humbert, Dwyer, Andrey, & Arlettaz, 2016; Valliere, Irvine, Santiago & Allen, 2017; Kinnebrew, Champlin, & Neill, 2019). Despite numerous studies exploring the effects of atmospheric N deposition, climatic and anthropogenic factors on plant diversity (Osem, Perevolotsky, & Kogel, 2002; Bellard, Bertelsmeier, Leadley, Thuiller, & Courchamp, 2012; Simkin et al., 2016; Clark et al., 2019), the combined impacts of these factors on plant-species loss in grassland ecosystems, especially the effects of natural and low-level atmospheric N on the plant-community dynamics, is not well known. This is especially important to understand during the last decades that have been seen a rapid increase in N deposition and global changes. 
Species richness and productivity of different functional groups and/or different species often vary in their responses to climatic variables, N deposition and grassland management (Alward, Detling, & Milchunas, 1999; Suding et al., 2005; Cleland et al., 2013; Borer et al., 2014; Clark et al., 2019). Species with common functional characteristics often exhibited similar responses to rainfall and N enrichment (Suttle, Thomsen, & Power, 2007; Cleland et al., 2013; Tian et al., 2020). Growth rates of forbs are more sensitive to temperature compared with other functional groups (Adler & HilleRisLambers, 2008). Nitrogen deposition favors growth of grasses, but it suppresses growth of forbs, leading to a reduction in richness of forbs within the communities of grasslands (Stevens, Dise, Gowing, & Mountford, 2006; Tian et al., 2020). Compared with rare species, the dominant species dynamics are more important for the variations in ecosystem function driven by global change factors (Smith & Knapp, 2003). However, it remains largely unclear that whether ambient low-level N deposition and climatic fluctuation affect the dominant plant species. 
Grazing exclusion has been conducted in a large area of Inner Mongolia, China since 2000 to prevent grasslands from degrading. However, long-term grazing exclusion will ultimately change biodiversity by combining with local environmental conditions, because the effects of enclosure or herbivores on biodiversity vary with ecosystem productivity and plant-community composition (Bakker, Ritchie, Olff, Milchunas, & Knops, 2006; Hillebrand et al., 2007; Borer et al., 2014; Koerner et al., 2018). However, environmental factors including N deposition and climatic variables directly affect ecosystem productivity and plant-community composition (Mowll et al., 2015; Midolo et al., 2019; Wamelink et al., 2020). Grazing exclusion usually shifts grasslands from an open ecosystem to a relatively closed one, which can change the ecosystem biodiversity by changing the material cycle (Ebrahimi, Khosravi, & Rigi, 2016; Oliveira et al., 2019). High levels of N input can lead grasslands to reach N saturation (Watson, Jordan, Kilpatrick, McCarney, & Stewart, 2007; Mueller, Hobbie, Tilman, & Reich, 2013; Clark et al., 2018). However, whether and how the cumulative effects of low-level N deposition on the closed grasslands remains largely unknown. Therefore, we consecutively monitored the changes in plant aboveground biomass, species richness, major climatic variables and N contents in soil and plants in a temperate grassland from 2004 and 2018, where the rate of the ambient N deposition is relatively low. Our objective is to address the following questions: 1) How do plant species richness and productivity change under the natural conditions in the relatively closed grasslands? 2) Are dominant species affected by the fluctuations in ambient N deposition and climatic variables? 3) Do N deposition and climatic factors have different influences on different functional groups, and which one is the main contributor to the variation in plant diversity? 4) What are the potential impacts of low-level N deposition and long-term grazing exclusion/or fencing on plant diversity and N accumulation in the temperate steppes?
2 METERIALS AND METHODS 
2.1 Study site
The temperate steppe in northern China is an ideal system to study the responses of plant diversity to global changes due to its relatively low rate of atmospheric N deposition (<15 kg N ha-1 yr-1, Xu et al., 2015), abundant forb species and severe limitation of productivity by water supply and low temperature. The survey of vegetation composition was carried out from 2004 in the grassland in Duolun county (116°17′E, 42°02′N; 1350 m a.s.l.), Inner Mongolia Autonomous Region, China where the government released the ‘No Grazing’ policy in 2000 (http://www.cqvip.com/QK/83349X/200511/20666135.html) to prevent grasslands from degrading. The area is a semi-arid temperate steppe with mean annual temperature 2.9°C with maximum and minimum monthly temperatures ranging from 18.9°C in July to -17.5°C in January. Mean annual precipitation is 382 mm, with 94% distributed from May to October. The soil is composed of 62.7% sand, 20.3% silt and 16.9% clay. The mean soil bulk density and soil pH is 1.31 g cm-3 and 7.0. Soil (0-10 cm depth) organic C, total N and total phosphorus (P) are 12.3, 1.7 and 0.28 g kg-1, while available P (Olsen-P) and potassium (NH4OAc-K) are 4.3 and 180 mg kg−1, respectively (Song et al., 2011). The vegetation is a typical steppe community, comprised by perennial and annual/biennial forbs, sedges and grasses (Table S1). The dominant plant species in this grassland are Stipa krylovii, Cleistogenes squarrosa, Agropyron cristatum, Carex korshinskyi, Artemisia frigida, Potentilla acaulis, and Potentilla betonicifolia. We further divided forbs into Artemisia forbs, Potentilla forbs, Allium forbs, Legume forbs and annual/biennial forbs according to their plant families and life history traits.
2.2 Sampling methods
The aboveground biomass, species richness and species abundance of plants were determined in mid-August annually using a 1 m × 1 m quadrat. We surveyed seven or eight quadrats annually. The species richness was defined as the number of plant species, and species abundance was the plant number of each species in a quadrat. Individual plants were harvested by clipping every quadrat completely above the soil surface, and living and dead parts were separated for further determination of biomass. After cutting all the plants in each quadrat, a mark was made with a flag at the center of quadrat to ensure that the sample surveyed the following year was not in the same quadrat. Aboveground biomass of each plant species was determined separately after samples were oven dried at 70°C. 
2.3 Climatic data and atmospheric nitrogen deposition
Precipitation was measured by a tipping-bucket rain gauge (TE525, CSI). Air temperatures and humidity were measured with a temperature probe. Local atmospheric bulk N deposition was collected from a long-term monitoring site near the experimental field, belonging to a Nationwide Nitrogen Deposition Monitoring Network (NNDMN) in China (Xu et al., 2015). Bulk deposition (precipitation, including rainwater and snow) samples were collected daily (8:00 a.m.-8:00 a.m. next day) using a precipitation gauge (SDM6, Tianjin Weather Equipment Inc., China). The precipitation collector consists of a stainless steel funnel and glass bottle (vol. 2000-2500 mL). The collector was placed in the field during the observation period even if it was not raining. To avoid contamination, the bucket was cleaned with deionized water after each rain collection. Each collected sample was thoroughly shaken and then immediately passed through a 0.45 μM filter and stored in clean polyethylene bottles (50 mL). All the collected samples were frozen at -20°C until to analysis of dissolved inorganic N (NH4+-N and NO3--N). The concentrations of NH4+-N and NO3--N were analyzed using an AA3 continuous flow analyzer (Bran + Luebbe GmbH, Norderstedt, Germany). 
2.4 Soil pH and mineral N concentrations
Soil samples were randomly taken using a 3-cm diameter soil core in the quadrats. We combined six-core soils in each quadrat to one soil sample for further measurements. Soil samples were sieved through a 2 mm mesh and air-dried for determination of soil pH. Soil pH values in 2005 were taken from those reported by Song et al. (2011). We measured soil pH following the same procedures used by Song et al. (2011). 6.00 grams of air-dried soils were incubated in 15 mL CO2 free deionized water for 1 h prior to pH measurement (Hanna PH211; Hanna Instruments, Padova, Italy). Soil NH4+-N and NO3--N concentrations were measured using fresh soils. Soil NH4+-N and NO3--N concentrations were analyzed with a AA3 continuous flow analyzer after extraction of 2 M KCl at ratio of 1:5 (w/v). 
2.5 Long-term mowing experiment

To indirectly assess the effect of long-term fencing on plant diversity, we carried out a mowing experiment adjacent to area we surveyed. These two areas have the identical climatic and edaphic conditions. The mowing experiment was conducted in 2003. A randomized block design was used with five intensities of mowing and five replicates. The mowing treatments included control (no mowing) and four stubble-heights: 15 cm (M1), 10 cm (M2), 5 cm (M3) and 2 cm (M4). The plot area was 300 m2 (15 m × 20 m). Mowing was carried out at the end of August each year. Aboveground biomass and species richness of plants were determined in mid-August using a 1 m × 1 m quadrat each year. The quadrat was randomly placed in each plot that was not overlapped spatially among years by marking with a flag. Individual plants were harvested by clipping the entire aboveground part of each plant to determine their aboveground biomass.
2.6 Data analysis
We used nonlinear regression (binomial model) to evaluate the trends of aboveground biomass, species abundance and species richness of community, functional groups and dominant species during the time span of 15 years. We used the linear regression to examine the relationship between a set of ‘response variables’ (aboveground biomass, species abundance and species richness of functional groups) with soil inorganic N (Nmin) concentrations. Nonlinear regression analysis (logarithmic model) was also used to test the correlation between N concentrations in plants and soils with time. We used linear regression to analyze the correlation between N accumulations in plants and soils with time. One-way ANOVA was used to evaluate the changes of soil pH, NH4+-N and NO3--N concentrations under different time. The linear and nonlinear regression, and one-way ANOVA were performed by SPSS (17.0).
Hierarchical partitioning is a protocol in which all possible models in a multiple regression setting are jointly considered to attempt to identify the most likely causal factors (MacNally, 2000). Hierarchical partitioning was used to examine the extent to which the relationship of each predictor variable with the response variable involved in ‘shared’ variance (i.e. shared with other predictor variables) or ‘independent’ variance (i.e. independent of other predictor variables) (Marini et al., 2008). For example, N deposition may have a high correlation with changes in species richness, but much of this may be ‘shared’ with precipitation that is correlated with species richness, suggesting that this is not an important causal relationship. Therefore, the ‘independent’ variances of predictor variables reflect the evidence of causal relationship. Bulk N deposition, average precipitation and average temperature of growing season (from May 1 to September 31) were log10-transformed to meet the assumptions of normality and homogeneity. The ‘predictor variables’ were bulk N deposition, precipitation, and air temperature, and the ‘response variables’ were aboveground biomass, abundance and species richness of community, grasses, total forbs, Potentilla, Allium, Artemisia and annual/biennial forbs. Hierarchical partitioning was carried out using‘hier.part’ package in R program. We used One-way repeated-measures ANOVA to examine the effects of mowing, duration and their interaction on the aboveground biomass and species richness of forbs and grasses by the ‘nlme’ package in R version 3.6.2 (R Core Team 2016). 
3 RESULTS 
3.1 Time-dependent changes in plant community dynamics 
At the community level, total aboveground biomass displayed inter-annual fluctuation over 15-year span from 2004 to 2018 (Fig. 1A), and plant abundance of community exhibited an increase trend during this period (Fig. 1C). The overall plant species richness peaked in 2006 and thereafter exhibited a decrease trend (Fig. 1E). At the functional group level, the aboveground biomass and abundance of sedges and grasses increased, while aboveground biomass and abundance of forbs decreased (Fig. 1B, D). Aboveground biomass of grasses and sedges shifted from 103.7 g m-2 in 2004 to 126.1 g m-2 in 2018, while that of forbs decreased from 198.5 g m-2 to 114.4 g m-2 (Fig. 1B). The species richness of forbs also displayed a decrease pattern, however, richness of sedges and grasses remained relatively constant across the time span (Fig. 1F). 

The aboveground biomass of grasses showed a single-peak increase (Fig. 2F) and that of the sedges exhibited a trend of gradual increase (Fig. 2G). Aside from Artemisia, the forbs (Potentilla, Allium and legume forbs) showed a decrease in aboveground biomass (Fig. 2A, B, C, D). Aboveground biomass of Allium, legume and Potentilla forbs was respectively reduced by 94.6%, 85.4% and 49.3% from 2004 to 2018 (Fig. 2B, C, D). The species abundance of Artemisia, Allium and legume forbs decreased during the same time span, while the species abundance of grasses and sedges increased (Fig. S1). Annual and biennial forb species showed substantial fluctuations in their aboveground biomass and abundance over time (Fig. 2E; Fig. S1). Allium forbs became less in their species richness from 2004 to 2018, while the species richness of Artemisia, legume, Potentilla, and annual and biennial forbs inter-annually fluctuated during the same time span (Fig. S2). 
The aboveground biomass of the dominant species of bunch grasses, S. krylovii, showed a larger increase before eight years (in 2011) of enclosure, and then gradually decreased (Fig. S3). The dominant sedge species, C. korshinskyi, displayed a linear increase in aboveground biomass during the same time span (Fig. S3). The abundance of the two dominant species, S. krylovii, and C. korshinskyi, also increased over time (Fig. S4). However, aboveground biomass of the dominant forbs, P. acaulis and A. bidentatum, exhibited a decline during the same time span (Fig. S3). Aboveground biomass of dominant forbs, P. acaulis and A. bidentatum, was reduced by 54.3% and 97.0% from 2004 to 2018. The dominant forb, A. frigida, remained annual fluctuation rather than marked decline across the time (Fig. S3). The dominant forb, A. bidentatum, showed the greatest decrease in its aboveground biomass and abundance during the same time span (Fig. S3; Fig. S4). Eleven years later, A. bidentatum almost disappeared from the community (Fig. S4). 
3.2 Atmospheric N deposition rates and climatic variables

From 2005 to 2018, bulk N deposition rates ranged between 3.9 and 13.5 kg N ha-1 yr-1, with a mean value of 7.8 kg N ha-1 yr-1 (Fig. 3A). During the first seven years, bulk N deposition rates exhibited a sharp increase, with a peak value of 13.5 kg N ha-1 yr-1 in 2011, and then inter-annually fluctuated (Fig. 3A). The reduced N (NHx) deposition was greater than the oxidized N (NOx) deposition over time (Fig. S5). There was an inter-annual fluctuation in annual precipitation from 2005 to 2018 (Fig. 3A). Moreover, 2006 and 2009 was the wettest and driest year across the time span (Fig. 3A). The precipitation in the growing seasons accounted for 83.6%-95.4% of annual precipitation and exhibited similar fluctuations to annual precipitation across the experimental period (Fig. 3A). The air temperature also fluctuated across the years (Fig. 3B). The average air temperature in the four seasons, spring, summer, autumn and winter, ranged from 1.9°C to 6.9°C, 17.1°C-19.6°C, 1.5°C-4.5°C and from -17.9°C to -12.4°C (Fig. S6). The average air temperature in spring (from March to May) exhibited a significant increase-trend over time (P<0.036, Fig. S6). 
3.3 Contributions of N deposition and climatic factors to changes in vegetation dynamics
Hierarchical partitioning revealed that bulk N deposition had greater significant contributions on aboveground biomass of community than rainfall and air temperature (Table 1). Bulk N deposition had the greatest level of ‘independent’ variance for aboveground biomass of grasses and sedges (Table 1). Precipitation fluctuation and bulk N deposition had greater contributions to changes in aboveground biomass of overall forbs than air temperature (Table 1). Bulk N deposition and air temperature had greater levels of ‘independent’ variance for abundance of community and overall forbs than rainfall (Table 1). However, the abundance of grass and sedges mainly depended upon air temperature and precipitation (Table 1). The changes in species richness of community and overall forbs were mainly determined by bulk N deposition (Table 1). These results suggest that, at the community level, N deposition is more effective than rainfall and air temperature to determine aboveground biomass and species richness of plants.

Bulk N deposition had the most impacts on aboveground biomass, species richness and abundance of Allium forbs (Table S2). Precipitation had the greatest level of ‘independent’ variance for aboveground biomass and richness of Potentilla forbs (Table S2). Air temperature mainly affected aboveground biomass of annual/biennial forbs (Table S2). These results suggest that forbs of different families differ in their responses to atmospheric N deposition and climatic variables, such that Potentilla and Allium forbs were sensitive to rainfall and N deposition, respectively, while annual/biennial forbs were sensitive to air temperature. 
3.4 Cumulative effects of atmospheric N deposition on the ecosystem
Chronic N deposition led to N accumulation in this grassland ecosystem, such that the concentrations of mineral N (Nmin) including NH4+-N and NO3--N in soils gradually increased from 2008 to 2018 (Fig. S7). During this period, soil NH4+-N and NO3--N concentrations showed a linear increase with time (Fig. S7). The N concentrations in leaves of forbs and grasses also increased over time (Fig. S8). During the same time span, soil pH did not show significant changes (P=0.241; Fig. S9). These results suggest that atmospheric N deposition does not acidify soils at this site, but it results in cumulative effects of N on the grassland ecosystem. Nitrogen accumulations in plants (R2=0.460, P=0.001) and soils (R2=0.520, P<0.001) significantly increased with duration (Fig. 4). For instance, N accumulations in plants, soil, and ecosystems respectively increased from 22.02, 8.24 and 30.26 kg N ha-1 in 2008 to 41.45, 21.64 and 63.09 kg N ha-1 in 2018 (Fig. 4). These results indicate that low-level N deposition leads to N enrichment in the relatively closed grassland. 
3.5 Long-term enclosure aggravated inorganic N accumulation-driven decrease in plant diversity
Linear regression analyses showed that inorganic N concentrations in soils were positively and negatively correlated with aboveground biomass of grasses and forbs, respectively (Fig. 5A). Inorganic N concentrations soil were negatively correlated with forb abundance and species richness (Fig. 5B, C). These results suggest that the effect of N deposition on changes in plant functional groups results from the cumulative effects of soil inorganic N. Results from the mowing experiment provided the indirect evidence in support of the contribution of long-term enclosure to plant-biodiversity loss. Although mowing after the growing season did not lead to significant changes in species richness of forbs, mowing decreased grass biomass (Fig. 6). These results suggest that mowing suppresses grass growth but benefits forb growth, which are contrary to the effects of N deposition on the two functional groups. 

4 DISCUSSION
Many studies have demonstrated that atmospheric N deposition, climatic factors and grassland management have impacts on plant biodiversity and community productivity across different grassland ecosystems (Bellard, Bertelsmeier, Leadley, Thuiller, & Courchamp, 2012; Collins et al., 2012; Borer et al., 2014; Koerner et al., 2018; Clark et al., 2018; Midolo et al., 2019). These studies have contributed to our mechanistic understanding of vegetation changes driven by environmental and anthropogenic factors. However, it is not clear whether the ambient low-level N deposition affects vegetation dynamics and nutrient status in grasslands and how to appropriately manage grasslands with the background of global changes. 
 In the present study, we found that aboveground biomass, abundance and species richness of forbs in a temperate grassland displayed a decreasing pattern across the 15-year span, while those of grasses and sedges exhibited the opposite pattern. This finding is consistent with the results obtained from the grassland survey in North-western and Central Europe, and North America (Clark & Tilman, 2008; Dupre et al., 2010). Stevens et al. (2016) also found the negative responses of forbs to atmospheric N deposition by the field surveys across N deposition gradients. They demonstrated that atmospheric N deposition and soil pH are the key drivers of spatial and temporal patterns of vegetation changes (Stevens et al., 2016). Their conclusion was drawn based on the background of greater atmospheric N deposition. The average amount of atmospheric N deposition in their studies was greater than that in our study, i.e., in the 68 grasslands they investigated, only 9 grasslands had N deposition less than 10 kg N ha-1 yr-1 (Stevens et al., 2016). In contrast, the atmospheric bulk N deposition in our area was approximately 7.8 kg N ha-1 yr-1 (Fig. 3). Despite the lower N-deposition rates in our ecosystem, we also found the significant effect of N deposition on plant-diversity loss. 

In the temperate and semi-arid grasslands, water and N availabilities and temperature are the major limitation factors for grassland productivity. However, we found that air temperature and precipitation had minor contribution to the community productivity (Table 1). These findings are consistent with the results obtained from simulation experiments of tallgrass prairie in central Kansas, USA (Collins et al., 2012) and of the infertile grassland at Buxton in U.K. (Grime et al., 2008). In another grassland in northern China, where the precipitation was similar to the grassland in the present study, water addition did not significantly increase productivity of plant community (Zhang et al., 2019). Although we found precipitation had contributions to the aboveground biomass of forbs, precipitation fluctuation did not offset the positive effect of N deposition on grass biomass (Table 1). Compared with rainfall and temperature, we found that N deposition was the major contributor leading to decrease in forb richness (Table 1). These results suggested that the ambient low-level N deposition significantly threatens plant diversity in the grassland ecosystem co-limited by N and water availability and low temperature. 
Our results showed that different plant species varied in their responses to N deposition and climatic factors (Table S2), which was consistent with the results of previous studies (Alward, Detling, & Milchunas, 1999; Suding et al., 2005; Cleland et al., 2013; Clark et al., 2019). These results suggest that increased N deposition does not benefit Allium forb growth, and that drought suppresses Potentilla forb growth. However, annual and biennial forbs exhibited greater responses to air temperature than the dominant species (Table S2). We found that the average air temperature in spring gradually increased over time (Fig. S6). This in turn may stimulate seed germination of annual and biennial forbs, and facilitate their growth. Therefore, the increased temperature in spring could counteract the negative effects of N deposition on annual and biennial forbs, thus accounting for a non-significant reduction in their aboveground biomass, species richness and abundance over time. 

Hierarchical-partitioning analysis showed that although N deposition explained greater variation for the forb richness, there were above 29% of the residuals (Table 1). These results suggested that in addition to N deposition and climatic variables, other global change factors or anthropogenic factors may contribute to the plant-diversity decline. In addition to environmental factors, grassland management, such as fencing, grazing and mowing, can also affect plant diversity and composition in grasslands (Collins, Knapp, Briggs, Blair, & Steinauer, 1998; Hillebrand et al., 2007; Medina-Roldan, Paz-Ferreiro, & Bardgett, 2012; Socher, Prati, & Boch, 2012). Our mowing experiment provided indirect evidence for the effects of long-term enclosure on plant-community variations under the background of N deposition. We discovered that mowing had an opposite effect to the N deposition on aboveground biomass of grasses (Fig. 6). Although the effects of herbivores on biodiversity depend on ecosystem productivity and community composition (Worm, Lotze, Hillebrand, & Sommer, 2002; Bakker, Ritchie, Olff, Milchunas, & Knops, 2006; Hillebrand et al., 2007; Borer et al., 2014), herbivory usually reduces the abundance of dominant palatable species, such as grass species (Koerner et al., 2018), which is also contrary to the effects of N deposition on community structure.  Long-term enclosure or grazing exclusion aggravated the negative effects of atmospheric N deposition on plant diversity (Table 1). Therefore, appropriate grassland utilization will be important for biodiversity conservation under the enhanced atmospheric N deposition. 
High-level N input enhanced N concentrations in plants and soils until plant-soil system reached N saturation (Watson, Jordan, Kilpatrick, McCarney, & Stewart, 2007; Mueller, Hobbie, Tilman, & Reich, 2013). However, we found that low-level N deposition increased N concentrations in plants and soil, which may result in cumulative effects of N on the grassland system (Fig. 4). Nitrogen accumulation in soil and plants may result from the continuous input of atmospheric N deposition in the relatively closed grassland. Nitrogen deposition and/or fencing usually enhance litter accumulation (Foster & Gross, 1998; Hou, He, Liu, Qiao, & Guo, 2019). This would in turn contribute to N mineralization by increases in substrates. Chapman, McNulty, Sun, and Zhang, (2013) predicted that the mean value of net N mineralization in natural grasslands was 14.3 kg N ha-1 yr-1. This N-mineralization rate, as well as relatively low rainfall in the grassland, may lead to inorganic N accumulation in soil (Fig. 4). Numerous studies have reported that long-term enclosure increases nutrient availability of soil nutrients (Medina-Roldan, Paz-Ferreiro, & Bardgett, 2012; Oliveira et al., 2019), while grassland utilization including mowing and grazing will accelerate the turnover of ecosystem nutrients by increasing availability of resources (Koerner et al., 2018). Therefore, combined with the local environmental conditions, an optimal grassland management regime may include grazing or mowing. 

5 CONCLUSIONS
We found that aboveground biomass, abundance and species richness of forbs decreased from 2014 to 2018 in a temperate and semi-arid grassland of northern China. The ambient N deposition mainly drove diversity decrease in the grassland that is co-limited by low water, N availability and temperature. Allium forbs, Potentilla forbs and annual/biennial forbs were sensitive to N deposition, precipitation and temperature, respectively. Low-level N deposition led to N accumulation in soil and plants under the conditions of long-term enclosure. These findings indicate that a low-level N deposition can threaten the dominant species of forbs and reduce the plant diversity by the N cumulative effects in a relatively closed grassland ecosystem. These findings highlight that grassland management should take into account local environmental features, and that an optimal grassland utilization may sustain plant diversity in the temperate steppes under the scenarios of increasing global atmospheric N deposition.
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FIGURE LEGENDS

FIGURE 1. Changes in aboveground biomass, abundance and species richness of plant community and functional groups over time. Time-dependent changes in community aboveground biomass, abundance and species richness from 2004 to 2018 (A, C, E). Changes in aboveground biomass, abundance and species richness of sedge, grass and forb species from 2004 to 2018 (B, D, F). Data are means± SE. Curves represent significant nonlinear regression fits. Levels of significance and correlation coefficients are shown for each relation. 
FIGURE 2. Changes in aboveground biomass of plant functional groups over time. Time-dependent changes in aboveground biomass of the Artemisia fobs (A), Potentilla forbs (B), Allium forbs (C), legume forbs (D), annual/biennial forbs (E), grasses (F) and sedges (G). Data are means ± SE. Curves and straight lines represent significant nonlinear and linear regression fits. Levels of significance and correlation coefficients are shown for each relation.  
FIGURE 3. Atmospheric N deposition, precipitation and air temperature in the study site over time. The precipitation (A) and air temperature (B) of growing season was the mean rainfall from May 1 to September 31.
FIGURE 4. Nitrogen accumulations in plants, soil and the ecosystem over time. (A) Time-dependent N accumulation in plants; (B) Time-dependent Nmin (inorganic N) accumulation in soil; (C) Time-dependent N accumulation in plants and Nmin accumulation in soil. Straight lines represent significant nonlinear regression fits. Levels of significance and correlation coefficients are shown.

FIGURE 5. Correlations between inorganic N in soils and aboveground biomass, abundance and species richness of forbs and grasses. (A, B, C). Changes in aboveground biomass, abundance and species richness of forbs and grasses with increases in concentrations of inorganic N (NH4+-N and NO3--N) in soils. Straight lines represent significant linear regression fits. Levels of significance and correlation coefficients are shown. 

FIGURE 6 Effects of mowing on aboveground biomass and species richness of plant functional groups a 15-yr period. Data are the average values of aboveground biomass and species richness. The mowing treatments included control (no mowing) and four stubble-heights: 15 cm (M1), 10 cm (M2), 5 cm (M3) and 2 cm (M4). 

TABLE 1. Independent variance in predictor variables and residuals that are contributed to response variables relating to aboveground biomass, abundance and species richness of plant community, grasses and sedges, and forbs.  
SUPPORTING INFORMATION
FIGURE S1 Changes in abundance of plant functional groups over time. Time-dependent changes in abundance of the Artemisia fobs (A), Potentilla forbs (B), Allium forbs (C), Legume forbs (D), annual/biennial forbs (E), grasses (F) and sedges (G). Data are means ± SE. Curves and straight lines represent significant nonlinear and linear regression fits. Levels of significance and correlation coefficients are shown for each relation.
FIGURE S2 Changes in species richness of different forbs over time. Data are means ± SE. Straight line represents significant linear regression fits. Levels of significance and correlation coefficients are shown.

FIGURE S3 Changes in aboveground biomass of dominant species of forbs, sedges and grasses over time. Data are means ± SE. Dominant grasses and sedges included S. krylovii and C. korshinskyi. Dominant forbs included A. frigida, P. acaulis and A. bidentatum. Curves represent significant nonlinear regression fits. Levels of significance and correlation coefficients are shown for each relation.

FIGURE S4 Changes in abundance of dominant species of forbs, sedges and grasses over time. Data are means ± SE. Dominant grasses and sedges included S. krylovii and C. korshinskyi. Dominant forbs included A. frigida, P. acaulis and A. bidentatum. Curves represent significant nonlinear regression fits. Levels of significance and correlation coefficients are shown for each relation.

FIGURE S5 The ratio of NHx deposition to NOx deposition from 2005 to 2018 in the temperate grassland.

FIGURE S6 Average daily precipitation and air temperature in spring (March to May), summer (June to August), autumn (September to November) and winter (December to February) in the temperate grasslands used in the present study from 2005 to 2018.

FIGURE S7 Changes in N concentrations in soil over time. The concentrations of soil mineral N (Nmin) including NH4+-N and NO3--N from 2005 to 2018. Data are means±SE. Straight lines represent significant linear regression fits. Levels of significance and correlation coefficients are shown. Different letters indicate it is significant among different year.
FIGURE S8 Changes in N concentrations and N accumulation in forbs and grasses over time. Data are means±SE. Straight lines represent significant linear regression fits. Levels of significance and correlation coefficients are shown.

FIGURE S9  Soil pH (0-10 cm) of the temperate grassland from 2005 and 2018. Data are means±SE.
TABLE S1. Common and rare species of plants within the quadrats (1 x 1 m) from 2004 to 2018.

TABLE S2 Independent variance in predictor variables and residuals that are contributed to response variables relating to aboveground biomass, abundance and species richness of plant functional groups.
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