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Abstract

:

Studies on the impacts of fertilization on plant production and species diversity are crucial for better maintaining the stability of grassland ecosystems and restoring degraded grasslands. Using a controlled fertilization experimental platform in a temperate Leymus chinensis meadow steppe ecosystem, the effects of different levels of nitrogen (N) and phosphorus (P) addition on plant community structure, biomass allocation, diversity, and the correlation relationship were explored. The major results were as follows: (1) The structural composition of the plant community changed after different levels of N and P addition; the dominance ratio and biomass of Poaceae plants increased gradually with increasing N and P addition levels. (2) The addition of N and P increased the height, density and coverage of the plant community, the biomass of the dominant L. chinensis and plant community and the total productivity of grassland, and reduced the root–shoot ratio of grassland biomass. For example, plant community biomass, gramineous plant biomass and grassland total productivity increased by 84.46–204.08%, 162.64–424.20%, and 38.12–46.44%, respectively, after N and P addition. (3) The community richness, diversity, and evenness indices decreased overall and showed binomial regression after N and P addition; the functional group of Poaceae plants was highly significantly negatively correlated with species diversity indices and was highly significantly positively correlated with the aboveground biomass of L. chinensis and community; Leguminosae plants and Ranunculaceae plants were highly significantly positively correlated with Margalef and Patrick richness indices; Ranunculaceae plants were highly significantly and negatively correlated with L. chinensis biomass, community biomass, and Poaceae plants. Moderate fertilization not only improved the plant community structure and productivity but was also beneficial for maintaining the grassland species diversity and stability.
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1. Introduction


Grasslands are the largest terrestrial ecosystem in China, with grassland ecosystems covering approximately 2.5 million km2 and accounting for a quarter of China’s total land area [1,2]. The steppe grasslands of the Inner Mongolia autonomous region are extensive [3], especially the Hulunbuir grassland in Northeast China, which is not only an important base for agricultural and livestock production and processing in China but also an important green ecological barrier in the north of the country. However, grassland ecological degradation has increased due to frequent natural disasters (i.e., snowstorms, droughts, and dust storms) and intense human activities (i.e., long-term mowing and overgrazing) in recent decades [4,5,6]. According to previous reports, approximately 90% of natural grasslands are degraded to varying degrees [7], and nearly 50% of China’s grasslands have experienced varying degrees of productivity decline [8], which is a serious challenge for maintaining grassland resources. The long-term mowing and grazing utilization of the Hulunbuir grassland is increasing each year, leading to a nutrient imbalance in the grassland ecosystem, lack of soil seed bank and obstruction of forage growth and renewal, and the growing conditions of good forage grasses have been severely damaged [9]. The decline in vegetation ground cover and biomass has progressively worsened as grassland degradation has increased, resulting in soil nutrient depletion and soil hardening [10,11,12,13]. Fertilization has become an important management measure for maintaining the nutrient balance of grassland ecosystems and restoring degraded grasslands.



Reasonably balanced fertilization measures could not only increase soil fertility, improve grassland plant community structure, promote the restoration of grassland productivity and protect plant community diversity, but they can also affect the biogeochemical cycle of nitrogen, phosphorus, and other elements in the soil; thus, changing the structure and function of grassland vegetation [14]. Typically, increases in different elements in the soil can alleviate N limitation in sandy or arid soils and increase plant productivity and density [15,16] at rates that vary with fertilizer application, and N and P also play an important role in root–shoot circulation [17], which is essential for improving plant productivity and agronomic application. However, some other studies in different grassland types have also shown [18,19,20] that community diversity declines and species loss rates increase with increasing levels of fertilizer application. In addition, the excessive application of chemical fertilizers causes soil compaction and acidification, nutrient imbalance, grassland degradation, and other serious threats to grassland ecosystem function. These studies investigated the structure and function of grasslands and their response to degradation from different perspectives and positively contributed to the understanding of the effect of different degradation processes on vegetation structure and function and their influencing factors. However, fertilizer application has an important role in agricultural production and has not been applied as frequently to the improvement of vegetation and soil in natural grassland ecosystems. Research on the effects of different levels of nitrogen and phosphorus addition on the community structure, biomass allocation, and diversity of L. chinensis meadows is even less common.



Therefore, based on the long-term improvement experiment of the L. chinensis meadow steppe in the Hulunbuir National Field Scientific Observation and Research Station of Inner Mongolia, China, this study examined the effects of fertilization on grassland improvement and restoration. The main purposes were (1) to analyse the response of the plant community structure and function of the L. chinensis meadow steppe to different fertilization treatments; (2) to explore the changes in grassland biomass and its distribution after N and P addition; and (3) to reveal the response of plant community species diversity and its interaction with functional groups to different levels of N and P addition, which is of great significance for elucidating the restoration mechanism of degraded grasslands and promoting the high-quality stability development of grassland agriculture and animal husbandry.




2. Materials and Methods


2.1. Overview of the Experimental Site


The study area is located in the Hulunbuir grassland in northeastern Inner Mongolia and is part of a long-term improvement experimental platform of the National Field Scientific Observatory of Grassland Ecosystems, Chinese Academy of Agricultural Sciences (49°23′ N, 120°02′ E), Inner Mongolia Autonomous Region, China; the site has an average altitude of 631 m above sea level and gentle terrain. The area has a medium-temperate semi-arid continental climate, with an annual average of 110 frost-free days. The annual mean precipitation ranges from 350 to 400 mm, approximately 80% of which falls between July and September. The annual mean air temperature is between −5 °C and −2 °C. The monthly average temperature and precipitation data at the study site for 2021 are shown in Figure 1, with a monthly average precipitation of 384.50 mm and a monthly average temperature of 0.64 °C. The test area is a zonal meadow grassland, with Leymus chinensis as the dominant species and Vicia amoena, Thalictrum squarrosum, and Pulsatilla turczaninovii as the auxiliary species. The soil type of the test site is chestnut caliche or dark chestnut caliche, and the soil texture is sandy loam. Sand, silt, and clay account for 71.3%, 24.9%, and 3.8%, respectively. The results of the soil background survey (0–10 m, 10–20 m, 20–30 m) in August 2013 are shown in Table 1. The C:N of soil is 10.1~11.6, and the nutrient content of the soil in this experiment is high, indicating high fertility.




2.2. Fertilizer Application Trial Design


The improvement experiment was established in 2013. The experiment was conducted in a randomized block design with eight treatments and three replicates per treatment for a total of 24 plots, as shown in Figure 2. Each plot was 60 m2 in size, with a 2 m buffer strip between plots, and fertilizer was applied in early June each year from 2014–2021. The results of the soil background survey (0–10 m, 10–20 m, 20–30 m) in August 2013 are shown in Table 1. The C:N of soil was 10.1~11.6, and the nutrient content of soil in this experiment was high, indicating high fertility. Based on the results of the soil base survey and previous studies, we selected four nitrogen and phosphorus fertilization treatments. Among them, the mixed ratio of N and P was 2:1, the nitrogen fertilizer was organic urea (CON2H4, total N content ≥46.4%), and the phosphorus fertilizer was organic calcium superphosphate (P2O5 content ≥16.0%). The four nitrogen and phosphorus fertilization levels were: (1) control (N0P0), fertilization amount was N 0 g·m−2 + P 0 g·m−2; (2) low level (N1P1), fertilization rate was N 3.5 g·m−2 + P 1.7 g·m−2; (3) medium level (N2P2), the amount of fertilizer was N 7.0 g·m−2 + P 3.4 g·m−2; and (4) high level (N3P3), N 10.5 g·m−2 + P 5.1 g·m−2. Other details are provided in previous research [21].




2.3. Research Methodology


2.3.1. Data Collection


Three 1 × 1 m2 quadrats were randomly located in each experimental plot during the peak biomass period in early August 2021. Within each quadrat, the species composition and canopy height and cover of each species were measured. A 50 cm × 50 cm point frame grid with 100 crosshairs was used to measure coverage; plant natural height was measured by the multipoint method with a ruler and averaged. The density of individuals or bunches was acquired by counting them in each quadrat [22]. The canopy was clipped to ground level, and the harvested plant biomass of each species was oven dried for 48 h at 65 °C to constant weight. Belowground biomass (BGB) was sampled by using a root auger (7 cm diameter) to soil depths of 0–10, 10–20, and 20–30 cm per sample, with three replicate profiles for each experimental unit being sampled at the same locations and at the same time as for the peak canopy biomass measurements.




2.3.2. Data Calculation and Processing


The importance value was calculated as follows: (relative height + relative density + relative cover)/3. Relative height was the percentage of the plant height to the total height of all plants; relative density was the percentage of the plant density to the total density of all plants; and relative cover was the percentage of the cover of one plant species to the total cover of all plants [23].



The community species diversity–ecosystem functioning relationship is a key concern for ecologists worldwide, and the sustainability and productivity of grassland ecosystems is heavily dependent on the biodiversity of plant communities [24,25]. The Margalef richness index (Ma), Patrick richness index (Pa), Shannon–Wiener diversity index (H’), Simpson diversity index (D), Pielou evenness index (JP), and Alatalo evenness index (Ea) were used to measure plant diversity. The formula was calculated as follows [26,27,28,29,30,31].
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In the above equations, Pi is the relative importance of plant species i in the sample, Pi =   N i / N  ; Ni is the absolute importance of plant species i, N is the sum of the absolute importance of each plant species in the sample where plant species i is located, S is the number of species in the sample, and N is the total number of plants in the sample.



In this study, Microsoft Excel 2019 (Microsoft, Seattle, WA, USA) and IBM SPSS Statistics 22 (IBM Corporation, Armonk, NY, USA) were used for data collation and statistical analysis, and Origin 2022 (OriginLab Corporation, Northampton, MA, USA) was used for data plotting. One-way analysis of variance (ANOVA) was used for plant community characteristics and species diversity indices under different N and P addition treatments, with a least significant difference (LSD) test for multiple comparisons and a significance level set at p < 0.05. Pearson’s correlation analysis was used to determine the relation of species diversity indices, functional group importance values and plant community biomass. Phylogeographic clustering analysis based on plant community species importance values was performed using the mean distance method with Euclidean distance.






3. Results


3.1. Effect of N and P Addition on Plant Community Composition and Quantitative Characteristics


The species composition of the grassland community varied with different levels of N and P addition, and the plant species changed with different treatments (Table 2). The results showed that L. chinensis was the dominant species under all treatments, and the importance value of L. chinensis under the N1P1, N2P2, and N3P3 treatments was higher than that under the N0P0 treatment. The importance values of L. chinensis under the N1P1, N2P2, and N3P3 treatments increased by 49.37%, 92.58%, and 92.49%, respectively, compared with the N0P0 treatment. Thirty-seven percent of the species in the community (all Gentianaceae plants, three species of Poaceae plants, two species of Leguminosae plants, and five other species) had higher importance values in the N0P0 treatment, and the more dominant species became more dominant with higher N and P application.



Thirty-five species from the 12 sample plots of the N and P addition trials were systematically clustered and quantitatively classified according to their importance values, and the plants in the four treatments of N0P0, N1P1, N2P2, and N3P3 were grouped into five plant community types with similarity values of 78%, 88%, 92%, and 91%, respectively (Figure 3). Communities were named according to the plant species with the ’most representative observations’ and ‘least representative observations’ of importance in the plant community. The plant community types for the N0P0 treatment were divided into the L. chinensis community, the Heteropappus altaicus + Bupleurum scorzonerifolium community (involving 6 families with 20 plant species), the Achnatherum sibiricum community, the Linaria vulgaris + P. turczaninovii community (involving 10 families with 12 plant species), and the T. squarrosum community; the N1P1 treatment was divided into the L. chinensis community, the C. squarrosa + Serratula centauroides community (involving 2 families with a total of 7 plant species), the Potentilla acaulis + Artemisia tanacetifolia community (involving 4 families with 13 plant species), the T. squarrosum community, and the Dianthus chinensis + Galium verum community (involving 11 families with 13 plant species); the N2P2 treatment was divided into the L. chinensis community, the C. squarrosa + Potentilla bifurca community (involving 3 families with a total of 14 plant species), the Lomatogonium micranthum + Allium ramosum community (involving 5 families with a total of 11 plant species), the T. squarrosum community, and the Linaria vulgaris + Carex duriuscula community (involving 8 plant species in 8 families); the plant community types for the N3P3 treatment were divided into the L. chinensis community, the Lactuca sativa + V. amoena community (involving 4 families with 17 plant species), the P. turczaninovii + Bupleurum scorzonerifolium community (involving 4 families with 8 plant species), the L. vulgaris + C. duriuscula community (involving 8 families with 8 plant species), and the T. squarrosum community.



The importance values of plant families after the addition of different levels of N and P (Figure 4) showed that the dominance of Poaceae plants showed an overall increasing trend under different treatments; the dominance of plants of the Compositae, Rosaceae, Umbelliferae, Liliaceae and other families showed an increasing trend followed by a decreasing trend; the dominance of Leguminosae plants showed an overall decreasing trend followed by an increasing trend; the dominance of Ranunculaceae plants showed an overall decreasing trend; and the dominance of Gentianaceae plants appeared only under the N0P0 treatment and was zero after the addition of nitrogen and phosphorus.



The height, cover, and density of the meadow steppe plant community and the dominant species L. chinensis were significantly increased by different levels of N and P addition (Figure 5). The height of the community under the N2P2 and N3P3 treatments was significantly higher than that under the N0P0 treatment, and the different levels of N and P addition (N1P1, N2P2, and N3P3) all resulted in a significant increase in the height of the dominant species, L. chinensis, by 32.96%, 68.16%, and 67.60%, respectively. The density of the plant community and the dominant species L. chinensis under the different treatments showed a consistent trend, with the density of the community and the dominant species L. chinensis under the N1P1, N2P2, and N3P3 treatments being significantly higher than those under the N0P0 treatment, with no significant difference in the density of the community between the N2P2 and N3P3 treatments. In terms of cover, the plant community and the dominant species L. chinensis cover were significantly higher under different levels of N and P addition than under the N0P0 treatment, but there were no significant differences in community cover among the three N and P addition treatments (N1P1, N2P2, and N3P3) and the dominant species under medium-to-high levels of N and P addition (N2P2, N3P3). The L. chinensis cover in those treatments was significantly higher than that of the N1P1 treatment, by 44.44% and 40.00%, respectively.




3.2. Effect of N and P Addition on Plant Biomass and Its Allocation


3.2.1. Effect of N and P Addition on Plant Community Biomass and Root-to-Shoot Ratio


Figure 6 shows that the aboveground biomass of the community and the dominant species L. chinensis under the N1P1, N2P2, and N3P3 treatments was significantly higher than that under the N0P0 treatment, and the community biomass increased by 84.46%, 176.12%, and 204.08% after low, medium, and high levels of N and P addition, respectively, compared to the non-addition treatments. The total grassland biomass was significantly higher under the N1P1, N2P2, and N3P3 treatments than under the N0P0 treatment, by 38.12%, 36.31%, and 46.44%, respectively, with nonsignificant differences among treatments for each N and P addition level. With increasing levels of N and P addition, the belowground biomass was significantly higher in the 0–30 cm soil layer under the low-level N1P1 treatment than under the N0P0 treatment; overall, the root-to-shoot ratio showed a significant reduction, and the ANOVA results showed that the root-to-shoot ratio and the proportion of belowground biomass were significantly lower for the low, medium, and high levels (N1P1, N2P2, and N3P3) of N and P addition than for the N0P0 treatment; differences between treatments with medium to high levels of N and P addition (N2P2, N3P3) were not significant but were significantly lower than those with low levels (N1P1), but the proportion of aboveground biomass showed the opposite pattern. In summary, this study found that N and P addition significantly increased the aboveground biomass of the dominant species L. chinensis and the community, the belowground biomass, the total grassland biomass, and the aboveground biomass ratio of the community but decreased the belowground biomass ratio, showing significant inhibition of the root-to-shoot ratio of the plant community.




3.2.2. Biomass of Plant Families in the Community after N and P Addition


Changes in plant family biomass occurred after different levels of N and P addition (Figure 7), and there was a gradual increase in the plant biomass of Poaceae under different treatments, with a biomass increase of 162.64%, 379.60%, and 424.20% under N1P1, N2P2, and N3P3 treatments, respectively, compared to the N0P0 treatment; the biomass of Leguminosae plants, although showing numerical decreasing then increasing trends, remained the greatest under the N0P0 treatment, with an overall trend of decreasing biomass; the biomass of Compositae and Rosaceae plants showed an overall trend of increasing followed by decreasing; the biomass of Ranunculaceae plants showed a trend of decreasing followed by increasing; Umbelliferae plants had the highest biomass under the N1P1 treatment with a value of 4.24 g·m−2; the biomass values for Gentianaceae and Liliaceae plants were small and did not vary significantly; and the biomass change in other plant families was greatest in the N1P1 treatment, with a value of 68.01 g·m−2.





3.3. Effect of N and P Addition on Community Species Diversity Indices


The Margalef richness index, Patrick richness index, Shannon–Wiener diversity index, Simpson diversity index, and Pielou evenness index of the plant community gradually showed a significant decreasing trend with increasing levels of N and P addition (Figure 8). Among them, the Margalef and Patrick richness indices and Shannon–Wiener and Simpson diversity indices were significantly higher under the N0P0 treatment than under the N1P1, N2P2, and N3P3 treatments (p < 0.05), and the Margalef and Patrick richness indices were significantly higher under the N1P1 treatment than under the N3P3 treatment (p < 0.05). For the Pielou and Alatalo evenness indices, the N0P0 treatment was significantly higher than the N2P2 treatment (p < 0.05).




3.4. Effect of N and P Addition on the Correlation of Community Species Diversity Indices, Biomass, and Plant Functional Group Importance Values


We found (Figure 9) a highly significant positive correlation among the Margalef richness index, Patrick richness index, Shannon–Wiener diversity index, Simpson diversity index, and Pielou evenness index (p < 0.01); the aboveground biomass of L. chinensis and the community was significantly negatively correlated with the Alatalo evenness index (p < 0.05) and with the other five community species diversity indices, which were highly significant (p < 0.01); Poaceae plants were highly significantly negatively correlated with all six community species diversity indices and were highly significantly positively correlated with the aboveground biomass of L. chinensis and the community (p < 0.01); Leguminosae plants were significantly positively correlated with the Margalef and Patrick richness indices (p < 0.05); Ranunculaceae plants were significantly positively correlated with the Margalef and Patrick richness indices (p < 0.05) and were also highly significantly positively correlated with the Shannon–Wiener diversity index, the Simpson diversity index, and the Pielou and Alatalo evenness indices (p < 0.01); Ranunculaceae plants were highly significantly negatively correlated with L. chinensis aboveground biomass, community aboveground biomass, and Poaceae plants (p < 0.01).





4. Discussion


4.1. Effects of N and P Addition on the Species Composition of Communities and Their Quantitative Characteristics


The relationships between species changes in habitats after nutrient addition. In this experimental study, no clear pattern of changes in the importance values of individual species was found in the meadow grassland communities after fertilization, but the division of species into higher plant families revealed that the importance values of functional groups composed of different plant species changed significantly with the addition of nitrogen and phosphorus. Phoenix et al. [32] have shown that anthropogenic increases or decreases in nutrients in ecosystems can have a wide range of effects on terrestrial plant communities, while Reich et al. [33] and Suding et al. [34] have suggested that some species and functional groups are more susceptible to decline than others in the presence of increased resources. The height, density, and cover of the dominant species L. chinensis in the plant community of this experimental sample plot increased significantly with the application of nitrogen and phosphorus. The importance value also increased and enhanced the uptake, utilization, and transformation of nitrogen by Poaceae plants [35], and N and P addition caused a significant increase in the dominance of the entire Poaceae functional group. In this experiment, the decrease in the functional group importance of Leguminosae in the three treatments after the addition of nitrogen and phosphorus was related to the inherent nitrogen fixation capacity of Leguminosae plants and the amount of fertilizer applied. N and P addition had a strong effect on the growth of Leguminosae plants, but due to their unique nitrogen fixation capacity, their growth was inhibited to a certain extent when certain nitrogen levels were reached [36]. Poaceae plants are overwhelmingly dominant throughout the community, and their competitiveness throughout the habitat was strongest after the addition of nitrogen and phosphorus, with an abundance of resources and vigorous growth, as these tall plants outcompeted shorter plants for light and limited their growth in the community, which in turn meant that the sum of the importance values of the other plant functional groups (Compositae, Rosaceae, Umbelliferae, Liliaceae, Ranunculaceae, Gentianaceae, etc.) of nondominant species in the community could not compete with that of a single Poaceae. The systematic clustering analysis of Huangshan pine communities in the Daiyunshan National Nature Reserve by Ren et al. [37] reflected the differences in the structure and function of different types of communities and inferred that these differences were mainly determined by the ecological characteristics of different species, suggesting that it is feasible to express the ecological characteristics of different communities using the species diversity index at the community organization level. A study by Birhanu et al. [38] found that changes in plant communities were closely related to environmental factors such as altitude, organic matter, soil nitrogen, and phosphorus. In the present study, the plant community of the L. chinensis meadow grassland was clustered and classified according to the importance values of plant species as reference indicators, and the obtained results generally reflected the effects of N and P addition on the plant community structure at different levels. The dominant communities in this experiment, the L. chinensis community and Thalictrum squarrosum community, were present in all four treatments, while the other three plant communities had different community compositions under different treatments, indicating that the plant community structure of the L. chinensis meadow grassland changed with the different levels of N and P addition.



Vegetation structure is influenced by plant diversity, while plant community cover, biomass, species height and density significantly influence community structure [39,40,41]. The functional traits of plants reflect the impact of environmental variability on ecosystems and are the basis for seeking relationships between plants and their environment while being closely related to plant growth, reproduction, and evolution [42]. Recently, many researchers have explored the mechanisms of nitrogen and phosphorus effects on plant height. The results of this experiment showed that the community canopy height increased significantly after medium to high levels of N and P addition, and the height of the dominant species L. chinensis increased significantly under the three N and P addition treatments, which is consistent with the results of previous studies [43,44,45,46]. Nitrogen application leads to a loss of dwarf species through competitive exclusion, resulting in taller species becoming dominant and increasing the height of the community. The graminoid L. chinensis in this experiment uses fertilizer more efficiently than other species when the soil is supplemented with nitrogen and phosphorus, and its superiority in terms of height growth is fully demonstrated, making it a strong competitor among community species and a dominant player in community height. In a study on the improvement of degraded L. chinensis grasslands, Qilimin et al. [47] found that the L. chinensis population density showed an increasing trend with increasing nitrogen addition without considering other treatments, but there was no significant difference between the treatments. The results of this experiment were similar, but with slight differences. The first difference was that the density of the meadow steppe community and the dominant species L. chinensis decreased slightly when high levels of nitrogen and phosphorus were added; the second difference was that the density of L. chinensis reached its maximum with medium levels of nitrogen and phosphorus fertilization and was significantly greater than that in the no fertilization treatment. Nitrogen and phosphorus can change the soil nutrient content and other characteristics of the plant community. Combining these two differences, it can be concluded that the supplementation of nitrogen and phosphorus improved the vegetation growth environment, and the habitat conditions of the grass L. chinensis in the community were optimal (with the best growth condition and highest density) at a medium level of elemental supplementation; however, the continued increase in nitrogen and phosphorus supplementation increased the size of the dominant plants that were adapted to this environment, and the increase in their individual sizes led to a decrease in community density. The L. chinensis meadow steppe community and the dominant species L. chinensis cover under the N1P1, N2P2, and N3P3 treatments in this experiment were significantly higher than those under the N0P0 treatment, which is the same as the results of previous studies on degraded alpine grasslands [48,49,50,51]. This indicated that fast-acting soil nutrients were increased by the addition of exogenous N and P elements, which reduced potential limitations in vegetation growth and development factors and improved the habitat for the vegetation, especially the dominant graminoid L. chinensis in the community, resulting in taller plants with enhanced access to light resources [51], as shown by increasing the cover of the community and the Poaceae plant L. chinensis.




4.2. Effects of N and P Addition on Grassland Biomass


The productivity of terrestrial ecosystems is limited by a combination of N and P [52,53,54], and the homeostasis of soil nutrients is altered by the addition of nutrient elements, a change that is usually more favorable for the accumulation of dry matter by the plant body. In contrast, nitrogen and phosphorus are functional substances for the plant body, and the productivity of forage grasses can be affected by them [55]. Studies by Elser et al. [56], Xia et al. [57], and Fornara et al. [58] have shown that in most terrestrial ecosystems, fertilization usually increases plant biomass. The total grassland biomass in this experiment was significantly increased by the addition of nitrogen and phosphorus, and the aboveground biomass of the community as well as L. chinensis was significantly greater with the addition of nitrogen and phosphorus than without their addition. The biomass of the aboveground treatments with the addition of medium to high levels of nitrogen and phosphorus was significantly higher than that in the treatment with low levels of nitrogen and phosphorus, where the aboveground biomass of the community increased 1.84–3.04-fold and the biomass of L. chinensis increased 2.87–5.75-fold. The increase in the aboveground biomass of plant communities with increasing fertilizer gradients is because the mixed application of N and P fertilizers balances the soil nutrients and increases the activity of related enzymes (soil phosphatase, urease, etc.) in the soil; thus, promoting the decomposition of N and P [55]; this also indicates that N and P are important limiting factors in the growth of meadow grassland plants, and the increases in their amounts relieve their limitations on plant growth and development to a certain extent, promoting tiller branching and photosynthesis [59]. The root system is an important component of plant performance and crop yield, synthesising and transporting physiologically-active substances [60,61]. Studies have shown that root growth is significantly affected by the addition of nitrogen and phosphorus, with increased fertilizer application promoting increased root biomass [62,63], and Gaudin et al. showed that low levels of elemental addition enhanced root elongation in crops that were subjected to nitrogen stress [64]. The results of this study were the same, with low levels of N and P addition significantly increasing root biomass and moderate fertilizer application promoting nutrient uptake, improving the photosynthetic capacity of the plant and increasing the root distribution in the soil. The root-to-crown ratio reflects the response strategy of plants to their environment [65], and a study by Wang et al. [66] found that high N effectiveness reduced root biomass. In this study, we found that N and P addition significantly inhibited the root-to-crown ratio in plant communities. As aboveground biomass is more sensitive to N and P addition, coupled with the improved soil nutrient status after years of N and P addition, N and P addition can contribute to a decrease in the number of primary roots and an increase in the number of adventitious roots, which in turn leads to a decrease in the root-to-crown ratio.



Groups of species in a system that are directly related to a function and constitute a group of species are often referred to as functional groups, and plant biomass and community productivity are more significantly influenced by the number of species within a functional group [67,68]. Nitrogen is considered to be a key determinant of aboveground net primary productivity, and phosphorus, a nutrient that is essential for plant growth and development, plays an important role in processes such as plant energy synthesis and material conversion [59]. In this experiment, to study the effect of N and P addition on the biomass of functional groups of L. chinensis meadow grassland plants, the plant community was divided into nine functional groups, namely, Poaceae, Compositae, Rosaceae, Leguminosae, Gentianaceae, Ranunculaceae, Umbelliferae, Liliaceae and other families, taking into account the profile and species distribution of the test sample site. Hautier et al. [45] showed that the addition of N and P alleviated the growth limitation of graminoids; Walker et al. [69] found that the increase in biomass of Poaceae and Cyperaceae was closely related to the application of N and P fertilizers. The results of this experiment showed a trend of gradual increase in plant biomass of Poaceae with the increase of nitrogen and phosphorus elements, and the biomass under the N1P1, N2P2, and N3P3 treatments increased by 162.65%, 379.61%, and 424.21%, respectively, compared with the N0P0 treatment. First, light was the main limiting factor in the whole plant community, with Poaceae plants having greater heights and cover than other functional groups, and the graminoid L. chinensis was the dominant species in this plant community, occupying more light resources than other families; second, soil nutrients were also important limiting factors of plant productivity, as Poaceae plants, especially L. chinensis, are in a dominant position to obtain water as well as nutrients from the soil. This stronger ability of Poaceae to compete for environmental resources in the community allows for their better efficiency in using added nitrogen and phosphorus elements and promotes their increased plant biomass.



The results of Hector’s study showed that the biomass of Leguminosae, as a nitrogen-fixing plant in the ecosystem was affected by the addition of nitrogen and phosphorus, but the effect was not significant [70]. Although the biomass of Leguminosae plants in this experiment tended to decrease and then increase numerically, the biomass continued to be the greatest under the N0P0 treatment, with an overall decreasing trend. Leguminosae plants are naturally nitrogen-fixing plants, so the addition of nitrogen and phosphorus increases their productivity, but due to their nature and the increased biomass of Poaceae plants in the community, they are less competitive for light and nutrients, and their growth is limited, resulting in a reduction in the overall productivity of Leguminosae plants in the community. The biomass of Ranunculaceae plants tends to decrease and then increase, considering that Ranunculaceae plants usually contain alkaloids throughout the plant, mostly in the roots, which affect the plant’s uptake of nutrients and, thus, the physiological and biochemical processes involved in the synthesis of various nutrients in the plant. Plants of the Compositae, Rosaceae, and other families showed an overall trend of increasing and then decreasing biomass, all of which were greatest in the N1P1 treatment, probably due to the low levels of N and P addition that allowed these plant species to survive in optimum conditions with better plant growth and higher productivity than in the other treatments. The results of Bai’s experiments in degraded grasslands showed that nitrogen addition reduced the biomass of miscellaneous perennial grasslands [71], and the biomass of Umbelliferae, Gentianaceae, and Liliaceae plants in this experiment had small values and did not vary significantly. The dominant Poaceae plants in the community grew vigorously after the application of nitrogen and phosphorus fertilizers, causing other species in the community to grow as smaller plants as their competitiveness in the habitat was threatened, and the uptake and use of nutrients by lower, shade-intolerant plant species was inhibited [72], resulting in smaller biomass and lower productivity of the miscellaneous grasses in the community as a whole.




4.3. Effects of N and P Addition on Plant Community Diversity


Ecosystem functioning, driven by global change, may be influenced directly or indirectly by plant diversity [73]. Plant competition for a particular nutrient is the most important factor controlling the species composition of plant communities [74]. One of the important characteristics of biomes is the diversity of the community, and importance values are important indicators for assessing species diversity, which together reflect plant community characteristics and the relationship between community and environmental interactions [24]. Several authors have shown that an increase in nutrient availability following fertilizer application reduces plant species diversity [75,76,77]. The study of the L. chinensis meadow steppe in this experiment found that the plant community richness index, diversity index, and evenness index showed an overall significant decrease with increasing levels of N and P addition. In habitats where the nutrient composition deficit was not severe compared to nutrient-poor land, the addition of nitrogen and phosphorus promoted the growth of vegetation and significantly increased the height and cover of the dominant species in the community, especially L. chinensis, resulting in less light penetrating the upper layers of the herbaceous community and reaching the shorter species in the community. As a result, the dominant species outcompete the others and grow more vigorously, and the disadvantaged species are gradually eliminated by exclusion, resulting in a more homogeneous community and reduced species diversity [78].




4.4. Correlation Analysis of Functional Groups, Biomass, and Diversity under Nitrogen and Phosphorus Addition


Differences in utilization and management methods affect biological diversity to varying degrees, and diversity is an important factor in determining ecosystem functions. Many studies have found that the relationship between plant functional groups and community species diversity is more noteworthy than the one-way effects of different treatments on plant species’ importance and community species diversity [79,80,81]. With the increase in fertilization level, the higher the dominance of Poaceae plants, resulting in a significant negative correlation between the biomass, Poaceae plants, and species diversity index. The reason may be that the soil nutrients required for plant growth were guaranteed after fertilization treatment, and the biomass of L. chinensis, the main representative plant of Poaceae, was especially significantly improved, which significantly enhanced its competitiveness and ability to survive in the community. Only a few plants are dominant in the community, and the function of the ecosystem is mainly regulated by these few dominant plants. The increase in other nondominant plants cannot significantly improve the function of the ecosystem [82]. The dominant species L. chinensis preempted the growth environment resources of Leguminosae, Gentianaceae, Ranunculaceae, Umbelliferae, Cyperaceae, and other plants; thus, simplifying the community structure and reducing the community species diversity.





5. Conclusions


Significant changes in the structural composition of plant communities followed different levels of N and P addition. The importance value of L. chinensis showed a trend of increasing with increasing levels of N and P addition and was higher under the N2P2 treatment than under the other treatments. N and P addition increased the dominance proportion and biomass of Poaceae plants, the plant community height, density, cover, aboveground biomass, and belowground biomass but reduced the community species diversity index and the root-to-shoot ratio of the plant community. The community species diversity was highly significantly negatively correlated with the aboveground biomass of L. chinensis and the community and the functional group of Poaceae plants. Leguminosae plants and Ranunculaceae plants were highly significantly positively correlated according to the Margalef and Patrick richness indices. Overall, moderate fertilization not only improved the plant community structure and productivity but was also beneficial for maintaining the grassland species diversity and stability. We acknowledge that multi-year studies with a variety of fertilizers are extremely necessary for empirical testing of fertilizing measures’ effects on the improvement and restoration of degraded grassland and the stability of grassland ecosystems.
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Figure 1. Monthly average temperature and precipitation in the experimental area for 2021. 
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Figure 2. Study area geographic location and the experimental layout. 
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Figure 3. Clustered dendrograms of the plant community systems under different nitrogen and phosphorus addition treatments. (A) No NP addition (N0P0), (B) low-level NP addition (N1P1), (C) medium-level NP addition (N2P2), and (D) high-level NP addition (N3P3). The different colors indicate that the plant species have been divided into different subcommunities. 
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Figure 4. Importance values of plant families among N and P addition treatments. The basic unit of plant classification is the species, and some species with more commonalities are grouped into families. We classify plants according to families, which can represent the different functional groups of plants. 
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Figure 5. Quantitative characteristics of the plant community and L. chinensis among N and P addition treatments. (A) Height, (B) density, (C) cover. The black box line diagrams represent L. chinensis, the red box line diagrams represent the plant community (the plant community includes L. chinensis), and the blue circles represent the average of the data indicators under the corresponding treatment. Lower case letters in the graphs indicate significant differences (p < 0.05, LSD test). 
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Figure 6. Changes in plant community biomass and root-to-shoot ratio after N and P addition. (A) Aboveground biomass of L. chinensis, (B) aboveground biomass of the community, (C) belowground biomass in the 0–30 cm soil layer, (D) total biomass of grassland, (E) root–shoot ratio, (F) biomass allocation ratio. Lower case letters in the graphs indicate significant differences. Lower case letters in the graphs indicate significant differences (p < 0.05, LSD test). 
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Figure 7. Aboveground biomass of plant families in the community among NP addition treatments. 






Figure 7. Aboveground biomass of plant families in the community among NP addition treatments.



[image: Agronomy 13 00208 g007]







[image: Agronomy 13 00208 g008 550] 





Figure 8. Changes in the species diversity index of L. chinensis meadow grassland communities after NP addition. (A) Margalef richness index, (B) Shannon–Wiener diversity index, (C) Pielou evenness index, (D) Patrick richness index, (E) Simpson diversity index, (F) Alatalo evenness index. The y function is the corresponding quadratic fitting equation, and R2 represents the goodness-of-fit value. Lower case letters in the graphs indicate significant differences (p < 0.05, LSD test). 
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Figure 9. Heatmap for correlation analysis of community species diversity, biomass, and plant functional group importance values under N and P addition. Ma, Margalef richness index; Pa, Patrick richness index; H’, Shannon–Wiener diversity index; D, Simpson diversity index; JP, Pielou evenness index; Ea, Alatalo evenness index; LAB, aboveground biomass of L. chinensis; CAB, aboveground biomass of the community; Poa., the importance values of Poaceae plants; Leg., the importance values of Leguminosae plants; Ran., the importance values of Ranunculaceae plants; OF, the importance values of other families. * and ** represent a significant correlation at the 0.05 and 0.01 levels, respectively. 
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Table 1. Soil basic properties indicator of the test site.
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	Soil Depth (cm)
	TN (g·kg−1)
	TP (g·kg−1)
	TK (g·kg−1)
	TC (g·kg−1)
	pH





	0–10
	3.28
	0.51
	22.62
	37.79
	6.97



	10–20
	2.77
	0.50
	24.23
	29.33
	7.01



	20–30
	2.12
	0.45
	22.38
	21.67
	7.13







Note: TN, total nitrogen; TP, total phosphorus; TK, total potassium; TC, total carbon.
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Table 2. Plant species importance values among NP addition treatments.
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Family

	
Species

	
N0P0

	
N1P1

	
N2P2

	
N3P3






	
Poaceae

	
Leymus chinensis

	
34.09 ± 8.69

	
50.92 ± 3.01

	
65.65 ± 1.98

	
65.62 ± 0.34




	
Stipa baicalensis

	
2.05 ± 2.05

	
0

	
0

	
0




	
Koeleria cristata

	
0.44 ± 0.44

	
0.59 ± 0.59

	
0

	
0




	
Poa annua

	
0.00 ± 0.00

	
1.32 ± 1.32

	
0

	
0




	
Achnatherum sibiricum

	
6.09 ± 3.12

	
0

	
0

	
0




	
Cleistogenes squarrosa

	
1.61 ± 0.09

	
0.43 ± 0.43

	
0

	
0




	
Compositae

	
Artemisia frigida

	
0.42 ± 0.42

	
1.65 ± 0.95

	
1.12 ± 1.12

	
0




	
Serratula centauroides

	
1.74 ± 0.92

	
1.85 ± 1.85

	
1.39 ± 1.39

	
0




	
Lactuca sativa

	
0

	
0

	
1.66 ± 1.66

	
0




	
Artemisia tanacetifolia

	
2.25 ± 1.24

	
2.54 ± 1.32

	
2.71 ± 1.57

	
1.34 ± 1.34




	
Artemisia dracunculus

	
0

	
0

	
0

	
1.52 ± 1.52




	
Heteropappus altaicus

	
0

	
0

	
0

	
1.14 ± 1.14




	
Rosaceae

	
Potentilla tanacetifolia

	
0.87 ± 0.87

	
0

	
3.08 ± 0.85

	
1.33 ± 1.33




	
Potentilla acaulis

	
0.21 ± 0.21

	
0

	
0

	
0




	
Potentilla bifurca

	
1.99 ± 0.28

	
2.29 ± 1.30

	
1.38 ± 1.38

	
1.98 ± 1.98




	
Leguminosae

	
Vicia amoena

	
7.30 ± 1.37

	
1.15 ± 1.15

	
1.25 ± 1.25

	
2.88 ± 2.88




	
Thermopsis lanceolata

	
0.96 ± 0.96

	
1.28 ± 1.28

	
0.88 ± 0.88

	
1.41 ± 1.41




	
Astragalus melilotoides

	
4.35 ± 2.42

	
1.04 ± 1.04

	
1.23 ± 1.23

	
2.69 ± 1.36




	
Gentianaceae

	
Gentianopsis barbata

	
0.91 ± 0.91

	
0

	
0

	
0




	
Gentiana squarrosa

	
0.94 ± 0.52

	
0

	
0

	
0




	
Lomatogonium micranthum

	
2.17 ± 0.11

	
0

	
0

	
0




	
Ranunculaceae

	
Thalictrum squarrosum

	
8.97 ± 4.89

	
10.27 ± 2.59

	
5.33 ± 0.41

	
6.46 ± 1.20




	
Pulsatilla turczaninovii

	
6.51 ± 4.08

	
3.12 ± 1.21

	
0.77 ± 0.77

	
0




	
Umbelliferae

	
Bupleurum scorzonerifolium

	
3.42 ± 0.29

	
3.97 ± 0.21

	
0.76 ± 0.76

	
3.14 ± 1.60




	
Saposhnikovia divaricata

	
0

	
0.83 ± 0.83

	
0

	
0




	
Liliaceae

	
Allium ramosum

	
0

	
0

	
1.38 ± 1.38

	
0




	
Allium bidentatum

	
0.48 ± 0.48

	
0

	
0

	
0




	
Other families

	
Carex duriuscula

	
5.94 ± 1.66

	
5.13 ± 2.59

	
4.07 ± 2.19

	
3.19 ± 3.19




	
Adenophora stricta

	
1.67 ± 1.67

	
2.55 ± 1.36

	
0

	
1.84 ± 1.84




	
Dianthus chinensis

	
0.81 ± 0.81

	
0

	
0

	
0




	
Galium verum

	
2.95 ± 0.26

	
6.57 ± 1.56

	
4.37 ± 0.50

	
5.46 ± 0.56




	
Linaria vulgaris

	
0

	
1.29 ± 1.29

	
0

	
0




	
Iris ventricosa

	
0.84 ± 0.84

	
0

	
1.52 ± 1.52

	
0




	
Schizonepeta multifida

	
0

	
1.22 ± 1.22

	
0

	
0




	
Dontostemon micranthus

	
0

	
0

	
1.46 ± 1.46

	
0








Note: The data in the table are mean values and standard error values (p < 0.05, LSD test).
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