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Although dissolved organic nitrogen (DON) plays an important role in the dynamic processes of nitrogen mineralization, fixation, and leaching, the ecological driving forces of DON across the Tibetan Plateau remain largely unknown. Here, we measured climate, soil, plant indicators, and DON concentration on the Tibetan Plateau, and used “change-point” analysis to determine DON patterns. Then correlation analysis was applied to analyze the relationship between DON and each index. Finally, the structural equation modelling (SEM) is used to explain the overall effect between DON and environmental factors. Our results showed that two DON patterns were presented across the Tibetan Plateau, that is, low-DON (5.43 g/mg) and high-DON (16.36 g/mg) patterns. In the low-DON pattern, biologic factors such as microbial carbon, microbial nitrogen, and productivity were the main influencing factors of DON concentration. In the high-DON pattern, DON was strongly governed by hydrothermal synchronization and superior soil environment. This study can help us to have a more comprehensive understanding of the response mechanism of soil soluble nitrogen pool in alpine ecosystems under climate change.
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INTRODUCTION
Soil dissolved organic nitrogen (DON) is an important component of soil nitrogen (N) pool and plays a crucial role in regulating N cycling and plant productivity in terrestrial ecosystems (Chapin et al., 1993; Raab et al., 1996; Jiang et al., 2020). For example, DON in the form of low molecular amino acids can be utilized directly by plant roots and some mycorrhiza, which increase the cycling of N by reducing the reliance of plants on soil microorganisms turning soil organic matter into inorganic nitrogen (Streeter et al., 2015). Moreover, DON also represents the net balance between inputs (plant and microbial turnover and root exudation) and outputs (N mineralization, plant uptake, and leaching) of N (Jones et al., 2004). The concentration of DON is highly sensitive to abiotic and biotic forces (Jiang et al., 2020). In terrestrial ecosystems, plants and microorganisms are competing in utilizing N (e.g., small molecule dissolve nitrogen) (Dunn et al., 2006). The competition between plants and microorganisms for N is a key ecological process that affects soil DON concentration (Jones et al., 2004). DON has been divided into two distinct pools, that is., low molecular weight (LMW) and high molecular weight (HMW), by their molecular weight (Yu et al., 2002). Previous studies also demonstrated that the rate of ammonification and nitrification in soil can be regulated directly by the LMW-DON pool (Jahnel et al., 1994) while indirectly by HMW-DON through nonspecific inhibition of enzymes like proteases (Stepanauskas et al., 1999).
DON is not only influenced by biological processes but also regulated by climatic variables and hydrological conditions (Zhang et al., 2015). It has been estimated that the global annual mean temperature will increase by 2°C at the end of this century, which will be accompanied with changes in the global precipitation pattern (Tollefson, 2018). The change of hydrothermal synchronization has important influences on the N cycle in terrestrial ecosystems (Chapin et al., 2002). For example, water availability may increase the DON concentration by enhancing ecosystem the productivity (Jiang et al., 2020). In addition, the turnover of DON in the forest ecosystem can be positively (Kalbitz et al., 2010) or negatively (Ueda et al., 2013) correlated with the soil temperature. Notably, the belt transect survey on the Tibetan Plateau elucidated that the concentration of DON increased linearly with the increase of the annual mean temperature (Luo et al., 2010; Wang et al., 2012). Generally, these studies showed that the influences of biotic and abiotic factors on DON are inconsistent among ecosystems (Aitkenhead-Peterson, 2003; Vanderbilt et al., 2003; Sebestyen et al., 2008; Casson et al., 2012; Zhang et al., 2015). Soil DON can be generated through a variety of pathways, but the primary drivers of DON production are still unclear (Kalbitz et al., 2000; Mcdowell, 2003). In particular, few studies have examined how hydrothermal conditions affect DON concentrations at the regional scale across Tibetan Plateau (Jiang et al., 2020).
The Tibetan Plateau, known as the “Third Pole,” is the highest plateau on Earth (Sun et al., 2020). The fragile and sensitive climate and unique biological conditions on the Tibetan Plateau make it an ideal region for exploring the distribution pattern of DON (Zhou et al., 2020b). At present, some of the studies have shown that DON is affected by both biologic and abiotic factors in alpine ecosystems (Warren, 2009; Vestgarden et al., 2010; Warren, 2013). For instance, previous studies reported that DON is mainly regulated by precipitation rather than temperature because it is not sensitive to temperature at the regional scale in the Tibetan Plateau (Jiang et al., 2020). In addition, recent evidence found that plant biomass is a key influencing factor of DON concentration and turnover in alpine grassland (Jiang et al., 2020). Meanwhile, the lower temperature of the alpine ecosystem also effects the DON by limiting the rate of mineralization (Jaeger et al., 1999). Although the above studies have analyzed the relationship between biotic and abiotic factors with DON, little attention has been shown on their internal mechanism. Here, we conducted a belt transect survey in alpine grasslands along water and heat gradients across the Tibetan Plateau. We aimed to answer the following questions: 1) the distribution pattern of DON along environment factors in Tibetan Plateau and 2) the mechanism of response between DON and biotic and abiotic factors in different patterns.
METHODS
Study Area
Located to the west of China, Tibetan Plateau (80°−105°E, 27°−37°N) has an alpine climate, with an average altitude of more than 4,000 m. The annual mean precipitation (AMP) of the Tibetan Plateau is 400 mm and decreased from the southeast (c. 1,000 mm) to the northwest (c. 100 mm). The annual mean temperature (AMT) decreases from 20°C in the south of Tibet to −5°C in the northwest. The alpine grassland and alpine meadow are the most widely distributed ecosystem types in the Plateau. The main soil types include felt soil, cold calcareous soil, and brown calcareous soil.
From July to August 2015, plant and soil samples were collected in 115 sample sites along a 5,000-km belt across the Tibetan Plateau. The sampling sites covered three typical grassland types, that is, alpine meadow, alpine grassland, and alpine desert grassland. The rainfall gradient of the sampling sites showed an increasing trend from the northwest to the southeast, with an annual mean precipitation range of 83–898 mm (Supplementary Figure S1).
Soil Plant and Microbial Properties
At each site, three random sampling surveys (50 cm × 50 cm) were carried out in each plot (10 m × 10 m). Meanwhile, the plant community characteristics (species height, number, and coverage) were investigated. The aboveground parts of plants in the sampling square were harvested and calculated as aboveground biomass (AGB). Three soil samples (0–30 cm soil layer) were collected from each small quadrate using drills with a diameter of 5 cm. The roots in soil were removed by rinsing in water and then oven-dried (65°C) for 48 h, and weighted to represent belowground biomass (BGB).
The community diversity index of Shannon–Wiener was calculated by Eq. 1 as follows:
[image: image]
where Pi is the proportion of the total number of individuals of this species in the community.
The plant diversity index of Gleason was calculated by Eq. 2
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where A is the area of plots and S is the total number of species in the community.
The climate index of aridity index (AI) was calculated by Eq. 3.
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where AMP and AMT are the annual mean precipitation and annual mean temperature, respectively.
Correspondingly, aboveground and belowground plant was stored in paper bags, oven-dried at 65°C, and weighed to calculate AGB and BGB. Soil total dissolved N (TDN) concentrations were measured on a TOC/TN analyzer (Shimadzu 5,000, Japan). Soil NH4+-N (NH4+-N) and soil NO3−-N (NO3−-N) were determined by an Elementar TOC analyzer (Liqui TOCC II, Germany). Dissolved organic nitrogen (DON) was calculated by Eq. 4 (Jiang et al., 2016).
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Soil water content (SWC) was measured by drying the plant for 48 h at 105°C (Lu et al., 2015). The potassium dichromate oxidation method was applied to determine soil organic carbon and multiplied by a universal conversion factor of 1.724 to determine soil organic matter (SOM) (Chen et al., 2018). Soil bulk density (SBD) and soil clay (CLAY) were measured by the knife change method and a laser particle size analyzer (A22 Nano Tec, Germany), respectively. And the chloroform fumigation method with a universal conversion factor of 0.45 was used to obtain soil microbe biomass carbon (MBC) and soil microbe biomass nitrogen (MBN) (Vance et al., 1987; Joergensen, 1996).
Climate Database
Climate data in 2015 were collected and collated from the Meteorology Information Center of the Chinese National Bureau of Meteorology (http://data.cma.cn/). Meanwhile, AMP and AMT were spatially interpolated by Anusplin 4.2 (Centre for Resource and Environmental Studies, Australian National University, Canberra, Australia) (Sun et al., 2018), and were used to extract the climatic data of our experiment sites.
Data Analysis
We used the gradient regression analysis of “gbm” package in R software (R Development Core Team, 2015) to determine the relative contribution rate of environmental factors to DON, in which Friedman’s H-statistic was calculated to evaluate the relative strength of the interaction effect in the nonlinear model (Sun et al., 2019). Next, the distribution pattern of DON is divided according to the environmental factors with the highest relative importance. This step is implemented by the package “changepoint” in R software. The different object patterns can be easily detected with the “AMOC” method in the “changepoint” analysis (Killick and Eckley, 2015). Then, the significant environmental factors screened out in the previous step were categorized (soil, plant, climate, and microbe), and the “FactoMineR,” “Factoextra,” and “Corrplot” packages of R software were used for the principal component analysis (Zhou et al., 2020a). With the package “vegan” in R, the variation partitioning analysis was employed to quantify the individual contribution of each group (the first component) on DON (Supplementary Figure S2). Finally, to reveal the control mechanisms of environment factors on DON, structural equation modeling (SEM) was generated by Amos software (17.0.2, Amos Development Corporation, Crawfordville, FL, United States) and evaluated the direct and indirect effect factors on DON.
RESULTS
DON Patterns Across Tibetan Plateau
The DON concentrations of our studied sites are normally distributed between 0.08 and 39.50 mg/kg (Figure 1A). The “BRT” analysis showed that SOM was the most critical factor in affecting DON, with the relative importance of 35.82% (Figure 1B). Therefore, we divided DON into two patterns according to SOM (Figure 1C), namely, low DON (LDON) and high DON (HDON). The mean value of DON concentration in LDON and HDON was 5.43 and 16.36 mg/kg, respectively (Figure 1D).
[image: Figure 1]FIGURE 1 | Frequency distributions of the dissolved organic nitrogen (DON): (A) relative importance of environmental and biological factors explaining DON, (B) the change points of DON along soil organic matter (SOM), (C) change in dissolve organic nitrogen in different patterns, and (D) “*” indicates significant differences between different patterns.
Characteristics of Climatic, Soil, Plant, and Microbal Factors in Different DON Patterns
The SWC, SBD, MBC, MBN, AMP, SOM, BGB, AGB, Shannon–Winer index, and Gleason index were significantly larger in the HDON pattern than in the LDON pattern (Figures 2A,C–F, and H–L, p < 0.05). There was no significant difference in AMT and CLAY between the two patterns (Figures 2B,G, p < 0.05).
[image: Figure 2]FIGURE 2 | Violin plots showing changes in the (A) soil water content (SWC), (B) soil clay (CLAY), (C) soil bulk density (SBD), (D) microbe biomass carbon (MBC), (E) microbe biomass nitrogen (MBN), (F) annual mean precipitation (AMP). (G) annual mean temperature (AMT), (H) soil organic matter (SOM), (I) belowground biomass (BGB), (J) aboveground biomass (AGB), (K) community diversity of Shannon–Wiener (Shannon),and (L) plant diversity of Gleason (Gleason) in different patterns. “*” indicates significant differences between different patterns.
Relationships Between DON and Environmental Factors in Different Patterns
In the LDON pattern, the variation of DON was significantly correlated with AGB, MBC, SBD, AMP, and Gleason (Figure 3A, p < 0.05). In the HDON pattern (Figure 3B), SOM, SBD, BGB, AMT, SWC, MBC, and MBN were the dominant factors that correlated with DON (p < 0.01). Taken together, these results indicated that variation in DON in different patterns was jointly controlled by climate, soil, microbe (MBC in particular), and plant.
[image: Figure 3]FIGURE 3 | Relationships between dissolved organic nitrogen (DON) and environment and biological factors in the LDON pattern (A) and the HDON pattern (B), respectively. Environment and biological factors include soil clay (CLAY), annual mean temperature (AMT), annual mean precipitation (AMP), aboveground biomass (AGB), belowground biomass (BGB) community diversity of Shannon–Wiener (Shannon), plant diversity of Gleason (Gleason), soil water content (SWC), soil organic matter (SOM), microbe biomass carbon (MBC), and microbe biomass nitrogen (MBN).
Control Factors of DON in Different Patterns
Variation partitioning analysis showed that DON in the LDON pattern was mainly explained by the plant (22.0%), followed by microbe (14.1%), climate (11.6%), and soil (8.07%) factors. In the HDON pattern, soil factors (18.4%) explained a greater proportion of the variance in DON than microorganisms (14.5%), climate (11.4%), and plants (7.1%) did.
To better explain the relationship between DON and environment factors in the two patterns, we introduced SEM analysis. In the LDON pattern (Figure 5A), plant and microorganism properties are key factors affecting DON concentrations because AGB (scored at 0.52) and microbes (scored at 0.26) have significantly (p < 0.05) positive effects on DON. Meanwhile, AI also mediates DON concentrations through AGB (scored at 0.52) and microbe (scored at 0.46). In the HDON pattern (Figure 5B), AI affects BGB (scored at 0.26), microbe (scored at 0.67), and water availability (scored at 0.68) through positive effects. BGB (scored at 0.41) and microbe (scored at 0.53) affect SOM through positive response and mediate DON.
DISCUSSION
Biotic Factors Dominate the DON Concentration in the LDON Pattern
In the LDON pattern, plant and microbial factors played dominant roles in influencing DON (Figure 4A). In addition, AGB and microbe directly affected DON (Figure 5A). The dominance of biologic factors over abiotic factors in regulating DON can be attributed to the following two aspects. First, biotic factors regulating both the input and output of DON. To be specific, soil microbial biomass, root metabolites, and secretions are the main sources of DON in soil (Schiff et al., 1992; Xu et al., 2011). Meanwhile, as a “raw material” for mineralization, DON can also be decomposed into inorganic nitrogen by microorganisms for plant growth (Jiang et al., 2016). Second, compared with biotic factors, abiotic factors do not play a decisive role in the low mode. In details, water availability is often the key element to measure the response of DON to abiotic factors (Mao et al., 2020). But in our study, SWC had no correlation with DON, AMT, or AMP (Figure 3A). In the LDON, low AMP (Figure 2F) and high SBD (Figure 2C) make the soil’s water retention ability poor, resulting in faster soil compaction. Therefore, biotic factors (microbial turnover and plant residues) rather than abiotic factors regulate the DON in the LDON pattern.
[image: Figure 4]FIGURE 4 | Relative contributions of environmental and biological factors to dissolved organic nitrogen (DON) (e.g., climate, plant, soil, and microbial properties that significantly correlated with DON in Figure 3A) in the LDON pattern (A) and relative contributions of environment and biological to DON (e.g., climate, plant, soil, and microbial properties that significantly correlated with DON in Figure 3B) in the HDON pattern (B).
[image: Figure 5]FIGURE 5 | Structure equation modeling (SEM) examining the standard total effects of environment and biological factors (soil clay (CLAY), annual mean temperature (AMT), annual mean precipitation (AMP), aboveground biomass (AGB), belowground biomass (BGB) community diversity of Shannon–Wiener (Shannon), plant diversity of Gleason (Gleason), soil water content (SWC), soil organic matter (SOM), microbe biomass carbon (MBC), and microbe biomass nitrogen (MBN)) on dissolved organic nitrogen (DON) in the LDON pattern (A) and HDON pattern (B). Black line and its thickness represent positive relationships and their total effect value. The solid and dashed lines represent direct and indirect effects, respectively. Purple and orange dotted lines represent only the connection. Microbial factors in Figure 5A include MBC and include MBC and MBN in Figure 5B. Water availability represents SBD and SWC in Figure 5B. “Microbe” and “water availability” were the selected factors for the principal component analysis.
Our results also showed that a low AGB (Figure 2J) and the microbe level (Figure 2D) have a direct positive effect on DON (Figure 5A). From the AGB perspective, previous studies revealed that litter is the main source of DON (Vogt et al., 1983; Casals et al., 1995). The low AGB results in a low litter input, which reduces the return of nutrients to the soil and consequently limits the DON concentration. From the microbe perspective, consistent with previous studies, microbial metabolism is one of the key factors affecting soil nutrient availability (Zandt et al., 2019). In the LDON with a low litter input and return and a slow nitrogen cycle, microbes and plants compete fiercely for DON, but because microbes can cover a larger area of soil, they have faster turnover and adsorption (Owen and Jones, 2001). As a result, microorganisms are easier to use and absorb DON than plants (Owen and Jones, 2001).
In the LDON pattern, our results showed that AI indirectly regulated the DON concentration through a positive effect on aboveground biomass and plant diversity (Gleason diversity index) (Figure 5A). It is probably because environment stress (low AI (Supplementary Figure S3), high SBD, and hydrothermal asynchronization (Figures 2A,F)) decreased community diversity and richness, which greatly slowed down litter decomposition (Walter et al., 2020). Finally, this low level of litter return capacity limits DON concentrations. Taken together, in the LDON, low levels of litter decomposition and competitive relationships of plant and microorganisms lead to low concentrations of DON.
Abiotic Factors Dominate the DON Concentration in the HDON Pattern
In the HDON pattern with the warm and wet climate (high AI (Supplementary Figure S3) and hydrothermal synchronization) conditions, our results demonstrated that soil factors (SBD, SWC, and SOM) made greater contributions to DON (Figure 4B). This result suggested that the DON concentration in the HDON pattern is driven by abiotic factors: high water availability (low SBD and high SWC) in particular. At the same time, the microorganisms mediated the DON through the positive effect on SOM (Figure 5B). Nitrogen in soil organic matter mainly exists in the form of polymers and cannot be directly utilized by plants and microorganisms (Monreal and McGill, 1985). Soil microorganisms including mycorrhizas can secrete specific extracellular enzymes (such as proteases and chitinases involved in nitrogen-containing molecular hydrolysis) (Kandeler et al., 1999). These enzymes then degrade the complex organic compounds into dissolved subunits that can be utilized by plants and microorganisms (Cepeda et al., 2000). In addition, our study also found that water availability increased SOM through a positive effect on BGB and microbes (Figure 5B; Supplementary Figure S4). This suggested that high water availability enhances the depolymerization of microorganisms and active and passive absorption of nutrients by the roots. On the one hand, soil nutrient cycles, gross nitrogen mineralization, and microbial immobilization rates are strongly driven by the availability of water (Lange et al., 2019; Mao et al., 2020). High water availability could increase the accumulation of substrate for microorganisms (Mao et al., 2020). As the primary substrate source of microbial nitrogen mineralization and immobilization, DON was mainly derived from the plant litter or root exudate input (Khalid et al., 2007; Murphy et al., 2014). On this basis, the high water availability promoted the good growth of plant roots and the entry of organic matter into the soil (Yang et al., 2009; Reid et al., 2011), thus expediting the subsequent accumulation of substrates in the process of soil nitrogen transformation. On the other hand, high water availability could also directly or indirectly increase the abundance and activity of microorganisms. As the main control on substrate diffusion, rich water resources could strongly decrease the diffusion limitation and increase the amount of microbially accessible dissolve substrate, and further directly contribute to the increase of microbial activity (Hernández and Hobbie, 2010) and lead to soil microorganisms secreting adequate protease into the soil, which complicates the breakdown of proteins and peptides into their constituent amino acid units (HMW-DON) (Kandeler et al., 1999).
Notably, in the HDON pattern, SOM mediated DON by joint positive effects of BGB and microbes (Figure 5B); BGB, MBC, and MBN have a significant positive correlation (Supplementary Figure S4, p < 0.01). Because in superior climatic conditions (high AI and water availability, low SBD, and hydrothermal synchronization), plant and microbial cooperation predominates (Zhou et al., 2021). Previous studies have shown that plant residues are an important source of SOM and the main driving force of microbial activity (Matsuyama et al., 2007). Plant residues in soil can be decomposed by microbes into a soluble organic matter (e.g., DON). At the same time, the decomposition of plant residues is greatly affected by water and heat conditions (Tian et al., 2007). In our study, warm-wet climate facilitated the degradation of plant residues in BGB by increasing microbial biomass and activity, thus consequently resulting in high DON concentrations (Feng and Simpson, 2009; Wetterstedt et al., 2010). Moreover, plants secrete DON (e.g., amino acids) through exudation, forming root sedimentation, which produces a rhizosphere effect and provides abundant nutrition and energy for microorganisms (Marschner, 2012). In this way, the input of DON can be explained by the secretion of a large amount of small molecular organic matter from the root system under moderate hydrothermal conditions in the HDON pattern. In summary, cooperation of plants and microorganisms in warm and humid climates is a key factor leading to high DON concentration.
Moreover, we explored the correlation between water and heat, and found a significant positive correlation between AMP and AMT (Figure 6B, p < 0.05). Previous studies have shown that hydrothermal control of DON may be as important as biological factors (Kalbitz et al., 2000). This hydrothermal synchrony relationship between water and heat can greatly promote the accumulation of soil nutrients (Melillo et al., 2003), so the concentration of DON also increases. In addition, there is no correlation between AGB and DON in HDON, possibly because of low litter accumulation in the region with strong winds (Sun et al., 2018). Therefore, in the HDON pattern, favorable environment (high water availability and SOM) and plants–microorganism cooperation lead to more nutrient accumulation in the soil and higher depolymerization of soil organic matter, resulting in the production of large amounts of DON.
[image: Figure 6]FIGURE 6 | Relationship between the annual mean temperature (AMT) and annual mean precipitation (AMP) in low (A) and (B) high patterns, respectively.
CONCLUSION
Our results suggested that soil organic matter is the key factor in determining the size of the dissolved organic nitrogen pool on the Tibetan Plateau. The dissolved organic nitrogen pool can be divided into two modes: low concentration pattern (5.43 g/mg) and high concentration pattern (16.36 g/mg) in our study region. In the low concentration pattern, plant microbial competition and low litter return (biologic factors) limited the DON concentration. In the high concentration pattern, large amounts of DON were produced by plant–microorganism cooperation and a high level of depolymerization under warm and humid climate conditions (abiotic factors mediate biologic factors).
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