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Hypoxia threatens the health of people in highland regions around the world. Recent studies have shown that altitude has a significant effect on near-surface oxygen content at broad geographic scales, and whether this effect is manifested at the landscape scale, particularly on the Qinghai-Tibetan Plateau (QTP) in China, has not been documented. We investigated the relationship between altitude, vegetation (Net Primary Productivity, NPP; Leaf Area Index, LAI; Fractional Vegetation Cover, FVC; Length of the Growing Season, LOS and Vegetation Type), climate variables (Mean Monthly Temperature, MMT; Mean Monthly Precipitation, MMP and Wind Speed, WS), and near-surface oxygen content in five typical regions of the QTP, including the Qilian Mountains (QLM), the Three-River Headwater Area (THA), Ngari Prefecture (NAP), Hengduan Mountains (HDM) and Yajiang Valley (YJV). The results showed that 1) altitude, NPP, FVC, LOS, MMP and MMT were important variables for predicting near-surface oxygen content; 2) the local-scale relationship between altitude and oxygen content exhibited negative or no correlations across broad regions; and 3) oxygen content exhibited a great deal of spatial heterogeneity, with altitude being the main affecting factor, followed by vegetation. Different drivers of near-surface oxygen content should be incorporated into Earth system models to reduce uncertainty in predicting oxygen dynamics and its potential feedback to global warming.
Keywords: near-surface oxygen, altitude, vegetation coverage, qinghai-tibetan plateau (QTP), controlling factors
INTRODUCTION
Oxygen is one of the most abundant components of the atmosphere and it is responsible for the survival and development of almost all organisms on Earth (Petsch, 2014; Shi et al., 2021a). However, climate change and intensified human activities have caused a steady decline in oxygen content (Liu et al., 2020). For high-altitude areas (≥2,500 m above sea level), the total area of which is 7.7% of the Earth’s land area and is home to 1.5% of the world’s total population, such subtle changes have posed challenges to economic, social, and environmental sustainability (Shi et al., 2021b). Chronic mountain sickness caused by hypoxia severely limits the use of resources and survival of the sedentary population in these areas (Vingrys and Garner, 1987; Hobkirk et al., 2013). Therefore, understanding the effect of altitude on the spatial patterns of oxygen content will help improve human resilience to the risk of hypoxia, which is important for sustainable development in these areas.
Previous studies suggested that the average annual decline in near-surface oxygen was approximately 4 ppm yr−1 (absolute oxygen content), equivalent in magnitude to the increase in atmospheric carbon dioxide (Wei et al., 2021). Estimates of oxygen fluxes found that land-use change (Zhang et al., 2018), fossil fuel (Wei et al., 2021) and industrial activities (Liu et al., 2020) were the main reasons for the significant decrease in oxygen content at both the global and regional scales. In addition to the long-term variability in atmospheric oxygen, high-resolution measurements capture seasonal changes (Keeling and Manning, 2014), and sudden environmental pollution events (Minejima et al., 2012) and wildfires (Lueker et al., 2001) have important effects on short-term fluctuations in atmospheric oxygen. Despite these recent advances, there have been few studies on the relative spatial variability of oxygen content. The oxygen content of the atmosphere is not spatially uniform and may vary with location due to social factors and natural conditions. Previous studies have suggested that atmospheric pressure and partial pressure of oxygen decrease with increasing altitude, while oxygen content remains nearly constant at all altitudes (relative oxygen content, which differs from the absolute oxygen content) (Beall, 2007). Measurements between 50°N and 60°S, over the ocean, also indicate that the oxygen content in dry air is nearly constant (Machta and Hughes, 1970). However, a recent analysis of samples collected on the Qinghai-Tibetan Plateau (QTP) showed that oxygen content was not only associated with altitude but was also strongly affected by surface vegetation cover and temperature (Shi et al., 2021a). To reconcile these conflicting findings, it is critical to understand the potential drivers and key processes associated with oxygen. Landscape and regional scales may be the most operational scale domains for understanding the potential drivers of oxygen content. In fact, due to the challenges encountered in detecting the relative changes in atmospheric oxygen, no studies have simultaneously focused on how the oxygen content varies with altitude, vegetation, and climatic factors at the landscape scale.
This study aimed to investigate the spatial distribution of near-surface oxygen content in typical regions of the QTP and its relationship with altitude, vegetation, and climatic factors. Specifically, this study focused on the following questions: 1) what is the spatial distribution pattern of the near-surface oxygen content in the typical regions of the QTP, and what are the key influencing factors? 2) How do the relationships between near-surface oxygen content and altitude, vegetation, and climate factors vary geospatially at the landscape scale on the QTP? It was hypothesized that 1) altitude has a greater influence on the spatial distribution of oxygen content than other factors and 2) climate factors are closely related to the oxygen content in different regions.
MATERIALS AND METHODS
Study Area
The Qinghai-Tibetan Plateau (QTP) is the highest and largest plateau in the world, with a geographical range of 26°00′–39°47′N, 73°19′–104°47′E (Figure 1), covering an area of ∼2.5 × 106 km2, with a mean elevation of 4,000 m (He et al., 2021). Due to the impact of topographical factors, the QTP has formed a unique climate. The mean annual temperature in this area varies from −4.9 to 6.1°C, and the mean annual precipitation ranges between 84.3 and 593.9 mm, with approximately 90% falling during the growing season (May–September) (Chen L. et al., 2021). The climatic gradient has triggered a dramatic change in vegetation composition, transitioning from subtropical rainforest in the southeast to high desert in the northwest.
[image: Figure 1]FIGURE 1 | Location of sampling sites in QTP (data source: http://data.tpdc.ac.cn).
To test hypotheses of how climate variables (mainly precipitation, temperature and wind speed) broadly influence oxygen content, regions spanning a wide climate and vegetation type gradient were selected. This study was carried out in five typical regions of the QTP, including the Qilian Mountains (QLM), the southern part of the Hengduan Mountains (HDM), the Three-River Headwater Area (THA), Ngari Prefecture (NAP), and Yajiang Valley (YJV) (Figure 1). The NAP is located in the hinterland of the QTP, with a cold and dry climate, and the main vegetation is alpine desert grassland. The HDM, located in the east of the QTP, possesses extreme topography, including deeply parallel gorges and glaciated peaks over 6,700 m above sea level, most of which are covered by global biodiversity hotspots needing priority conservation (Ao et al., 2021). The YJV is representative of river valley agriculture on the QTP, with a warm and humid climate and an average altitude of 3,100 m (Zhang et al., 2019). The THA and QLM, with an average altitude of over 4,000 m and covering areas of 302,500 km2 and 50,200 km2, respectively, are the birthplaces of many rivers in Asia, including the Lancang, Yangtze, Yellow, Black, Shule, and Shiyang rivers, and are occupied with alpine wetlands and alpine meadows (Gao et al., 2019; Cao et al., 2021).
Large-Scale Near-Surface Oxygen Content Measurements
During July and August from 2017 to 2020, several field investigations were conducted along sample lines on the QTP and its vicinities (Figure 1). The altitude, geographical location, and near-surface oxygen content were recorded from 487 sites, of which 214 samples were selected in the present study (more details in Shi et al., 2021b). Each site’s geographical location and altitude were recorded using an Oregon 450 Satellite Navigation device (Garmin., Schaffhausen, Switzerland). Near-surface oxygen content was measured by an electrochemical oxygen meter (all measured values in this study are relative oxygen content) (Xinan., Zhejiang, China). Each of these parameters was measured simultaneously with three devices, and all parameters were measured between 8 a.m. and 4 p.m. Due to challenges encountered in obtaining oxygen content simultaneously at larger scales, analysis and presentation were focused on how the local-scale relationship for oxygen content varies over a wide area.
Vegetation and Climate Data Collection
Fractional vegetation cover (FVC), length of the growing season (LOS), net primary productivity (NPP), leaf area index (LAI), vegetation type, mean monthly temperature (MMT), mean monthly precipitation (MMP) and Wind Speed (WS) were used to explore the relative importance of vegetation and climate variables on the spatial variation in oxygen content. Data on FVC, LOS, NPP, and LAI were from the Moderate Resolution Imaging Spectroradiometer (2018–2020, Terra MOD09A1 Version 6.1) (https://lpdaac.usgs.gov/), with a spatial resolution of 500 × 500 m2 (Chen L. et al., 2021). These vegetation parameters were calculated as the average during the corresponding monitoring period, and the temporal variation in the parameters was almost negligible compared to the spatial variation (Huang et al., 2017). The vegetation type data were from Zhang et al. (2021), and the classification system used for the vegetation map was specifically designed for the QTP vegetation with a spatial resolution of 250 × 250 m2. The vegetation types involved in this study included grasslands, forests, scrub, wetlands, agricultural lands, alpine vegetation and others. Data on MMT and MMP in the period of 2018–2020 were obtained from the National Tibetan Plateau Data Center (Yang and Luo, 2021; http://data.tpdc.ac.cn) based on the geographic coordinates of each sampling site. For Wind Speed (WS), we used a reanalysis dataset from the European Center for Medium Range Weather Forecasts (ECMWF/ERA5-Land), ERA5-Land dataset has a spatial resolution of 0.1°. Considering that climatic variables could exert lagged and accumulative effects on oxygen production, we used the monthly averages of climatic variables during the vegetation growth period (May–September) to explore their effects on oxygen content.
Statistical Analyses
All statistical analyses were conducted in the R environment (v4.1.1; http://www.r-project.org/). Before statistical analyses, we performed the Shapiro–Wilk test to examine data normality and conducted logarithmic transformation when necessary. Then, the statistical analyses were carried out as follows. First, differences in oxygen content between regions were determined by using a nonparametric factorial Kruskal–Wallis (KW) analysis. Then, a significance analysis was performed using the Wilcoxon test. The relationships between oxygen content and vegetation variables (i.e., NPP, FVC, LAI, and LOS), altitude, and climate variables (i.e., MMT, MMP and WS) were analyzed with partial correlation analysis.
As the predictive power of Random Forest (RF) is not influenced by multi-collinearity issues, the relative importance of the abovementioned variables in the spatial variation of oxygen content was quantified by RF. Initially, 70% of the data was randomly selected for generating the models and the remaining 30% for validating the models. Then, the optimal model was selected based on the coefficient of determination (R2) of the test data to derive optimal model parameters (ntree, the total number of trees to be grown in the model run and mtry, the number of predictors for splitting at each node) (Araújo and New, 2007). The precision of the optimal models was also evaluated using standard residuals and slopes between predicted and observed values (Supplementary Figure S1). To estimate the importance of these variables, percentage increases were used in the MSE (mean squared error) of variables: higher MSE% values imply more important variables (Jiao et al., 2018). The significance of the models and cross-validated R2 values were assessed with 1,000 permutations of the response variable.
Partial least squares path modeling (PLS-PM) analysis was performed to further disentangle the regulatory pathways of all these factors on oxygen content. PLS-PM is a data analysis method for variables that can be summarized by using latent variables, and linear relationships exist between latent variables (Sanchez, 2013). Models with different structures are evaluated using the goodness of fit (GOF) statistics, a measure of their overall predictive power, with GOF >0.7 considered acceptable values (Sanchez, 2013; Tian et al., 2021). The model selected the main predictors as environmental drivers according to their contribution to variation based on RF analysis (% increase in MSE). Based on the importance and the maximum explanation for variations in oxygen, the environmental drivers selected in the model include altitude, MMT, MMP, NPP, FVC, and LOS (Figure 3).
RESULTS
Spatial Patterns of Near-Surface Oxygen Content Over a Broad Geographic Scale
The oxygen content exhibited large spatial variability in different regions of the QTP (Figure 2). Among all sites in the selected regions, the oxygen content varied from 19.96% to 21.96%, with a mean value of 20.44% (n = 214). Specifically, the oxygen content was highest in the YJV (20.83%; n = 27) and significantly greater than in other regions (all p < 0.05). The lowest oxygen content was found in the NAP (20.17%, n = 48) and HDM (20.26%, n = 41) and was significantly lower than that in other regions (all p < 0.05). There was no significant difference in oxygen content between the QLM and THA (20.59%, n = 64 and 20.42%, n = 34, respectively).
[image: Figure 2]FIGURE 2 | The difference in atmospheric oxygen content among different regions. For individual plots, nonmatching letters indicate a significant difference between regions. NAP, Ngari Prefecture; HDM, Hengduan Mountains; YJV, Yajiang Valley; QLM, Qilian Mountains; THA, Three-River Headwater Area.
Associations of Oxygen Content With Altitude, Climate, and Vegetation Factors in Different Regions
Oxygen content was closely associated with altitude, climate, and vegetation factors. The key influencing factors that affect the oxygen content in different regions showed much in common yet differed subtly (Table 1). In HDM and NAP, oxygen content significantly decreased with altitude (p < 0.01) and increased with MMT (p < 0.05). For QLM and THA, the oxygen content was significantly positively correlated with NPP, LAI, FVC, and MMP (p < 0.05), but did not exhibit any significant relationship with altitude (p > 0.05). In addition, the oxygen content was also significantly positively correlated with MMT and significantly negatively correlated with WS in THA. LOS was only significantly positively correlated with oxygen content in YJV (p < 0.01).
TABLE 1 | Values of r for the partial correlation analysis between oxygen content and altitude, climate, and vegetation factors in different regions.
[image: Table 1]The Dominant Factors Influencing Oxygen Content
To disentangle the potential main drivers for the spatial variation in oxygen content, we identified the main environmental predictors for the oxygen content by RF analysis (Figure 3). The models for oxygen content were significant at the 0.001 level (R2 = 0.48). We observed that altitude and MMP were the two most important predictors of oxygen content (24.23% and 24.12%, respectively). Furthermore, the FVC (23.09%), LOS (22.86%), MMT (19.85%), and NPP (19.32%) contributed significantly to the spatial variability of oxygen content (Figure 3). Based on the RF results, partial least squares path modeling (PLS-PM; GOF of 0.72; Figure 4) was designed to explore the potential direct and indirect effects of altitude, climate, and vegetation on oxygen content. Vegetation had a direct effect on oxygen content (the standardized direct effect was 0.37; Figure 5A). Altitude exerted a direct effect on oxygen content, and it also had indirect effects on oxygen content by affecting both vegetation and climate (the standardized total effect was −0.57; Figures 4, 5A,5B). Compared to vegetation and altitude, the climate was less responsible for the spatial variations in the oxygen content (the standardized direct and indirect effects were 0.19 and 0.06, respectively; Figures 5A,B).
[image: Figure 3]FIGURE 3 | The relative importance of altitude, climate, and vegetation factors to variation of atmospheric oxygen content among different regions. Percentage increases in the MSE (mean squared error) of variables were used to estimate the importance of these predictors, and higher MSE% values imply more important predictors. Significance levels are as follows: *p < 0.05 and **p < 0.01. MSE, mean squared error; MMP, mean monthly precipitation; FVC, fractional vegetation cover; LOS, length of the growing season; MMT, mean monthly temperature; NPP, net primary productivity; LAI, leaf area index; WS, Wind Speed.
[image: Figure 4]FIGURE 4 | Partial least squares path modelling (PLS-PM) analysis showing the direct and indirect effects of altitude, climate, and vegetation on oxygen content. Blue and red solid arrows indicate positive and negative associations, respectively. Numbers adjoining the arrows indicate significant standardized path coefficients. Climatic factors include mean monthly precipitation (MMP) and mean monthly temperature (MMT). Vegetation factors include fractional vegetation cover (FVC), net primary productivity (NPP), and length of the growing season (LOS). *, p < 0.05; **, p < 0.01; ***, p < 0.001.
[image: Figure 5]FIGURE 5 | Standardized effects of each variable from the PLS-PM. (A) and (B) represent the standardized direct and indirect effects of altitude, climate, and vegetation, respectively. The values adjacent to the column represent the standardized coefficients in PLS-PM.
DISCUSSION
Main Drivers of Spatial Variation in Oxygen Content
The spatial distribution of oxygen content showed high variations among the selected regions and was codetermined by the altitude, climate, and vegetation factors. RF and PLS-PM analyses revealed that altitude was the most critical factor affecting the spatial variation in oxygen content in typical regions of the QTP (Figures 3, 4) compared to climatic and vegetation conditions, supporting our first hypothesis. In the modern atmosphere, primary production in terrestrial and marine ecosystems is the main source of atmospheric oxygen (Keeling et al., 1993; Huang et al., 2021). Altitude, through its effect on microclimate shaping and a range of biological and physical processes, such as the weathering of organic matter, microbial activity (Battle et al., 2019; Cao et al., 2020; Shi et al., 2021b), and vegetation NPP (Chen S.-t. et al., 2021), may diminish the effect of vegetation on atmospheric oxygen. These findings jointly highlight the non-negligible role of altitude on oxygen flux estimates in highland ecosystems.
The QTP is a globally important oxygen source region, and oxygen content is more sensitive to changes in climate and vegetation than in other regions (Liu et al., 2020). In fact, the QTP vegetation NPP has increased significantly over the past few decades under a warming climate, with some differences in the dominant and interacting factors of ecological subregions (Piao et al., 2012; Shen et al., 2016; Wu et al., 2021). Guo et al. (2020) found that temperature and rainfall appear as the dominant factors for vegetation NPP in the arid regions of the QTP, while slope and aspect parameters have constantly assumed dominancy for the same in the tropical rainforest-monsoon ecological zone in southeastern. In our study, vegetation (i.e., NPP, LAI, FVC) factors were significantly correlated with oxygen content in the Qilian Mountains and Three-River Headwater Area (northern QTP), while in the Hengduan Mountains (southern QTP), oxygen content was mainly related to altitude (Table 1). Similar results were reported by Shi et al. (2021b), suggesting that changes in oxygen content over the northern QTP will be more sensitive under future climate change scenarios (Guo et al., 2022). Therefore, more research on changes in oxygen content in the region is strongly needed to ensure the sustainable development of high-altitude regions under global climate change. In the present study, the length of the vegetation growing season (LOS) had significant effects on the oxygen content in the Yajiang Valley, suggesting that the mechanism of how vegetation affects oxygen is complex. There are several ways that vegetation might affect oxygen content, including plant photosynthesis (Huang et al., 2021) and changes in vegetation type (Zhang et al., 2018).
Potential Uncertainties of Atmospheric Oxygen Estimates in the Earth System
This study demonstrated the crucial role of vegetation and climate factors in regulating near-surface oxygen at the regional scale. Despite some uncertainties involved in oxygen measurement and extraction of remote sensing data, the results have converged on the same conclusion as some previous studies (Zhang et al., 2018; Shi et al., 2021b). This is important because to date, there has been limited research on the relationship between near-surface oxygen and potential environmental factors.
Our study emphasized how the local-scale relationships between oxygen content and environmental factors vary on a large scale. Indeed, in addition to vegetation autotrophic respiratory consumption, soil microorganisms consume a substantial proportion of NPP through heterotrophic respiration (Lovett et al., 2006), but were not considered in our study due to the lack of regional-scale observations, which might have tended to decouple the relationship between oxygen concentration and vegetation factors. Therefore, future studies should pay more attention to the effect of soil heterotrophic respiration on oxygen content on the QTP.
Our study revealed that oxygen content did not have a significant linear relationship with vegetation factors in the Hengduan Mountains and Ngari Prefecture, indicating that the relationship between oxygen content and vegetation has geographical unit characteristics (Liu et al., 2020). The reason for this can be summarized as follows: 1) The Hengduan Mountains and Ngari Prefecture have high altitudes, and in the atmosphere with both horizontal and vertical motion and air exchange, measurements of oxygen may not be identical to the actual spatial concentration distribution (Zhang et al., 2018). 2) Our measurement sites were concentrated in the middle part of the Hengduan Mountains, where low vegetation productivity and similar vegetation conditions are found in Ngari Prefecture. The results reported above suggest that uncertainties might be induced in the estimation of oxygen fluxes based on carbon and oxygen balance theory (Keeling and Shertz, 1992). The empirical estimation rather than the direct observation was commonly applied in previous studies (Zhang et al., 2018; Huang et al., 2021; Wei et al., 2021), and more fixed continuous observations and satellite remote sensing should also be considered in future studies. This would allow the development of a comprehensive understanding of the synergistic relationship between the spatiotemporal variability of oxygen and environmental conditions.
CONCLUSION
In this study, based on large-scale field investigations, we observe that altitude, vegetation, and climate factors explain up to 47% of the spatial variation in near-surface oxygen content in typical regions of the Qinghai-Tibetan Plateau. The selected regions vary significantly in oxygen content, with altitude explaining this variability at larger scales, while vegetation and climate factors play an important role at local scales. For example, the oxygen content was significantly correlated with altitude and MMT in the Ngari Prefecture and Hengduan Mountains and with NPP, FVC, LAI, and MMP in the Three-River Headwater Area and Qilian Mountains. The differential controls over oxygen content between altitudes should be incorporated into Earth system models to reduce uncertainties in forecasting oxygen dynamics.
These findings also imply that oxygen content is more sensitive to climate change in the Qilian Mountains and Three-River Headwater Area, and policy-makers should consider providing more differentiated subsidies to increase the adaptive capacity of local populations to climate change. This study was conducted on a relatively short time scale, and to gain more extensive results and insights, further research is warranted with long continuous observation.
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