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Large-scale climate oscillations, particularly the Atlantic Multidecadal Oscillation (AMO) and the Pacific Decadal Oscillation (PDO), have widespread influences on climate systems across the Tibetan Plateau (TP). It is understudied how the temporal changes in AMO and PDO affected growth of vegetation through modifying the local climatic factors in different areas across the TP. We used the AMO and PDO indices, gridded growing season mean temperature (TGS), cumulative precipitation (PGS), and normalized difference vegetation index (NDVIGS) data from 1982 to 2015 to investigate the temporal trends of these variables and the correlations of the TGS and PGS with each of the AMO and PDO indices as well as their correlations with the NDVIGS. The results showed that the warming of the TGS over the TP and the increases of the PGS in western, central, and northeastern areas of the TP may have been related to an increase of the AMO index and a decrease of the PDO index. Combining those relationships with the spatial patterns of the TGS-NDVIGS and PGS-NDVIGS correlations suggested that the changes of the AMO and PDO may have indirectly increased the NDVIGS in the central and northeastern areas of the TP by increasing TGS and PGS, in most parts of the southwestern TP by increasing PGS, and in the eastern and south-central regions of the TP by increasing TGS. In contrast, the decrease of the NDVIGS in some areas of the southeastern and southwestern TP may have been associated with a negative effect of warming as a result of changes in the AMO and PDO. These results highlight the indirect impacts of changes in large-scale climate oscillations on the growth of vegetation through modification of local climatic factors across the TP, and they suggest the substantial spatial heterogeneity of these impacts largely depends on the responses of vegetation to local climatic factors.
Keywords: Alpine ecosystem, Atlantic Multidecadal Oscillation, Pacific Decadal Oscillation, precipitation, temperature, growth of vegetation
INTRODUCTION
The Tibetan Plateau (TP), known as the roof of the world, is the largest and highest highland in the world, with an average elevation of over 4,000 m and an area of about 2.5 × 106 km2 (Tang et al., 2009). The TP has experienced environmental degradation aggravated by rapid climate changes (Kang et al., 2010; Duan and Xiao, 2015). The Atlantic Multidecadal Oscillation (AMO), a major source of temperature variability in the Northern Hemisphere (Li et al., 2013; Delworth et al., 2016) has been shown to modulate TP summer temperatures at interannual to multidecadal time scales (R2 as high as 0.36–0.50, P < 0.001) (Shi et al., 2019). Most precipitation that falls on the vegetated portion of the TP during the growing season is attributable to the South Asian Summer Monsoon (SASM) (Conroy and Overpeck, 2011), while a recent study claimed 63% water vapor of TP precipitation is provided by local moisture recycling (Curio et al., 2015). Both the AMO and SASM are controlled by sea surface temperature (SST) over the North Pacific region [e.g., the Pacific Decadal Oscillation (PDO)] through alternating SST of the tropical Indian Ocean and hence by the thermal contrast between the TP and tropical Indian Ocean (Li and Yanai, 1996; Krishnamurthy and Krishnamurthy, 2014). Other large-scale climate variabilities, such as the ENSO (El Niño Southern Oscillation) signal, are detected in the SASM as well, but the impacts are highly variable (Kumar et al., 1999) and dependent on the phases of the PDO (Yoon and Yeh, 2010; Feng et al., 2014), and the Indian Ocean Dipole Mode (Ashok et al., 2001). The changes of the AMO and PDO may therefore have major impacts on climate over areas of the TP where the growth of vegetation is sensitive to climate change.
Mean annual temperature ranges from −15 to +10°C from the high to low elevations, and cumulative annual precipitation ranges from less than 100 mm to more than 1,000 mm from the northwestern to southeastern TP (You et al., 2013; Maussion et al., 2014), whereas the potential evapotranspiration, which ranges from about 700 mm year−1 to about 1,500 mm year−1 (Zhang et al., 2007), is substantially higher than precipitation in most areas of the TP. The vegetation types from the southeast to northwest are mainly forest, alpine meadow, alpine steppe, and alpine desert; alpine shrubland and alpine cushion vegetation are found in some areas (Geng et al., 2012). The growth of vegetation in the TP is known to be sensitive to climate change (Shen et al., 2015a; Shen et al., 2015b; Gao et al., 2016; Shen et al., 2016; Dorji et al., 2018; Hopping et al., 2018; Wang et al., 2020). The responses of the growth of TP vegetation to climate changes have major impacts on carbon cycles and terrestrial surface water, regulating climate both within and beyond the TP (Zeng et al., 2008; Shang et al., 2013; Shen et al., 2015c; Zhao et al., 2016; Ma et al., 2018; Zhao et al., 2019; Fu et al., 2020). Moreover, the changes in the growth of vegetation can also influence ecosystem services in the TP (Klein et al., 2008; Tang et al., 2015; Huang et al., 2016b; Hopping et al., 2018; Kan et al., 2018). Determining how the growth of vegetation responds to climate changes should therefore enhance our understanding of how ecosystems within the TP respond to climate change and allow for a more realistic representation of relevant processes in land surface models, which are essential for the simulation and management of ecosystems within the TP.
The TP has experienced significant climatic warming over the past five decades (Lu and Liu, 2010; Cai et al., 2017; Zhong et al., 2019), and the warming has accelerated since the 1980s (Lu and Liu, 2010; Zhong et al., 2019). The mean annual temperature has increased faster in the northeastern and northwestern areas than in the southeastern areas of the TP over the past five decades (Li et al., 2010; Deng et al., 2017). Annual precipitation has increased substantially in the western, central, and northeastern areas but has decreased slightly along the southeastern and southwestern edges of the TP over the past 40 years (Zhang et al., 2017). Climatic change has resulted in substantial changes in the growth of vegetation across the TP (Piao et al., 2012; Lehnert et al., 2016; Zhu et al., 2016; Zhang et al., 2018; Zhong et al., 2019). For instance, climate warming not only advanced vegetation green-up date but also extended the length of the growing season across the TP (Liu et al., 2006; Piao et al., 2011; Dong et al., 2012) Shen et al. (2016) have reported that nighttime warming advanced vegetation green-up date in most area across the TP, likely nighttime warming reduced low temperature constraints. Meanwhile, increasing temperatures are the main factors for the increase in net primary productivity of vegetation on the TP (Gao et al., 2013). However, climate warming has a negative impact on the net primary productivity in arid regions, mainly due to increasing temperatures leading to decline in water availability (Fu et al., 2013). However, the manner by which the growth of vegetation has responded to climatic factors shows considerable spatial heterogeneity (Piao et al., 2012; Huang et al., 2016a; Hua and Wang, 2018; Li et al., 2018; Zhong et al., 2019). Increasing temperatures are recognized to have enhanced vegetation growth in central and southeastern areas of the TP, but they have depressed vegetation growth in southwestern and northeastern areas, likely by causing drought stress (Du et al., 2015; Hua and Wang, 2018; Li et al., 2018). Moreover, when we focused on the areas where higher temperatures enhanced the growth of vegetation, we found that the growth of vegetation was more sensitive to temperature in alpine meadow than in alpine steppe (Zhang et al., 2014). This is mainly because the alpine meadow is distributed in the eastern and southern TP with more precipitation. Therefore, increasing temperatures are the main factor to enhance the growth of vegetation (Zheng et al., 2020). The effects of temporal changes in precipitation on the growth of vegetation have also varied spatially. An increase of precipitation had positive impacts on the growth of vegetation in the northeast and southwest of the TP (Du et al., 2015; Li et al., 2018; Li et al., 2020) but negative impacts in the southeast of the TP (Du et al., 2015; Hua and Wang, 2018). In addition, in both alpine steppe and alpine meadow, higher precipitation had positive impacts on the growth of vegetation, but the vegetation growth of alpine steppe was more sensitive to precipitation than that of alpine meadow. This is mainly because the alpine steppe is distributed in arid regions of the TP, where precipitation plays a primarily regulating role in the growth of vegetation (Zheng et al., 2020). Overall, there was high spatial heterogeneity in terms of the correlation between the growth of vegetation and local climatic factors as well as in the sensitivities of the growth of vegetation to temperature and precipitation.
However, a few studies have assessed the direct correlation between the growth of vegetation in the TP and large-scale climate oscillations (Shi et al., 2018; Yu et al., 2018; Cheng et al., 2019). For example, Cheng et al. (2019) have calculated the correlation coefficient between four ENSO indices and tree growth in the southern TP and have reported that tree growth has been sensitive to the ENSO since the 1970s. On the basis of a correlation coefficient between the spring Arctic Oscillation index and the start of the vegetation growing season, Yu et al. (2018) have reported that the changes in the start of the vegetation growing season in the eastern area of the Three-River Source Region were influenced by the Arctic Oscillation from 2000 to 2013. Shi et al. (2018) have calculated the correlation coefficients between the growth of vegetation in the TP and the PDO or the North Atlantic Oscillation. Their results show considerable spatial variations in both the sign and magnitude of those correlations. The oversimplified correlations between large-scale climate oscillations and vegetation growth have ignored the high spatial heterogeneity of the vegetation growth response to local climatic conditions and the complex teleconnections between local climatic conditions and large-scale climate oscillations. Numerous studies have shown that the PDO and AMO are key factors that drive the thermal and hydrological conditions over the TP (Gou et al., 2014; Li and Li, 2017; Shi et al., 2017; Shi et al., 2019). We believe exploring the effects of PDO and AMO on vegetation growth required detailed inspections of the teleconnections of local and large scale climatic factors, and the response pattern of vegetation growth to local climate.
In this study, we investigated how temporal changes in the AMO and PDO impact the growth of vegetation through modifying local climatic conditions in different areas across the TP. We first determined the correlation coefficients between either the AMO or PDO index and one or the other of the growing season mean temperature (TGS) or cumulative precipitation (PGS). We also calculated the correlation coefficients between the growing season–normalized difference vegetation index (NDVIGS) and either the TGS or PGS across the TP during the period 1982–2015. We then examined the temporal trends of those variables (AMO index, PDO index, TGS, PGS, and NDVIGS). Finally, we explained how the interaction between temporal variations of the large-scale climate oscillations and local climatic factors led to variations of the growth of vegetation across the TP.
MATERIALS AND METHODS
Large-Scale Climate Oscillation Index
The AMO index was defined as the average of monthly SST over the extra-tropical North Atlantic (25–60°N, 7–75°W) minus the linear trend of global mean temperature (van Oldenborgh et al., 2009). This approach can remove the influence of ENSO at tropical latitudes and reduce the influence of global warming on the average SST. The PDO index, which was first developed by Mantua et al. (1997), is defined as the leading principal component of monthly SST anomalies in the North Pacific Ocean (poleward of 20°N). These data were obtained from the Koninklijk Nederlands Meteorologisch Instituut climate explorer at https://climexp.knmi.nl/. Seasonally averaged AMO and PDO indices from January to August and from April to July (Shi et al., 2010; Shi et al., 2019), respectively, for every year from 1982 to 2015 were used to study the impacts of large-scale climate oscillations on local climatic factors.
Gridded Temperature and Precipitation
Gridded monthly mean temperature and cumulative precipitation data over the period 1982–2015 were taken from the Climatic Research Unit, University of East Anglia (http://data.ceda.ac.uk, accessed on 11 June 2019). The Climatic Research Unit Time-Series version 4.03 (CRU TS4.03) has a spatial resolution of 0.5° by 0.5° (Harris et al., 2014). For each pixel, TGS and PGS were calculated as the mean temperature and cumulative precipitation, respectively, during the growing season (May–September) (Shen et al., 2015c) for every year.
Normalized Difference Vegetation Index
Growth of vegetation across the TP over the period 1982–2015 was quantified by the NDVI. Calculation of the NDVI makes use of the spectral signature of chlorophyll absorption and mesophyll scattering on reflected radiation (Tucker, 1979; Shen et al., 2008) and has been widely used as a surrogate of the growth and productivity of vegetation at regional and global spatial scales (Beck and Goetz, 2011; Gonsamo et al., 2016; Huang et al., 2016a; Pan et al., 2018). We used the third-generation NDVI derived from the Advanced Very High Resolution Radiometer (AVHRR) produced by the Global Inventory Modeling and Mapping Studies (GIMMS) group at a spatial resolution of 1/12° and a temporal resolution of 15 days (https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v1/, accessed in November 2017). Multiple measures were taken to minimize the errors caused by the update of sensors, atmospheric effects, orbital drift, and sensor attenuation (Pinzon and Tucker, 2014). To match the gridded temperature and precipitation data, the NDVI data were aggregated to 0.5° by averaging the gridded NDVI values. Pixels with mean annual NDVIs less than 0.10 were considered to contain sparse vegetation and were excluded in this study (Cong et al., 2017). The NDVIGS was then calculated as the mean of the maximum NDVI for each month from May to September (An et al., 2018).
Analyses
To assess the impacts of temporal changes of the climate oscillations on local climatic factors, we calculated the Pearson correlation coefficient between the time series (1982 to 2015) of each of the AMO and PDO indices and the time series of each of the TGS and PGS for each pixel. Then, to assess the impact of TGS or PGS on NDVIGS, we also calculated the Pearson correlation coefficient between the NDVIGS and TGS or PGS, respectively. Finally, the temporal trends of these variables (AMO index, PDO index, TGS, PGS, and NDVIGS) over the period 1982–2015 were assessed on the basis of the slopes of the ordinary least-squares regression lines relating year (independent variable) to the variable (dependent variable). All statistical significance levels reported in this study were determined on the basis of two-tailed Student’s t-tests.
RESULTS
Correlation Between AMO and PDO Indices and Climatic Factors
The correlation coefficients between each of the large-scale climate oscillation indices and the annual mean TGS or PGS for each pixel showed that both the TGS and PGS were influenced by the AMO and PDO indices across the TP (Figure 1). Regionally averaged TGS values were significantly related to AMO indices (R = 0.57, P < 0.01). Almost throughout the vegetated portion of the TP (98.7% of the pixels), AMO indices and TGS values were significantly (P < 0.05; hereafter, “significant” means P < 0.05 unless otherwise stated), positively correlated (Figure 1A). The correlation coefficient between regionally averaged PGS values and AMO indices was also significant and positive (R = 0.41). In 93.4% of all pixels, PGS values were positively correlated with AMO indices, and the positive correlations were significant in 24.4% of the pixels, most of which were distributed in the northeastern and central portion of the TP and in the region between 84 and 90°E (Figure 1B). Negative correlations between PGS values and AMO indices were found only at the eastern and southwestern edges of the TP, and none were significant.
[image: Figure 1]FIGURE 1 | Spatial pattern of correlation coefficients (R) between each of the AMO and PDO indices and each of the annual TGS and PGS metrics across the TP over the period 1982–2015. R = ±0.44, R = ±0.34, R = ±0.29, and R = ±0.23 correspond to significance levels P = 0.01, P = 0.05, P = 0.10, and P = 0.20, respectively. Pixels with dots were statistically significant (P < 0.05). Bottom-left inset in each map shows the percentage of pixels in each interval of correlation coefficient with the interval value indicated by the color in the legend in the right. The pixels with mean annual NDVI lower than 0.10 were excluded (see method for detail).
In contrast, regional averages of both TGS (R = −0.42, P < 0.05) and PGS (R = −0.49, P < 0.01) were negatively correlated with the PDO index. The TGS was negatively correlated with the PDO index in all the pixels. The correlations were significant in 55.2% of the pixels, mainly in the center-northeast and northwest areas of the TP (Figure 1C). The correlations between the PGS and the PDO were negative in 85.8% of the pixels. Those correlations were significant in 36.0% of the pixels, mainly in the center of the TP and in the region between 84 and 92°E (Figure 1D). The areas where there were positive correlations between the PGS and the PDO index were in the eastern and northwestern edges; all of those correlations were insignificant. In the remaining areas, most of the correlations were negative and insignificant.
Correlation Between NDVIGS and TGS or PGS
When the data were averaged over regions, the interannual variations of NDVIGS were significantly related with TGS (R = 0.41) but not with PGS (R = 0.18, P > 0.05). For 73.0% of all pixels, the NDVIGS was positively correlated with TGS, and the correlations were significant for 23.7% of all pixels, most of which were distributed in the northeast, center, and center-east areas of the TP (Figure 2A). Negative correlations between NDVIGS and TGS occurred mainly in the southwestern quarter of the TP and were significant in only 2.7% of the pixels. The correlations between NDVIGS and PGS were positive in 71.6% of the pixels and were significant for 18.5% of the pixels, most of which were in the southwestern quarter and northeast TP (Figure 2B). The negative correlations between NDVIGS and PGS were associated with pixels located mostly in the eastern and center-south areas of the TP, and the negative correlations were significant in only 1.4% of the pixels. The partial correlation between NDVIGS and TGS (or PGS) controlling PGS (or TGS) produced similar results (Figure S1).
[image: Figure 2]FIGURE 2 | Spatial pattern of correlation coefficients between the NDVIGS and annual TGS(A) or PGS(B). R = 0.44, R = ±0.34, R = ±0.29, and R = ±0.23 correspond to significance levels P = 0.01, P = 0.05, P = 0.10, and P = 0.20, respectively. Pixels with dots were statistically significant (P < 0.05). Bottom-left inset in each map shows the percentage of pixels in each interval of correlation coefficient with the interval value indicated by the color in the legend in the right.
Temporal Trends of the AMO and PDO Indices, TGS, PGS, and NDVIGS
There was a significant (P < 0.01), positive temporal trend in the AMO index, whereas the PDO index decreased significantly over the period (Figure 3A). The regionally averaged TGS increased substantially at a rate of 0.22°C decade−1 (P < 0.01) over the period (Figure 3B). In most areas, the trends were 0.10–0.30°C decade−1 (Figure 4A). The temporal trend of the TGS in most (96.8%) of the pixels was significant and positive, except for a few pixels to the south of the center of the TP, where the trends were positive but insignificant. In contrast, the temporal trend of the regional average of the PGS was positive but not significant (P > 0.10) (Figure 3B). This lack of significance was associated with the spatial inconsistency of the PGS trends at the pixel level. The PGS decreased insignificantly by less than 10 mm decade−1 in the southeastern area and along the southwestern edge of the TP (Figure 4B). In the remaining areas, the temporal trends were mostly 0–20 mm decade−1, except for the center-south area, where the trends were mostly 20–40 mm decade−1. The trends of PGS were significantly positive in only 9.5% of the pixels, in the center-north and in the northeast of the TP.
[image: Figure 3]FIGURE 3 | Temporal trends of AMO and PDO indices (A); regionally averaged TGS and PGS(B); and NDVIGS(C).
[image: Figure 4]FIGURE 4 | Spatial pattern of temporal trends in TGS(A), PGS(B), and NDVIGS(C). Pixels with dots were statistically significant (P < 0.05). Bottom-left inset in each map shows the percentage of pixels in each trend interval. The trend interval values are indicated by the color scale to the right.
The temporal trend of the regional average of the NDVIGS was positive, 2.67 × 10–3 decade−1, but marginally significant (P < 0.10) (Figure 3C). The temporal trends of the NDVIGS were positive in 75.6% of all the pixels, which were widely distributed geographically, with the exception of the southeast area of the TP (Figure 4C). In most areas with positive trends, the trends were 0–10 × 10–3 decade−1; trends larger than 10 × 10–3 decade−1 were mostly in the northeast of the TP. The pixels where the trends of the NDVIGS were significant and positive accounted for 29.0% of all the pixels and were distributed mainly in the northeast and north of the center; some were scattered in areas south of the center and along the southwestern edge of the TP. NDVIGS decreased significantly in only 4 pixels.
Impact of Temporal Changes in AMO/PDO on Vegetation Growth
We investigated the cross-correlations between the AMO/PDO and TGS/PGS as well as between the NDVIGS and TGS/PGS. We also investigated the temporal trends of these variables (AMO index, PDO index, TGS, PGS, and NDVIGS). The interpretation of those correlations and trends indicated that the increasing AMO index (the decreasing PDO index) indirectly enhanced the growth of vegetation in the northeast, central, and southwest marginal areas of the TP. Those areas accounted for 36.4% (32.3%) of the pixels associated with increasing trends of TGS and PGS (Figures 5A,B). In the east and south central areas of the TP, the increasing AMO index (decreasing PDO index) had indirect positive effects on the growth of vegetation in 24.6% (25.7%) of all pixels associated with increasing TGS. In most areas of the southwestern TP, the increasing AMO index (decreasing PDO index) could also have indirectly resulted in the increasing trend of the NDVIGS that occurred in 13.1% (13.1%) of the pixels associated with increasing PGS. In addition, for 12.0% (12.0%) of all pixels, the increasing AMO index (decreasing PDO index) had indirect negative effects on the growth of vegetation associated with increasing TGS, mainly in the areas southeast and southwest of the center of the TP. Using the partial correlation between NDVIGS and TGS (or PGS) gave similar results (Figure S2).
[image: Figure 5]FIGURE 5 | Different modes showing how the temporal changes of the AMO (A) and PDO (B) indices affected the NDVIGS by modifying the TGS or PGS. Bottom-left inset in each map shows the percentage of pixels in each mode. The modes are indicated by the color in the legend at the bottom of each map. The upward or downward arrow to the right of each variable indicates positive or negative trends of that variable. A positive or negative sign near the line between two variables indicates positive or negative correlations between them. If two variables connected by a line were positively (negatively) correlated, we considered only the case in which the trends of the two variables shared the same direction (opposite directions), and these pixels are colored in green and yellow on the map. Otherwise, the pixel was colored gray.
DISCUSSION
As has been indicated in previous studies, the growth of vegetation, including an extension of the growing season and increase of the NDVI and net primary production, has been substantially enhanced as a result of rapid warming and increased precipitation during the past 40 years (Liu et al., 2006; Chen et al., 2014; Zhang et al., 2018). Moreover, because the changes in large-scale climate oscillations have had a strong impact on local climatic conditions across the TP (Gou et al., 2014; Shi et al., 2017; Shi et al., 2019), some studies have asserted that these climate oscillations have affected the growth of vegetation based on the direct correlations between them (Shi et al., 2018; Yu et al., 2018). Our results differed from these conclusions. Instead, they suggested that the impacts of temporal changes of the AMO and PDO on the growth of vegetation were largely dependent on the responses of vegetation to local climatic factors that were affected by the large-scale climate oscillations.
Moreover, our results indicated that the impacts of the AMO and PDO on the growth of vegetation were spatially heterogeneous. The spatial pattern of such impacts depended mainly on the spatial characteristics of the responses of the growth of vegetation to local climate factors rather than on that of the impacts of large-scale climate oscillations on local climate factors. (Figure 5). Such pattern is substantially different from that for the direct correlation between AMO (PDO) index and NDVIGS (Figure 6). A number of studies have tried to assess the impacts of remote climate oscillations on the local growth of vegetation by using direct correlations between them on the TP (Shi et al., 2018) or elsewhere (Brown et al., 2010; Li et al., 2015; Zhu et al., 2017; Araghi et al., 2019). However, our study indicated that directly correlating the growth of vegetation with the AMO or PDO while ignoring the underlying mechanisms linking them could be misleading over the TP. Such correlations should be interpreted with caution.
[image: Figure 6]FIGURE 6 | Spatial pattern of correlation coefficients between the NDVIGS and annual AMO (A) or PDO (B) index. R = ±0.44, R = ±0.34, R = ±0.29, and R = ±0.23 correspond to significance levels P = 0.01, P = 0.05, P = 0.10, and P = 0.20, respectively. Pixels with dots were statistically significant (P < 0.05). Bottom-left inset in each map shows the percentage of pixels in each interval of correlation coefficient with the interval value indicated by the color in the legend in the right.
The oscillatory behavior between the warm and cold states of the AMO has largely modulated the large-scale climate variations in the northern hemisphere (Delworth et al., 2016). Our results suggest that the AMO variation might have been associated with changes of TGS throughout the TP and with the PGS in most areas of the TP during the study period. These results are consistent with the conclusions of several previous studies (Feng and Hu, 2008; Wang et al., 2013; Li and Li, 2017; Shi et al., 2017). A recent study has shown that half of the variability of TP summer temperatures can be explained by the AMO, and an atmospheric general circulation model simulation has suggested that a warm (cold) AMO leads to an anomalously high (low) surface pressure, a corresponding downward (upward) atmospheric motion over the TP, and hence high (low) TP summer temperatures (Shi et al., 2019). The in-phase teleconnection pattern of AMO and TP summer temperature reflects the fact that the warm phase of AMO can cause land surface heating over TP, which enhanced the thermal contrast between TP and surrounding tropical oceans, therefore increased summer monsoon intensity and concurrent precipitation (Feng and Hu, 2008; Wang et al., 2013; Li and Li, 2017). The indirect connection substantially explained the observed significant correlation between growing-season precipitation and AMO. While in the northern part of the TP where the precipitation was dominated by the westerlies, Huang et al. (2015) have found that the summer AMO index was significantly and positively correlated with summer precipitation (R = 0.77, P < 0.01) as well. The connection of Atlantic SST variability, westerlies intensity and precipitation of the none-monsoon region of central Asia was reported (Li et al., 2008; Yu et al., 2014; Zhang et al., 2016; Luo et al., 2018).
Shi et al. (2019) has reported that a warm (cold) AMO was associated with decreased (increased) summer precipitation, which is contradictory with our findings. However, the precipitation and AMO index data used by Shi et al. (2019) are completely different from ours in this study: the precipitation data of Shi et al. (2019) are model output instead of instrumental observation, and the AMO index was smoothed and normalized data.
Consistent with earlier findings over TP (Gou et al., 2013; Gou et al., 2014), the decreased PDO was apparently a key factor responsible for the PGS increase in most regions of the TP during the study period. PDO can regulate the intensity, persistence and onset time of the SASM and thus precipitation over the TP (Wu and Mao, 2019): A warm (cold) PDO induces a decreased (increased) SST over the tropical Indian Ocean (Yang et al., 2018), and therefore a reduced (enhanced) land-ocean thermal contrast and weakened (strengthened) SASM intensity (Dong and Xue, 2016), characterized by an earlier (delayed) onset of monsoon precipitation (Watanabe and Yamazaki, 2014). In contrast, the evidence for the impacts of the PDO on TGS is still limited.
CONCLUSION
We investigated the impacts of temporal changes of the AMO and PDO on local climate characteristics and subsequently on the growth of vegetation across the TP during the period 1982–2015. The increasing AMO (decreasing PDO) might have contributed to the increases of the TGS throughout the TP and of the PGS in most areas of the TP. The increase in the growth of vegetation in the northern areas of the TP was likely related to the increases of the TGS and PGS; in most areas of the southwestern TP to increases of the PGS; and in the south central areas and in some areas in the eastern TP to increasing TGS. The decrease in the growth of vegetation in some areas of the southeastern and southwestern TP was likely related to the increase of the TGS. Collectively, these results suggest that the increase of the AMO (decrease of the PDO) may have enhanced the growth of vegetation in the central and northeastern areas of the TP by increasing TGS and PGS, in most areas of the southwestern TP by increasing PGS, and in the east and south central regions by increasing the TGS. However, the increase of the AMO (decrease of the PDO) apparently had negative effects on the growth of vegetation in some areas of the southeastern and southwestern TP by increasing the TGS. The spatial pattern of the impacts of the AMO and PDO on the growth of vegetation was therefore dependent on the responses of growth of vegetation to local climatic factors. Our study also suggests that correlations between remote, large-scale climate oscillations and the local growth of vegetation should be interpreted with caution.
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Alpine grasslands on the Tibetan Plateau, being vulnerable to environmental and anthropogenic changes, have experienced dramatic climate change and intensive livestock grazing during the last half-century. Climate change, coupled with grazing activities, has profoundly altered alpine grassland function and structure and resulted in vast grassland degradation. To restore degraded grasslands, the Central Government of China has implemented the Ecological Security Barrier Protection and Construction Project since 2008 across the Tibetan Autonomous Region. However, the relative effect of climate change and grazing activities on the variation in alpine grassland productivity is still under debate. In this study, we quantified how aboveground net primary production (ANPP) varied before (2000–2008) and after (2009–2017) starting the project across different alpine grasslands and how much variance in ANPP could be attributed to climate change and grazing disturbance, in terms of temperature, precipitation, solar radiation, and grazing intensity. Our results revealed that Tibet’s climate got warmer and wetter, and grazing intensity decreased after starting the project. Mean ANPP increased at approximately 81% of the sites, on average from 27.0 g C m–2 during 2000–2008 to 28.4 g C m–2 during 2009–2017. The ANPP positively correlated with annual temperature and precipitation, but negatively with grazing intensity for both periods. Random forest modeling indicated that grazing intensity (14.5%) had a much lower influence in controlling the dynamics of grassland ANPP than precipitation (29.0%), suggesting that precipitation variability was the key factor for alpine grassland ANPP increase across Tibet.

Keywords: climate change, grassland degradation, human activities, NPP, Tibetan Plateau


INTRODUCTION

Climate change and human activities are primary drivers for changes in terrestrial ecosystems globally (Haberl et al., 2007; Chen et al., 2013; Tong et al., 2018), especially for unprecedented changes in ecosystem service and function (Knight and Harrison, 2012; Seiferling et al., 2014; Erb et al., 2018). A meta-analysis by Lin et al. (2010) found that climate warming can promote global vegetation productivity. Precipitation can also accelerate or decelerate vegetation growth in most terrestrial ecosystems, depending on its frequency and timing (Wu et al., 2011). Meanwhile, human activities can affect ecosystem response and feedback to climate change, via biomass utilization, biofuel consumption, land use, and land cover change (Haberl et al., 2007; Kröel-Dulay et al., 2015). For example, human disturbances might push an intact ecosystem away from its successional trajectory, alter species assembly, and turnover, and make it much more vulnerable to climate change than before (Kröel-Dulay et al., 2015).

Aboveground net primary production (ANPP) is a critical ecosystem service in maintaining global carbon balance (Ruimy et al., 1999; Zhang et al., 2009), often used to forecast ecological consequences under anthropogenic and climatic perturbations. A better understanding of how ecosystem ANPP responds to climate change and human activities can help mitigate environmental damages and optimize ecosystem management (Zhou et al., 2018). A considerable volume of literature tried to identify and quantify the relative influences of climate change and human activities on ecosystem productivity with various methods (Paudel and Andersen, 2010; Erb et al., 2018; Li L. et al., 2018), such as manipulative experiments, traditional statistical analysis, and residuals-trend modeling (Li L. et al., 2018). Recently, random forest modeling, with high accuracy and robust efficiency, is increasingly being used to quantify predictors’ relative importance (Gill et al., 2017; Huang and Xia, 2019). The random forest modeling can also account for interactions and non-linear relationships between predictors, obstacles (the overfitting problems) and deal with data noises (Heung et al., 2014). Therefore, scientists often recommended random forest models for processing high-dimensional and -correlated datasets (Breiman, 2001).

Due to high elevations, alpine grasslands widely distributed on the Tibetan Plateau are susceptible to climate change and human activities, as vegetation in Arctic and Antarctic (Yao et al., 2012; Yang et al., 2017; Li et al., 2020). Climate change, combined with human activities, has significantly reshaped the structure and function of the Tibetan alpine grasslands (Wang et al., 2005), and resulted in about 0.4 × 106 km2 grassland degradation in the1990s, which accounted for 33% of total grassland area on this plateau (Long et al., 2009). Therefore, rational utilization, restoration, and conservation of alpine grasslands under changing climate and anthropogenic disturbances have attracted increasing attention since 2000 (Harris, 2010; Yu et al., 2012; Dong et al., 2020). The central government of China initiated several ecological projects, like the “Ecological Security Barrier Protection and Construction Project” started since 2008, and the “Compensation and Rewards to Herders for Natural Grassland Conservation” since 2010, to promote the recovery and restoration of degraded alpine grasslands on the Tibetan Plateau (Wang et al., 2017). The implementation of these projects has eased the pressure of human disturbances (mainly referring to livestock grazing hereafter) (Fan et al., 2015) and also increased the alpine grassland productivity (Chen et al., 2014; Xu et al., 2016). However, the relative contributions of climate change and human activities to alpine grassland productivity are still unclear. Moreover, it is pertinent to examine the extent to which ecological projects and policies can affect alpine grassland productivity.

To fill these gaps in current research, we collected historical records of climatic variables and the Normalized difference vegetation index (NDVI) data before (2000–2008) and after (2009–2017) the starting of the “Ecological Security Barrier Protection and Construction Project.” These data were mainly used to simulate the changes in alpine grassland productivity during the two subperiods. We also conducted field measurements of aboveground biomass between fenced and grazed pastures in different alpine grassland types to validate the models’ outputs. By comparing the difference in alpine grassland productivity, it is possible to clarify the effects of the “Ecological Security Barrier Protection and Construction Project.” We also collected the livestock numbers from statistic yearbooks of 2000–2017 to quantify grazing intensity over time and across space. Thus, it is also possible to quantify how much the variance in alpine grassland productivity can be explained by the corresponding climatic (refers to temperature, precipitation, and solar radiation) and anthropogenic (refers to grazing intensity) factors.



MATERIALS AND METHODS


Study Area

The Tibetan Autonomous Region (hereafter Tibet) is located in the southwest of China (Figure 1), covering about 1.22 million km2. With an average elevation of over 4,000 m above sea level, Tibet has a cold (mean annual temperature from 2000 to 2017 was –1.1°C) and dry (mean annual precipitation from 2000 to 2017 was 307.8 mm) climate. This climate shaped various sensitive and vulnerable ecosystems. Alpine grasslands mainly distribute in northwestern places at high elevations, covary, and coevolve well with zonal climates (Wu et al., 2013). From southeast to northwest, grassland types vary from humid alpine meadow (AM) dominated by Kobresia pygmaea to semiarid alpine steppe (AS) dominated by Stipa purpurea, and to arid alpine desert-steppe (ADS) co-dominated by S. purpurea and S. glareosa.
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FIGURE 1. Distribution of grassland types and sample sites in Tibet.




Data Collection

Normalized difference vegetation index (NDVI) is a remote sensing technique widely used in the regional ecosystem monitoring and evaluation. This study used the moderate-resolution imaging spectroradiometer (MODIS) Version 6 NDVI (MOD13A3) from 2000 to 2017, with 1 km spatial resolution and 1 month time interval. NDIV data were downloaded from the National Aeronautics and Space Administration agency1. The monthly NDVI data were developed using the Maximum Value Composition method (MVC) and calibrated for geometrical and atmospheric effects and cloud contamination. Grassland distribution referred to the China Vegetation Atlas with a scale of 1:1,000,000 (Chinese Academy of Sciences, 2001), from the Resource and Environment Data Cloud Platform2.

Daily meteorological data from 2000 and 2017 were collected from the National Meteorological Information Center (NMIC), China Meteorological Administration (CMA)3. Daily meteorological records were aggregated at the monthly level. Then, we interpolated monthly precipitation, temperature, and sunshine duration into raster surfaces with a 1 km spatial resolution using the ANUSPLIN 4.3 (Hutchinson, 2004). According to Allen et al. (1998), solar radiation was calculated based on geographical position and sunshine duration. It has been examined that the grid climatic surfaces match well with field observations (Chen et al., 2014; Tao et al., 2015).

In 2009, a 1,200 km transect was established across the northern Tibetan Plateau. This transect crosses exceptionally arid, semiarid, to semi-humid alpine continental climates from west to east, encompassing three primary grassland type: alpine meadow, alpine steppe and alpine desert-steppe. From 2009 to 2015, we collected aboveground biomass (AGB, g/m2) field-measured during peak growing season (late July to early August) along with this transect, between fenced and open (grazed) alpine grasslands. In total, we measured AGB at 224 sites in open alpine grasslands and 138 sites in fenced ones (Figure 1). At each sampling site, five 0.5 m × 0.5 m quadrats were laid at 20 m intervals along a 100 m random transect line. Plant aboveground materials were dried at 65°C for 48 h and then weighed for AGB measurements. For grassland in Tibet, the most sampled species sprout annually in early May and senesce in late September with peak biomass generally between late July and early August. Thus, the field-measured AGB can surrogate for yearly ANPP. Finally, the dry matter was converted to carbon, assuming a carbon content of 45% (Lieth and Whittaker, 1978).

The livestock number for each county was collected from the “Statistical Yearbooks” of 2000–2017. The numbers of sheep, goats, and large herbivore animals (mainly referring to yaks, donkeys, and horses) were finally calculated as standardized sheep units (SSU), by following the algorithms of Fan et al. (2010) that one sheep equals to one SSU and one large herbivore to four SSUs.



Calculation of Grassland ANPP

The Carnegie-Ames-Stanford Approach (CASA) model was driven by satellite-observed NDVI and climate (e.g., temperature, precipitation, and radiation) and other factors, such as land-use change. The NDVI changes can reflect human harvest from plant material. NPP is mainly determined by two variables, absorbed photosynthetically active radiation (APAR) and the light-use efficiency (LUE) in the CASA model,
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where ANPP(x,t) represents plant growth at spatial location x and time t (g C m–2), and PAR(x, t), and FPAR(x, t) are total solar radiation (MJ m–2) and the fraction of the incoming PAR intercepted by plant incident at spatial location x and time. ε^* is the maximum possible light energy conversion efficiency and was set uniformly at 0.56 g C MJ–1 (Zhang et al., 2013). Tε 1(x, t), Tε 2 (x, t) are the effects of temperature to ε^*, and Wε (x, t) accounts for effects of water stress, also at location x and time t. ANPP can be inferred by the ratio between BNPP and ANPP (R), around 0.587 for alpine grasslands on the Tibetan Plateau predicted by Wu et al. (2010).



Calculation of Grazing Intensity

Grazing intensity (GI) was quantified by the ratio between actual livestock carrying capacity (Ca) and theoretical livestock carrying capacity (Ct):

[image: image]

The actual livestock carrying capacity for each county was determined as follows:
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where Cn is the number of livestock inventory in a given year, Ch is the number of livestock sold in a given year. A is the available grassland area (ha).

The theoretical livestock carrying capacity for each grassland pixel was calculated as follows:
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where Y is grassland yield; U is the utilization rate of herbage (%), estimated as 70%; C is the proportion of the area available for pasture (%), estimated as 0.84 (Fan et al., 2010; Cao et al., 2020); H is the proportion of edible forage (%), estimated as 0.76, 0.69, and 0.76 for alpine meadow, alpine steppe and alpine desert-steppe, respectively, according to observed data in North Tibet; S is the daily feed intake per SSU, set as 1.33 kg (Fan et al., 2010); G is grazing days (d), set as 365.

In our study, we regarded yield (Y) as equivalent to the potential aboveground biomass (AGBp), which was not grazed by herbivores. Grassland ANPPp can be estimated according to the terrestrial ecosystem model (TEM).
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TEM is one of the process-based ecosystem models driven by spatially referenced information on vegetation type, climate, elevation, soils, and water availability to calculate the monthly carbon and nitrogen fluxes and pool sizes of terrestrial ecosystems. TEM can only be applied in a mature and undisturbed ecosystem without considering the effects of land use. TEM NPP (NPPp) was calculated by the difference between gross primary productivity (GPP) and autotrophic respiration (Ra) in the monthly time step. Ra is considered as the sum of maintenance respiration (Rm) and growth respiration (Rg). Monthly GPP is driven by several factors and is calculated as:
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where Cmax represents the maximum rate of C assimilation by plants in 1 month (g C m–2 month–1). The function of f(PAR), f(T), and f(NA) accounts for the effects of photosynthetically active radiation, temperature and relative nutrient availability, respectively, on GPP. f(LEAF) is the leaf area relative to the maximum annual leaf area and depends on monthly estimated evapotranspiration. f(CO2, H2O) is the interactive effects of atmospheric CO2 concentrations and moisture availability to GPP. In this study, the value of Cmax was set as 949.6 g C m–2 month–1 for alpine meadow, 617.9 g C m–2 month–1 for alpine steppe and 251.2 g C m–2 month–1 for desert steppe (Chen et al., 2014).



Statistical Analysis

The differences in climatic variables, grazing intensity, and alpine grassland ANPP before and after the implementation of the “Ecological Security Barrier Protection and Construction Project in Tibet” were calculated by the following formula:
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where V represents each of mean annual temperature (MAT), annual total precipitation (AP), annual total radiation (AR), GI, and ANPP, respectively. We first calculated the zonal mean of each variable at each county in Tibet. Then, we employed a random forest (RF) regression analysis to identify the relative importance of the four variables on the variation in grassland ANPP (Huang and Xia, 2019). In the RF model, the response variable was the differences in the mean ANPP between the two periods, and the predictors were the differences in the mean values of MAT, AP, AR, and GI. The importance of each predictor variable is defined as the percentage increase in the mean square error (%IncMSE) between observations and predictions, and the decrease is averaged over all the trees to produce the final estimation for importance (Delgado-Baquerizo et al., 2017; Huang and Xia, 2019). High%IncMSE values represent high importance for each predictor. The RF model was run using R 4.0.2 with randomForest_4.6-124.




RESULTS


Validation of Grassland ANPP and Potential Aboveground Biomass

To assure the accuracy of the ANPP and AGBp, observed ANPP data in open grazed grasslands and observed AGB data in fenced grasslands were used to validate the simulated ANPP and AGBp, respectively. The results showed that both simulated ANPP and AGBp matched well with observed records. The simulated ANPP can explain 80% of the variance in observed ANPP of open alpine grasslands (Figure 2A), and the simulated AGBp can explain 78% of the variance in observed AGBp of fenced alpine grasslands (Figure 2B).
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FIGURE 2. Comparisons (A) between simulated and observed ANPP and (B) between simulated and observed AGBp.




Dynamics of Climatic Variables and Grazing Intensity Between Two Subperiods

Both MAT and AP showed a non-significant increasing trend in the period of before (2000–2008) and after the implementation (2009–2017) of the “Ecological Security Barrier Protection and Construction Project.” MAT trend was faster, but AP trend was slower in 2000–2008, compared to those in 2009–2017 (Figures 3A,B). AR trend was similar to the GI trend in the two periods, showing an initial non-significant increasing trend and then a significant decreasing trend (Figures 3C,D).
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FIGURE 3. Inter-annual dynamics of (A) MAT, (B) AP, (C) AR, and (D) GI before and after the implementation of the “Ecological Security Barrier Protection and Construction Project.”


The changes in climatic variables and grazing intensity in Tibet were non-uniform across space (Figure 4). Warming was evident across the whole plateau, especially in northern Tibet, where MAT increased by 0.6°C (Figure 4A). Considerable increase and decrease in AP also occurred in northern and western Tibet (ΔAP > 20 mm) and in central and eastern regions, respectively (Figure 4B). In contrast, AR was dimming (negative ΔAR) in northern and western Tibet but lighting (positive ΔAR) in eastern areas (Figure 4C). Regarding grazing intensity, it increased in the middle Tibet after the implementation of the “Ecological Security Barrier Protection and Construction Project” and decreased in the edge counties of the Tibetan Autonomous Region (Figure 4D).
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FIGURE 4. Distribution of the mean-difference in (A) MAT, (B) AP, (C) AR, and (D) GI between before and after the implementation of the “Ecological Security Barrier Protection and Construction Project.”




Dynamics of Grassland Productivity Between Two Subperiods

Grassland ANPP in Tibet decreased from southeast to northwest with grassland types, from alpine meadow, alpine steppe to alpine desert steppe (Figures 5A,B). Mean ANPP for all grassland types (28.4 g C m–2) during 2009–2017 increased by 5.2%, compared to 27.0 g C m–2 during 2000–2008. ANPP increased at approximately 81% of grassland pixels (Figure 5C). Mean ANPP significantly increased by 2.41 g C m–2 (ΔMeanANPP) in alpine meadows, followed by alpine desert steppes (ΔMeanANPP = 0.93 g C m–2) and alpine steppes (ΔMeanANPP = 0.88 g C m–2), respectively (Figure 6A). ANPP decreased in the remaining 19% of grassland pixels, mainly in central Tibet (Figure 5C).
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FIGURE 5. Changes in grassland ANPP across Tibet. (A,B) The average of grassland ANPP in the two subperiods, before (2000-2008) and after (2009–2017) starting the “Ecological Security Barrier Protection and Construction Project.” (C) The mean-difference of grassland ANPP between the two subperiods. (D,E) The changing trend in grassland ANPP in the two subperiods. (F) The trend-difference in grassland ANPP between the two subperiods.
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FIGURE 6. The (A) mean and (B) trend of grassland ANPP in the two subperiods, before (2000–2008) and after (2009–2017) staring the “Ecological Security Barrier Protection and Construction Project” for each grassland type in Tibet.


ANPP decreased during 2000–2008 for 54.2% of grasslands in central Tibet (Figure 5D). However, ANPP mainly increased during 2009–2017 in western and southern Tibet (Figure 5E). The ANPP trend during 2009–2017 (0.26 g C m–2 year–1) for all grasslands increased by 13.0% (Figures 5F, 6B), compared with that during 2000–2008 (0.23 g C m–2 year–1). Especially, alpine desert steppes increased most evidently (1.03 g C m–2 year–1), followed by alpine steppes (0.50 g C m–2 year–1). The ANPP of alpine meadows reversed from an increasing trend (0.50 g C m–2 year–1) during 2000–2008 to a decreasing trend (–0.31 g C m–2 year–1) during 2009–2017 (Figure 6B).



Effects of Climate and Grazing Intensity on Grassland ANPP Changes

The correlation coefficients between ANPP and three climatic variables (MAT, AP, and AR) and grazing intensity (GI) were presented in Figure 7. The ANPP had weak positive correlation with MAT (r = 0.20), AP (r = 0.13), and AR (r = 0.06) and weak negative correlation with GI (r = –0.12) during 2000–2008. The four variables had only explained 32% of the variance in ANPP during 2000–2008 (Table 1). The correlation coefficients between ANPP and the four variables changed during 2009–2017. MAT (r = 0.23) and AP (r = 0.42) had more positive effects on ANPP while AR (r = –0.12) and GI (r = –0.39) had more negative effects during 2009–2017, compared to 2000–2008. The four variables explained 72% of the variance in ANPP during 2009–2017, among which AP became the dominant factor and explained 60% of the variance in ANPP (Table 1).
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FIGURE 7. Spatial patterns of the correlation coefficients (R) of grassland ANPP with MAT, AP AR, and GI during (A–D) 2000–2008, (E–H) 2009–2017, and (I–L) the difference in the corresponding correlation coefficients (ΔR) between the two subperiods, before and after the starting “Ecological Security Barrier Protection and Construction Project.”



TABLE 1. Summary of general linear models (GLMs) that included MAT, AP, AR, and GI as predictors for grassland ANPP in the two periods, before and after starting the “Ecological Security Barrier Protection and Construction Project” in Tibet.

[image: Table 1]RF model was used to quantify the relative contributions of the four responsible variables (ΔMeanMAT, ΔMeanAP, ΔMeanAR, and ΔMeanGI) with respect to the differences in mean ANPP (ΔMeanANPP) between the two subperiods. ΔMeanAP was the primary driver of ΔMeanANPP with% IncMSE of 29.0%, followed by ΔMeanMAT (%IncMSE = 19.9%), ΔMeanAR (%IncMSE = 16.2%) and ΔMeanGI (%IncMSE = 14.5%), respectively (Figure 8).
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FIGURE 8. Relative contribution of the differences in means of the four variables (ΔMeanMAT, ΔMeanAP, ΔMeanAR, and ΔMeanGI) to the differences in mean ANPP (ΔMeanANPP) between before and after starting the “Ecological Security Barrier Protection and Construction Project” in RF model. The values were denoted by the percentage increase of mean squared error (%IncMSE).





DISCUSSION

Quantifying the key ecosystems’ dynamics controlling factors is crucial for ecological management and adaptation (Li L. et al., 2018; Wei et al., 2020). Alpine grasslands in Tibet are one of the most vulnerable biomes to human activities and climate change in the world. However, it is still a question of debate how and at what extent different drivers contribute to grassland productivity change on this plateau. In this study, we first used the CASA model to quantify the alpine grassland ANPP in Tibet from 2000 to 2017. Then, we investigated the changes in grassland ANPP before (2000–2008) and after (2009–2017) the implementation of the “Ecological Security Barrier Protection and Construction Project.” Finally, an RF model was used to quantify the relative importance of temperature, precipitation, radiation, and grazing intensity to the dynamics of grassland ANPP.


Increased ANPP Due to More Favorable Climate

We found that ANPP after the implementation of the project increased to approximately 81% of alpine grasslands in Tibet. The mean values of grassland ANPP increased from 27.0 g C m–2 before to 28.4 g C m–2 after the project. This finding was consistent with Wang et al. (2017) and Huang et al. (2018) who also examined that vegetation coverage and forage supply capacity in Tibet increased slightly after the start of the project. Correlation analysis revealed that this increase in ANPP might be attributed to more favorable climatic conditions and the decrease in the grazing intensity after the project. Further, the climate in Tibet became warmer and wetter after the project’s start, which positively affected the grassland ANPP. We also found that the increased precipitation had a higher effect on the f grassland ANPP than temperature. Nonetheless, this finding is not in agreement with Zhu et al. (2016) who concluded that alpine plants are sensitive to temperature as the average growing season temperature is lower than the optimum air temperature of vegetation productivity in global alpine regions (Huang et al., 2019). However, the finding is in line with long-term in situ monitoring, manipulative experiments, satellite remote sensing, and model simulations on this plateau. For example, Wu et al. (2016) found that growing season precipitation explained the most variance of alpine grassland species richness and aboveground biomass across the northern Tibetan Plateau. Fu et al. (2018) reported that increased precipitation has more strong effects on plant production in alpine meadows than experimental warming in Tibet. A potential explanation is that colder habitats have long shaped alpine vegetation’s functional traits to adapt to the low temperatures and large diurnal temperature ranges (Elmendorf et al., 2012; Shi et al., 2014). This might be due to the reason that arctic and alpine plants have excellent resistance to short-term temperature fluctuations (Theurillat and Guisan, 2001; Elmendorf et al., 2012).



Increased ANPP Due to Weakening Grazing Intensity

Human activities were significantly intense across the Tibetan Plateau before the implementation of the project. For example, the population reached upto 3.12 million in the Tibetan Autonomous Region of China, in 2013, which is twice as in 1965; meanwhile, the livestock number also increased from 9.74 million in 1958 to 23 million in the early twenty-first century (Fan et al., 2015). This study found that grazing intensity was negatively correlated with ANPP, suggesting that grazing activities can mediate the interannual ANPP change. After the start of the project, grazing intensity decreased significantly (Figure 3D), owing to the increase in the potential grassland productivity and the reduction in the livestock (Supplementary Figure S1). This significant decrease in the grazing intensity had a positive effect on grassland ANPP. Grazing and human-induced land use/cover change are the two most significant human disturbances for alpine grassland ANPP in Tibet, and the former is supposed to be the dominant one (Arthur et al., 2008; Harris, 2010; Chen et al., 2014). The complicated process of grazing, such as forage selection, herbivores and their trampling (Parsons and Dumont, 2003; Paruelo et al., 2008), directly and indirectly, can modify grassland productivity (Chen et al., 2007; Xiong et al., 2014; Wang and Wesche, 2016). Meanwhile, grassland productivity is highly dependent on grazing and its intensity. The prevailing view is that moderate grazing promotes plant growth due to compensatory growth while overgrazing reduces vegetation productivity (de Mazancourt et al., 1998; Schuman et al., 1999; Luo et al., 2012). At the end of the twentieth century, the stocking rates of livestock in Tibet were high in most of its counties (Fan et al., 2015). Overgrazing affected the native species diversity and ecosystem stability in Tibet and altered the structure and function of grassland ecosystems, induced C losses and grassland degradation (Zhou et al., 2017; Zhang et al., 2019). The Chinese government continuously formulates policies to limit grazing throughout the project, such as grazing exclusion, conversion of grazing land to grass and grazing withdrawal programs. This decline in grazing intensity after the start of the project elevated grassland productivity. Thus, we concluded that the check on the livestock numbers was a useful tool for the restoration of grassland in Tibet.



Climate Variability Dominated the ANPP Dynamic

The RF model revealed that the grazing intensity is far less critical than climatic variables in controlling grassland ANPP. This signifies that climate change is the primary driver for the sustainability of alpine grassland ecosystems on the Tibetan Plateau (Huang et al., 2016; Lehnert et al., 2016; Xu et al., 2016). Although the intensity of human activities on the Tibetan Plateau is increasing rapidly, however, the impact of human activities on ecosystems is less than other regions of the world (Venter et al., 2016; Li S. et al., 2018). Grazing activities have not altered the dominant role of climate change for grassland variation in Tibet. However, we must highlight that, as suggested by previous studies, the biochemical cycle and their feedbacks to climate change would get more complicated under human disturbance (Kröel-Dulay et al., 2015; Peters et al., 2019). For example, in our study, we found that the relationships between climatic variables and grassland ANPP were more robust before the project’s start. Those changes in correlation coefficients might cause by the changes in grazing intensity. Thus, the mechanisms of how plants respond to the coupled effects of climatic and anthropogenic stresses should be explored in the future.




CONCLUSION

This study used 9 years of datasets before and after the implementation of Ecological Security Barrier Protection and Construction Project, including meteorological conditions, grazing intensity, to explore the combined effects of climate change and grazing activities on the dynamics of grassland ANPP in Tibet. We found an increase in grassland ANPP after the project’s start. Precipitation was the dominant factor in controlling the observed alpine grassland changes during the study period. Furthermore, the weak grazing intensity after the project promoted grassland productivity. Thus, we suggested that the check on the livestock numbers has a positive effect on the restoration of degraded grasslands in Tibet.
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Phenotypic plasticity among natural plant populations is a species-specific ecological phenomenon of paramount importance that depends on their life forms, development stages, as well as environmental factors. While this phenomenon is broadly understood, it has hardly been observed in nature. This study aimed at understanding phenotypic plasticity and ecological adaptability in three shrubs (Salix etosia, Rubus setchuenensis, and Hydrangea aspera) affected by potential environmental variables after deforesting in sparse Larix spp. forest and tall shrub mixed secondary forests. Soil organic carbon content, total nitrogen content, and available nitrogen content were greater outside the forests, contrary to other measured factors whose availability was higher in the forest interiors. In case of leaf traits and stoichiometric indicators, there were significant interactions of leaf area (LA), leaf dry matter (DW), specific leaf area (SLA), and leaf phosphorus content (LPC) between shrub species and heterogeneous environments (P < 0.05) but not for leaf C/N, N/P, and C/P. Principal components analysis (PCA) indicated that soil temperature, pH value, soil carbon content, soil nitrogen content, and MBC and MBN mainly constituted the first component. Summarized results indicated that TB and leaf C/P of S. etosia were significantly correlated with three principal components, but only marginal significant correlations existed between R/S and relevant components. SLA and R/S of R. setchuenensis had marginal significant relationships with independent variables. Both SLA and TB of H. aspera were significantly correlated with three principal components. Based on the pooled values of leaf functional traits and leaf stoichiometric indicators, R. setchuenensis (vining type) had better leaf traits plasticity to adapt to a heterogeneous environment. In descending order, the ranks of biomass allocation plasticity index of three shrubs were H. aspera (bunch type), R. setchuenensis (vining type), and S. etosia (erect type). The highest integrated plasticity values of leaf traits and biomass allocation was observed in H. aspera (bunch type), followed by R. setchuenensis, and by S. etosia with less adaptive plasticity in heterogeneous environments.

Keywords: leaf traits, ecological stoichiometry, biomass partitioning, phenotypic plasticity, heterogeneous habits, life forms


INTRODUCTION

Natural environments are heterogeneous at different scales for plants that not only affect their growth and development but also influence responses and adaptation of plants from functional traits to ecosystems (Stewart et al., 2000; Hutchings and John, 2004). Most knowledge of plant growth accumulated under homogenous conditions still cannot be universally applicable for the patchy resource availability in natural environments. It has been acknowledged that responses of plants to environmental heterogeneity are species specific and also depend on multiple aspects such as life forms, and development stages, among others. At global to local scales, deforestation can generate many environmental problems and reflect the spatio-temporal ecosystem complexity and interaction of biophysical, social, ecological, and human activity components (van Doorn and Bakker, 2007). Globally, nearly 6 million km2 of forest and woodland have been cleared for farming or are being extensively since 1850 (Ramankutty and Foley, 1999), which had serious repercussions on the natural habitats of many plant species due to habitat fragmentation, loss of plant populations, and therefore a decline in genetic variability including morphological, physiological, and behavioral traits, eventually reducing individual plant fitness (Grime, 1994). The spatial heterogeneity of essential resources and concerned environmental factors can affect allocation and growth of plant organs or different parts, the whole plants, even the yield and spatial structure of populations and communities (Grime, 1994; Stewart et al., 2000; King, 2003; Hutchings and John, 2004; Aguilar et al., 2006). The phenotypic plasticity of a plant is its ability to change in response to stress, disturbance, or inputs from the environment. It is critical to ascribe observed phenotypic variation in the field by experimental approach regarding phenotypic plasticity rather than genetic variation. Morphological and physiological responses of plants to environmental change have been well documented at both the organ level and organism level, including variation of growth patterns or biomass allocation. Deforestation results in an uneven distribution of environmental factors with stark differences of environmental conditions inside and outside the forests (Chen et al., 1996; Valladares et al., 2000; King, 2003; Rozendaal et al., 2006). This creates different land use types or land forms with heterogeneous habitat characteristics and forest gaps, which play a critical role in growth and development of plants, and affects community composition, structure, and functioning. For instance, an imminent regime shift toward an alternative tropical scrubland ecosystem state may result in warmer and drier conditions at the local scale (Lawrence and Vandecar, 2015).

Plant species may or may not adapt to changing surroundings by involvement of a confounding variation in morphology, physiological state, or behavior, or some combination of these, at a multi-level of organization. The phenotype can be all of the characteristics or performance of an organism other than its genes, whose nature has been influenced by both environment and genome (Grassi and Bagnaresi, 2001; Sih, 2004; Rozendaal et al., 2006). Performance and response of plants to changing environment are complicated and need to be understood in a proper way. Survival rate and competition capacity of plants in a community represent their adaptive ability to diverse habitats (Grassi and Bagnaresi, 2001). Plant functional traits are the reflection of adaptation to environmental variations, disturbances, and tradeoffs among different functions (Chen et al., 1996; Rozendaal et al., 2006). Leaves are the main site for photosynthesis, organic production, as well as the basic unit for energy exchange of the atmosphere–plant system, and are therefore the fundamental elements in maintaining terrestrial ecosystems (Chen et al., 1996; Cornelissen et al., 2003). Thus, leaf traits can directly reflect the survival strategies of plants under environmental change, which is also closely related to resource capture and utilization (Chen et al., 1996; Rozendaal et al., 2006). There exists a significant positive relationship between specific leaf area (SLA), potential relative growth rate, and photosynthetic rate, which reflects the plant characteristics for adaptation to different habitats and strategies of carbon acquisition (Reich et al., 1991, 1992; Vile et al., 2005; Rozendaal et al., 2006). Furthermore, carbon (C), nitrogen (N), and phosphorus (P) are the most essential elements for the structure and function of cells, and are correlated with plant metabolism (Reich et al., 1991; Rw and Jj, 2002). Leaf carbon content (LCC), leaf nitrogen content (LNC), leaf phosphorus content (LPC), and N/P ratio are important indicators of leaf traits as well. Thus, it is essential and meaningful to explore the response of leaf traits in heterogeneous environments, to enhance our understanding about fitness of plants in a changing world.

Biomass plays a critical role in the ecosystem since it directly influences key ecological processes such as hydrology, erosion, nutrient cycling, carbon storage, and biological diversity (Houghton et al., 2001; Costa et al., 2012). Biomass allocation is therefore an important factor in the characterization of plant physiological ecology. Moreover, it is also the result of the plants’ long-term adaption to different environmental conditions (Cairns et al., 1997). The aboveground and belowground biomass allocation affects plant growth as well as the overall function of the ecosystem and the biogeochemical cycles (Cairns et al., 1997; Yang et al., 2009). Therefore, the mechanism by which plants respond to variations in the availability of resources in their environment is a major question in plant ecology. Plants can optimize growth under a variety of environments by shifting their biomass allocation between non-photosynthesizing tissues and tissues associated with C-gain. For example, the greater root mass allocation or increased root length can improve water acquisition under drought conditions (Yang et al., 2010). The arrangement of mass within organs can vary substantially, independent of patterns of biomass allocation between organs. Variations in allocation within an organ can lead to patterns of biomass partitioning between different organs that show little relationship to the relative “functional strength” of these organs (Cairns et al., 1997; Yang et al., 2009, 2010). For example, relative biomass allocation between roots and shoots shows weak relationship with the relative amount of root length supported per unit leaf area (Körner and Renhardt, 1987; Archer, 1989; Larigauderie et al., 1991; Aerts et al., 1992). Biomass redistribution among plant parts is also significantly correlated with plant C and N status, such that the relative concentrations of C and N affect plant growth and biomass partitioning (Aerts et al., 1992; Eilts et al., 2011). In addition, C assimilation in plants depends on external resources’ availability, interacting with other environmental factors. For better investigating and understanding the underlying adaptive mechanism of plants and human activity-induced heterogeneous environmental conditions need to be identified from correlated abiotic factors in the experimental procedures.

Phenotypic plasticity in plants is a crucial pathway to adapt to heterogeneous environments, which enables them to change their structure and function under changing environment (Matesanz et al., 2010). Plasticity of certain functional traits may be beneficial in new environmental conditions with better fitness (Tilman, 1982). The ecological consequences of deforestation have been widely investigated in theoretical research and empirical data. The research tendency has become from focusing on the relative isolated remnants of habitat to more realistic conditions in which the areas of altered habitat are not completely destroyed (Malanson et al., 2007). Wild species are severely affected by interactions with human’s deforestation, and species respond differently because of their different dispersal abilities (van Doorn and Bakker, 2007; Lawrence and Vandecar, 2015).

It is essential to investigate the adjustments of plant morphological traits and biomass allocation patterns, and to understand the adaptation of plants along with different environmental gradients. The morphological characteristics of different organs can respond to heterogeneous environments after anthropogenic activities and result in corresponding adjustments in phenotypic plasticity (Grime, 1994; Aguilar et al., 2006; King, 2003; Chen et al., 1996; Valladares et al., 2000; Grassi and Bagnaresi, 2001; Sih, 2004; Cornelissen et al., 2003). For specific ecological characteristics, plants can perform differently for adapting to changing environments (e.g., vining type, bunch type, erect type, etc.). Shrubs play a critical role not only in community succession but in various ecosystem functioning and services. In particular, they occupy a certain layer in the spatial distribution of forests, whose competition can be relived in underground environment of forests after human beings’ disturbance. In this study, we selected three shrub species with different life forms and survival strategies in Southern China, whose leaf traits and biomass allocation were observed and measured prior to and posterior to deforestation. Sparse Larix spp. comprise a large proportion of the secondary forests, whose stand age is nearly 20 years old, height is 10–15 m, and canopy density is between 0.7 and 0.8, associated with several tall shrubs with different life forms (3–5 m in height) and dense herbaceous plants (Dactylis glomerata, Lolium perenne, Imperata cylindrical with around 50–60% coverage) in different synusia, while logging or even deforesting in large amounts formed the so-called outside the forests, with scattered shrub individuals in secondary grass cluster. Last, the pooled phenotypic plasticity in spatially heterogeneous habitats and correlated environmental factors were demonstrated to test their response to changing environments. The study focused on addressing three questions as follows. (1) How are leaf traits and biomass partitioning of three shrubs different under heterogeneous environments after deforestation? (2) How do abiotic and biotic factors affect leaf traits and biomass allocation in the three shrubs due to many changed variables? (3) What are the variations of three shrubs’ phenotypic plasticity regarding leaf traits and biomass partitioning in two contrasting habitats?



MATERIALS AND METHODS


Study Sites

The experiment was conducted at the Qishan Pasture (30°35’N,108o54’E, 1,300 m a.s.l.) in Yunyang County, Northwestern of Chongqing Municipality (Figure 1). According to the data from local mini-automatic meteorological station (HOBOWARE 3.0), the annual mean temperature, mean temperature in July and January are 10.7, 20.6, and 1.5°C, respectively. Mean annual precipitation is 1,300 mm, 80% of which is distributed from the months of April to November. The annual total photosynthetic active radiation and total photosynthetic radiation are 2,750 uE and 1,288 W/m2, respectively. Soil water content is about 30–35%. The study area is well known as Karst landform. The soil type is classified as mountain yellow soil mixed with gravel. According to the previous scoping study, the soil pH value was significantly greater outside than that inside the forests, while the soil organic carbon content (SOC), soil total nitrogen content (STN), and soil available nitrogen content (SAN) were significantly less outside the forests than those inside the forests. There were no apparent differences in soil available phosphorus (SAP), soil microbial biomass carbon (MBC), and soil microbial biomass nitrogen (MBN) between outside and inside the forests, although marginal significant differences existed for MBC (F = 6.78, P = 0.06). The dominant shrubs in the study area are Salix etosia, Rubus setchuenensis, Hydrangea aspera, and Cotoneaster dielsianus. Herbaceous plants are Dactylis glomerata, Lolium perenne, Imperata cylindrical, Artemisia roxburghiana, Trifolium repens, Hypericum monogynum, and Sanguisorba officinalis.
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FIGURE 1. Study site at Qishan Pasture and its location in China.




Experimental Design and Sampling


Experimental Design

The experiment was conducted with three shrubs (i.e., S. etosia, R. setchuenensis, and H. aspera) outside and inside the forests representing two contrasting environmental conditions after deforestation. At the end of 2011, some mosaic sites around 50 m × 50 m in the forests were logged to be open spaces. It fits to compare three understory species between outside and inside the forests influenced by multiple environmental factors. In May 2013, three paired blocks were chosen in both outside and inside the forests with five individuals of each shrub species. From each individual plant, three to five intact and healthy leaves were collected across the second to the fifth lateral branch (120 < N < 200 in each species). Since three shrubs included vining type, bunch type, and erect type, they basically represented common dominant shrub species at the study site. Inside the forests, it refers to sparse Larix spp. secondary forests and tall shrub mixed forests, while outside the forests it means scattered shrub individuals in secondary grass cluster. They were under full exposure outside the forest with 100% light transmittance but 30–50% on average inside the forests. Light densities outside and inside the forests were measured by an illuminometer (Digital Illuminance Miter, TES-1332A), and photosynthetically active radiation (PAR) was compared by LI-6400 (LI-COR Inc, Nebraska, U.S.A) with 60% relative humidity at 24°C, which were conducted in sunny days from 9:00 am to 11:00 am, 10 cm above the shrubs’ canopy.



Leaf Traits and Biomass Measurements

The whole plant biomass was collected by the excavation method after measuring the photosynthetic physiological indexes. Shoot and root were separated by secateurs with all root systems kept carefully. Biomass allocation of different plant parts were categorized as leaf biomass allocation (LBA), new branch biomass allocation (NBBA), aging branch biomass allocation (ABBA), root biomass allocation (RBA), ratio of leaf biomass account for aboveground biomass (LB/AGB), ratio of new branch biomass account for aboveground biomass (NBB/AGB), ratio of aging branch account for aboveground biomass (ABB/AGB) and Log10root to Log10shoot ratio (LgR/LgS). Sampled fresh leaves were scanned by Canon Scan Gear and calculated by Photoshop CS4 and Matlab 7.9 for their leaf area (LA). All the leaves were oven dried at 105°C for 30-min implement then at 80°C until the weight was constant for the dry weight (DW) by electronic balance. Specific leaf area was calculated using the methodology from Vile et al. (specific leaf area = leaf area/leaf dry weight) (Sih, 2004). All the leaf samples were milled to powder and then sieved through a 100-mesh sieve for nutrient content test. The collected plant samples were placed in paper envelopes and were oven dried at 65°C in the laboratory. Dry mass of all the samples was measured by electronic balance (accuracy 0.001 g) and were ground to be fine powder for further procedures of chemical analysis. C content and N content were determined by dry combustion with a CHNS autoanalyzer system (Elementar Analysen Systeme, Hanau, Germany) (Larigauderie et al., 1991). P content was obtained colorimetrically by the chloromolybdophosphoric blue color method after wet digested in a mixture of HNO3, H2SO4, and HClO4 solution.



Soil Sample Collecting

Soil temperature, soil water content, and soil bulk density were measured at a depth of 5 cm both inside the forests and outside the forests. Soil temperature was determined with a button thermometer (iButton-TMEX RTE). Soil bulk density was estimated using the cutting ring technique while oven-drying method for soil water content.




Data Analysis

The experiment data was conducted in one-way ANOVA to compare the environmental factors between inside and outside the forests in the scoping study. Besides, a general linear model (GLM) was adopted to ascertain the effects of species and two heterogeneous environments on plant leaf traits, biomass allocation, and phenotypic plasticity, as well as the interactions between the two factors. A comparative analysis was performed with one-way ANOVA statistics for the effects of changed environmental conditions after deforestation on the leaf traits of the three shrubs. Once there was a significant difference, the post hoc multiple comparisons were processed with Tukey’s test. Phenotypic plasticity index was calculated based on the Valladares et al. (2000) method where each indicator’s phenotypic plasticity index was presented with a ratio of the difference between maximum and minimum average to maximum under heterogeneous habitats (Chen et al., 1996). Phenotypic plasticity index of biomass allocation was the average of all biomass allocation indexes. Total plasticity index was computed as the mean of morphology plasticity (leaf traits) index and biomass allocation plasticity index, both of which are calculated by consisted indicators (leaf traits plasticity index: individual leaf mass, individual leaf area, specific leaf area, leaf carbon content, leaf nitrogen content, leaf phosphorus content, leaf carbon content/leaf nitrogen content, leaf carbon content/leaf phosphorus content, and leaf nitrogen content/leaf phosphorus content; biomass allocation plasticity index: LB/AGB, NBB/AGB, ABB/AGB, LBA, NBBA, ABBA, RBA, and lgR/lgS), respectively. The data were tested for normality and homogeneity of variances before comparison of means; otherwise, logarithmic transformations were conducted to meet the precondition. Last, the principal component analysis (PCA) was conducted to demonstrate the effects of abiotic factors and biotic factors on leaf trait and biomass allocation on the three shrubs. The data analysis was processed in the SPSS19.0 software package (SPSS Inc., Chicago, IL, United States). Figures were drawn and plotted with Origin 8.5.




RESULTS


Leaf Traits of the Three Shrubs Outside and Inside the Forest

The SLA and LA of H. aspera presented significant differences outside and inside the forests. Quantiatively, the values for both SLA and LA were nearly twice inside the forests compared with those outside the forests (Figures 2A,C and Table 1; P < 0.05). There were significant differences in DW of R. setchuenensis under heterogeneous habitats (Figure 2B, P < 0.05). The SLA of S. etosia presented a decreasing trend from outside the forests (134.48 ± 22.90) cm2 g–1 to inside the forests (131.10 ± 22.63) cm2 g–1 with no significant difference. However, the SLAs of R. setchuenensis and H. aspera were significantly greater inside the forest than outside. In descending order, the SLA ranks of the three shrubs were H. aspera, R. setchuenensis, and S. etosia (Figure 2C). There was significant variation in LCC for H. aspera (496.74 ± 12.74 mg g–1 and 530.85 ± 20.00 mg g–1) but not for R. setchuenensis and S. etosia outside and inside the forests (Figure 2D). LNC and SLA had a similar trend outside and inside the forest (Figures 2C,E). The LNC amplitude of variation of S. etosia was just 4.8% and did not have a significant difference (P > 0.05). However, the LNC of H. aspera and R. setchuenensis significantly increased from outside to inside the forest with 24.07 and 12.54% variation amplitudes, respectively. The LPCs of R. setchuenensis and S. etosia were greater outside the forest than those inside, but H. aspera was just the opposite (Figure 2F).
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FIGURE 2. Comparison of leaf traits outside and inside; sample numbers, N: 120 < N < 200. Different lowercases indicate significant differences of leaf traits between two habitats, and the bars represent standard error. (A) LA, leaf area; (B) DW, dry weight; (C) SLA, specific leaf area; (D) LCC, leaf carbon content; (E) LNC, leaf nitrogen content; and (F) LPC, leaf phosphorous content (the same as below).



TABLE 1. Two-way ANOVA of the effects of plant species and different habitats on leaf traits.

[image: Table 1]

TABLE 2. Two-way ANOVA analysis of C:N:P stoichiometry between three shrubs under heterogeneous environments.
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According to the information provided in Table 1, there were significant differences in LA, DW, SLA, and LNC among the three shrubs (P < 0.01). However the differences in LCC and LPC were not found to be significant. Environmental factors inside and outside the forest affected SLA, LA, and DW significantly, but they did not influence the LCC and LNC (P > 0.05). LA, DW, SLA, and LNC differed significantly between the three shrub species (F = 13.675, P < 0.001; F = 7.199, P < 0.013; F = 37.768, P < 0.001; F = 10.707, P < 0.001). There were also significant differences in the LA, DW, and SLA under two environmental conditions (F = 750.391, P < 0.001; F = 1,169.432, P < 0.001; F = 37.095, P < 0.001). There were significant interactions of LA, DW, SLA, and LPC between shrub species and habitats (P < 0.05).



C:N:P Stoichiometry of Three Shrubs Outside and Inside the Forests

There were no significant differences in leaf C/N, N/P, and C/P for the three shrub species outside and inside the forest. However, if only the variations between the three species are compared, there were significant differences of C/N (Figure 3A and Table. 2, F = 10.781, P < 0.001) and N/P (Figure 3C, F = 7.351, P < 0.05), but not for C/P (Figure 3B, P > 0.05). Both leaf N/P ratios of S. etosia and R. setchuenensis were greater outside the forest than those inside the forest, while H. aspera was in adverse.
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FIGURE 3. Leaf C:N:P stoichiometry of the three shrubs outside and inside; sample numbers, N: 120 < N < 200. (A–C) refer stoichiometric ratios leaf carbon content/leaf nitrogen content, leaf carbon content/leaf phosphorus content, and leaf nitrogen content/leaf phosphorus content, respectively.




Biomass Allocation of Different Parts of Shrubs Outside and Inside the Forests

There was no significant difference in the LB/AGB of S. etosia and R. setchuenensis inside and outside the forest, but the LB/AGB of H. aspera decreased significantly inside the forest (Table 3). Similarly, R. setchuenensis decreased (53% less) significantly from inside to outside (P < 0.05). It was the same for NBBA and ABBA of S. etosia and R. setchuenensis, but not for H. aspera, whose ABB/AGB and LBA significantly increased inside the forest 2.1 times and 1.5 times than those outside the forest, respectively. R. setchuenensis had increased RBA inside 3.9 times greater than those outside the forest. LgR/lgS of H. aspera decreased significantly under environment inside the forest (P < 0.05).


TABLE 3. Biomass allocation of different organs of three shrubs under two heterogeneous environments.
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Effects of Abiotic and Biotic Factors on Leaf Traits and Biomass Allocation

There were three principal components with environmental eigenvalues greater than 1 for all three shrub species, whose cumulative variance proportions were 87.6% (S. etosia), 91.0% (R. setchuenensis), and 93.7% (H. aspera), respectively (Figure 4A). The first principal component (Z1, 57.3%) of S. etosia mainly consisted of pH value, soil carbon content, soil nitrogen content, and MBC and MBN. Its second principal component (Z2, 20.0%) was composed of SWC, SBD, PAR, and ST, and the third principal component (Z3, 10.3%) was formed from SAP and soil temperature (ST) (Figure 4B). Z1 (62.0%) of R. setchuenensis mainly consisted of ST, pH, soil carbon content, and soil nitrogen content, MBC, and MBN. Z2 (19.2%) of R. setchuenensis was composed of SWC, SBD, PAR, and ST, and Z3 (9.4%) was formed by SAP (Figure 4C). Z1 (64.3%) of H. aspera mainly consisted of ST, pH, soil carbon content, and soil nitrogen content, MBC, and MBN. Z2 (20.3%) was made up of SWC, SBD, MBN, and MNC. Z3 (9.2%) of H. aspera was also composed of SAP (Figure 4D).
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FIGURE 4. Principal component analysis (PCA) of abiotic factors and biotic factors on leaf trait and biomass allocation of three shrubs. (A) Scree plot of three species’ principal components; (B–D) load factor graph and PCA of Salix etosia, Rubus setchuenensis, and Hydrangea aspera, respectively.


As interpreted in Table 4, TB and leaf C/P of S. etosia were significantly correlated with the three principal components (R2 = 0.75, P = 0.03; R2 = 0.812, P = 0.014). There was marginal significant correlations between R/S and relevant components (R2 = 0.662, P = 0.073). All the dependent variables of R. setchuenensis were not significantly correlated with the three principal components except for SLA and R/S with marginal significant correlations with independent variables (R2 = 0.636, P = 0.090, and R2 = 0.665, P = 0.071, respectively). Both SLA and TB of H. aspera had significant relationships with the three principal components (R2 = 0.894, P = 0.003; R2 = 0.807, P = 0.015).


TABLE 4. Regression analysis of leaf traits and biomass production with principal components.
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Plasticity Comparison of the Three Shrubs Calculated From Leaf Traits and Biomass Allocation

Salix etosia had lower SLA plasticity for its weak LA plasticity though it had greater DW. H. aspera was in contrast with S. etosia, and R. setchuenensis was medium (Table 5). For leaf carbon content, leaf nitrogen content, and leaf phosphorus content, S. etosia had greater LCC but lower LPC compared with the others. H. aspera had lower LCC, but the greatest LPC compared with the other two species. R. setchuenensis had the greatest LNP compared with the others. Based on the pooled values of leaf functional traits and leaf stoichiometry indicators, R. setchuenensis had better leaf trait plasticity. S. etosia had the lowest plasticity values of NBBA and RBA. Plasticity values of LB/AGB, LBA, and lgR/lgS of R. setchuenensis were lower than the other two species, but its plasticity values of NBB/AGB, ABB/AGB, NBBA, and RBA were the maximum. H. aspera had greater LB/AGB, LBA, ABBA, and lgR/lgS than the others but presented the lowest ABB/AGB among the three species. In descending order, the ranks of biomass allocation plasticity index of the three shrubs were H. aspera, R. setchuenensis, and S. etosia. After integrating the plasticity values of the leaf traits and biomass allocation, H. aspera reached the first place of total plasticity and was close to R. setchuenensis, followed by S. etosia.


TABLE 5. Plasticity index comparison of the three shrubs based on leaf traits and biomass allocation.
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DISCUSSION

Environmental heterogeneity is among the most important factors in natural systems, which not only influences population dynamics but also regulates community structure (Archer, 1989; Oliver et al., 2010; Yang et al., 2015). In our study, Salix etosia, Rubus setchuenensis, and Hydrangea aspera, three typical shrubs with different life forms in southern China, were selected to demonstrate their adjustments in morphological traits and biomass allocation patterns to changed habitats (outside the forest versus inside the forest). Various studies suggest that species from more heterogeneous and changing environments have better plasticity (Archer, 1989). The differences in plasticity and its mechanisms allow us to improve our understanding of why plant species grow where they do. Besides, it also enables the projection of their most likely range in climate change scenarios (Salisbury and Ross, 1991; Walther et al., 2002; de Mazancourt et al., 2008). Photosynthetic responses of sciophytes, shade-loving plants, are naturally easily saturated at lower irradiance than heliophytes and sun plants (Salisbury and Ross, 1991). Phenotypic plasticity is a crucial pathway for plants to adapt to the heterogeneous environments. It is essential to investigate the adjustments of plant morphological traits and biomass allocation patterns, which contribute to understanding of the adaptation of plants to different environmental gradients.

Carbon content indicates carbon sequestration and storage capacity of living plants (Osada et al., 2003). The greater SLA reduces diffusive resistance of chloroplast to CO2, and lowers cost and allocation to investment and maintains leaves. Moreover, exposure area of leaf increased for more light, which favored the plants to survive under weak light environment (Chapin et al., 1987), while reduced self-shading was increased with greater leaf overlap to relieve hurt from intensified light or extreme heat (Wilson, 1988; Malavasi and Malavasi, 2001; de Groot et al., 2002). There was greater N content inside the forests probably due to sufficient substrates (i.e., soil organic matter) and greater mineralization. The habitat experienced warmer temperature outside the forests, but its SWC had no significant differences with habitat inside the forests, which probably resulted from improved transpiration of plants at a community level. For R. setchuenensis and H. aspera, individual leaf area and SLA increased significantly inside the forests than those outside, but no significant difference for those of S. etosia, which was in accordance with specific leaf mass positively correlating with lignin but negatively related to nitrogen content. Shading effects of surrounded trees induced greater LNC of plant leaf inside the forests since LNC refers to N content in protein of all photosynthetic organs closely related with photosynthesis (Yang et al., 2009). Plants can improve their photosynthetic efficiency for greater dry matter production with more N content and allocation in leaf cost for adapting environments inside the forests. Moreover, there existed a lower pH value and a stronger acidity in the soil inside the forests. R. setchuenensis and H. aspera are probably more sensitive to soil available nitrogen content. The LNC of the three shrubs based on descending order was H. aspera, R. setchuenensis, and S. etosia, which showed a consistent sorting with their SLA. In general, there were no significant differences of stoichiometric characteristics inside and outside the forest in our study, which indicated relative stable inherent characteristics of the three species (Figure 3 and Table 3). The differences in N:P ratios can be caused by variances of climate conditions, soil properties, and phytogenic development of plants (Reich et al., 1999; Gusewell, 2004; Townsend et al., 2007). The N:P ratios of the leaves of the three shrubs were 68.33, 47.20, and 55.53 outside the forest, while the NP ratios were 74.18, 66.01, and 50.69 inside the forest, respectively, which were greater than those shrub communities from the grassland in China (He et al., 2008). Only the leaf N:P ratio of H. aspera, the same with their variations of LPC, was higher outside the forest than that inside the forest. It was probably because H. aspera increased P investment to enhance the ability of cell division, since a greater SLA could adapt to a lower light environment better.

Biomass allocation pattern plays an essential role in plant life history (Weiner, 2004) and is associated with metabolism, CO2 assimilation, and carbon sequestration. A specific pattern of plant biomass allocation reflects diversified ecological adaptation strategies (Enquist and Niklas, 2002; Weiner, 2004; Niinemets, 2006; Roa-Fuentes et al., 2012). H. aspera had greater new branch biomass allocation and aging branch biomass allocation inside the forests for its bunch type in this typical life form, while there were no significant differences of that for S. etosia and R. setchuenensis. In addition, root biomass allocation of R. setchuenensis increased significantly inside the forests, while neither S. etosia and H. aspera had significant differences between the two heterogeneous environments. In accordance with the results of de Groot et al., more photosynthesis production was allocated to stem biomass and SLA while there was nearly constant or even less leaf biomass (Malavasi and Malavasi, 2001). H. aspera adapted better to environment inside the forests than S. etosia and R. setchuenensis by investing greater biomass to sustain itself and support structure (i.e., branch) to enhance competitive ability with shading or surrounding other plants (Roa-Fuentes et al., 2012). H. aspera has stronger tolerance to shading and better phenotypic plasticity with self-regulation of biomass partitioning. Such instances of plasticity have been commonly observed in perennial plants due to aboveground resource limitation.

Aboveground biomass and belowground biomass allocation has been extensively studied for the critical role of root-to-shoot (R/S) ratio in carbon cycle models (Enquist and Niklas, 2002). The variance of R/S reflects the strategy of plants in response to the environment. Given that plant biomass allocation is largely genetically regulated for certain species, environmental factors can still flexibly shift investments toward needed structures (Patty et al., 2010). A higher logarithm of root-to-shoot ratio (R/S) of H. aspera was observed inside the forests, but not for S. etosia and R. setchuenensis. Moreover, R. setchuenensis and H. aspera had isometric relationships between above- and belowground biomass (P > 0.05), but S. etosia had an allometric growth relationship with being prone to allocate more biomass belowground (Figure 5, F = 7.993, P = 0.008). Plasticity index refers to the adaptation ability of plants in heterogeneous environments. Usually, plants allocate more biomass aboveground with limited space and interspecies competition while distributing greater biomass belowground with water and nutrients being deficient (Osada et al., 2003; Bloom and Mallik, 2004; Rozendaal et al., 2006). Inside the forests, plants are prone to invest more resources to aboveground parts to improve photosynthetic capacity with allometric partitioning.
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FIGURE 5. Growth relationship and isometric test between pooled above- and belowground biomass of S. etosia (A), R. setchuenensis (B), and H. aspera (C), respectively.


In general, most studies presenting adaptive plastic responses are usually conducted in simple environments with mainly variation of one or two abiotic factors (Matesanz et al., 2010). A shade-enduring plant has greater phenotypic plasticity and adaptation ability inside the forests. A shade-enduring shrub has lower photosynthesis capacity but with relatively greater individual leaf area and belowground biomass partitioning for understory environment. It has been said that the effects of chloroplasts might be greater than the variation of SLA or leaf thickness (Oguchi et al., 2008). Nevertheless, it has been also acknowledged that there exist a large series of variables going on inside vs. outside the forests, which has been also addressed in this study (light, temperature, N, SOC, and pH). Based on the PCA of abiotic and biotic factors on leaf trait and biomass allocation of the three shrubs, the three principal components were sorted out with cumulative variance proportions of the three shrubs greater than 85%. The correlations of leaf traits or biomass had been tested with relevant components. Morphological and total phenotypic plasticities of the bunch shrub H. aspera and vining shrub R. setchuenensis were significantly greater than those of the erect shrub S. etosia. The former two species performed better whatever deforestation happened for the bunch shrub and vining shrub’s stronger phenotypic plasticity. Because of lower photosynthesis ability, both species mostly adjust the leaves and branches to adapt to external environmental change. However, the erect shrub S. etosia has a relatively weak morphological phenotypic plasticity, which had no significant differences of morphology and biomass allocation with the adaptive root system spatial distribution to variation of environmental conditions. It is also essential to testify whether those plants with better plastic responses can be also adaptive by assessing fitness consequences or in future studies. An extensive approach to the genotypic basis of phenotypic responses may contribute to the grasping of the ecological significance of phenotypic plasticity, which needs to focus on the typical genotypic sample, together with the recognition that any environmentally induced phenotypic change is legitimate plasticity or natural selection’s potential target.

Plants can adapt to various external heterogeneous environments with multiple species-specific strategies (Niinemets, 2006; Cheng and Niklas, 2007; Portsmuth and Niinemets, 2007; Valladares and Niinemets, 2008). Plants addressed the responses of utilization of soil available nutrients resulting from plant organs, species, and ecosystem for up-scaling (Walther et al., 2002; Montgomery, 2004). Also, if we consider ecotypes (heliophyte or ombrophyte), the relationships between different leaf traits can be changed accordingly, and their adaptation strategies are also species specific given that the leaf is a secondary functional structure unit with relative stability. Plants can only benefit from morphological plasticity when it harvests more resources with adaptable variation of morphology. Besides, there always is some wastage along with morphological plasticity given that the adjustment of phenotypic plasticity can obviously enhance photosynthesis and improve self-competitive ability. Plants have plasticity throughout the world, to the new environmental conditions, but it is overlooked that the plants are possibly evolving new plastic responses, which can be a potentially important component of their responding strategies to environmental change. Thus, in the future, it is crucial to understand the mechanisms that underlie plasticity, such as non-genetic factors that determine the growth and development of a plant, and how this impacts the plants’ biological efficacy. Being a self-organized organism, plants perform with not just a single trait for adaptation and response to the external environment but synergistically adapt by coupling with other traits in a changing world.
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The rapid and strong release of CO2 caused by precipitation (known as the pulse effect) is a common phenomenon that significantly affects ecosystem C cycling. However, the degree to which the pulse effect occurs overlarge regional scales remains unclear. In this study, we conducted continuous and high-frequency measurements of soil CO2 release rates (Rs) for 48 h after simulated precipitation, along a precipitation gradient of different grassland types (i.e., meadow, typical, and desert) in Inner Mongolia, China. Pulse effects were assessed using the maximum Rs (Rsoil–max) and accumulated CO2 emissions (ARs–soil). Strong precipitation pulse effects were found in all sites; however, the effects differed among grassland types. In addition, an apparent decrease in both Rsoil–max and ARs–soil was observed from the east to west, i.e., along the decreasing precipitation gradient. ARs–soil values followed the order: temperate meadow grassland (0.097 mg C g–1 soil) > typical temperate grassland (0.081 mg C g–1 soil) > temperate desert grassland (0.040 mg C g–1 soil). Furthermore, Rsoil–max and ARs–soil were significantly positively correlated with soil quality (SOC, POC, and N, etc.; P < 0.01). ARs–soil (P < 0.05) and ARs–SOC (P < 0.01) were significantly affected. ARs–soil and ARs–SOC were also positively correlated with soil microbial biomass significantly (P < 0.05). Rsoil–max and ARs–soil had similar spatial variations and controlling mechanisms. These results greatly support the substrate supply hypothesis for the effects of precipitation pulses, and provide valuable information for predicting CO2 emissions. Our findings also verified the significant effect of soil CO2 release from precipitation pulses on the grasslands of arid and semi-arid regions. Our data provide a scientific basis for model simulations to better predict the responses of ecosystem carbon cycles in arid and semi-arid regions under predicted climate change scenarios.
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HIGHLIGHTS


- CO2 release due to precipitation pulses significantly affects the carbon cycle.

- High-frequency soil CO2 release rate measurements were recorded after precipitation.

- The precipitation pulse effect was strong and differed among grassland types.

- Peak release rates and accumulated CO2 were positively correlated with soil quality.

- Our data improve model predictions of soil CO2 release from the pulse effect.





INTRODUCTION

The soil C pool is the largest global C reservoir and it plays an important role in the C cycle of ecosystems. The decomposition of soil organic matter (SOM) is an important pathway for CO2 gas exchange between the soil environment and the atmosphere (Barnard et al., 2013). SOM is one of the most important components of soils because it improves soil physical, chemical, and biological properties (Liu et al., 2011). Furthermore, the decomposition of SOM is the main energy source for the physiological activities of soil microorganisms. Recently, the composition, properties, and conversion of SOM have become important topics of research. As an indispensable process in the ecosystem C cycle, the decomposition of SOM may directly affect climate change at regional or global scales (Mayes et al., 2012).

Soil organic matter decomposition is a common process whereby soil microorganisms decompose organic matter and release a large amount of CO2. The rate of SOM decomposition is important for the soil C cycle and its response to future effects of climate change (Schlesinger and Andrews, 2000). Many studies have been conducted to assess SOM decomposition along horizontal and vertical transects in different areas (Craine et al., 2012) and to clarify the main influential factors and underlying mechanisms involved in SOM decomposition (Wu and Brookes, 2005). The factors that influence SOM decomposition, such as temperature, precipitation, soil microbes, and soil aggregates, differ among different ecosystems (Müller and Höper, 2004). For example, soil moisture, which is largely related to precipitation, has been shown to significantly affect the SOM decomposition rate in field and laboratory experiments (Austin et al., 2004). In natural ecosystems, soil moisture is regulated mainly by precipitation events, which commonly cause a rapid release of CO2 from the soil environment within a short period. This rapid, precipitation-driven release of CO2, known as the pulse effect or birch effect (Birch, 1958), has been estimated to account for approximately one-fifth of the total CO2 released from soil C pools (Moyano et al., 2013; Liu et al., 2018). Overall, precipitation pulse effects are relatively stronger in arid and semi-arid regions (Austin et al., 2004; Esch et al., 2016). Therefore, it is important to understand the differences and variations in the responses of SOM decomposition to precipitation pulses in different steppe types. Elucidating the factors that influence the process of the precipitation pulse effect, will improve understanding of grassland SOM stability and thus enable highly accurate predictions.

Precipitation is one of the main controlling factors for the interannual variation in the productivity, soil respiration, and biogeochemical cycles of the temperate grasslands of China (Nielsen and Ball, 2015; Ni et al., 2019). Water is a stress factor in the Inner Mongolia Plateau (Bai et al., 2008). The frequency and intensity of precipitation over the grasslands of Inner Mongolia have shown an increasing trend over the last 60 years, indicating that more precipitation pulse events are likely to occur (Song et al., 2017). These arid and semi-arid regions commonly show different levels of pulse responses owing to changes in rainfall frequency and rainfall intensity (Nielsen and Ball, 2015). Microbial respiration shows very sharp responses to precipitation events and may reach peak levels within several minutes (Wang et al., 2016a). Soil microorganisms rapidly assimilate available organic matter under higher soil moisture levels, resulting in a higher degree of CO2 release. The response of soil microorganisms to increasing soil moisture is also related to the duration of drought before soil rewetting by precipitation. To understand the effect of precipitation pulses on soil carbon pools in the grasslands of Inner Mongolia, we investigated indicators, such as soil substrate, soil grain size and soil microorganisms, as mentioned previously, for relevant analyses. Commonly, long periods of drought may increase the utilization efficiency of soil to available SOM after a precipitation event. In arid and semi-arid regions, the low soil moisture level is often a stress factor for SOM decomposition (Wu and Brookes, 2005). Precipitation, which causes a rapid change in soil moisture, is an important driving factor for the structure and function of the soil C cycle in arid and semi-arid regions (Moyano et al., 2013). The frequency and intensity of precipitation may affect the activities of microorganisms. Soil aggregate damage and matrix desorption may occur under drought conditions, which may consequently increase the available substrate matrix and increase the hydrophobicity of soils with high levels of SOM (Mikha et al., 2005). When precipitation occurs, microbial drought stress is relieved, and the available substrate preserved under the drought conditions can be rapidly utilized by microbes, resulting in the release of a large amount of CO2 into the atmosphere (Xiang et al., 2008).

The underlying mechanisms involved in the precipitation pulse effect remain unclear because most previous studies used the absorption method or conducted meteorological chromatography at intervals of hours or days. Furthermore, it is unclear how and why the precipitation pulse effect varies at large regional scales. Here, we conducted continuous and high-frequency measurements (total n = 138) of the soil CO2 release rate (Rs) for 48 h after simulated precipitation events at 10 sites along a precipitation gradient transect of different grassland types (i.e., meadow, typical, and desert) in Inner Mongolia, northern China. The precipitation pulse effects were assessed using the maximum Rs values (Rsoil–max) and accumulated CO2 emissions (ARs–soil) (Figure 1). Our study addressed the knowledge gap regarding the short-term effects of precipitation pulses on a regional scale. Our findings may help to identify the differences and influential factors of precipitation pulse effects in steppe environments. It was hypothesized that the soil substrates, physic-chemical properties, and soil microbes would influence the effect of precipitation pulses (i.e., substrate supply mechanism of microbes vs. stress mechanism). This study provides a full scientific basis for the exchange of CO2 between the soil and the atmosphere in temperate steppe environments, which may help to develop model predictions regarding the processes involved in such short-term but large CO2 release events.


[image: image]

FIGURE 1. Example of a pulse effect (soil CO2 emissions) in response to a simulated precipitation event. Precipitation event stand pulse precipitation; Time (h) represents the duration of the precipitation pulse effect; 48 h represents 48 h after of precipitation pulse occurrence. Rsoil, soil respiration rate; Rsoil–max, soil maximum respiration rate.




MATERIALS AND METHODS


Study Area and Soil Sampling

Grasslands in China account for 12% of the total grasslands worldwide and are mainly distributed in arid and semi-arid regions (Fang et al., 2010). Furthermore, the grasslands of the Inner Mongolia Plateau, located within the Eurasian continent, cover half of the total land area in China and are classified as temperate grasslands (or steppe) (Kang et al., 2007). In this study, we constructed 10 sampling sites from the northeast to the southwest of the study area, located in the Northeast Forested Steppe Sample Zone (NECT) of China The International Geosphere-Biosphere Program (112.15–123.51°E, 43.55–45.11°N), as the 14th transect of The International Geosphere-Biosphere Program, namely the Northeast China Transect (Koch, 1995). The mean annual temperature of the transected area ranged from 0.11 to 5.79°C, and the mean annual precipitation varied from 150 to 400 mm, of which 70% occurred from June to August. The 10 sampling sites transected three main grassland types: meadow steppe, typical steppe, and desert steppe (Figure 2 and Supplementary Table 1).
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FIGURE 2. Locations of field investigations along a north-east grassland transect in Inner Mongolia, China. Sampling sites were positioned along a precipitation gradient from east to west, which included three types of grasslands: meadow grassland (1–3), typical grassland (4–7), and desert grassland (8–10).


Along the transect, the soil type was mainly prairie soil with a typical calcium profile. From east to west, the soil type was black calcareous soil, dark chestnut calcareous soil, typical chestnut calcareous soil, sandy gravel desert soil, and gray desert soil, gray calcareous soil. The northeast and southwest areas represents semi-humid to semi-arid and arid climate regions, respectively. The dominant species of the meadow steppe were Leymus chinensis (Trin.) Tzvel. and Stipa grandis P.A. Smirn. The dominant species of the typical steppe were Cleistogenes squarrosa (Trin.) Keng., Agropyron cristatum (L.) Gaertn., and Artemisia frigida Willd. The dominant species in the desert grasslands were S. capillata Linn., Allium polyrhizum Turcz., Hippolytia trifida (Turcz.) Poljak., and Salsola collina Pall. (Cao et al., 2010).

Soil samples were collected in early August 2018. In each site, we constructed four plots (1 × 1 m) at 20 m apart, along a 100 m transect line. After surveying the plant community and manually removing the soil surface litter, we used a soil drill to collect ∼ 2.5 kg of 0–10 cm soil in each plot. In the laboratory, all visible roots and large stones were manually removed from the samples, and samples were stored in a refrigerator at 4°C prior to determination of the microbial biomass. The remaining soil samples were air-dried, passed through a 2 mm sieve, and then stored until measurement of the total C (Najera et al., 2020), total nitrogen (TN), organic C (SOC), soil particulate organic C, and other parameters (He et al., 2009).

Soil pH, soil oxidation-reduction potential (ORP), and soil electrical conductivity were measured in air-dried soil samples mixed in a 1:2.5 (v/v) soil: water ratio, using an Ultrameter-2 pH meter (Myron L. Company, Carlsbad, CA, United States). Soil texture was measured using a particle analyzer (Mastersizer 2000, Malvern, Worcestershire, England) after the organic matter and carbonates were removed with 30% hydrogen peroxide and 30% hydrochloric acid, respectively. Soil TN concentrations were measured using an elemental analyzer (Vario EL Ø, Elementar, Germany). SOC was analyzed using the H2SO4–K2Cr2O7 oxidation method (Nelson and Sommers, 1982). Furthermore, the phospholipid fatty acid (PLFA) contents were determined using the mild alkaline methyl esterification method (Bååth and Anderson, 2003). The samples were analyzed using a Thermo ISQ gas-chromatography mass-spectrometry system (TRACE GC Ultra ISQ, Germany). The lipids were extracted from fresh soil samples (8 g of dry weight -equivalent) using a chloroform: methanol: phosphate buffer (1:2:0.5). The individual compounds were identified by comparing their relative retention times with 37 commercially available FAMEs (FAME 37 47885-U, Supelco Inc.) and a mixture of 26 bacterial FAMEs (BAME 26 47080-U, Supelco Inc.). The concentrations of the individual compounds were calculated by comparing their peaks with an internal standard (nonadecanoic acid methyl ester 19:0). The sum of all PLFAs was used to represent the viable microbial biomass.



Measurement of the Soil Respiration Rate

Soil samples used in the incubation experiments were air-dried in a room at 20°C for ∼1 week until the soil water content reached <10% of WHC (water holding capacity). We measured the WHC using a simple substitute for the soil core method (He et al., 2013). Before the experiment, subsamples (30 g) were placed in incubation bottles (5 cm diameter, 10 cm height), with five replicates per site and the microbial respiration rate (Rs) of the dry soil was recorded using a measuring device. The air-dried soil samples were then rewetted to 65% WHC of the soil sample point using a sprayer to simulate a precipitation event and maintained at a constant temperature of 20°C. The soil respiration rate (Rs) was then measured over 48 h (Wang et al., 2016a). In practice, Rs was continuously measured using equipment developed by He et al. (2013). This system enabled us to collect Rs measurements at a high frequency (Liu et al., 2018). The dynamics of Rs for each replicate were measured at intervals of 21 min during the 48 h incubation period. The Rs (mg C g–1 soil h–1) was calculated based on the slope of the change in the CO2 concentration and conversion factors (He et al., 2013), as follows:

[image: image]

Where C is the slope of the change in CO2 concentration, V is the volume of the incubation bottle and gas tube, α is the conversion coefficient for CO2 mass, β is a conversion coefficient of time, and m is the soil weight (g).



The Pulse Effect of Precipitation on Soil CO2 Release

In this study, three indicators (as shown in Figure 1) were selected to describe the process of the pulse effect of soil CO2 released after a precipitation event, namely Rsoil–max, ARs–soil, and ARs–SOC.

We chose the maximum value of soil respiration rate reached in the pulse effect of precipitation as Rsoil–max. That is, Rsoil–max: represents soil maximum respiration rate.

To characterize the total pulse effect, the accumulative emission of CO2 during the 48 h incubation period was calculated relative to the soil mass (ARs–soil, mg C g–1 soil) as follows:

[image: image]

Where ti and ti + 1 are different measurement times (h).

To further explore the response mechanisms of soil microbes after a precipitation event, the ARs–soil data were normalized for the SOC content as ARs–SOC (mg C g–1 soil), as follows:

[image: image]



Statistical Analysis

The normality of the data was evaluated using the Kolmogorov–Smirnov test. Differences in ARs–soil and ARs–SOC among the different grassland types were assessed using a one-way analysis of variance, with the least significant differences test. Correlation and regression analyses were used to determine the relationship between the influential factors and ARs–soil and ARs–SOC. RDA analysis was used to explore the relative contribution of the influential factors (climate, soil properties, and microbes) and their interaction with the pulse effect by Canoco 5.0. Other statistical tests were performed using IBM SPSS Statistics 19.0 statistical software, with P-values < 0.05 indicating significant differences.



RESULTS


Changes in the Precipitation Pulse Effect Among Different Grassland Soils

All grassland soils showed a strong precipitation pulse effect on the soil CO2 release after several to 10 min, resulting in the release of a large amount of CO2 into the atmosphere (Figure 3). The accumulated amount of CO2 released within 48 h (ARs–soil, Figure 3A) after a simulated precipitation event differed significantly among different grassland types (P < 0.05) in the following order: temperate meadow steppe (0.097 mg C g–1 soil) > temperate typical steppe (0.081 mg C g–1 soil) > temperate desert steppe (0.040 mg C g–1 soil). However, after standardizing the data for the SOC content, the ARs–SOC findings were ordered as follows: temperate desert steppe (9.08 mg C g–1 SOC) > temperate meadow steppe (6.79 mg C g–1 SOC) > temperate typical steppe (4.95 mg C g–1 SOC) (Figure 3B).


[image: image]

FIGURE 3. (A) Accumulation of released soil CO2 (ARs–soil) for 48 h after a simulated precipitation event. (B) Accumulation of released SOC CO2 (ARs–SOC) for 48 h after a simulated precipitation event. ARs–soil and ARs–SOC were calculated based on the soil and soil organic C, respectively. ARs–soil, accumulative emission of CO2 relative to soil mass; ARs–SOC, accumulative emission of CO2 relative to SOC. Error bars represent SE (Meadow and Desert, n = 3; Typical, n = 4). Different lowercase letters indicate significant differences at P < 0.05.




Influence of Soil Properties on Rsoil–max and ARs–soil

Along the grassland transect, Rsoil–max increased with increasing soil C and nitrogen (N) contents (Figures 4C,D). In particular, Rsoil–max was closely related to soil particulate organic C (POC; Figure 4A) and easily oxidizable organic C (EOC; Figure 4B). The increase in soil POC and EOC contents significantly increased Rsoil–max. The influence of soil properties on Rsoil–max was significant (Figure 5 and Supplementary Table 2).
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FIGURE 4. (A) Relationships between Rsoil–max and POC. Rsoil–max, soil maximum respiration rate. POC, particulate organic carbon. (B) Relationships between Rsoil–max and EOC. EOC, easily oxidizable organic carbon. (C) Relationships between Rsoil–max and SOC. SOC, soil organic carbon. (D) Relationships between Rsoil–max and N. N, total nitrogen. Shaded areas indicate the 95% confidence interval and vertical bars denote SE.
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FIGURE 5. Results of the redundancy analysis of the soil environmental factors and the soil microbial biomass. Blue arrows represent the response variables; red arrows represent the independent variables. Rsoil–max, soil maximum respiration rate; ARs–soil, accumulative emission of CO2 relative to soil mass; ARs–SOC, accumulative emission of CO2 relative to SOC; POC, particulate organic carbon; EOC, easily oxidizable organic carbon; SOC, soil organic carbon; N, total nitrogen; C, total carbon; pH, potential of hydrogen; OPR, oxidation–reduction potential; COND, electrical conductivity.


Similarly, ARs–soil was significantly, linearly, and positively correlated with soil C and N contents (Figures 5, 6). During the 48 h incubation period, ARs–soil was negatively correlated (P < 0.05, R2 = 0.43) with soil sand content (Figure 7A), but positively correlated with the soil clay and silt contents (Figures 7B,C). Other soil properties had significant effect on ARs–soil (Figure 5 and Supplementary Table 2). When we standardized ARs–soil to SOC content ARs–SOC, there was a significant correlation between ARs–SOC and soil texture composition (Figure 7). ARs–SOC was significantly, linearly, and positively correlated with soil sand content (P < 0.01, R2 = 0.70; Figure 7), but negatively correlated with soil clay and silt contents.


[image: image]

FIGURE 6. Relationships between ARs–soil and environmental factors. ARs–soil, accumulative emission of CO2 relative to soil (A) Relationships between ARs–soil and POC. POC, particulate organic carbon. (B) Relationships between ARs–soil and EOC. EOC, easily oxidizable organic carbon. (C) Relationships between ARs–soil and SOC. SOC, soil organic carbon. (D) Relationships between ARs–soil and N. N, total nitrogen. Shaded areas indicate the 95% confidence interval and vertical bars denote SE.
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FIGURE 7. Relationships between ARs–soil, ARs–SOC, and the different proportions of the soil components. ARs–soil, accumulative emission of CO2 relative to soil mass; ARs–SOC, accumulative emission of CO2 relative to SOC. (A) Relationships between ARs–soil and sand. (B) Relationships between ARs–soil and clay. (C) Relationships between ARs–soil and silt. (D) Relationships between ARs–SOC and sand. (E) Relationships between ARs–SOC and clay. (F) Relationships between ARs–SOC and silt. Shaded areas indicate the 95% confidence interval and vertical bars denote SE.




Relationship Between Soil Microbial Biomass and the Precipitation Pulse Effect

Soil microbial biomass had an important effect on the amount of CO2 released during the simulated precipitation pulse events. A significant positive correlation was observed between ARs–soil and soil microbial biomass, i.e., ARs–soil increased with increasing soil bacterial and fungal biomass (Figure 8A). A significant negative correlation was observed between ARs–SOC and microbial biomass (Figure 8B). ARs–SOC gradually decreased along the transect with increasing microbial biomass.
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FIGURE 8. Relationship between ARs–soil, ARs–SOC, and the soil microbial biomass. ARs–soil, accumulative emission of CO2 relative to soil mass; ARs–SOC, accumulative emission of CO2 relative to SOC. (A) Relationship between ARs–soil and the soil microbial biomass. (B) Relationship between ARs–SOC and the soil microbial biomass. Shaded areas indicate the 95% confidence interval and vertical bars denote SE.




DISCUSSION


Soil CO2 Release in Semi-Arid Grasslands Responds Strongly to Precipitation Events

This study demonstrated that precipitation had a strong pulse effect on the release of CO2 from the soil environment in temperate semi-arid steppe environments, i.e., precipitation events can result in large CO2 emissions (Figure 3). Soil CO2 released from precipitation pulses has been estimated to account for ∼20% of the total annual CO2 released from the soil (Göransson et al., 2013; Smith et al., 2017). This phenomenon may greatly affect soil C turnover rates in terrestrial ecosystems (Li et al., 2018), and the infiltration of precipitation may displace the CO2 that was previously accumulated in soil pores (Huxman et al., 2004b). The water displacement of soil pore space gas with high CO2 concentration is the fastest response. This process usually occurs within seconds or minutes of water addition, and may last up to a few hours. In a simulation, there was 15 times the CO2 efflux from the soil after a 4-h wet-up in, but it only lasted 12 min (Chen et al., 2008). In this study, soil respiration was measured continuously for 48 h after the addition of water, so this transient CO2 emission was negligible. The microbial oxidation of labile SOM, which is available with the physical disruption of soil aggregates, may present one plausible explanation for the rapid release of CO2 after precipitation (Appel, 1998). Global climate models predict that annual precipitation in the mid-latitudes may increase in the future (i.e., by 10–20%), and thus, further affect soil respiration in these regions (Fowler et al., 2013). Except for waterlogging, Rs is generally positively correlated with soil moisture, especially in semi-arid ecosystems (Zhu et al., 2016).

In semi-arid steppe areas, precipitation may cause drastic fluctuations in soil moisture, and thus, result in dynamic Rs responses. After precipitation, it is beneficial for soil microbes and soil enzymes to increase their activities (Stark and Firestone, 1995). Previous studies showed that ARs–soil, after a simulated precipitation event, was approximately 2.2–3.7 times that of soils with consistent moisture levels (Esch et al., 2016). However, the influence of the precipitation pulse effect on Rs is complex, because the precipitation pulse effect is dependent on, and thus, may differ among, different vegetation types, soil physical and chemical properties, soil water conditions before precipitation, soil microbial communities, and precipitation intensities and durations (Norton et al., 2008). For dry soils, precipitation can improve soil moisture and, thus, rapidly stimulate microbial activity within several minutes to several days (Cui et al., 2019). Precipitation has been shown to triple soil respiration rates in the tropical and semi-arid forests of northern Queensland, Australia during the dry season, and even enhance Rs by 30 times (Jones and Murphy, 2007; Sponseller, 2007). Furthermore, controlled field experiments showed that precipitation events can stimulate a drastic increase in Rs in high-altitude grasslands (Alba Gutiérrez-Girón et al., 2015; Xu et al., 20115). In summary, the effect of precipitation pulses on the release of CO2 from the soil environment is common among various ecosystems and is a fast and complex process that requires consideration in future model predictions (Davidson et al., 2000).



Soil Properties Influence the Precipitation Pulse Effect

The precipitation pulse effect, represented as Rsoil–max and ARs–soil, was significantly positively related to soil quality, especially the content of SOC, POC, and N (Figure 4), which demonstrates their potential to predict such effects. Commonly, better soil substrates can maintain microbial activity for longer and, release more CO2 (Wang et al., 2010), supporting the substrate supply hypothesis. Similarly, under prolonged drought conditions, a stronger pulse effect after a larger precipitation event can result from larger available substrate levels owing to the destruction of soil aggregates (Appel, 1998; Denef et al., 2001). After precipitation, the increased soil moisture content enhances the diffusivity of easily decomposable SOM. At the same time, soil microbes that are no longer subjected to drought stress become active and quickly reproduce (Xu et al., 2004), which could explain the observed rapid increase in Rsoil–max in the present study. However, with increasing in time after a precipitation event, the easily decomposable SOM can be depleted, and Rs gradually decreases to the same level as that prior to the precipitation event (Lee et al., 2002). This is consistent with our observations in the current experiments.

Within 48 h of the precipitation event, the ARs–soil was significantly positively correlated with important parameters of soil quality (Figure 6). Precipitation events may rapidly alter the soil water potential, where the pulse effect is dependent on the relatively easily decomposable components, such as POC and EOC (PriemeÂ and Christensen, 2001). After precipitation, water enters the soil, resulting in the destruction of soil aggregates and an increase in the surface area of SOM exposed to soil microbes (Fischer, 2009; Rakhsh et al., 2020). Some studies have shown that alternating wet and dry processes can reduce soil aggregates by 21–30% and increase soil CO2 release (Denef et al., 2001; He and Yu, 2016). Therefore, the available substrate accumulated in soils could be quickly decomposed and utilized by soil microbes after soil rewetting, resulting in the observed pulse effect of precipitation. Barnard et al. (2013) demonstrated that, after a drought period, the annual CO2 emissions from annual grasslands in the Mediterranean after rainfall accounted for a large portion of the annual CO2 emissions of the region. According to climate change models, changes in the precipitation status may alter the Rs in these pulse-driven ecosystems, thereby altering the C budget and its relative importance in grassland ecosystems (Huxman et al., 2004a). In the present study, Rsoil–max and ARs–soil were significantly positively correlated with soil quality, which indicates indicating that the rapid and strong pulse effect in such ecosystem types may be predicted using ecological models.



Soil Microbes Influence the Precipitation Pulse Effect to Some Extent

Soil microbes are influential factors that directly affect the Rs and soil C cycles. The present study showed that the soil microbial biomass was linearly positively correlated with the accumulated CO2 (ARs–soil) (Figure 8). Under normal conditions, bacteria account for more than half of the total microorganisms in steppe soils (Wang et al., 2016b). Under drought conditions, substrate supply is the main limiting factor for soil microbial activity; however, under humid conditions, oxygen diffusion determines soil microbial activity to a large extent, influencing SOM decomposition (Sun et al., 2018). Soil microbes and their cycles are an important source of soil nutrient storage and available nutrients for plant growth and can profoundly affect plant available SOM in terrestrial ecosystems (Sponseller, 2007; Fan et al., 2019). In natural ecosystems, soil microbes are highly sensitive to water conditions, and many species will enter a dormant state under drought stress. Once soil moisture improves, these microbes can quickly become active and multiply (Preece et al., 2019), thereby affecting soil microbial respiration. In Californian grasslands, repeated wet dry alternations induced a seven-fold increase in the number and activity of deep soil microbes, and the number of surface soil microbes increased by only 50% (Munson et al., 2009). Furthermore, dry–wet alternation can enhance the ratio of fungi to bacteria, and because the decomposition of SOM by fungal and bacterial communities differs, such changes can indirectly affect SOM decomposition. Asynergistic increase in bacterial and fungal abundance under increased rainfall is thought to be responsible for the increase in soil respiration (Mikha et al., 2005).

Soil microbes are sensitive to the rapid alteration of soil moisture and may enter a state of dormancy under drought stress. Our research results confirmed this conclusion. After the precipitation event, the rate of microbial respiration, increased several times or even ten times. After an initial increase in mineralization microbial solute diffusion can decreases, resulting in a reduction in the SOM decomposition rate (Cui et al., 2019). Our study found a significant positive correlation between microbial biomass and both ARs–soil and ARs–SOC. As a direct participant in SOM decomposition, the number and community structure of soil microbes directly affects the soil respiration rate and the accumulation of released CO2 (Wang et al., 2016b). When soil moisture rapidly increases after precipitation, these microbes quickly become active and start decomposing SOM. The cumulative amount of CO2 released during the precipitation pulse increased significantly. Accompanied by associated changes in the soil microbial community (Nielsen and Ball, 2015). Precipitation events can, therefore, result in the rapid and drastic release of CO2 within a short period of time (Deng et al., 2018).



CONCLUSION

In summary, the soils along a precipitation transect in a temperate steppe environment showed strong precipitation pulse effects, i.e., CO2 release was stimulated after the simulation of a precipitation event; however, the responses differed among the different grassland types. Furthermore, the Rsoil–max and ARs–soil values within 48 h after the simulated precipitation event, were significantly affected by soil quality, soil particle size, and soil microbial biomass. Furthermore, the precipitation pulse effect, as demonstrated by Rsoil–max and ARs–soil, was positively correlated with soil quality parameters, i.e., SOC, POC, EOC, and N. These results largely support the substrate supply hypothesis for precipitation pulse effects, thus, providing a good perspective to predict these rapid and drastic fluxes, and are based on the measurements of the dynamic changes in substrate content and soil microbial biomass. Our findings verify that soil CO2 release from precipitation events is significant in grasslands in arid and semi-arid regions and, provide new insights for ecological models to simulate ecosystem C cycle responses in these regions under future climate change scenarios.
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As temperatures rise and water availability decreases, the water decit is gaining attention regarding future agricultural production. Drought stress is a global issue and adversely affects the productivity of different crops. In this study, drought-tolerant varieties of oats were screened to determine drought-tolerant varieties that may be employed in drought-prone areas to achieve sustainable development and mitigate the impact of climate change. To do so, the growth and stress adaptive mechanism of 15 domestic and overseas oat cultivars at the seedling stage were analyzed. Water stress was simulated using 20% polyethylene glycol (PEG-6000). The results showed that the soluble protein content and superoxide dismutase activity of variety DY2 significantly increased under drought stress, whereas the photochemical efficiency and relative water content decreased slightly. The relative electrical conductivity (REC) and drought damage index of the QH444 and DY2 varieties increased the least. The peroxidase content of Q1 and DY2 significantly increased, and the catalase activity of Q1, QH444, and DY2 also substantially increased. Principal component analysis revealed that nine physiological and biochemical parameters were transformed into three independent comprehensive indexes. The comprehensive evaluation results showed that DY2, LN, and Q1 exhibited a strong drought resistance capacity and could be used as a reference material for a drought-resistant oat breeding program. The gray correlation analysis also indicated that Fv/Fm, chlorophyll, REC, and malondialdehyde could be used as key indexes for evaluating the drought resistance of oat.
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INTRODUCTION

The Qinghai–Tibetan Plateau is known as the earth’s third pole with an average altitude of more than 4,000 m and an area of 2.5 million km2 (Yang et al., 2015). The ecological environment in the Qinghai–Tibetan Plateau is relatively fragile, and the distribution of precipitation among the four seasons is extremely irregular. A dry climate in early spring adversely affects plants’ growth performance (Pan et al., 2014; Meng et al., 2017; Wang et al., 2020). It is projected that the intensity of drought may increase by 1% to 30% by 2100, as a result of global warming (Parry et al., 2007). Because of the increasing global population, human activities are intensifying, thereby leading to a rise in agricultural water consumption. Water shortage is now a worldwide problem and one of the most important environmental stresses limiting crop yields globally (Tuberosa and Salvi, 2006; Lobell et al., 2008).

Plants operate various physiological mechanisms to cope with harsh environmental conditions (Passioura, 1998). Drought seriously affects plant growth, which leads to stunting, wilted leaves, chlorosis, and yellowing. Moreover, drought stress could result in damage to photosynthetic organs, changes in cell structure and function, hindered metabolic function, decreased nutrient absorption and transportation rate, increased plant energy consumption, inhibited plant growth, a shortened lifespan, reduced plant quality, and even death (Zhao et al., 2014; Zhu, 2016; Nan et al., 2018). Furthermore, drought stress causes the accumulation of osmotic regulatory substances, including soluble sugar (SSC) and soluble protein (SP), in cells to maintain cellular swelling and pressure. Reactive oxygen free radicals produced under drought stress will be scavenged by promoting the activities of enzymes in the antioxidant system, including superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) (Ge et al., 2014). Additionally, drought stress results in an increase in malondialdehyde (MDA) and relative electrical conductivity (REC) contents, as well as a decrease in chlorophyll (Chl) content (Mukherjee and Choudhuri, 1983; Dencic et al., 2000; Maqbool et al., 2017). Factors that regulate growth and development, including stomatal movement, metabolism, hormone synthesis, and signal transmission, may affect the drought resistance of plants and should be used to comprehensively evaluate drought resistance (Levitt, 1982).

Oat (Avena) is an annual crop and suitable to grow in frigid and high-altitude areas for both grain and forage production due to the strong drought resistance, short growth cycle, high forage yield, and nutrient value (Zhang et al., 2010; Singh et al., 2013; Zhou et al., 2018). It is a superior species to solve the problem of foraging during the cold season, ensuring the sustainable development of alpine grassland animal husbandry (Xu, 2012; Zhang et al., 2015). As mentioned previously, in most Qinghai–Tibetan Plateau areas, drought is the main factor limiting oat growth and production (Stevens et al., 2004). Zhang et al. (2013) found that proline (Pro), MDA, and REC could be used to evaluate the drought resistance of oats. Under drought stress, the SSC, REC, Pro, and MDA contents of 19 wild high oat grass leaves were positively correlated with drought stress, whereas the leaf relative water content (RWC) was negatively correlated with drought stress (Yang et al., 2011). The seedling stage is the key period for oat growth and development. Therefore, it is of great significance to study the effects of early spring drought on oat growth and the adaptive mechanism of oats to drought for the selection of drought-resistant varieties in alpine regions.

In this study, 15 oat varieties were used as experimental materials to assess their performance under drought stress. It explored the effects of drought stress (20% PEG-6000) on the content of SSC, SP, MDA, drought damage index (DDI), RWC, and Chl; the activities of SOD, POD, and CAT; the REC; and the maximum Fv/Fm. The comprehensive evaluation of drought resistance was carried out using principal component analysis, the gray correlation degree, and the membership function analysis.



MATERIALS AND METHODS


Test Materials

Fifteen oat varieties were provided by the Key Laboratory for the Development of Forage Cultivars in the Qinghai–Tibetan Plateau of the Qinghai province (Table 1).


TABLE 1. Names and sources of tested varieties.
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Experimental Design

This experiment was carried out at the Engineering Laboratory of Resistant Pasture Cultivars Innovation and Ecological Restoration in Sichuan Province, Southwest Minzu University, from September to December 2019.

This study utilized the sand culture method, and the substrate was a 3:1 mixture of fine sand and vermiculite. Full, consistent, and disease-free oat seeds were selected, sterilized with 1% sodium hypochlorite for 10 min, rinsed with distilled water five times, and evenly sowed in a basin with a diameter of 10 cm and height of 15 cm. The basins were sufficiently watered every day. After sowing, the seeds were randomly placed in a light incubator. The day and night temperatures of the light incubator were 23°C and 16°C, respectively. The light intensity was 600 mmol ⋅ m–2 ⋅ s–1 for 16 h per day, and the average relative humidity was 65%.

After seed emergence, 500 mL of Hoagland solution was poured over the seedlings every 2 days. When the seedlings grew to the stage with two true leaves, drought stress treatments were performed over 7 days. The control (CL, well-watered) and the drought stress (DL, drought stress) treatments were established. The CL was cultured with Hoagland solution, whereas the DL was treated with 20% PEG-6000 and nutrient solution. After 7 days of treatments, the penultimate leaf of the seedling was selected to determine the Fv/Fm; content of REC, RWC, Chl, SSC, and MDA; and activities of SOD, POD, CAT, and SP.



Determination and Measurement


Determination of Phenotypic Traits

To systematically count and compare the differences in changes among the different oat varieties under the same drought treatment, the phenotypic traits were quantitatively evaluated. DDI refers to the DDI of each variety under drought stress. The greater the DDI, the greater the phenotypic characteristics of the oats damaged by drought stress. The average score of each group of three pots of plants was taken as a repeat; using the formula DDI = Σ score per plant/number of plants per treatment, the DDI of each variety was obtained. Based on the effect of drought stress on the phenotypic characteristics of oats, the evaluation system was divided into five grades to study the effects of soil drought stress on the physiological and biochemical responses of oats (Table 2).


TABLE 2. Evaluation of oat phenotypic traits under water stress.

[image: Table 2]


Determination of the RWC

The RWC of leaves was determined using the drying and weighing method (Barrs, 1962). It was calculated according to the formula RWC (%) = (FW – DW)/(TW – DW) × 100%, where FW is the fresh weight (FW), DW is the dry weight, and TW is the saturated FW (TW). The oat leaves weighed approximately 0.2 g, and the FW; wrapped with clean gauze, the sample was immersed in a 50 mL centrifuge tube containing the same amount of distilled water and placed in a refrigerator at 4°C for 24 h. After the leaves were fully absorbed, the surface moisture was gently dried with absorbent paper and weighed as TW, and then the sample was put into a Kraft paper sample bag and dried at 75°C to constant weight, weighing its DW.



Determination of SSC Content

The SSC content was determined using the sulfuric acid–anthrone color method (Gao, 2006). A sample that contained 0.025 g of dried oat leaves was used. Ethanol was added to the sample, which was then placed in a water bath. Centrifugation and decolorization were performed to collect the sugar extract. Then, we added anthrone to the sugar extract, boiled the mixture, and measured the absorbance with a spectrophotometer (Cary 60 UV-Vis; Agilent Technologies, Santa Clara, CA, United States) at a wavelength of 625 nm, which was used to calculate the SSC content. The SSC content (μg/g) = the sugar content corresponding to the OD values × the total volume of the extract/the total weight of the dry sample.



Determination of SP Content, Antioxidase Activity, and MDA Content

MDA, SP, SOD, POD, and CAT activities were measured using a kit following the manufacturer’s instructions (Suzhou Keming Biotechnology Co., Ltd., Suzhou, China) (Zhang et al., 2017).



Determination of REC

We collected 0.1 g of fresh leaves from the oats, rinsed it with deionized water, dried it with filter paper, placed it in a test tube containing 20 mL of deionized water, and then incubated it at 25°C for 24 h. After shaking and mixing, the initial conductivity, S1, was measured using a conductivity meter (DDS-307A). The samples were boiled in a water bath until all the tissue cells were killed. Then, the final conductivity, S2, was measured. REC (%) = S1/S2 × 100%.



Determination of Chl Fluorescence Parameters

The plants of all 15 tested varieties were dark-adapted for 30 min, and the maximum Fv/Fm was measured using an LI-6800 portable photosynthetic instrument (LI-COR Biosciences, Lincoln, NE, United States), starting at 9:00 AM.



Determination of Chl Content

The Chl content was assessed using the acetone–ethanol mixture extraction method reported by Gao (2006). Fresh oat leaves were collected, cut into small pieces, and put into a graduated test tube with a stopper. We added 5 mL of 80% acetone and 5 mL of 95% ethanol and mixed; the samples were then stored in the dark. When the leaves were completely white, the extract was at a constant volume. Finally, the absorbance of the Chl extract was measured at 663 and 645 nm with a spectrophotometer, and then the total Chl content was calculated using the Arnon formula: Chl total content (mg ⋅ g–1) = (20.2 OD645 + 8.02 OD663) × extract total volume of liquid/(1,000 × FW of material).




Data Analysis


Calculation of Drought Resistance Metrics

To eliminate differences attributed to the basic traits of all the varieties, the drought resistance coefficient (DC) was used for comprehensive analysis. DC = average value of indicators under drought stress/average value of control indicators (Abraham and Wayne, 1985).

The formula for this comprehensive index value is:
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where Zi is the comprehensive index of the ith index, ai is the eigenvector of the relative value of the ith index (Guo et al., 2018), and Xi is the normalized value of the relative value of the ith index.

Membership function value:
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We calculated the membership function value [U(Zi)] of each comprehensive index according to formulas (2) and (3) (He et al., 2009), where Zimin represents the minimum value of the ith comprehensive index, and Zimax represents the maximum value of the ith comprehensive index.

The weight formula is:

[image: image]

We calculated the weight factor coefficient (Wi) according to formula (4) (Zhang et al., 2017), where Pi is the contribution rate of the ith comprehensive index.

Drought resistance measurement value:

[image: image]

According to the weight factor, Wi, and the membership function value U(Zi), the drought resistance measure D (Guo et al., 2018) was calculated according to formula (5).



Gray Correlation Analysis

Correlation coefficient:
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In the formula, Xi (k) is the relative value of variety k on the identification index i, X0(k) represents the D value of variety k, ξi(k) represents the correlation coefficient between Xi(k) and the D value, and ρ is the resolution coefficient, ρ∈[0,1]. In this test, ρ is taken as 0.5 (Chen et al., 2014).

Equal weight correlation degree:
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In the formula, γi represents the degree of equal weight correlation, and n is the number of samples analyzed for each index, n = 15 (Chen et al., 2014).

In this study, based on the principal component analysis method, the membership function was used to calculate the comprehensive drought resistance measure (D value) of each variety. Using the gray correlation analysis method, the D value was taken as the reference series (X0), and the nine individual index DC values of the 15 varieties were used as the comparison series (Xi). The formulas (6) and (7) were used to find the correlation degree (γi) between each index and the D values. Excel 2019 and OriginPro 8.5 were used to organize and plot the data. SPSS 23.0 was employed for single-factor analysis of variance and principal component analysis, and Duncan multiple-range method was used for multiple comparisons at the 0.05 level.





RESULTS


Effects of Drought Stress on Phenotypic Traits and RWC Content

The DDI increased significantly after drought stress (P < 0.05). Among the tested varieties, the DDI of QH444, LN, and DY2 increased slightly after being affected by drought stress, while that of JM, BL, MW and QY1 increased the most, which was 4.33 times of the control (Figure 1A). After drought stress, the RWC of all the tested materials was significantly reduced (P < 0.05). Compared with that of the control, the RWC of LX, QH444, and DY2 slightly decreased under drought stress. However, JM, MW, and QY1 exhibited the largest decreases in RWC, which were 0.41, 0.39, and 0.43 times those of their corresponding controls, respectively (Figure 1B).
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FIGURE 1. Effects of drought stress on the drought damage index (DDI) (A) and relative water content (RWC%) content (B) in leaves of different oat varieties. Each value represents the mean ± SD. Each experiment was repeated three times. An analysis of variance test followed by a Tukey test was performed. CL, control; DL, drought stress. Different letters indicate that the differences between treatments were significant (P < 0.05).




Effects of Drought Stress on the Content of SP and SSC

The SP content of BF, BL, MW, and Q1 (P > 0.05), and the SP content of the other varieties increased significantly after drought stress (P < 0.05). Of these, the SP content of DY2 increased the most after drought stress, which was 1.47 times that of the control (Figure 2A). Drought stress also increased the SSC content of the tested cultivars. The SSC content increased significantly after drought stress (P < 0.05). The SSC content of QY1, BY14, BL, and DY2 increased substantially, specifically by 1.53, 1.41, 1.38, and 1.32 times that of their corresponding controls, respectively (Figure 2B).
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FIGURE 2. Effects of soluble protein (SP) (A) and soluble sugar (SSC) content (B) in leaves of different oat varieties under drought stress. Each value represents the mean ± standard deviation. Each experiment was repeated three times. An analysis of variance test was performed, followed by Tukey test. CL, untreated control; DL, drought stress. Different letters indicate that the differences between treatments were significant (P < 0.05).




Effects of Drought Stress on Enzyme Activities in the Antioxidant System

The SOD, POD, and CAT activities of the various tested varieties increased under drought stress. Among them, the SOD activity of MW was slightly increased, whereas the SOD activity of DY2 was significantly higher than that of the control. In particular, the SOD activity of DY2 was 2.12 times that of the control (Figure 3A). JM and Q2 exhibited a slight increase in POD activity. Q1, DY2, and QH444 displayed the largest increases in activity under drought stress, which were 1.93, 1.81, and 1.73 times that of their corresponding controls, respectively (Figure 3B). Compared with the control, the CAT activities of JM and MW slightly increased under drought stress. However, QH444, Q1, and DY2 exhibited the largest increases, which were 1.63, 1.74, and 1.53 times that of their corresponding controls, respectively (Figure 3C).
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FIGURE 3. Superoxide dismutase (SOD) (A), peroxidase (POD) activity (B), and catalase (CAT) activity (C) in oat varieties under drought stress. Each value represents the mean ± standard deviation. Each experiment was repeated three times. An analysis of variance test was performed, followed by Tukey test. CL, untreated control; DL, drought stress. Different letters indicate that the differences between treatments were significant (P < 0.05).




Effects of Drought Stress on REC and MDA Content

After drought stress, the REC and MDA contents of the tested cultivars increased. The REC significantly increased after drought stress (P < 0.05). Among the cultivars tested, the REC of MW and JM increased the most, specifically by 8.39 and 11.53 times that of their controls, respectively. QH444 and DY2 displayed only slight increases, which were 2.19 and 2.82 times those of their controls, respectively (Figure 4A). The MDA contents of TY2 and DY2 were not significantly increased after drought stress (P > 0.05), but increased slightly, specifically by 1.08 and 1.05 times that of their controls, respectively. Additionally, the MDA content of the other varieties was significantly higher than that of the control (P < 0.05). Among them, the content of Q1 and MW increased the most, specifically by 2.49 and 2.92 times that of their controls, respectively (Figure 4B).
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FIGURE 4. Relative electrical conductivity (REC%) (A) and malondialdehyde (MDA) content (B) in oat varieties under drought stress. Each value represents the mean ± standard deviation. Each experiment was repeated three times. An analysis of variance test was performed, followed by Tukey test. CL, untreated control; DL, drought stress. Different letters indicate that the differences between treatments were significant (P < 0.05).




Effects of Drought Stress on Fv/Fm and the Chl Content

The Chl content and Fv/Fm of all the materials decreased. The Fv/Fm of LX, TY2, BY14, and DY2 was not significantly different after drought stress (P > 0.05), but decreased slightly, specifically by 0.97, 0.97, 0.97, and 0.98 times that of their controls, respectively. However, the Fv/Fm of the other tested varieties displayed a larger decline and was significantly lower than that of the control (P < 0.05) (Figure 5A). The Chl content of QY1 was not significantly different after drought stress (P > 0.05) and was 0.96 times that of the control. In contrast, the Chl content of the other varieties was significantly reduced (P < 0.05). Of these, the Chl content in MW declined the most, specifically by 0.55 times that of the control (Figure 5B).
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FIGURE 5. Photochemical efficiency (Fv/Fm) (A) and chlorophyll content (B) in oat varieties under drought stress. Each value represents the mean ± SD. Each experiment was repeated three times. An analysis of variance test was performed, followed by Tukey test. CL, untreated control; DL, drought stress. Different letters indicate that the differences between treatments were significant (P < 0.05).




Classification of Physiological Indexes for Drought Resistance of Oat Seedlings Under PEG Stress

A principal component analysis was performed on the drought resistance coefficients of the 11 indicators. The first three principal components were extracted as the main factors for drought resistance evaluation based on the principle that the characteristic value of the principal component was greater than 1 (Table 3). The results showed that the characteristic root of the first principal component was 4.720, and the contribution rate was 42.912%. Among the indicators, the RWC and REC had the largest loads. This principal component reflects the water status, water-holding capacity, membrane stability, and other information of the varieties. The characteristic root of the second principal component was 2.566, and the cumulative contribution rate was 66.239%. Of these, POD and CAT had a strong load, indicating that the principal component mainly reflected the relevant information regarding the protective enzymes. The characteristic root of the third principal component and cumulative contribution rate were 1.125% and 76.463%, respectively. Among them, Fv/Fm had a strong load, indicating that the principal component mainly reflected the relevant information regarding leaf photosynthesis.


TABLE 3. Results of principal component analysis of indexes.
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As shown in Figure 6, DY2 and BY14 were mainly distributed in group A, whereas MW and JM were mainly distributed in group C. The other eight varieties were mainly distributed in group B, indicating that the responses of these eight varieties to drought stress were similar.


[image: image]

FIGURE 6. Principal component analysis of different oat varieties.


As for indicators, SOD activity; SP, Chl, and SSC content; and Fv/Fm were distributed in group A; the RWC and POD and CAT activity were distributed in group B, whereas the DDI, MDA content, and REC were distributed in group C. The indexes distributed in the same group had a strong correlation. Of these, the responses of SOD activity; SP, Chl, and SSC content; and Fv/Fm to drought stress were similar. The RWC, POD and CAT activity, DDI, MDA content, and REC exhibited similar responses to drought stress. The DDI, MDA content, and REC were negatively correlated with plant drought resistance lines (Figure 7).
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FIGURE 7. Principal component analysis of different indicators.




Comprehensive Evaluation of Drought Resistance of Oat Varieties

The first three factors were used to analyze the membership function. The weight of each factor was calculated according to formula (4), and then the average weighted membership function value (D value) was obtained. Based on the D values, the drought resistance of each material was comprehensively evaluated. The higher the D value, the stronger the drought resistance. As shown in Table 4, the drought resistance of the 15 oat varieties was ranked from strong to weak according to the D values: DY2 > BY14 > LN > Q2 > LX > TY2 > TY1 > QY1 > JY2 > QH444 > BL > BF > Q1 > JM > MW.


TABLE 4. Subordinate function and D value of the drought resistance evaluation.
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Furthermore, according to the gray correlation theory, the closer to the D value, the greater the correlation. The series X1, X2, X3, and X6 had the largest correlations with the D value, thereby showing that the DDI, RWC, Fv/Fm, and MDA content were closely related to the drought resistance of the oat seedlings (Table 5). However, the correlation degree between X9, X10, and X11 and the D value were the smallest, indicating that the SOD, POD, and CAT activities were less affected by drought stress.


TABLE 5. Gray correlation analysis between the identification indices and D values.

[image: Table 5]



DISCUSSION


Changes in the Phenotypic Characters and RWC of Oat Leaves Under Drought Stress

When a plant is in a state of drought stress, the cells in the plant body respond in a timely manner, and finally, changes are mainly observed in the appearance of the plant (Farooq et al., 2009); hence, we can directly judge the degree of damage caused by drought by observing the phenotypic characteristics of plants. The external morphology, such as the withering degree and color of the leaves, can reflect physiological changes in the plants. Kabay et al. (2017) scored the phenotypes of kidney beans under drought stress and determined drought-tolerant and drought-sensitive bean varieties through significantly different phenotypic scores and leaf RWC. In this study, under normal watering conditions, the leaves of oat seedlings were normally green. Under drought stress, there were significant differences in the phenotypic characteristics of the different oat varieties, which showed differences in their drought resistance. Varieties QH444, LN, and DY2 with lower DDI values showed late symptoms of drought injury and mild drought damage, with only a few leaves showing curling symptoms and leaf margin yellowing, indicating these had a strong ability to adapt to drought. In contrast, varieties JM, MW, and QY1 showed severe drought symptoms, with more than 60% of plants showing moderate wilting, which gradually advanced to the whole stem in some plants, along with leaf curling and yellowing. The results showed that these were more sensitive to drought stress and had poor drought tolerance. The RWC indicates the degree of water deficit in plants under stress and reflects the physiological state of water in the plant leaf cells (Zegaoui et al., 2017). Therefore, the RWC is often regarded as a comprehensive and effective index for identifying plant drought resistance (Zheng et al., 2009). In this study, the RWC of the sensitive varieties JM, MW, and QY1 decreased significantly, whereas it decreased only slightly in the drought-resistant varieties (LX, QH444, and DY2), which was consistent with the trend observed in Sorghum sudanense (Zhu et al., 2019).



Responses of Physiological Indicators to Drought Stress at the Seedling Stage in Oat

Evaluation and screening of cultivars under drought stress according to physiological parameters are the premise of crop improvement (Talebi et al., 2013). Plants increase cell fluid concentration by changing their content of SSC and SP and decrease their osmotic potential to promote water absorption, maintain cell swelling, and ensure cell growth and metabolism (Morgan, 1984; Deligoz and Gur, 2015; Fang and Xiong, 2015). The increase of SSC content could promote the viscosity, elasticity, and cell sap concentration of protoplasts, thereby improving the water absorption and water retention capacity of crops (Wang et al., 2016). Osmotic regulation contributes to cell development and promotes plant growth under drought stress (Keshavarz et al., 2016). In this study, after drought stress, the accumulation of SSC content in TY2 and DY2 was significantly increased. This was consistent with previous results in wheat (Wang et al., 2011). In addition, the SP content of the tested oat varieties increased under drought stress, which was consistent with the changing trend of forages (Jin et al., 2015). Under drought stress, the SP content of DY2 was significantly increased by 1.47 times that of the control. The SSC content of TY2 accumulated, indicating that the osmotic regulation ability of DY2 and TY2 was stronger than that of the other materials. Therefore, it was inferred that under drought stress, oat could reduce damage by increasing the content of SP to increase the osmotic potential (Zhang, 2018).

Plant cells can also utilize the protective enzyme system (Gill and Tuteja, 2010) including SOD, POD, and CAT to defend against the poison of active oxygen ions and to prevent plant cells from being damaged and losing physiological functions (Keshavarz and Moghadam, 2017). SOD is considered the first line of defense against reactive oxygen species (Sayfzadeh et al., 2011). POD can reduce the accumulation of H2O2 and maintain the integrity of the cell membrane (Chakhchar et al., 2015). CAT is an effective enzyme for the decomposition of H2O2 (Weng et al., 2015), preventing POD from degrading fatty acids (Gill and Tuteja, 2010). SOD activity of licorice (Pan et al., 2006), cowpea (Manivannan et al., 2007), poplar (Xiao et al., 2008), sunflower (Gunes et al., 2008), and tomato (Celik et al., 2017) increases under drought stress. The plant–water relationship plays a key role in the activation and regulation of the antioxidant defense mechanism under drought stress (Pan et al., 2014). Tolerant plants accumulate less hydrogen peroxide and free radicals by maintaining enzyme activities and have a superior protection system (Sinhababu and Kar, 2003). The activities of SOD and POD in drought-resistant varieties are higher than those in sensitive varieties (Seyed Ebrahimi et al., 2016). In this study, the activities of POD, CAT, and SOD of Q1 and DY2 increased under drought stress, which were consistent with the conclusions found in oats (Islam et al., 2011; Zhang et al., 2013) and maize (Kolarovič et al., 2009). Thus, this indicated that oat could also reduce the damage of drought stress by increasing the activity of oxidase to eliminate the excessive accumulation of free radicals.

Plant physiological activities and physiological functions are affected by drought stress. MDA and REC content are important indicators of cell plasma membrane permeability, which could be used to measure the degree of damage to the cell membrane structure (Giannopelitis and Ries, 1977; Sedaghat et al., 2017). MDA can increase antioxidant enzyme activities and antioxidant capacity, thereby eliminating reactive oxygen species and decreasing membrane lipid peroxidation damage (Esfandiari et al., 2007; Ge et al., 2014). In this study, the increase of REC in QH444 and DY2 was the smallest, and the MDA content in DY2 increased the least, indicating that the membrane stabilities of QH444 and DY2 were strong under drought stress. The MDA content of drought-tolerant varieties was lower than that of the drought-sensitive oat varieties, suggesting that drought-resistant oat varieties maintained stronger self-protection ability under drought stress. This is consistent with previous conclusions (Zhang et al., 2013), so it was inferred that MDA and REC are often negatively correlated with drought resistance (Tian et al., 2012). The greater the degree of increase in MDA and REC, the weaker the stability of the cell membrane.

The Chl fluorescence technique is used to screen tolerant varieties under abiotic stress. It provides valuable information about incomplete energy dissipation and changes in Fv/Fm (Ohashi et al., 2006; Oukarroum et al., 2007; Ristic et al., 2007; Jumrani et al., 2016). The Chl fluorescence parameter Fv/Fm reflects damage to the PSII center and is an appropriate index to evaluate the photoinhibition of plants under abiotic stress (Paknejad et al., 2007). Crop varieties that can maintain high Fv/Fm under drought conditions are considered to be stress-tolerant (Zlatev, 2009). Drought stress can damage chloroplasts and inhibit the synthesis of Chl, leading to a reduction in Chl and depressed photosynthesis (Fang and Xiong, 2015; Guo et al., 2018). The decrease of Chl concentration in plants may be a nonstomatal limiting factor, and Chl in plants with strong drought resistance is less affected by drought (Kraus et al., 1995). Studies on legumes, chickpeas, and wheat showed that drought stress decreased the content of Chl a and b (Mafakheri et al., 2010; Mathobo et al., 2017). The Chl content of drought-tolerant varieties was higher than that of drought-sensitive varieties (Khayatnezhad and Zaeifizadeh, 2011; Sharifi and Mohammad Khani, 2016). The Fv/Fm and Chl l were positively correlated with the plant’s sensitivity to drought (Maxwell and Johnson, 2000; Guo et al., 2016; Mo et al., 2016; Amor et al., 2018). Here, the Fv/Fm declined in all the tested materials. This was consistent with Dactylis under drought stress (Li et al., 2015). LX, TY2, and DY2 exhibited the smallest decreases in Fv/Fm, indicating that the three varieties possessed a strong tolerance to drought. Moreover, the Chl content of oat varieties decreased after drought stress, which may be the result of damage to chloroplasts and inhibition of Chl synthesis. Chl in plants with strong drought resistance is less affected by drought (Luo et al., 2018; Upadhyay et al., 2020). It was indicated that Fv/Fm and Chl content provide an important basis for drought resistance screening of different oat varieties.



Screening of Drought Resistance Indexes at the Seedling Stage

The drought tolerance coefficient (DC) is an index to measure drought effect based on the degree of decrease for each character under water stress compared with that under water adequacy. It can be used to identify drought tolerance varieties (Classen and Shaw, 1970; Fischer et al., 1989; Regan et al., 1993). Membership function value is a multi-index comprehensive evaluation method for determining the drought resistance of materials (Yan et al., 2009; Peng et al., 2013). Among the multivariate classification methods, principal component analysis is a commonly used sample classification method (Kim et al., 2013). Principal component analysis converts numerous related indicators into a new comprehensive index with less numbers and no correlation, based on retaining a large amount of the original information (Chen et al., 2014). It is difficult to associate drought resistance with specific physiological processes without using multivariate analysis. These methods enable many hypothetical drought tolerance traits to be sorted, depending on the degree of importance within crops, thus highlighting the traits that have a causal relationship with drought resistance. Yuan et al. (2019) screened the main drought resistance evaluation indexes using principal component analysis by measuring physiological indexes, such as osmotic adjustment substances and enzyme activities, considering that peroxidase activity and proline content were related to drought resistance ability of rice. Zeng et al. (2020) conducted gray correlation analysis on different physiological indicators of bermudagrass and screened for electrical conductivity, Chl content, and MDA content as the main drought resistance evaluation indicators. In our study, the DDI, RWC, Fv/Fm, and MDA content reflected the drought resistance of oat seedlings based on a principal component analysis and gray correlation analysis, which was similar to the results of Li et al. (2017). Therefore, it could be concluded that the photosynthetic characteristics (Fv/Fm), DDI, RWC, and membrane stability (MDA) could be used as the main evaluation indexes of oat seedlings under PEG drought stress. In the present study, 11 single indexes were transformed into three independent comprehensive indices using the principal component analysis. The first principal component mainly reflected information related to the water status, water-holding capacity, and membrane stability of the plant. Meanwhile, the second principal component mainly reflected the information related to protective enzymes, and the third principal component mainly reflects the information related to leaf photosynthetic physiology. Based on these three principal components, membership function analysis was carried out, and the comprehensive drought resistance value (D value) was also calculated. Finally, the three varieties with the strongest drought resistance were DY2, BY14, and LN. They can be used to select for more suitable varieties in regions that need crops with these characteristics. Additionally, a genotype that originated from Canada, LX, also had relatively strong drought resistance and thus could be used as a drought-resistant alternative cultivar among the introduced varieties. Principal component analysis and gray correlation analysis are simple and effective tools, which provided the possibility of early assessment of genotypic potential from the perspective of water stress tolerance. These methods could be used to evaluate plant responses to various environmental stresses in the early stage of development.




CONCLUSION

We found that oat demonstrated an effective adaptation mechanism by analyzing the drought resistance of enzymes, MDA, and osmotic regulators. Oat responded to drought stress by up-regulating antioxidant and osmotic regulation systems, thus enhancing their drought resistance. In addition, the DDI, RWC, Fv/Fm, and MDA content could be used as key attributes for evaluating drought resistance in oats. The varieties DY2 and BY14 were the most drought-resistant and could be used as candidate materials for breeding drought-resistant oats. These varieties can be effectively used as control parents in different cross breeding programs for the genetic improvement of oats for drought resistance.
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Grazing activities perhaps lead to habitat quality degradation and animal biodiversity loss while the effects on the Qinghai-Tibet Plateau (QTP) is still relatively poorly studied. Based on the Integrated Valuation of Ecosystem Services and Tradeoffs model, geographical detector model and generalized linear mixed model, the responses of habitat quality and animal biodiversity to grazing activities at 5 km grid scale were analyzed. Results showed that the overall habitat quality on the QTP was high with 76.43% of the total area, and poor level accounted for 19.56%. High level habitat was mainly distributed in the southern part, while the poor level in the northern part. The mean grazing activity explanatory ability to habitat quality, bird species richness and mammal richness were 0.346, 0.430, and 0.354. The interaction effects between slope and grazing activities on habitat quality, bird species richness and mammal richness were the most important interaction effects, and the area affected by the interaction was 73.82, 46.00, and 46.17% of habitat quality, bird species richness and mammal richness, respectively. The interaction effects on habitat quality, bird species richness and mammal richness all showed “low in the northwest and high in the southeast”. Grazing activities and habitat quality had a positive correlation while bird species richness, and mammal richness negative correlations. The spatial relationship of grazing activities of habitat quality was “higher in the middle and lower around the periphery”, while the spatial distribution of grazing activities of bird species richness and mammal richness was “higher in the east and lower in the west”. This study explicitly revealed the responses of habitat quality and animal biodiversity to grazing activities, thus providing references for biodiversity conservation on the QTP.
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INTRODUCTION

Grassland is one of the most extensive ecosystems in the world (Li L. et al., 2019). As an important ecological land type in China, grassland not only serves a range of ecosystem services, but also provides livestock products, thus bringing economic income to residents (Wang Y. et al., 2020). In China, grazing activities are mainly distributed in the northern and western regions. With the development of economy, grazing activities are increasingly intensified, and overgrazing has occurred in many areas (Zhao et al., 2020a). However, intensive grazing activities can lead to grassland degradation, which in turn affects habitat quality and reduces biodiversity (Liu et al., 2020).

The Qinghai-Tibet Plateau (QTP), as the largest plateau in the world, has a grassland area of 1.59 × 106 km2, accounting for up to 60% of the total area (Liu et al., 2021b). It not only plays an important role in water retention, but also is an important ecological security barrier in China with great biodiversity protection value (Wang Y. et al., 2020). However, studies have shown that in recent years, the QTP is facing many threats with the intensification of human activities, such as excessive grazing, large-scale infrastructure construction, resulting in ecological degradation, wildlife habitat fragmentation, and biodiversity loss (Dong et al., 2020). Therefore, it is urgent to strengthen the protection of biodiversity on the QTP.

Habitat quality is an important indicator of regional ecological security, which can reflect the level of regional biodiversity and ecosystem services (Tang et al., 2020; Zhu C. et al., 2020). Therefore, habitat quality has become a hot issue in ecological security research. At present, habitat quality can be assessed based on the measured species diversity, or through the analysis of the evolution of the habitat by parameter substitution (Andrus et al., 2021). As the parameter substitution method has become the main method, the relationship between resources and habitat suitable land is mainly discussed from the perspective of landscape pattern (Zhu Z. et al., 2020). Generally, it is believed that construction land, cultivated land and roads are the main sources of threats to habitat quality, while natural ecosystems provide a relatively complete habitat for species, and their habitat quality is overall good (Zhang H. et al., 2020). Current studies on habitat quality are mainly based on the above threat factors, and the Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model is used to evaluate the regional habitat quality (Moreira et al., 2018).

Current studies about the relationship between habitat quality and human disturbances mainly focus on the response of habitat quality to land use change (Roche et al., 2016; Yang H. et al., 2021). These studies are usually divided into two categories, one is about the impact of long-term land use change on habitat quality, and the second is mainly about simulating and predicting the impact of future land use change on habitat quality. Some of these studies revealed the impact of long-term land use change on habitat quality of coastal zones (Zhang X. et al., 2020), there were also studies on long-term land use change on habitat quality at county level (Tang et al., 2020). These studies all found that long-term increase of land use change would lead to continuous decline in habitat quality. The second category is mainly based on the current land use change to simulate and predict the impact of future land change on habitat quality. Previous studies have revealed the impact of future land use change on habitat quality across China, and found that the expansion of large cities had a greater impact on future habitat quality than that of small cities (Song et al., 2020). There were also studies on the direct and indirect impacts of urban expansion on habitat quality in the future, and it was found that the indirect impact of urban expansion on habitat quality was greater than the direct impact (Yang et al., 2020).

Grazing activities, as one of the most important human activities on the QTP, is the direct cause of grassland degradation (Zhang Y. et al., 2021). Grassland is the largest ecosystem on the QTP, and its degradation will have serious impacts on ecosystem services (Dong et al., 2020). However, there have been few studies on the ecological effects of grazing activities on the QTP at a large scale. Because of its special geographical environment, the QTP has a fragile ecological environment (Li L. et al., 2019). Overgrazing activities will affect the plant community and reduce the height and coverage of vegetation. Studies have shown that changes in vegetation structure characteristics have significant effects on the community structure, bird species richness and mammal richness (Leal et al., 2019).

In addition, the impact of grazing activities on habitat quality is also particularly obvious (Su et al., 2020). However, as far as the ecological effects of grazing activities are concerned, many studies have focused on the stress of grazing activities on plants or the impact on wild animal habitats (Zhang X. et al., 2021). Some studies have compared and analyzed the difference between long-term grazing exclusion and regular grazing activities on vegetation biodiversity, and found that long-term grazing exclusion would reduce vegetation biodiversity, while regular grazing activities was a better management strategy to restore and improve biodiversity (Yao et al., 2019). As for the impact of different grazing measures on habitat quality under the implementation of the policy, some studies have explored the impact of long-term grazing exclusion and sustainable grazing activities on habitat quality, and found that the longer the grazing exclusion lasted, the less the biodiversity of vegetation decreased, but moderate grazing activities would effectively restore vegetation biodiversity (Liu et al., 2020).

However, most studies focused on a single species or single habitat. Due to the particularity of the QTP and the availability of biodiversity data, the effect of grazing activities on habitat quality is still lacking. In addition, the QTP has a vast territory, so the effects of grazing activities on habitat quality and animal biodiversity are different (Dong et al., 2020; Liu et al., 2020). In addition, up to now, studies on mammal richness and bird species richness have mainly focused on forest ecosystems, and there are relatively few research topics about the responses of habitat quality and animal biodiversity to grazing activities on grassland ecosystems. Therefore, the study on the responses of habitat quality and animal biodiversity to grazing activities on the QTP will cover the gap of this field. Here, three issues should be addressed as follows: (1) how is the habitat quality distributed. (2) How are the independent and interaction effects of grazing activities on habitat quality and animal biodiversity distributed at the spatial scale? (3) What is the spatial relationship between grazing activities and habitat quality and animal biodiversity?

Most of the methods to analyze the impact of human activities on vegetation biodiversity and habitat quality were correlation analysis, linear regression (Gosselin and Callois, 2018; Yohannes et al., 2021). Some advanced methods were adopted to reveal more mechanism, such as generalized linear model (GLM) and censored linear regression to analyze the impact of grazing activities on habitat sustainability (Moore et al., 2018; Leal et al., 2019). However, there are generally two problems in the above methods, one is that the interaction between factors is not considered in the study of biodiversity conservation by grazing activities, the other is that the fixed and random effect of factors on biodiversity conservation and habitat quality is not taken into consideration. Based on these considerations, the geographical detector method could be a good solution to the first problem, as it is a spatial method for examining the interaction of two explanatory variables on dependent variables (Han et al., 2021). For the second problem, the generalized linear mixed model (GLMM) is very suitable because it takes the fixed and random effects of the factors into account. Studies have shown that the GLMM can improve the accuracy of the results more effectively than the traditional method (Evans and Holsinger, 2012; Hubin and Storvik, 2018).

Therefore, the InVEST model, geographical detector method and GLMM were applied to conduct research in this study to (1) explore the spatial distribution characteristics of habitat quality and animal biodiversity in grazing regions, (2) study the independent effects of grazing activities and interaction effects between grazing activities and various factors on habitat quality and animal biodiversity, and (3) analyze the relationship between grazing activities and habitat quality and animal biodiversity on the basis of considering fixed and random effects. Through the research on the responses of habitat quality and animal biodiversity to grazing activities on the QTP, we aim to provide effective references for the habitat quality improvement and biodiversity conservation.



MATERIALS AND METHODS


Study Area

Located in southwest China (26°00′–39°47′N, 73°19′–104°47′E), the QTP is the largest plateau in the world, covering an area of about 2.57 × 106 km2 (Figure 1) (Cao et al., 2018). It is known as “the roof of the world” for its high altitude and “the third pole of the Earth” for its alpine environment (Chen et al., 2021). The climate of the QTP is characterized by intense radiation, much sunshine, low temperature, and small accumulated temperature (Jiang et al., 2020). The mean annual solar radiation varies from 5,000 to 8,500 MJ/m2, the average annual precipitation ranges from 415 to 515 mm, which mainly occurs from May to September, and the average temperature is between −2.2 and 0°C (Li et al., 2013). The vegetation types on the QTP are forest, meadow, grassland, desert, and alpine vegetation. Among them, the alpine grassland with the largest area is concentrated in the Northern Tibetan Plateau, accounting for 27.54% of the total plateau area (Zhan et al., 2021). The second is alpine meadow, mainly distributed in the headwaters of the Yarlung Zangbo River, Yellow River, Yangtze River, and Lancang River, accounting for more than 25% of the total area of the plateau. Alpine desert accounted for 8.96% of the total area, and the vegetation coverage decreases gradually from southeast to northwest (Wang D. et al., 2020). In general, grazing activities is one of the most important activities, although the extent of grazing activities shows large spatial differences on the QTP. The grazing activities is weak in the southern part of the QTP, and strong in the central and southern part of Qinghai province and the northeast part of the QTP (Li et al., 2019b). There are many precious animals on the QTP, such as the golden monkey, Tibetan antelope, wild yak, Tibetan wild donkey, argali sheep, snow leopard and so on (Huang et al., 2020). The main animal species are bird species and mammal richness, and the amphibians are very few (Yao et al., 2019).
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FIGURE 1. Location and elevation of the study area.




Data Sources

For the selection of animal biodiversity indicators, although there is amphibian richness on the QTP, but the numbers are very small, and there is no data on insects, so these two types of datasets were not taken into consideration. Therefore, we chose bird species richness with a spatial resolution of 10 km and mammal richness with a spatial resolution of 1 km as the representatives of animal on the QTP. Based on the differences in the spatial scale of animal biodiversity between bird species richness and mammal richness, the response of grazing activities to animal biodiversity is investigated at 5 km grid scale. The datasets of motor way, national way, provincial way and railway data are in the vector scale of 1:250,000. The remaining datasets are raster data with a spatial resolution of 1 km except for the dataset of bird species richness. In addition, the brief description, website, unit and time of data are listed in Table 1.


TABLE 1. The brief description, website, unit, and time of data.
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Methods

In this study, the InVEST model was applied with LULC dataset, threat factors, habitat sustainability of LULC types and their sensitivity to threat factors. Geographical detector model was used to analyze the independent effects of grazing activities and interaction effects between grazing activities and the factors on habitat quality and animal biodiversity. Finally, GLMM was used to analyze the relationship between grazing activities and habitat quality and animal biodiversity based on the consideration of random and fixed effects.



Habitat Quality Model

Habitat quality refers to the ability of an ecosystem to provide living conditions for individual organisms and populations, which is represented by the availability of biological resources, and the number of biological reproduction and existence (Caro et al., 2020). The habitat quality change is thought to be representative of changes in genes, species, or ecosystems (Tang et al., 2020). Habitat quality model was used to examine the spatial distribution of habitat quality. The total threat level of habitat is formulated by the Eq. 1 as follows (Song et al., 2020):
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Where, Dxj represents for threat level of the xth grid in the jth LULC type; y represents for the total grids on threat factor r’s raster; wr stands for the weight of the threat factor r; ry is the threat intensity of the yth grid; irxy denotes the distance between the habitat and the threat source; βx is the accessibility level of the xth grid; Sjr represents for the jth land cover type’s sensitivity on the threat factor r. irxy has two decay functions, linear and exponential decay, which can be expressed as Eqs 2 and 3, shown as follows (Moreira et al., 2018):
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Where, dxy is the straight-line distance between the xth grid and the yth grid; dr max is the maximum impact distance (Max_Dist) of threat factor r; The Max_Dist, distance attenuation function and weight of each stress factor are comprehensively referred to relevant literature, as shown in Table 2 (Tang et al., 2020; Li et al., 2021).


TABLE 2. Threat factor properties.

[image: Table 2]After the calculation of Dxj, the habitat quality of each grid can be calculated by the Eq 4 combining land cover and threat factors as follows (Ma et al., 2021):
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Where Qxj stands for the habitat quality of x in the jth grid; Hj is the habitat sustainability of the jth grid; [image: image] represents for threat level of the xth grid in the jth LULC type; z is a normalized constant, usually equal to 2.5 and k is half-saturation constant, with a default value of 0.5. The value of Qxj ranges from 0 to 1, and the higher the value, the better the habitat quality.

Based on the research of Tang et al. (2020) and Wei Y. et al. (2021), the habitat suitability of LULC types and their sensitivity to various threat factors on the QTP are obtained, shown in Table 3 (Tang et al., 2020; Wei Y. et al., 2021).


TABLE 3. Habitat suitability of different land cover types and their sensitivity to threat factors.
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Geographical Detector Method

The geographical detector method, proposed by Wang et al. (2010), is usually applied to quantify the impact of influencing factors and determine whether the spatial distribution of the explanatory variable is the same as that of the dependent variable (Wang et al., 2010). The geographical detector method is not based on linear assumptions, but rather compares the spatial consistency of the distribution of independent variables with the geographic layer with the underlying factors (Liu et al., 2021a). The geographical detector consists of four kinds of detectors, which are factor detector, interaction detector, ecological detector, and risk detector (Fan et al., 2021). In this study, factor and interaction detector method are used to analyze the effects of grazing activities on habitat quality and animal biodiversity.



Factor Detector Method

The factor detector is applied to evaluate the independent effects of the explanatory variable on independent variable. The explanatory power of each factor is expressed by q value, and the formula is shown in the Eq. 5 as follows (Zhao et al., 2020b):
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Where q is the explanatory ability of explanatory variable to independent variable; N is the total number of grids and h stands for the number of classifications of independent variable; Nh is the number of samples in h; σh2 and σ2 represent the variance of the independent variable for the units in class h and the entire region of different grids, respectively. The value of q is from 0 to 1. If h is produced by explanatory variable, then the q value means that the explanatory variable accounts for 100 × q% of independent variable. The greater the value of q, the more explanatory ability explanatory variable has on independent variable.



Interaction Detector Method

The interaction detector is used to investigate the interaction effects between two explanatory variables on independent variable, namely q(X1) and q(X2), in which the interaction effects (q (X1∩ X2)) can be roughly divided into three types: weakening, enhancement, and independence. The detailed description and interaction relationships are shown in Table 4 (Qiao et al., 2019).


TABLE 4. Interaction categories and interaction relationships.
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Generalized Linear Mixed Model

Generalized linear mixed model is a method to explore the relationship between independent variables and dependent variables on the basis of considering the random and mixed effects of independent variables. As an extension of GLM, GLMM is mainly suitable for dealing with discrete random variables that do not obey the normal distribution, mainly including three parts: the distribution of the independent variable y, connection function and linear prediction of the system. One of the common connection function of exponential distribution family into five kinds, which are normal distribution, binomial distribution, Poisson distribution, exponential distribution, and gamma distribution, respectively (Li et al., 2012). The expression of GLMM is shown in the Eq 6 as follows (Venables and Dichmont, 2004):
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Where y is an observation vector of n × 1, X is a known design matrix of n × p, z is a design matrix of n × q, β is an unknown parameter vector of p × 1, b is a random vector of q × 1, ε is a random error vector of n × 1, b, and ε are independent of each other.



Study Framework

The purpose of this study was to analyze the responses of habitat quality and animal biodiversity to grazing activities on the QTP. Firstly, the InVEST model was used to analyze the habitat quality. Secondly, the independent and interaction effects of grazing activities on habitat quality and animal biodiversity were explored by geographical detector method. Finally, based on the results of geographical detector method, the GLMM was applied to reveal the relationships between grazing activities and habitat quality and animal biodiversity in the case of random and fixed effects. The overall technical approach was illustrated in Figure 2.
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FIGURE 2. The working flowchart of this study.




RESULTS


Spatial Distribution Characteristics of Habitat Quality and Animal Biodiversity

The spatial distribution characteristics of habitat quality, bird species richness and mammal richness in grazing regions on the QTP was shown in Figure 3. The proportion of poor, low, moderate, good, and high habitat quality of grazing regions on the QTP was 19.56, 0.55, 1.67, 1.79, and 76.43%, respectively, indicating that the habitat quality level of the QTP was mainly high, followed by poor habitat quality (Figure 3A). The areas with poor habitat quality were distributed throughout the whole area, but mainly in the central and northern regions, while the areas with low habitat quality were only distributed in part of the southern and eastern areas. The regions with good habitat quality were distributed in the southern part of the QTP, while the areas with high habitat quality were distributed in all regions, and mainly in the western, southern and southeastern regions.
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FIGURE 3. The spatial distribution of habitat quality (A); bird species richness (B); and mammal richness (C) in the grazing regions on the Qinghai-Tibet Plateau (QTP).


Although the number of mammal richness was smaller than that of bird species richness, the spatial distribution characteristics of bird species richness and mammal richness were generally similar, with the lowest in the central region and an upward trend from middle to all directions (Figures 3B,C). Both bird species richness and mammal richness reached their maximum in the southeastern region of the QTP.



Independent and Interaction Effects of Grazing Activities on Habitat Quality and Animal Biodiversity

The factor detector was applied to analyze the independent effects of grazing activities on habitat and animal biodiversity, and the spatial distribution of the influence was shown in Figure 4.
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FIGURE 4. The spatial distribution of the independent effect of grazing activities on habitat quality (A); bird species richness (B); and mammal richness (C).


The influence of grazing activities on habitat quality ranged from 0.002 to 0.999, and the distribution characteristics showed a decreasing trend from east to west on the QTP (Figure 4A). The areas with the largest impact were mainly concentrated in the southeastern part of the QTP, while the areas with the least impact were mainly concentrated in some areas of Tibet province on the QTP.

The influence range of grazing activities on bird species richness was 0.001–0.920, and the distribution characteristics mainly showed a trend of decreasing first, then increasing, and finally decreasing from east to west on the QTP (Figure 4B). The areas with the largest impact were mainly concentrated in part of Qinghai province and the southwest region of Tibet province on the QTP, while the areas with small impact were mainly concentrated in the western region of the QTP.

The influence of grazing activities on mammal richness ranged from 0.005 to 0.797 (Figure 4C). The regions with the largest impact were mainly concentrated in the southeastern part of the QTP, while the regions with small impact were mainly concentrated in some areas of Qinghai and Tibet provinces.

The interaction effects between grazing activities and various influencing factors on habitat quality and animal biodiversity were analyzed, and it was found that the interaction between grazing activities and all factors all showed bivariate enhancements or nonlinear enhancements, indicating that the interaction effects between grazing activities between all factors were all greater than the single action of the grazing activities. The factors with the greatest interaction with grazing activities in different grids were screened out, and the result was shown in Figure 5.
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FIGURE 5. The spatial distribution of the maximum interaction between grazing activities and the factor on habitat quality (A); bird species richness (B); and mammal richness (C); and the area proportion with the largest interaction effects between grazing activities and the factor on habitat quality (D); bird species richness (E); and mammal richness (F).


The results showed that the interaction effects between grazing activities and slope were the main interaction on the QTP, and the areas affected by the interaction effects between grazing activities and slope were mainly distributed in most regions except the central region of the QTP (Figure 5A). The interaction effects between grazing activities and elevation, precipitation, temperature, and slope had the greatest impact on habitat quality, with the area proportions of 6.33, 8.51, 11.34, and 73.82%, respectively (Figure 5D).

The interaction effects between slope and grazing activities were the largest, which were mainly distributed in the central and northeastern regions, followed by the interaction effects between grazing activities and temperature, which was mainly distributed in the northwest region (Figure 5B). The interaction effects between grazing activities and elevation, precipitation, temperature, and slope had the greatest impact on bird species richness, with the area proportions being 8.35, 15.04, 30.60, and 46.00%, respectively (Figure 5E).

Among them, the largest interaction effect between precipitation and slope were mainly distributed in the central to eastern and central to southwestern regions (Figure 5C). The interaction effects between grazing activities and altitude, rainfall, temperature, and slope had the largest impact on mammal richness, with the area proportions being 10.82, 15.71, 27.30, and 46.17%, respectively (Figure 5F).

The influence of the maximum interaction effects between grazing activities and the factor on habitat quality, bird species richness, and mammal richness was shown in Figure 6. The interaction effects on habitat quality ranged from 0.068 to 1.000 (Figure 6A). The areas with the weakest interaction effects were mainly concentrated in the central part to the west on the QTP, while the regions with the strongest interaction effects were mainly distributed in the central, eastern, and southeastern parts of the QTP.
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FIGURE 6. The spatial distribution of maximum interaction effects between grazing activities and the factor on habitat quality (A); bird species richness (B); and mammal richness (C) in the grazing regions on the QTP.


The interaction effects on bird species richness ranged from 0.123 to 1.000 (Figure 6B). The areas with the weakest interaction effects were mainly concentrated in the north and part of the west, while the regions with the strongest interaction effects were mainly concentrated in the east and southeast.

The interaction effects on mammal richness ranged from 0.084 to 1.000 (Figure 6C). The areas with the weakest interaction effects were concentrated in the northwest part of the QTP, while the regions with the strongest effect were mainly concentrated in the southeast of the QTP.

In general, although the factors of maximum interaction effects affected by habitat quality, bird species richness, and mammal richness in each region were different, the distribution of maximum interaction degree on habitat quality, bird species richness, and mammal richness were roughly the same, with the characteristics of “lower in the northwest and higher in the southeast”.



Relationships Between Grazing Activities and Habitat Quality and Animal Biodiversity

Based on the results of the geographical detector, the factor with the least interaction of grazing activities in each grid was selected, and the factor and grid number were assumed as the random effect of the GLMM of different grid. The other four variables were set as the fixed effect of different grids, and then the GLMM of different grids was established. After the significance analysis of the parameter estimation of the fixed effect items, the fixed variables were gradually removed, the modeling was carried out. The obtained model was analyzed by variance to determine the final random effect factors, and the optimal GLMM of each grid was screened out. Since grazing activities was the main influencing factor of habitat quality and animal biodiversity and was fixed effect in each grid, only the regression coefficient distribution of grazing activities was displayed in Figure 7.
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FIGURE 7. Regression coefficient distribution of grazing activities of habitat quality (A); bird species richness (B); and mammal richness (C).


Grazing activities was the main influencing factor of habitat quality, the regression coefficients of grazing activities ranged from −0.633 to 0.259, and there were both positive and negative distribution in the study area, indicating that the impact of grazing activities on habitat quality was not stable (Figure 7A). According to the absolute value of the regression coefficient of grazing activities, the spatial distribution of grazing activities was generally “high in the middle and low around the periphery”. There was a positive correlation between grazing activities and habitat quality, and the positive correlation regions were mainly distributed in the south, northwest, and southeast of the QTP.

The regression coefficient of grazing activities of bird species richness ranged from −8.322 to 27.967 (Figure 7B), with both positive and negative distribution, indicating that the influence of grazing activities on bird species richness was not stable. According to the absolute value of the regression coefficient of grazing activities, the spatial distribution of grazing activities showed a downward trend from east to west, with the highest value in the east and the lowest value in the west. In general, there was a negative correlation between grazing activities and bird species richness, and the positive correlation regions were distributed in all regions, but mainly in the eastern and central parts of the QTP.

The regression coefficients of grazing activities of mammal richness were between −18.676 and 1.106, with both positive and negative distribution, indicating that grazing activities had an unstable influence on mammal richness (Figure 7C). According to the absolute value of the regression coefficient of grazing activities, the spatial distribution characteristics of grazing activities mainly showed a trend of low in the west and high in the east, with the lowest value in the west and the highest value in the east. In general, grazing activities and mammal richness were mainly negatively correlated, and the areas with positive correlation were mainly distributed in the eastern and central regions of the QTP.

For bird species richness and mammal richness, the spatial distribution characteristics of regression coefficients of grazing activities on the QTP were generally similar, and both were mainly negatively correlated, and the areas with positive correlation were mainly distributed in the eastern region.



DISCUSSION


Rationality of Indicators and Model Selection

In this study, we applied InVEST model to estimate the habitat quality on the QTP. Although the parameter setting of InVEST model was subjective to a certain extent, it was still a good method to explore the habitat quality of the QTP for the following two reasons. First, it can replace the detailed method to quickly examine the habitat quality changes (Zhu C. et al., 2020). Second, due to the large area of the QTP, there was a lack of species distribution data in many areas, and this method could well solve the problem of missing data which cannot be estimated (Zhang X. et al., 2020). Third, the variability of different habitats to the same environment under threat was considered (Tang et al., 2020).

Generally, cultivated land and construction land were selected as indicators in the habitat quality module of InVEST model (Shaffer et al., 2019). However, with the deepening of the study on habitat quality, road factors were added to the selection of threat factors from the initial cultivated land and construction land (Zhu C. et al., 2020). In recent years, GDP and population factors have been gradually added into the research, making the indicators selection more comprehensive. Therefore, for a comprehensive consideration, this study selected cultivated land, construction land, road factors, GDP and population as threat sources (Zhao and Li, 2020).

In traditional studies, only single factor is considered to affect the biodiversity conservation. However, in addition to the individual effect of the factor, biodiversity conservation is also affected by interaction effect between the factors, which is often ignored (Fan et al., 2021). In addition, the influence of factor on biodiversity conservation at grid scale is not necessarily a completely fixed part. Some factors may have individual differences and thus become random parts, and their influence on habitat quality may be random effects (Venables and Dichmont, 2004). However, in this kind of research, the influence of factor is usually unified as fixed effect, and the possible random effect of factors is often ignored. Therefore, geographical detector and GLMM were applied in this study.



Relationship Between Habitat Quality and Animal Biodiversity

Traditionally, there has been a high correlation between habitat quality and animal biodiversity (Edmonds et al., 2021). However, the responses of habitat quality and animal biodiversity to grazing activities on the QTP has not been studied. As the largest plateau in the world, the QTP had a large area and a relatively complex ecological environment (de Lima Filho et al., 2021). Due to the great differences in natural environment, the distribution of grazing activities, animal biodiversity, and habitat quality in different regions on the QTP were all spatially heterogenous (Su et al., 2020), therefore, some studies have inferred that the responses of habitat quality and animal biodiversity to grazing activities varies with different regional locations. In addition, the spatial resolution of raster data used in this study was 1 km except for the spatial resolution of bird species richness, which was 10 km. Studies have shown that grazing activities would directly affect the plant community on grassland and reduce the height and coverage of vegetation, leading to the reduction of vegetation types, and indirectly interfering with the activities of birds on grassland (Li L. et al., 2018). The ecological environment of the QTP was complex, the bird species richness varied in different regions because of the different tolerance of different birds to grazing activities (Wang Y. et al., 2020). Based on comprehensive consideration of the above research conclusions, the responses of habitat quality and animal biodiversity to grazing activities were selected at 5 km grid scale.

The spatial relationship between habitat quality and animal biodiversity was analyzed, and the result was shown in Figure 8. The correlation coefficients between habitat quality and bird species richness ranged from −0.354 to 0.666 (Figure 8A), and that between habitat quality and mammal richness ranged from −0.256 to 0.708 (Figure 8B). The regions with higher positive correlation between habitat quality and bird species richness and mammal richness were mainly concentrated in some regions in the eastern and southwest of the QTP. The regions with low correlation mainly concentrated in some areas in central and southern Tibet province and the northern and western part of Qinghai province. The area with negative correlation between habitat quality and bird species richness accounted for 30.38%, which was mainly distributed in the northern region of Tibet, while the areas with negative correlation between habitat quality and mammal richness accounted for 53.54%, which were mainly distributed in the western region of QTP. Above results were consistent with the results of existing studies. The studies have shown that the vegetation cover of the QTP showed a decreasing trend from southeast to northwest, and the higher the vegetation cover, the better the habitat quality (Wei H. et al., 2021). As a place for animals to survive, the quality of habitat would affect animal biodiversity (Chabuz et al., 2019). However, because of the special characteristics of the QTP, the eastern region, although it would take longer to recover after being damaged by human activities, also became a more suitable habitat for animals on the QTP due to its relatively suitable habitat conditions (Shi et al., 2018).
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FIGURE 8. Correlation coefficient between habitat quality and bird species richness (A); and between habitat quality and mammal richness (B).


Therefore, it can be concluded that the relationship between habitat quality and animal biodiversity on the QTP was indeed complex. In general, the correlation relationships between habitat quality and bird species richness and between habitat quality and mammal richness were all higher in the eastern part of the region, but weaker in the central and western regions. The correlations were different among different grids. This result also proved that the selection of the index of animal biodiversity should be considered comprehensively in the study of animal biodiversity conservation on the QTP.



Response of Habitat Quality to Grazing Activities

In this study, we used the InVEST model to estimate the habitat quality on the QTP, and found that the habitat quality was generally good, and the areas with poor habitat quality were mainly distributed in the central part of Tibet, the northern part, and the northwestern part of the QTP. These conclusions were similar to the research of Sun et al. (2020), in 2015, the habitat quality in the northern and central parts of the QTP was poor (Sun et al., 2020b). The research of Li et al. (2018a, b) found that the eastern basin of the QTP and the central region of Tibet were more vulnerable to human disturbances (Li et al., 2018a,b). By overlay analysis of grassland types and habitat quality on the QTP, it was found that the areas with poor habitat quality in this study were consistent with areas with alpine desert on the QTP. According to the study of Li H. et al. (2019), it was found that the lower the vegetation was, the lower the habitat quality was (Li H. et al., 2019).

In this study, the geographical detector and GLMM were used to analyze the impact of grazing activities on habitat quality, the results showed that although the habitat quality in the southeast on the QTP was high, it was more sensitive to grazing activities. When grazing activities intensified, the habitat quality in this region would decline. In addition, the northern part of the QTP showed the same response to grazing activities. The independent effect of grazing activities on habitat quality was the largest in the eastern region. The interaction effects between grazing activities and slope were the main interaction. This conclusion was related to the study of Li L. et al. (2019) and Yang C. et al. (2021), in the southeastern part of the QTP, the vegetation was relatively lush and mostly forest (Li et al., 2019b; Yang C. et al., 2021). The forest ecosystem was the dominant ecosystem in the above regions. Since the restoration ability of the forest ecosystem was worse than that of the grassland and rational grazing capacity was relatively low (Jian et al., 2021). Therefore, the intensification of grazing activities would lead to the habitat quality degradation. The results of Dong et al. (2020) showed that grazing activities was the main external disturbance factors that led to habitat quality degradation in the central and northern parts of the QTP. However, moderate grazing activities in these areas did not have negative effect on habitat quality, but can moderately improve habitat quality (Dong et al., 2020). In recent years, as the state attached great importance to the ecological environment of the QTP, many measures have been carried out to benefit the ecological environment, such as pastureland rehabilitation, grazing exclusion and so on (Wu et al., 2017; Sun et al., 2019). According to the research of Su et al. (2020), because the grazing exclusion and rotation grazing policies have been implemented in most of the central and western regions of the QTP, the grazing intensity have decreased year by year, and the situation of overgrazing in most areas was gradually improving (Sun et al., 2020). Therefore, grazing activities had a positive impact on habitat quality in the above areas. However, the pressure of overgrazing still remained in the central and northern parts of the QTP for a long time (Liu et al., 2021). Hence, grazing activities had a negative impact on habitat quality in these regions.



Response of Animal Biodiversity to Grazing Activities

In this study, two indicators, bird species richness and mammal richness, were selected to represent animal biodiversity. The distribution characteristics of the two types of animals were consistent. The areas where grazing activities had the greatest impact on bird species richness were mainly in the alpine desert region and the southwestern part of the QTP, while the impact on mammal richness was mainly distributed in the southeastern part of the QTP. Both bird species richness and mammal richness were mainly affected by the interaction between grazing activities and slope. Different was that the area proportion of bird species richness affected by the interaction between grazing activities and temperature was much higher than that of mammal richness. Moreover, the areas where bird species richness were mainly affected by the interaction between temperature and grazing activities were mainly in the southwest, central, and northeast of the QTP, while the areas where mammal richness were mainly affected by the interaction between temperature and grazing activities were mainly in the northern part of Tibet. Based on GLMM, it was found that the grazing activities mainly had a negative impact on bird species richness, and the areas affected by the positive impact were mainly concentrated in the southeastern area of the QTP, while the grazing activities mainly had a negative impact on mammal richness, and the areas affected by the positive impact were mainly distributed in the middle of Tibet province and part of Qinghai province. There was a certain degree of uncertainty in bird species richness, so only there may be potential regularities on large scales.

Above conclusions were similar to the research of Li L. et al. (2018), it was found that areas with strong grazing activities exerted greater pressure on bird species richness, and the distribution of bird species richness on the QTP was related to the complexity of vegetation zones and the height of sea level (Li L. et al., 2018). However, according to the research results of Päckert et al. (2015) and Jian et al. (2021), slope had a more significant impact on bird species richness than other environmental factors (Päckert et al., 2015; Jian et al., 2021). According to the study of Zou et al. (2020), it was found that vegetation flourished in the southeastern part of the QTP, and the reasonable storage capacity was low (Zou et al., 2020). The density of mammal richness in this region was high, and once grazing was overdone, the grassland recovery time in this region would be longer than that in other areas, and the habitat of mammal richness would be destroyed, which would lead to the decrease of mammal richness (Wilson and Smith, 2015; Huang et al., 2020). Due to the particularity of the distribution of mammal richness, with the increase of the elevation on the QTP, temperature gradually decreased, and mammal richness were gradually affected by the interaction of elevation, temperature, and grazing activities (Zhang et al., 2016; Li X. et al., 2018). Studies have shown that the habitat selection of birds tends to focus on vegetation structure, vegetation coverage and other living conditions, and the higher the altitude is, the more suitable survival of birds (Jian et al., 2021). However, when it reaches a certain height, the sudden drop in temperature is not conducive to the habitat of birds, and the bird species richness will decrease. Compared with slope and altitude, the effects of temperature and precipitation are relatively small (Päckert et al., 2015). The results were relatively consistent with the study of Jian et al. (2021) and Päckert et al. (2015). According to the study of Liu (2004), the distribution of mammal richness was closely related to the quality of their habitats. The abundance of mammals decreased with the increase of the elevation gradient of 1,000 m and the decrease of air temperature by 0.6° (Liu, 2004). Moreover, with the increase of the average temperature, it showed significant fluctuations and tended to decrease. However, the response of mammal richness to precipitation increased first and then decreased with the increase of precipitation (Zhang et al., 2016).

The environment of the QTP is complex, and the effects of grazing activities on different bird species richness and mammal richness are different. However, the species and number of birds and mammal richness in some areas are not completely clear, so it is necessary to conduct research in depth in the future.



Limitations and Future Works

In this study, based on consideration of interaction effects between the factors and consideration of fixed or random effects of factors, we explored the responses of habitat quality and animal biodiversity to grazing activities. Thus, the results of the study can provide references for biodiversity conservation on the QTP. However, there were still some limitations in this study. First, in this study, we investigated the responses of habitat quality and animal biodiversity to grazing activities at 5 km grid scale. Studies have shown that there was a scale effect of human activities on habitat quality and animal biodiversity (Li et al., 2019a; Su et al., 2019). For the QTP, which was a large area with a more complex environment, the effects of grazing activities on habitat quality and animal biodiversity may vary greatly at different raster scales (Li et al., 2020). However, the responses of habitat quality and animal biodiversity to grazing activities at other scales was not considered in this study.

Second, although the main human activity on the QTP was grazing activities, only grazing activities was selected as the index of human activity in this study. However, previous studies showed that land use change (Wei H. et al., 2021), such as infrastructure construction and tourism (Ni et al., 2021), was also a part of human activities, which was not considered. In addition, in recent years, the government has implemented a series of ecological engineering measures to effectively restore the environment on the QTP, such as grazing exclusion (Sun et al., 2020). Some studies have shown that some counties on the northern Tibet were implementing a 10-years grazing exclusion in 2015 (Wu et al., 2017). However, some of the human activities described above were also major human activities other than grazing activities, but were not taken into account. Therefore, the consideration and selection of human factors were not sufficient and complete in this study.

Third, the two methods had their own advantages. Geographical detector could well consider the interaction effects between two factors, but the obtained results cannot quantitatively determine the impact of the interaction (Liu et al., 2021a). Moreover, there may be some interaction effects between various factors, which may also have impacts on biodiversity conservation. However, there may still be some problems in this study. Fewer factors affecting biodiversity conservation were selected, which may lead to certain errors in the random factors and fixed factors screened out by the model, thus leading to inaccurate results (Hubin and Storvik, 2018).

Finally, the habitat quality in this study was obtained by using the InVEST model based on a combination of the effects of various threat factors on different LULC types (Song et al., 2020). Although the Invest model was the main method in studies of habitat quality assessment, the parameters such as the weight of threat factors and habitat suitability were mainly obtained based on the existing literature or expert scoring method, which may be subjective (Andrus et al., 2021), and the ecological environment of the QTP was complex, and the parameters may vary from region to region. Not only that, since a large part of the QTP is a nature reserve or uninhabited area, it has certain particularity, and the distribution characteristics of various threat factors may be similar, so there may be some errors in the obtained results. In addition, this habitat quality did not refer to the habitat quality of specific organisms (Zhang H. et al., 2020), so the relationship between this habitat quality and animal biodiversity may not be significant.

Therefore, considering the above deficiencies, we will explore the impact of grazing activities on habitat quality and animal biodiversity at different scales, and combine with field research to make the results more accurate and reliable.



CONCLUSION

The responses of habitat quality and animal biodiversity and their interaction mechanisms were revealed spatially on the QTP in this study. Grazing activities lead to degradation of habitat quality and a sharp decline in biodiversity. In this study, based on the InVEST model, the habitat quality in grazing areas on the QTP was evaluated, and it was found that the overall habitat quality was good. The habitat quality level was mainly high, accounting for 76.43% of the area, and mainly distributed in the southern part. Then geographical detector method elucidated the independent effects of grazing activities and interaction effects between grazing activities and the factors on habitat quality and animal biodiversity. Finally, based on GLMM, considering the random effects and fixed effects of different grids, we found the relationship between grazing activities and habitat quality and animal biodiversity was mainly positive and negative, respectively. The regression coefficients distribution of grazing activities of habitat quality and animal biodiversity showed great spatial difference. The results showed that the areas where grazing activities had the greatest impact on habitat quality, bird species richness and mammal richness were mainly concentrated in the southeast, northeast, and southeast of the QTP, respectively.

The results of our study are of great significance for the study of responses of habitat quality and animal biodiversity to grazing activities and can provide effective guidance for biodiversity conservation on the QTP.
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Large quantities of organic matter are stored in frozen soils (permafrost) within the Qinghai–Tibetan Plateau (QTP). The most of QTP regions in particular have experienced significant warming and wetting over the past 50 years, and this warming trend is projected to intensify in the future. Such climate change will likely alter the soil freeze–thaw pattern in permafrost active layer and toward significant greenhouse gas nitrous oxide (N2O) release. However, the interaction effect of warming and altered soil moisture on N2O emission during freezing and thawing is unclear. Here, we used simulation experiments to test how changes in N2O flux relate to different thawing temperatures (T5–5°C, T10–10°C, and T20–20°C) and soil volumetric water contents (VWCs, W15–15%, W30–30%, and W45–45%) under 165 F–T cycles in topsoil (0–20 cm) of an alpine meadow with discontinuous permafrost in the QTP. First, in contrast to the prevailing view, soil moisture but not thawing temperature dominated the large N2O pulses during F–T events. The maximum emissions, 1,123.16–5,849.54 μg m–2 h–1, appeared in the range of soil VWC from 17% to 38%. However, the mean N2O fluxes had no significant difference between different thawing temperatures when soil was dry or waterlogged. Second, in medium soil moisture, low thawing temperature is more able to promote soil N2O emission than high temperature. For example, the peak value (5,849.54 μg m–2 h–1) and cumulative emissions (366.6 mg m–2) of W30T5 treatment were five times and two to four times higher than W30T10 and W30T20, respectively. Third, during long-term freeze–thaw cycles, the patterns of cumulative N2O emissions were related to soil moisture. treatments; on the contrary, the cumulative emissions of W45 treatments slowly increased until more than 80 cycles. Finally, long-term freeze–thaw cycles could improve nitrogen availability, prolong N2O release time, and increase N2O cumulative emission in permafrost active layer. Particularly, the high emission was concentrated in the first 27 and 48 cycles in W15 and W30, respectively. Overall, our study highlighted that large emissions of N2O in F–T events tend to occur in medium moisture soil at lower thawing temperature; the increased number of F–T cycles may enhance N2O emission and nitrogen mineralization in permafrost active layer.

Keywords: global climate change, nitrous oxide, permafrost active layer, freeze–thaw, nitrogen transformation


INTRODUCTION

The global permafrost and seasonally frozen ground cover about 70% of all terrestrial ecosystems (Lawrence et al., 2012). In cold regions, soil freeze–thaw (F–T) events are a key natural process driving soil aggregate fragmentation (Chai et al., 2014), organic matter activization (Chen L. et al., 2016), root death (Kreyling et al., 2012), changes in microbial community structure and function (Yang et al., 2018; Mao et al., 2019), and available nitrogen (N) transformation (Jiang et al., 2020; Mao et al., 2020). These process changes in a warmer world are further intensifying nitrous oxide (N2O) release from permafrost and seasonally frozen zones (Henry, 2008; Brooks et al., 2011; Risk et al., 2013; Chen et al., 2018; Lv et al., 2020).

Global warming is profoundly altering soil F–T patterns by increasing the thickness of the permafrost active layer, reducing days of the frozen period, and increasing days of the thawing period (Henry, 2008; Elberling et al., 2013; Schuur et al., 2015; Lin et al., 2017). Moreover, the decreasing precipitation in winter (Gaëlle et al., 2011) would cause the topsoil to undergo more frequent F–T cycles because of a lack of insulation from snow cover (Wipf et al., 2015) and, consequently, accelerate soil organic matter decomposition (Bracho et al., 2016). All these changes would provide favorable microenvironments and sufficient feedstock for excessive use of N by soil microbial nitrification–denitrification (Teepe et al., 2001). However, the magnitude of F–T effects on the key process of N transformation, particularly N2O emissions, in high latitude and/or high-altitude regions remains highly uncertain.

N2O is a product of nitrification and denitrification, and a potent greenhouse gas with about 265 times more warming potential than CO2 over a 100-year period (IPCC, 2013). During recent F–T events, significant soil N2O emissions have been reported in different types of cold ecosystems (Wu et al., 2020; Li et al., 2021). We synthesized some existing studies and found that the amount of N2O released ranged from 0.7 to 27.2 kg N ha–1 during the nongrowing season (October–April), accounting for 10–80% of their total annual ecosystem soil emissions (Chen et al., 2018). Thus, in cold regions, the large N2O emissions during F–T cycles are not only a crucial part of the soil N pool loss but also a non-negligible global greenhouse gas source, with CO2 release from widespread permafrost thawing (Wang et al., 2014; Schuur et al., 2015; Song et al., 2015; Lv et al., 2020).

Unfortunately, despite being an indicator of global climate change, N2O emissions during the F–T period from alpine grasslands in the Qinghai–Tibetan Plateau (QTP) are rarely reported. Moreover, the permafrost soil environment in the QTP has become more complicated under climate change. The overall warming rate of the QTP ranges from 0.16 to 0.67°C decade–1, and the temperature increase in winter (0.45°C 10 a–1) is nearly twice that in summer (Qin, 2014). An in situ warming experiment showed that the thickness of the seasonally frozen ground would decrease by 14.8% when the temperature of surface soil in the alpine meadow increases 2.03–2.3°C, the frozen period would decrease by 44–83 days, and the number of day–night F–T cycle days in the topsoil during spring would increase by 37–44 days (Lin et al., 2017). The annual precipitation is also increasing in most areas of the QTP, while some subregions are becoming drier (Kuang and Jiao, 2016). On account of the large specific heat capacity of water, the slight fluctuation of soil moisture will significantly change the process of soil heat exchange during the F–T process (Fang et al., 2016). Thus, it is worth studying the interaction effect of warming and altered soil moisture on N2O emission during freezing and thawing.

Most single-factor studies suggest that large soil N2O emissions are significantly affected by thawing temperature (Yao et al., 2010), and the emissions occur over a few F–T cycles (Teepe et al., 2001; Bollmann and Conrad, 2004; Wu et al., 2019). However, our previous in situ study showed that soil temperature had no significant correlation with the N2O fluxes during spring thawing because the snow-cover thawing increased soil water content and led to the surface soil remaining at about 0°C for a long time (Chen et al., 2018). The short pulses of N2O emission resulted from the combined impact of high soil moisture and flush available nitrogen (Yao et al., 2010; Lu et al., 2015a,b; Jiang et al., 2020; Wu et al., 2020). In view of the synchronous change in temperature and precipitation on the QTP, the first question we would like to explore was how N2O emissions respond to different moisture and thawing temperature gradations during the F–T process.

Our second aim was to determine whether soil N2O emissions in the QTP permafrost region are closely related to the number of F–T cycles. It is still difficult to accurately capture N2O emissions during soil freezing or thawing in the field without real-time online monitoring instruments. These conditions are unfavorable for assessing greenhouse gas emissions during nongrowing seasons in high latitudes or elevation regions. Thus, we aimed to create a model of N2O flux pattern under the coupled conditions of varying temperature and moisture gradients. Based on the above objectives, this study used long-term F–T cycle laboratory experiments to test QTP alpine meadow soil N2O dynamics and determine the relationship between N2O flux and soil F–T environmental factors. Ultimately, the results of this study would provide guidance for further discussion of the ecological effects of F–T on the soil N cycle in the QTP permafrost under climate change.



MATERIALS AND METHODS


Site Description

Soil samples were collected from Daban Mountain (37°20′16.93″N, 101°23′47.21″E, 3,705 m a.s.l.), located in the eastern part of the Qilian Mountains in Qinghai Province. The area has a typical plateau continental climate, with a long cold winter and short warm summer. The annual average temperature was −1.6°C, with the maximum monthly mean temperature in July (10.1°C) and the minimum monthly mean temperature in January (−15.0°C). The historical extreme maximum and minimum temperatures were 26.8 and −37.1°C, respectively. The number of days with a daily minimum temperature below 0°C during the year was as high as 280 days. The annual precipitation was 560 mm, on average, of which 85% was concentrated in May–September. The regional annual mean evaporation was 1,238.0 mm (Li et al., 2004; Dai et al., 2019). The dominant species is Kobresia pygmaea, and it is associated with Saussurea, Potentilla, Leontopodium, Gentian, Saxifraga, Poa, Oxytropis, and Polygonum. The average height of vegetation was < 10 cm, and the aboveground dry biomass averages 210 g m–2.

Soil samples were collected in a transition zone of seasonal permafrost and spot (island) permafrost, and the soil was classified as Inceptisol or Cambisol. The topsoil (0–10 cm) organic matter, bulk density, pH, and soil volume water content in K. humilis meadow are 138.52 ± 13.82 g kg–1, 0.75 ± 0.05 g cm–3, 7.50 ± 0.22, and 32.7% ± 5.17%, respectively (Wang et al., 2011). The site froze from late October to mid-November. A stable thin permafrost layer began to form in late November, and the thickness of the permafrost continued to increase and reached the maximum freezing depth of 0.5–1 m in mid-February of the following year. The soil began to enter the thawing period in early March, and the thaw depth continued to increase until thawing was complete by late April (Lin et al., 2017; Dai et al., 2019).



Experimental Design

We used soil VWC to express the level of soil moisture. Three VWC values (W15–15%, W30–30%, and W45–45%) and three thawing temperature (T5–5°C, T10–10°C, and T20–20°C) levels were applied in a randomized complete block design, for nine total treatments and three replications for each treatment. The topsoil of the study site usually begins to thaw from early-March to mid-April (Lin et al., 2017; Dai et al., 2019), and during this time, the day air temperatures fluctuate between 0°C and 13°C. Therefore, the 5°C of thawing temperature in our study was used as the control temperature. The 10°C of thawing temperature could represent the century-scale warming trend (2–7°C) of the QTP (Qin, 2014). The 20°C means extreme high temperature. According to our pre-experiment, the maximum volumetric water content was about 45%, and field study showed that the soil moisture in the growing season (July–August) were maintained at about 25%–35% VWC. Thus, we take the 30% VWC as the medium soil water. The difference in moisture gradient was controlled by 15% VWC. The existing precipitation control test also set treatments with natural and 50% reduction or increase in rainfall in an alpine grassland on the northeastern Tibetan Plateau (Xu et al., 2017).

In early July 2019, we set three 1-m × 1-m plots in the experiment site, then cut off the aboveground biomass, collected a sufficient amount of top soil (0–20 cm) with a drill (diameter 10 cm), and brought soil back to the laboratory the same day. After removing dead grass litter, plant roots, and gravel (grain diameter > 2 mm), 500 g of soil was weighed and transferred to a 1-L glass jar; then, the bottle was shaken to ensure that the soil contacted the bottle. The height of the soil in the bottle was 8–10 cm, and the soil surface was 11–13 cm away from the bottle plug. The plastic plugs of each bottle had three holes, two of which were connected to a rubber tube and a three-way valve. One of the three-way valves was linked with sampling needle tubing (10 ml), and the other valve was connected with the needle tubing (100 ml) to balance the bottle pressure. The third hole was used to hold the probe thermometer for recording the air temperature in each bottle. The interfaces of the holes were treated with latex to ensure airtightness. A time-domain reflectometer was used to measure soil moisture, which was adjusted in every treatment to the required VWC by adding ultrapure water. Each bottle was measured every 5 days during the whole test, and according to the change in mass, ultrapure water was added to keep the soil moisture stable.

Because the daily maximum temperature in the study area was nearly 15°C when we collected the samples, in order to make the test soil microbial community as consistent as possible with the early cold season, all samples were successively incubated at 15°C, 10°C, and 5°C for 1 week. After the cold acclimation, samples were put in three different incubators, and day and night F–T treatment was initiated. The freezing temperature was set as −20°C from 20:00 to 8:00 the next day, and thawing temperatures were set as 5°C, 10°C, and 20°C from 08:00 to 20:00. On the day of sampling, the freezing time were reduced by 90 min (21:30 to 08:00 the next day). The F–T cycles lasted about 165 days.



N2O Flux Measurements

Gas collection and measurement were similar to the static chamber-gas chromatography method. Gasses were sampled once a day during the first 7 days, then once every 3 days from the 8th to 22nd day, once every 5 days from the 23rd to 48th day, and once every 7 days from the 49th to 165th days. The gas collection began at 20:00, and after the bottle was closed, a 10-ml gas sample was taken from the bottle with a plastic syringe at 0, 30, 60, and 90 min. Every time before the gas sample was drawn, the syringe piston was quickly pushed and pulled twice to stir and mix the air in the bottle. The three-way valves of the air intake channel were kept closed between the sampling intervals. We recorded the air temperature inside and outside of the bottle at every sampling, which were used to correct the N2O flux. The soil surface temperatures of each treatment were measured with an infrared detector.

The N2O concentration of the gas sample was analyzed within 24 h using gas chromatography (Agilent 7890A, Agilent Technologies, Sta Clara, CA, United States). The N2O flux was calculated according to the following equation:
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where F (μg m–2 h–1) is the N2O flux; dc/dt is the slope of the linear regression for the N2O concentration gradient as a function of time; M (g mol–1) is the molecular mass of N2O; P (Pa) is the atmospheric pressure; T (K) is the absolute temperature during sampling; V0 (L), T0 (K), and P0 (Pa) are the gas mole volume, absolute air temperature, and atmospheric pressure under standard condition, respectively; and H (m) is the height of the soil surface to the bottle plug (Chen et al., 2018).



Data Analysis

All data were assessed for normality of variance before analysis. First, the effects of VWC, temperature, number of F–T cycles, and their interactions on mean N2O flux were investigated using general linear-model multivariate analysis. In the model, the significant differences in the mean N2O fluxes between the treatments based on a least significant difference (LSD) test (IBM SPSS Statistics 20.0, SPSS Inc., Chicago, IL, United States). Second, a quarter of the measured N2O flux was used to represent the daily mean emission rate, and the cumulative emissions were estimated using a linear interpolation method. Finally, linear, polynomial, exponential, and peak functions were used for fitting N2O flux and soil moisture and temperature in OriginPro 2020b (OriginLab Corp., Northampton, MA, United States). The models with the highest fitting degree were selected to represent the regression relationship between N2O flux and other environmental factors. All significant differences were at 0.05 (α).




RESULTS


N2O Flux Pattern in Freeze–Thaw Cycles

The N2O emissions of W30 treatment were higher than W15 and W45, and its patterns were similar even at different thawing temperatures. Figures 1A-1,B-1,C-1 shows that the emission periods of W30 treatment were concentrated in the first 48 cycles, and the peak value occurred at the 13th F–T cycle. The peaks of W30T5, W30T10, and W30T20 were, respectively, 5,849.54, 1,123.16, and 1,253.83 μg m–2 h–1, which were 1,466.05, 335.27, and 327.37 times higher than the initial values. However, the major emissions of the W1 group occurred from 1 to 27 days, the emission peak (190.78–223.27 μg m–2 h–1) occurred after the third or fourth F–T cycle and was only 1.55–1.85 times that at the beginning of the F–T cycles. Instead of increasing, the fluxes of W45 treatments dropped sharply after the first cycle and were maintained at between −2.95 and 13.69 μg m–2 h–1 during all F–T cycles.
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FIGURE 1. (A-1,B-1,C-1) Dynamics and (A-2,B-2,C-2) average flux of N2O during freeze–thaw cycles. Capital letters above each bar indicate significant differences between different soil moistures with the same thawing temperature, and the lowercase letters indicate significant differences between different thawing temperatures with the same soil moisture.


Variance analysis also indicated that at the same thawing temperature, the average fluxes of W30 treatment were significantly higher than those of W15, and the W45 treatment had the lowest fluxes (Figures 1A-2,B-2,C-2). At the same moisture, the average fluxes were not significantly different between different thawing temperatures in the W15 and W45 groups, but the mean flux of W30T5 (747.02 μg m–2 h–1) was significantly higher than that of W30T20 (363.99 μg m–2 h–1), and W30T10 (220.41 μg m–2 h–1) was the lowest.



The Pattern of N2O Cumulative Emissions During Long-Term Freeze–Thaw Cycles

The three soil moisture levels showed three cumulative emission patterns. The total cumulative emissions of the W30 group were the highest (102.04–366.6 mg m–2), followed by the W15 group (24.96–34.18 mg m–2) and the W45 group (0.81–2.96 mg⋅m–2). In the W15 group, the N2O cumulative emissions continued increasing over all F–T cycles (average accumulation rate, 0.19 mg m–2 day–1) (Figures 2A–C). The accumulations of the W30 group were mainly reflected at the beginning of F–T cycles (average accumulation rate, 8.3 mg m–2 day–1) and increased minimally after 60 cycles (Figures 2D–F). However, N2O fluxes of the W45 group were low in early F–T cycles, only increasing after 80 cycles, primarily in W45 (Figures 2G–I).
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FIGURE 2. The patterns of cumulative N2O emissions under the treatments of (A) W15T5, (B) W15T10, (C) W15T20, (D) W30T5, (E) W30T10, (F) W30T20, (G) W45T5, (H) W45T10, and (I) W45T20. The slope of the tangent lines represent the intensity of cumulative emission.




Dynamics of the Ammonium and Nitrate Contents

During the early freeze–thaw cycle, ammonium increased significantly in all treatments, and the peak value range from 57.42 to 188.80 mg kg–1 (Figures 3A-1,B-1,C-1). The increase in soil ammonium contents coincided with N2O large emission in W15 and W30. Although the peak ammonium contents in the water-saturated soil were higher than other treatments at the early freeze–thaw stage, there was no significant N2O emissions. The nitrate content increased sharply in W30T5 during early freeze–thaw cycle, and the peak value of nitrate content was nearly 24.11 mg kg–1 (Figure 3A-2). Meanwhile, only low thawing temperature (T5) improved nitrate accumulation after long freeze–thaw cycles (Figures 3A-2,B-2,C-2).
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FIGURE 3. Dynamics of the (A-1,B-1,C-1) ammonium and (A-2,B-2,C-2) nitrate contents in different treatments.




Relationship Between N2O Flux and Freeze–Thaw Environmental Factors

The results showed that soil moisture, thawing temperature, and the number of F–T cycles all had significant impacts on N2O flux, and their interactions were significant (P < 0.01) (Table 1). Figure 4 shows that the flux response to soil moisture during F-T cycles conformed to the Gauss Amp function at the three different thawing temperatures (P < 0.01). In the range of VWC 15–45%, N2O flux variations were “unimodal.” The peak emission values of T5, T10, and T20 treatments were at VWC 27%, 25%, and 30%, respectively, and the 95% confidence intervals were, respectively, 22–32%, 17–32%, and 22–38% (Figure 4). These results highlighted that the medium level of soil water was essential in controlling large N2O emissions during F–T cycles.


TABLE 1. Test of soil moisture (W), thawing temperature (T), and freeze–thaw cycles (FTCs) effects on N2O flux in the general linear model.
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FIGURE 4. Gauss fit between N2O flux and soil moisture under three different thawing temperatures (T5–5°C, T10–10°C, and T20–20°C).


There were no correlations between the N2O flux and thawing temperature in the W15 and W45 groups (Figures 5A,C). The response of flux to temperature showed a polynomial relationship (P = 0.02) in the W30 treatment, and it increased with the temperature increase in the range of 0°C to 5°C, then decreased in the range of 5–10°C and increased again from 10°C to 20°C (Figure 5B). This suggested that the N2O flux was mostly influenced by a medium moisture level in soil, and the large N2O emissions during F–T cycles had complicated nonlinear relationships with the thawing temperature.
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FIGURE 5. The fitting results between N2O flux and thawing temperature under soil volumetric water content of (A) 15%, (B) 30%, and (C) 45%. Solid lines represent significant (P < 0.05) fitted curves, while the dotted line are not significant (P > 0.05).




Model of N2O Flux During Short-Term Freeze–Thaw Cycles

Based on the relationship between soil N2O dynamics and soil water and thawing temperature in the first 48 F–T cycles (large emission period), we drew the diagram of N2O flux model (Figure 6). We speculated that the medium moisture controlled the large production and release of N2O over F–T cycles. Because of appropriate soil, porosity tends to result in abundant aerobic and anaerobic microenvironments. These microzones were especially common at low thawing temperatures when the ice crystals in deep soil do not melt completely and coexist with soil air and free water, simultaneously promoting nitrification and denitrification. However, under dry conditions, the vast aerobic environment was beneficial to nitrification, and some N2O was released as the nitrification by-product. For the high soil water content, N2O production was dominated by denitrification, and the large intermediate products of N2O were completely converted to N2 under an anaerobic environment. Moreover, under high moisture, the large interstices of deep soil were filled with water or ice, and the upper layer was covered with water. These physical barriers would block N2O emissions and greatly reduce N2O flux when frozen soil was thawing. The effect of thawing temperatures on the redox conditions of dry and waterlogged soil was limited, so the response of soil N2O flux to thawing temperature tended to be consistent in these two states.
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FIGURE 6. Model of N2O flux response to soil moisture and temperature during short-term freeze–thaw cycles. The horizontal axis represents soil moisture, increasing from left to right. The diagram below the abscissa shows the soil environment under different soil water contents, in which the black lines represent plant roots, the gray irregular geometric shapes represent soil aggregates, the white gaps represent interstices of soil, and the blue parts represent soil free water. The photo of vegetation landscape from left to right is alpine steppe, alpine meadow, and alpine wetland. All the photos were taken by the first author in the Qinghai–Tibetan Plateau.





DISCUSSION


The Effects of Abiotic and Nitrogen Transformation on N2O Flux During the Freeze–Thaw Cycles

We found that no matter how the thawing temperature changed, the N2O fluxes had significant peak functions with soil VWC, and the 95% confidence intervals ranged from 17 to 38% (VWC). These findings show that the relationship between soil moisture and N2O flux during F–T cycles was not linear, and a medium level of moisture is more likely to promote N2O emissions. In contrast, when the soil was dry or waterlogged, N2O emissions were sharply reduced during F–T. Our previous in situ test of seasonal frozen arable soils in northeast China also indicated that soil moisture explained 32% of the N2O flux variation, and high soil moisture (30–55%) triggered the N2O burst during the spring thaw (Chen et al., 2018). Quick warming of the bare soil after snow melt resulted in rapidly decreased water content that returned to normal along with N2O flux (Chen et al., 2018). However, in our earlier research, the soil moisture (55%) at maximum emissions was higher than in this study (17%–38%), which may be related to the high water-holding capacity of arable black soil (mollisols) (Chen et al., 2018).

Teepe et al. (2004) explained that N2O emissions during thawing decreased in the order 64% > 55% > 42% [water-filled pore space (WFPS)], but the flux at 76% WFPS was less than that at 55% WFPS. If our soil moisture were converted into WFPS, the peak values corresponding to the regression curve were 61% (T5), 55% (T10), and 66% (T20). This means that the flux was positively correlated with the soil moisture when WFPS was lower than 55%, while it was negatively correlated with moisture when WFPS was higher than 66%. Thus, we assumed that the soil moisture had a threshold value to determine the large N2O release during F–T. Other laboratory experiments also support our inference. For instance, Lu et al. (2015b, a) studied meadow-steppe grassland soil and found that N2O emissions in F–T processes are 30 μg kg–1 h–1 when soil moisture was about 8% VWC; however, the flux plunged to 8.4 μg kg–1 h–1 in waterlogged soil. If soil water is a crucial factor that controls N2O emissions during F–T, it is easy to understand why the current results of global N2O variation are so large (0.7–27.2 kg N ha–1) (Chen Z. et al., 2016). If more informed studies of in situ data of N2O fluxes and soil moisture in the F–T period were integrated by meta-analysis, more meaningful and accurate conclusions may be obtained.

We suspected that the effects of soil moisture on N2O emissions during F–T cycles were largely related to nitrification and denitrification, both of which generate N2O and are regulated by soil O2 partial pressure. Studies show that, in dry soil, the N2O emissions of nitrification increase as soil water content increases, and the release reaches a maximum when soil moisture is in the range of 45–55% maximum water holding capacity (WHC) (Bollmann and Conrad, 2004). N2O emissions of denitrification in moist soils increase as soil water content increases, and maximum N2O emissions were observed at 65–80% WHC (Bollmann and Conrad, 2004). Other studies found that denitrification is the major contributor of N2O emissions under F–T environments, accounting for 80–90% of total N2O emissions (Ludwig et al., 2004; Öquist et al., 2004; Yanai et al., 2007). Soil moisture in these studies was mostly maintained at 60% WFPS, similar to our W2 group. In waterlogged soil, the N2O fluxes maintained at a low level might be caused by an increased ratio of N2/N2O in the anaerobic environment (Teepe et al., 2004). Note that more N2O is reduced to N2 under high soil moisture. We also observed that the water level of the soil surface in W45 increased about 0.5–1.0 mm compared with the initial value (Figure 7). Previous studies have indicated that unfrozen soil water would be transferred from deep soil to upper layers during freezing (Dai et al., 2019). Thus, the increased water layer enhances the physical barrier and impedes soil N2O outflow. It is inferred that when the soil water was below the threshold value, the positive correlation between N2O flux and moisture was due to the accumulation of N2O, as the by-product of nitrification and the product of nitrate are reduced by denitrifying bacteria (Ji et al., 2015). However, complete denitrification accelerates N2O consumption, and aqueous barriers alleviate N2O emissions when the moisture is high.
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FIGURE 7. The thickness of water layer above the surface soil during the freezing–thawing cycles.


The soil N2O emissions with moderate moisture under low thawing temperature (T5) were much higher than in normal (T10) and high temperature (T20) treatments. Surprisingly, the peak flux of W30T5 was as high as 5,849.54 μg⋅m–2⋅h–1, which was the highest compared to all previous studies. Teepe et al. (2001) confirmed that frequent F–T cycles create abundant aerobic, anaerobic, or intermediate microzones, which are favorable for nitrification and denitrification. Consistent with Teepe et al. (2001), we observed that the frozen soil of W30T10 and W30T20 samples were thawed completely after 12 h, but W30T5 only thawed about 1/4 volume. Although we did not have direct evidence of the soil porosity changes under different thawing temperatures, it is not inconceivable that the air, free water, and ice crystals coexist in semithawed soil (Figure 6). We speculate that under moderate moisture and low thawing temperature, F–T cycles allowed for unique redox conditions favorable to N2O production in nitrification and denitrification, and the semithawed state also provides large soil voids and ice openings for N2O to move to the atmosphere.

In this study, the N2O emissions of the W15 and W30 groups, respectively, peaked at the 3rd/4th cycles and 13th cycles, similar to previous studies (1st–9th cycles) (Teepe et al., 2001; Bollmann and Conrad, 2004; Wu et al., 2019). Nutrient availability is widely regarded as the main reason for the massive release of N2O during short F–T events (Risk et al., 2013; Congreves et al., 2018). This hypothesis holds that fragmented soil aggregates (Chai et al., 2014) and microbial mortality during F–T can release small molecular organic N (NH4+, NO3–, and amino acid) (Yanai et al., 2011; Yu et al., 2011). The abundant metabolic substrates stimulate microbial activities and accelerate N2O production. Our previous study also demonstrated that the available N explained 30% of the variation in N2O fluxes during spring thawing (Chen et al., 2018). Subsequent studies also confirmed that dissolved organic matter and inorganic N jointly regulate N2O flux from soils with different moistures during a freeze–thaw period (Wu et al., 2019).

Accordingly, it is easy to understand the sharp increase in emissions during the 1st–13th F–T cycles of W15 and W30 treatments. However, previous studies showed that available N increased rapidly only in the first to fourth F–T cycles, and then, the contents stabilized after multiple repeated cycles (Grogan et al., 2004; Yu et al., 2011). This means that the promotion of N2O emissions due to the increase in effective N over long-term F–T cycles is limited. However, the emission period of our study lasted until the 27th (W15) and 48th (W30) cycles. Moreover, the cumulative emissions of W15 and W45 were still increasing after 80 F–T cycles. Contrasting with the short-term effects of F–T on other seasonally frozen soil, frequent F–T disturbance may cause longer N transformation in alpine grasslands. Therefore, we suspected that the nutrient release in dry soil persisted during the long-term F–T cycles, and the N conversion pattern was different from that in soil with high moisture. The effect of F–T on the decomposition of soil organic matter in alpine grasslands under different water gradients needs further study.



The Model of N2O Flux During Freeze–Thaw Cycles Under Global Change

This model (Figure 6) can provide some guidance for predicting the response of N2O emissions in the nongrowing season under climate change, especially during spring thaw or snow melt. As our results showed, F–T disturbances drive N conversion and accelerate greenhouse gas (N2O) emissions. Therefore, exploring the response of the soil C and N cycles to F–T events under different ecosystems of hydrothermal coupling is also necessary to predict the impacts and feedback of climate change in cold regions. Under the current climate, Wang et al. (2013) found that N2O emissions of alpine meadow soil during spring thaw were 6.79 mg m–2, accounting for 11% of emissions for the year. This in situ site is 30 km away from our sampling area. Although the value is much lower than our results, the warmer climate results in the topsoil undergoing many more F–T cycles and consequently prolongs the N2O emission period in spring thawing and increases the proportion of emissions during the nongrowing season.

The current research shows that the climate of the QTP has become warmer and wetter, and the increased precipitation is mainly concentrated in the growing season (Zhang Y. H. et al., 2016). This means that if the rainfall/snowfall increased in late September or early March, as our results suggested, this change would probably aggravate soil N2O emissions in dry ecosystems, such as meadow and steppe. The large gaseous N loss may further reduce N availability and even limit N supply during the wet season. However, the annual total evapotranspiration (522.28 mm) of this region was larger than precipitation (447.30 mm), and in winter, almost all snowfall was returned to the atmosphere directly via evapotranspiration. Moreover, the temperature increase in winter (0.45°C 10 a–1) is nearly twice that in summer (Qin, 2014). Thus, topsoil would become drier in the nongrowing season. According to our prediction, dry soil would have reduced N2O loss during F–T compared with wet soil. N2O release from alpine grasslands may thus be a negative feedback to global warming. However, it cannot be ignored that the lower water levels of the alpine swamp in winter in the QTP possibly accelerated the succession of the swamp into a meadow or steppe ecosystem (Levy, 2008; Liu et al., 2018). This consequently exposed more peat soil and converted waterlogged soil to soil with a moderate moisture level.

It is estimated that the alpine meadow, steppe, and swamp in the QTP have approximately 133.52 Pg of organic C in the 0–0.75 m profile soils (Wang et al., 2002) and 16.08 Pg total N (Liu et al., 2012). Once the barrier of water and/or ice layer was lost in swamp soil, we detected that more than 1,000 times the normal level of N2O would be released during F–T cycles. The large N pool size together with significant F–T cycles suggests a high risk of N2O emissions and positive climate feedback across the alpine swamp. A past work has established that precipitation overrides warming in mediating soil N pools in an alpine grassland ecosystem on the QTP (Lin et al., 2016), but these studies are based on the growing season, and the mechanisms of F–T cycles on the soil N pools when the soil moisture and temperature change simultaneously in alpine ecosystems are still not clear.
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Grazing exclusion is an effective approach to restore degraded grasslands. However, the effects of grazing exclusion on keystone species and the complexity of plant community were poorly investigated. Here, we conducted a field survey among different grazing exclusion durations, i.e., Grazing, grazing exclusion below 5 years, grazing exclusion with 5 years, grazing exclusion with 7 years, and grazing exclusion over 7 years, in alpine meadows on the central Qinghai-Tibetan Plateau (QTP). The complexity and keystone species of alpine meadows were analyzed by a network analysis. The results showed the following: (1) The species richness did not change, but aboveground biomass and the coverage of the plant community tended to increase with the extension of the grazing exclusion duration. (2) The soil nutrients, i.e., total nitrogen, total organic carbon, available nitrogen, and available potassium, remained stable, while the soil bulk density decreased under grazing exclusion conditions. (3) There was a hump-shaped change of the complexity (i.e., average connectivity and average clustering coefficient) of the plant community along with the extension of the grazing exclusion duration. Moreover, the keystone species were different among the grazing exclusion treatments. Based on the complexity of the plant community and the changes of keystone species, the optimum duration of grazing exclusion for alpine meadows should be between 5 and 7 years. Our results suggest that besides the productivity, the change of the complexity and keystone species of plant community should be considered when grazing exclusion is adopted to restore the degraded alpine meadows.
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INTRODUCTION

Grazing exclusion is an effective approach to restore degraded grassland ecosystems around the world, which could promote rapid recovery of the productivity of a grassland ecosystem (Al-Rowaily et al., 2015; Fedrigo et al., 2018; Golodets et al., 2010). The Qinghai-Tibetan Plateau (QTP) is called the roof of the world and plays crucial roles in the supply of water resources and animal by-products for the population of Asia. Land degradation is an urgent ecological issue on the QTP (Teng et al., 2018) and seriously affects the life quality of people in this region (Li J. et al., 2015; Li X.-W. et al., 2015). To restore the degraded alpine meadows, a grazing exclusion strategy was adopted since 2001 on the QTP (Dong et al., 2007). The effects of grazing exclusion on plant diversity and productivity were widely discussed and concluded that grazing exclusion is a benefit to the restoration of degraded meadow ecosystems on the QTP (Li et al., 2016; Wang et al., 2018). Studies reported that the positive effects of grazing exclusion on diversity and productivity of alpine meadow could be detected at a specific duration of grazing exclusion (Zhang et al., 2015, 2018; Cheng et al., 2016). From the perspective of plant recovery, some studies identified that the optimum duration of grazing exclusion for alpine meadows on the QTP is 6 years (Li et al., 2018) or 4 years (Sun et al., 2020), and others suggested that grazing exclusion should be ceased after 6–10 years (Xiong et al., 2016). A 5-year experiment revealed that grazing exclusion could affect plant communities (i.e., phenology and reproduction) by changing soil physical properties (e.g., soil moisture) (Zhu et al., 2016). However, how grazing exclusion causes change of plant community structure is not clearly understood yet. In particular, changes in the complexity and keystone species of the plant community, which typically reflect the change of community structure, are still unknown under grazing exclusion.

Since the first concept of keystone species was proposed (Paine, 1969), ecologists developed the concept and found that the keystone species may not be the dominant species but play crucial roles in the structure and functioning of biotic systems at either ecosystem-level or community level (Mills et al., 1993; Davic, 2003; Lu et al., 2017; Hale and Koprowski, 2018). There are two traditional ways to identify keystone species, i.e., experimental removal and comparative method (Power et al., 1996). The removal method is devastating and requires a precondition: there are limitless species in an ecosystem, which is impossible in a real one. The reliability of the results of the comparative method could be reduced by the heterogeneous conditions at different locations (Power et al., 1996).

The connection among components of the ecosystem, which could be used to describe the complexity of the ecosystem (Pimm, 1984), is a primary character of an ecosystem. This character provides a new perspective to identify the keystone species of an ecosystem. The network analysis, which is a powerful approach to evaluate the connection of species in a complex ecosystem (Strogatz, 2001), has been used to assess community structure and identify the key species according to the highly connected nodes in a given ecological network (Banerjee et al., 2018; Meyer et al., 2020). In comparison, though the complexity and keystone species are inherent characteristics of the plant community and could evaluate the efficiency of grazing exclusion in degraded grasslands, there are few studies that discussed these issues based on the network analysis.

In this study, we used the network analysis to identify the complexity (measured by the average connectivity and average clustering coefficient of the network) and the keystone species of plant communities along a grazing exclusion gradient in the central QTP. We hypothesized that the duration of grazing exclusion could strongly affect the complexity and keystone species of alpine meadows. Moreover, changes in the complexity and keystone species could indicate the optimum duration of grazing exclusion.



MATERIALS AND METHODS


Field Investigation and Laboratory Measurement

This study was conducted in the central QTP, i.e., Nagqu County of the Tibet Autonomous Region (Figure 1), which distributes a mass of alpine meadows that are dominated by Kobresia pygmaea. During 1956–2013, the mean annual temperature and precipitation of this region are around –2°C and 600 mm, respectively. Many alpine meadows are fenced to excluding livestock grazing for land restoration in this region. In 2014 summer (i.e., the growing season of plants), we investigated four groups of grazing exclusion pastures, i.e., grazing exclusion over 7 years (GEO7), grazing exclusion 7 years (GE7), grazing exclusion 5 years (GE5), and grazing exclusion below 5 years (GEB5). Meanwhile, the continuously grazed plots were investigated outside each fenced pasture (denoted by Grazing) (Figure 1). Three individual pastures were investigated in the group of GEO7, GE7, GE5, and GEB5, respectively. In each sampling pasture, around five quadrats (1 m × 1 m) were randomly arranged over 20 m away from the fence to record the plant species as well as the canopy cover (the percentage of plant cover in the 1 m2 quadrat) and height (measured five times to get the average value) of each species (Figure 1). In total, 122 quadrats were investigated. Moreover, the herbage was clipped at ground level from the quadrat. The clipped herbage was oven-dried for 48 h at 70°C and measured with electronic scales (0.01 g) to evaluate the aboveground biomass of the plant community in each sampling quadrat. In total, 122 quadrats were investigated (Table 1).
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FIGURE 1. Location of the study area. GEO7, GE7, GE5, and GEB5 represent grazing exclusion over 7 years, 7 years, 5 years, and below 5 years, respectively.



TABLE 1. Details on the samples conducted in continuously grazed pastures (Grazing), grazing exclusion below 5 years (GEB5), grazing exclusion 5 years (GE5), grazing exclusion 7 years (GE7), and grazing exclusion over 7 years (GEO7).
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At each clipped quadrat, a ∼40 cm3 soil sample was collected using a cutting ring (with a diameter of 2.5 cm and a depth of 5 cm) to measure the bulk density (BD) according to the method used by Li et al. (2018). A total of 122 BD samples were collected. Meanwhile, 0- to 15-cm soil cores with a diameter of 5 cm were collected to test the contents of soil nutrients. A total of 122 soil nutrients samples were collected. The total nitrogen (TN), available nitrogen (AN), total organic carbon (TOC), available phosphorus (AP), and available potassium (AK) were determined according to the methods used by Wang et al. (2014).



Network Construction and Statistical Analysis

There were three steps to construct the plant community network in this study, i.e., calculation of the importance value (IV) of species, construction of the nodes and edges, and network analysis and visualization.

Firstly, the IV of each plant species was calculated according to its relative cover (RC) and relative height (RH) in a community (Zhang et al., 2016). The IV of species i was calculated by the formula below:
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Where RCi = Ci/ΣCi, RHi = Hi/ΣHi. Ci and Hi are the cover and height of species i, respectively. ΣCi and ΣHi are the total cover and total height of a community (i.e., a 1 m × 1 m quadrat), respectively. The summed IV equals 1 in a community. Therefore, high IV means high dominance of a plant species in the community. The IV of plant species was summed according to the category of different functional groups (i.e., Gramineae, Cyperaceae, Leguminosae, and Forbs).

Secondly, the nodes and edges that were used in the network analysis were constructed for Grazing, GEB5, GE5, GE7, and GEO7, respectively. The plant species were eliminated if their frequency was less than 5% in communities, and the remaining species were designed as the nodes of the network. Pearson’s correlation coefficient between each two plant species (frequency over 5%) was calculated based on the IV of species. To simplify the network, the significantly correlated relations (we set the significance level as α = 0.2, because of the limitation of sampling size) was taken to be designed as the edges of the network. The absolute value of Pearson’s correlation coefficient was used as the weight of edges.

Based on the nodes and edges mentioned above, an undirected random network was constructed and visualized in Gephi 0.9.2. The node degree is the number of edges incident to the node (Table 2), which is a primary index to imply the importance of the node in a network (Deng et al., 2012), while the hub index, which is calculated based on the in-degree metric (a kind of node degree) of the node, could measure the importance and authority of a node in a network (Kleinberg, 1999). Therefore, the node (i.e., species) that had the highest hub value was identified as the keystone species of a plant community in this study. The average connectivity (or average degree) of a network indicates the strength of species interactions in a community (Table 2), and a higher average connectivity indicates a more complex community (Deng et al., 2012). The average clustering coefficient indicates the organization level of a network (Table 2), and a higher average clustering coefficient means a higher organization level (Watts and Strogatz, 1998; Latapy, 2008). Thus, the average connectivity index and average clustering coefficient indices were used to analyze the complexity of plant communities along the grazing exclusion gradient in this study.


TABLE 2. Details of the indexes calculated by the network analysis.
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The differences of species richness, coverage, aboveground biomass, IV of functional groups, and IV of keystone species among treatments were detected by one-way ANOVA in PASW Statistics 18.0 (IBM Inc., United States). We used regression analysis to represent the relationships between species richness and aboveground biomass and the complexity of plant community, and the relationship between the IV of keystone species and soil properties by PASW Statistics 18.0 (IBM Inc., United States). To explore the changes of plant community composition under grazing exclusion, a non-metric multidimensional scaling (NMDS) was conducted based on the IV of species to order sampling sites (Legendre and Gallagher, 2001). The NMDS was conducted by the vegan package (Oksanen et al., 2019) in R (v.4.0.3; R Core Team, 2020).




RESULTS


Overall Changes of Plant Communities and Soil Properties Under Grazing Exclusion

Seven families, i.e., Cyperaceae, Gramineae, Rosaceae, Compositae, Ranunculaceae, Gentianaceae, and Leguminosae, were repeatedly observed at different grazing exclusion pastures. Generally, these families could be classified into four functional groups: Gramineae, Cyperaceae, Leguminosae, and Forbs. The IV of Cyperaceae in GEO7 was significantly higher than that in GEB5, GE5, and GE7 (F = 9.97, p < 0.001), but did not significantly different from grazing treatment (Table 3). The IV of Gramineae did not significantly change along the grazing exclusion duration (F = 0.30, p = 0.88). The highest IV of Leguminosae was detected in GE7, while the lowest one was detected in GE5 (Table 3). For Forbs, the highest IV was detected in GEB5 (Table 3). Overall, the IV of each functional group was ordered as Cyperaceae > Forbs > Gramineae ∼ Leguminosae in each treatment (Table 3).


TABLE 3. The importance value of Gramineae, Cyperaceae, Leguminosae, and forbs among the grazing exclusion gradient.
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Species richness did not change, but the coverage and aboveground biomass of the plant community trended to increase with the duration of grazing exclusion (Figure 2).
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FIGURE 2. Changes of the coverage (A), species richness (B), and aboveground biomass (C) of plant communities along a grazing exclusion gradient in the central QTP. Different letters indicate significant variation at the level of α = 0.05.


The NMDS analysis revealed that the structure of plant community in GE5 and GE7 was different from those in grazing conditions, while the plant community under either GEB5 or GEO7 were similar to those under grazing conditions (Figure 3).
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FIGURE 3. A non-metric multidimensional scaling (NMDS) ordination of the investigation quadrats. GEO7, GE7, GE5, and GEB5 represent grazing exclusion over 7 years, 7 years, 5 years, and below 5 years, respectively. Grazing represents continuous grazing in the central QTP.


The BD trended to decrease with the extension of the duration of grazing exclusion (Table 4). The content of AP increased, while other soil nutrients (i.e., TN, AN, TOC, and AK) did not change among grazing exclusion durations (Table 4).


TABLE 4. The change of soil properties among the grazing exclusion gradient.
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Changes in the Complexity of Plant Communities Along the Grazing Exclusion Gradient

The number of qualified connections, i.e., the significant correlation at α = 0.2, between species increased in GEB5, GE5, and GE7 when compared with the grazing condition. The number of qualified connections between species was similar to grazing condition when grazing exclusion over 7 years (GEO7) (Figure 4). Accordingly, the complexity of plant communities increased gradually when the duration of grazing exclusion was under 7 years. Then, the complexity of plant communities decreased when the duration of grazing exclusion was over 7 years (Figures 5A,D).
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FIGURE 4. The plant community networks under Grazing (A), grazing exclusion below 5 years (GEB5, B), grazing exclusion with 5 years (GE5, C), grazing exclusion with 7 years (GE7, D), and grazing exclusion over 7 years (GEO7, E) in the central QTP. The network was constructed using high-frequency species (frequency over 5%). Plant species is the node, and the link between significant-correlated species is the edge in a network. Plant species were separated and colored according to modules, and the size of dots was determined by the hub index of species in each network.
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FIGURE 5. Changes of the average connectivity (A) and average clustering coefficient (D) of the plant community along a grazing exclusion gradient. The relationship between these two indexes with species richness (B,E) and aboveground biomass (C,F) of plant communities was fitted by a quadratic and linear model, respectively.


A quadratic model fitted the relationship between species richness and the average connectivity of the plant community. The species richness decreased, firstly, and then increased with the average connectivity of the plant community (Figures 5B,E). The aboveground biomass of plant community trended to increase with the average connectivity of plant communities (Figure 5C).

The changing trend of the average clustering coefficient, which represented the organization level of the plant community, was similar to the changing trend of the average connectivity of the plant community among the grazing exclusion durations (Figure 5D). Species richness was higher in either low or high organization level than in a moderate organization level (Figure 5E). A linear model fitted the relationship between aboveground biomass and the organization level of the plant community (Figure 5F).



The Changes of Keystone Species With the Grazing Exclusion Gradient

The keystone species was Potentilla multifida under the treatments of Grazing and GEB5 (Figures 4A,B, 6). It was Kobresia pygmaea, Kobresia humilis, and Lancea tibetica in GE5, GE7, and GEO7, respectively (Figures 4C–E, 6). The IV of P. multifida and K. humilis was changed significantly, while the IV of K. pygmaea and L. tibetica did not change significantly with the increase of grazing exclusion duration (Table 5).
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FIGURE 6. The shifting of keystone species along a grazing exclusion gradient in the central QTP. The upper species of each column was identified as keystone species due to their highest value of hub index in a network. (Photo credit: Yu Li and Y. Zhang.)



TABLE 5. The change of the important value (IV) of keystone species among the grazing exclusion gradient.
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DISCUSSION


The Relationship Between the Optimum Duration of Grazing Exclusion and the Succession of Plant Community

It is widely reported that grazing exclusion has little effects on species richness in grassland ecosystems (Mayer et al., 2009; Rong et al., 2014; Xiong et al., 2016). The species richness might decrease when the duration of grazing exclusion is much longer, e.g., over 8 years (Shi et al., 2013; Zou et al., 2016; Su et al., 2017). In this study, we found that the species richness did not significantly differ among each grazing exclusion treatment, which might be due to the limitation of the duration of grazing exclusion. Alternatively, this might be attributed to the loss of seed bank of some sexual reproductive species caused by irrational grazing management (Ma et al., 2018).

Grazing exclusion could strain competition among plant species and change the plant community composition (Amiaud et al., 2007; Harris et al., 2015; Odriozola et al., 2017; Loydi, 2019). We found that the structure of the plant community was different among GE5, GE7, and continuous grazing plots, but it was similar between GEO7 plots and continuous grazing plots. This phenomenon was consistent with experimental results obtained from a New Mexico short-grass prairie (Holechek et al., 2006). Stable species richness and similar complexity level mean a similar competition situation in plant communities, which might be the reason why the plant community was similar between long-term grazing exclusion and continuous grazing pastures in this study. Corresponding to the distribution of plant community detected by the NMDS, the complexity of plant community showed a hump-shaped change with the increase duration of grazing exclusion. The complexity caused by the increasing interactions among species could improve the stability of the plant community (Pimm, 1984). Therefore, the change of the complexity of plant community detected in this study indicated that the optimum duration of grazing exclusion was around 7 years on the central QTP.

It seems that soil nutrients had little help to explain the change of keystone species along a grazing exclusion gradient because it is generally reported that grazing exclusion does not change the contents of soil nutrients in alpine meadow ecosystems on the QTP (Lu et al., 2015; Zhang et al., 2015), which is just like what found in the present study. The change of soil physical properties under the grazing exclusion was generally observed on the QTP (Li et al., 2018). In this study, we found that the BD decreased with the increase of grazing exclusion duration, which means soil moisture would vary among these pastures. Our previous study revealed that soil moisture is a limiting factor for the growth of meadow plants on the central QTP (Ganjurjav et al., 2016). Therefore, the change in keystone species might be explained by a soil moisture-related reason: the species that identified as keystone species might play crucial roles to maintain soil moisture. Under a grazing condition, the selective ingestion of livestock and wild herbivores removes a mass of plant coverage. This could increase the evaporation of soil moisture. The remaining unpalatable species become important covering to maintain soil moisture by reducing soil evaporation and surface soil temperature in alpine meadow ecosystems (Chen et al., 2016; Li et al., 2016). Consequently, the interactions between unpalatable species and other species would be inevitably enhanced. P. multifidi is unpalatable and wide-blade on alpine meadow ecosystems on the QTP. It was detected as the keystone species in Grazing and GEB5 pastures in this study. P. multifidi could play crucial roles in maintaining soil moisture under grazing and short-term grazing exclusion pastures where plant cover was low. Then, it could change the structure of plant communities on the QTP by stimulating the growth of plants whose height is low and the root is shallow (Zhu et al., 2016; Wang et al., 2019).

After a 5-year grazing exclusion, the coverage of plant community was over 70% in this study. The increase of coverage would decrease the soil evaporation. In this condition, K. pygmaea and K. humilis were detected as keystone species under GE5 and GE7, respectively. Cyperaceae species, e.g., K. pygmaea or K. humilis, are dominant species and sometimes are treated as key species for alpine meadows on the QTP (Kaiser et al., 2008; Miehe et al., 2011; Wang et al., 2017). This indicated that the alpine meadow was back to a healthy status after 5–7 years’ grazing exclusion.

In agreement with other studies (e.g., Li et al., 2018), we found that long-term grazing exclusion could induce a decrease in soil BD. Consequently, surface soil would become lacunose and the strength of evaporation would increase. Species that grow close to the ground and wide-blade are more efficient to prevent surface water loss than other species under a condition of lacunose soil structure. L. tibetica, which grows very close to the ground and is wide-blade, was identified as a keystone species in the community of GEO7 in this study. Further studies in the future that focus on the role of P. multifida and L. tibetica in the maintaining of soil moisture would help to support the theory mentioned in this study. Moreover, K. humilis was a keystone species as well as a dominant species in GE7. In other treatment, the plant community was dominated by K. humilis whose IV was over 0.3, while the IV of keystone species (i.e., K. pygmaea, P. multifida, and L. tibetica) was low (major less than 0.1). These results suggested that dominance might not be a necessary condition to identify the keystone species.

Generally, the keystone species played important roles in constructing an ecological community (Paine, 1969; Meyer et al., 2020). The shift of keystone species figured that the appropriate duration of grazing exclusion was around 7 years, indicating that the succession of plant community inherently determines the optimum duration of grazing exclusion on the QTP.



A Comprehensive Strategy Should Be Adopted to Manage Alpine Meadows on the QTP

Overgrazing is blamed to be responsible for the degradation of alpine meadows on the QTP (Harris, 2010). Grazing exclusion, which is generally adopted to restore degraded grassland ecosystems around the world (Bi et al., 2018), is used to improve the coverage and productivity of alpine meadows on the QTP. However, both field investigations and remote-sensing results revealed that the relationship between the restoration level of alpine meadows and the duration of grazing exclusion is non-linear on the QTP (Zhang et al., 2015; Wu et al., 2017). Studies showed that there is an optimum duration of grazing exclusion, e.g., 6 years from the perspective of the plant biomass, on the QTP (Li et al., 2018). In this study, we found that the optimum duration of grazing exclusion was around 7 years when it was considered from the perspective of the succession of the plant community. The similar conclusions on optimum duration, which were obtained from different perspectives, suggest that the duration should be considered when a grazing exclusion strategy was adopted on the QTP.

It is reported that temporary grazing exclusion, which was conducted in specific seasons (such as spring or fall), was beneficial to the rapid recovery of the plant productivity (Fedrigo et al., 2018). Evidence showed that reasonable livestock grazing is beneficial to maintain the health of alpine meadow ecosystems (Medina-Roldán et al., 2012; Zhang et al., 2019). Moreover, historically, nomadism was a traditional and sustainable way to use alpine meadow systems on the QTP. Therefore, we suggest that the grazing exclusion strategy should combine with a rotational grazing system to maintain the health of meadow ecosystems on the QTP.

Besides, complexity is the most typical nature of an ecosystem, which ensures the ability of an ecosystem against external disturbances (Commoner, 1971). It widely confirms that more species means higher complexity of an ecosystem (Chapin et al., 2000). In this study, there was an inverted parabolic relationship between the complexity and species richness, which means that the complexity of plant community might be determined not only by species richness but also by other factors, such as connections among species. This indicated that in addition to increasing the species number, building effective correlations among species might be another key approach to improve the quality of a degraded alpine meadow on the QTP.




CONCLUSION

Change in the complexity of plant community revealed that the optimum duration of grazing exclusion for alpine meadows was around 7 years on the central QTP. Shifting of the keystone species represented a succession process of plant community with the increase of the grazing exclusion duration. Therefore, the duration of grazing exclusion could strongly affect the complexity and keystone species of alpine meadows. Moreover, changes in the complexity and keystone species could indicate the optimum duration of grazing exclusion in the central QTP.
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Plant functional traits reflect species ecological strategies and determine how plants respond to environmental changes, however, how dominant species in the Inner Mongolia grassland adapt to different grazing systems by changing their functional traits has not been systematically investigated. In this study, we established four 7-year grazing treatments in the Inner Mongolia grassland: cattle grazing, sheep grazing, mixed sheep and cattle grazing, and no grazing. Fourteen functional traits of three dominant species (Stipa grandis, Leymus chinensis, and Cleistogenes squarrosa) were measured under the different grazing treatments. We found convergences of plant functional traits that indicate herbivory avoidance or tolerance. Plants reduced their vegetative height (VH) and stem: leaf ratio (SLR) to avoid grazing; increased their ability to acquire resources by increasing their specific leaf area (SLA), leaf nitrogen concentration (LNC), and leaf phosphorus concentration (LPC); and reduced their leaf dry matter content (LDMC) to tolerate grazing. Moreover, plants may adapt to grazing by increasing the intraspecific variability of their functional traits. Sheep-only grazing adversely affected L. chinensis growth and survival, while cattle-only grazing hindered S. grandis growth and increased the intraspecific variability of its plant functional traits. Our study emphasizes that intraspecific variability is an important indicator of the responses of plant functional traits to grazing. Since single grazing is more detrimental to the functional traits of dominant plants, we suggest that mixed cattle and sheep grazing may be a more environmentally friendly and sustainable practice for the Inner Mongolia grassland than single grazing.

Keywords: functional traits, grazing systems, intraspecific variability, adaption strategies, Inner Mongolia grassland


INTRODUCTION

Many ecological problems can be addressed from the perspective of plant functional traits (Diaz et al., 2007b; Lavorel et al., 2011; Reichstein et al., 2014) because plants can quickly change their morphology and physiological characteristics in response to environmental changes (Wright et al., 2004). With the standardization of measurement methods and the establishment of global plant functional trait databases, plant functional traits are increasingly being applied to quantitatively analyze and simulate the effects of human activities on ecosystem structure and functions (Kattge et al., 2011; Perez-Harguindeguy et al., 2013; Diaz et al., 2016).

Managed grazing is the most widespread land use on earth and covers more than a quarter of the global land surface (Asner et al., 2004). Managed grazing is also an important driver of ecosystem succession processes and has an important “sieve effect” on the distribution and development of plant traits (von Wehrden et al., 2012). Plant traits can be used as effective indicators for studying the adaptability of species under grazing disturbances and predicting the response of communities and ecosystem functions to grazing disturbances (Diaz et al., 2007b; Zheng et al., 2010). For example, plant resistance to grazing is related to both avoidance traits (such as low plant height and leaf area) and tolerance traits [such as high specific leaf area (SLA) and leaf nitrogen concentration (LNC) (Zheng et al., 2011)]. These traits can reflect the survival strategies of plants and their ability to obtain resources and compete for nutrients under different grazing intensities (Diaz et al., 2007a). Moreover, plants with certain functional traits experience stronger herbivore selection preference, causing a considerable reduction in the populations of these plants under high-intensity grazing (Wang et al., 2011). For example, theoretical predictions and previous studies have found that the abundance of tall species tends to decrease after grazing (Westoby et al., 1999; Diaz et al., 2007a; Niu et al., 2010).

Previous studies have focused on how plants adjust their morphological structure and physiological characteristics in response to grazing disturbances (Diaz et al., 2007b; Bai et al., 2012) and avoid or tolerate livestock feeding by changing their traits (Diaz et al., 2001; Cingolani et al., 2005). Recent studies in various systems have highlighted that intraspecific trait variability (ITV) is a key factor that plays an important ecological role (Albert et al., 2011). ITV can provide meaningful information about plant functional trait responses to changes in environmental gradients (Nicotra et al., 2010; Laforest-Lapointe et al., 2014) and can increase the ability of species to establish and spread in new environments (Davidson et al., 2011). ITV also helps to explain how certain species pass through biological and abiotic filters and consequently promote species coexistence (Jung et al., 2010; de la Riva et al., 2016). Lang et al. (2020) found that the “ITV response to grazing” increases with an increase in precipitation in the Mongolian rangelands. High ITV at the population level may arise from differences in ecological factors, such as soil texture and successional stage (Albert et al., 2011; Salazar et al., 2018). Disturbance regimes (e.g., grazing) are also important to population ITV, and the greater the intensity of a disturbance is, the greater the ITV is. For example, Jung et al. (2010) found that the greater the flood pressure was, the greater the ITV was in terms of height and SLA. Disturbances can cause major shifts in understorey environmental conditions such as light availability, temperature and soil moisture status (Venier et al., 2014), which will increase the heterogeneity of the environment and increase the magnitude of ITV (Schulte and Mladenoff, 2005; Kumordzi et al., 2019).

Grasslands occupy 37% of the earth’s terrestrial area, and increasing grazing pressure has caused many of them to suffer some level of degradation (O’Mara, 2012); grassland degradation causes a series of problems, including decreased ground cover, increased populations of less-palatable species and other changes in grassland communities (Kemp et al., 2013). Plants can compensate for herbivore damage by increasing their growth rates (Knapp et al., 2012; Muthoni et al., 2014). Herbivore selectivity alters the species composition and community structure of grasslands (Bai et al., 2012; Guo et al., 2016). For example, in the Inner Mongolia grassland, one of the largest remaining grasslands on Earth (i.e., Eurasian steppe), overgrazing has degraded the Stipa grandis P. Smirn. and Leymus chinensis (Trin.) Tzvel steppe such that they have become Cleistogenes squarrosa (Trin.) Keng steppe (Tong et al., 2004). Because both herbivore selectivity and plant growth rates are related to plant functional traits (Wright et al., 2004; Cingolani et al., 2005), it is feasible to use the response of plant functional traits to grazing to reveal the mechanisms underlying community structure changes in grassland ecosystems.

Grazing in grassland ecosystems reflects the interactions of soil, livestock, and grass. Large herbivores affect the grassland ecosystem by feeding, excreting feces, and trampling (Veen et al., 2014). Moreover, different combinations of herbivores have different levels of feed intake, which leads to differences in aboveground biomass, soil water content, species composition, nitrogen availability, net ecosystem CO2 exchange and total ecosystem productivity (Bakker et al., 2004; Hodel et al., 2014; Liu et al., 2015, 2016; Risch et al., 2015). Therefore, different grazing systems affect grasslands differently. There is some evidence that mixed grazing can increase livestock production and multifunctionality in managed grasslands (Thebault and Loreau, 2003; Wang et al., 2019). In the grassland ecosystem of Inner Mongolia, researchers have paid more attention to the effects of grazing vs. non-grazing and of grazing intensity on plant functional traits (Bai et al., 2012; Zhang et al., 2018). Few studies, however, have examined the effect of different grazing systems on plant functional traits in dominant species, and few studies have focused on ITV under different grazing systems (Lang et al., 2020). Here, we characterized the response of the dominant species in the Inner Mongolia grassland to different grazing systems and asked the following questions:


(1)Which grazing systems have more adverse effects on the functional traits of dominant species in the Inner Mongolia grassland?

(2)Do plants change their intraspecific functional trait variability to resist grazing disturbance?





MATERIALS AND METHODS


Study Sites

This study was conducted at the field observation station of the National Climate Observatory in Xilinhot (NCOX, 44°07′∼09′N, 116°19′∼20′E), located in Xilinhot, Inner Mongolia, China, at an altitude of 1129 m (Fan et al., 2019). This area is characterized by a typical temperate semiarid climate with wet, mild summers and dry, cold winters. Based on meteorological data provided by the National Meteorological Administration of China, the study area has a mean annual precipitation of 297 mm (1953–2013), and 60–80% of precipitation falls during the growing season (May to September). The mean annual temperature is 2.4°C, with the peak temperatures occurring during the growing season. The soil type in this area is a chestnut soil, which is similar to a calcic Chernozem according to the IUSS Working Group WRB 2006 (Pan et al., 2016). The study area consists mainly of grasslands in which the dominant species are S. grandis, L. chinensis, and C. squarrosa (Trin.) Keng.



Experimental Design

In 2013, a long-term grazing experiment with twelve plots was established in NCOX in a completely randomized block design. Each plot was randomly assigned one of four grazing management practices: no grazing (NG), sheep grazing (SG), cattle grazing (CG), and mixed grazing with sheep and cattle (MG), therefore, each grazing system had three repetitions (Wang et al., 2018). To control the grazing intensity, the same feed intake per unit area was utilized in all grazing treatments. According to previous studies, the feed intake of cattle in the Inner Mongolia grassland is equivalent to the feed intake of 8.5 sheep (Lin et al., 2008). Therefore, we grazed 85 adult sheep in the SG plots, 10 adult cattle in the CG plots, and 85 adult sheep and 10 adult cattle in the MG plots. The stocking rate was designed to provide a moderate grazing intensity level, and livestock were removed from the plots when approximately 50% of the aboveground plant biomass had been consumed (Wang et al., 2018). The grazing trials started at the beginning of June and ended at the end of August, with grazing intervals of 1 month on average starting at the beginning of the experiment. The experiment ran for a total of 7 years.



Species Selection

We selected three plant species S. grandis, L. chinensis, and C. squarrosa for three main reasons (Table 1). First, the total biomass of the three plants accounted for more than 60% of the total biomass at each plot, the mean proportion of aboveground biomass contributed by the three species was shown in Table 1. Second, L. chinensis and S. grandis are the most important native species in the typical grasslands of Inner Mongolia (Wang et al., 2000). Last, previous studies regarding the consequences of species turnover in changing community structures have concluded that some S. grandis and L. chinensis grasslands will degenerate into C. squarrosa grasslands after livestock overgrazing (Wang et al., 1996). Therefore, analyzing the responses of the functional traits of these species to different grazing systems should aid our understanding of the fundamental ecological mechanisms underlying grassland degradation and succession.


TABLE 1. Mean proportion of aboveground biomass (%) contributed by species at twelve sites on typical steppe, Inner Mongolia, with different grazing systems.
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Measurement of Plant Functional Traits

Data on plant functional traits were collected in August 2019. At all grazing plots, three grazing exclosures (1.5 m × 1.5 m) were established randomly prior to livestock grazing, which started in June. Within each plot, two well-grown (non-shaded and non-damaged), mature individuals of the selected species were randomly collected from the grazing exclosures (six duplicates for each species under each grazing treatment). Five morphological traits and nine chemical traits (Table 2) of each selected species were measured at each plot, following Perez-Harguindeguy et al. (2013). The vegetative height (VH) was measured in the field, and then each selected individual was excavated with its whole root system. After cleaning the roots, each individual plant was separated into its roots, leaves, and stems; oven-dried at 65°C for 48 h; and weighed. The root/shoot ratio (RSR) and stem: leaf ratio (SLR) were then calculated. The nitrogen and phosphorus concentrations of the roots, stems and leaves (dry mass) of each species [the root nitrogen concentration (RNC), root phosphorous concentration (RPC), stem nitrogen concentration (SNC), stem phosphorous (SPC), LNC, and leaf phosphorous concentration (LPC), respectively] per plot were analyzed with an elemental analyzer (CHN-600, LECO, St. Joseph, MI, United States). The nitrogen: phosphorus ratios (NPRs) of the roots, stems and leaves (RNPR, SNPR, and LNPR, respectively) were calculated. The SLA and leaf dry matter content (LDMC) were measured using standardized protocols (Perez-Harguindeguy et al., 2013). According to leaf size, 5–20 leaves were collected as a sample to measure SLA and LDMC (Zheng et al., 2011). These two traits were also measured on six replicate samples per species per grazing system. The aboveground parts of the plant were collected, quickly placed into a box filled with water and rehydrated for at least 6 h in the dark. After wiping the water off the surface of the blades, the leaf fresh mass was measured by weighing, and the leaf area was measured with a leaf area meter (Li-3000, LI-COR, Superior St., Lincoln, NE, United States). The leaves were then oven-dried at 60°C for 48 h and weighed. The LDMC was calculated as the leaf dry mass/leaf fresh mass, and the SLA was calculated as the leaf area/leaf dry mass.


TABLE 2. Plant functional traits and measurement methods.

[image: Table 2]
For each species and trait, we calculated the ITV as the coefficient of variation (CV), which is computed as the standard deviation of each grazing system (six replicates) divided by the mean (Lang et al., 2020).



Statistical Analysis

All statistical analyses were performed with R x 64 3.6.1 (R Development Core Team). A one-way analysis of variance (ANOVA) was performed to detect whether there were significant differences in the functional traits of the species under the different grazing treatments. Principal component analysis (PCA) was conducted on the matrix of traits × plot combinations to analyze the differences in the plant functional traits within species among plotplots and to explore the correlations among plant functional traits. Three PCA plots were drawn, one for each species. We also added confidence intervals for the functional trait composition.




RESULTS


Morphological Traits

The grazing treatment had a significant effect on the VH of the three plants (S. grandis, F3,20 = 13.734, P < 0.001; L. chinensis, F3,20 = 15.633, P < 0.001; C. squarrosa, F3,20 = 9.534, P < 0.001, Figure 1A). The VHs of the S. grandis, L. chinensis, and C. squarrosa were highest in the NG plots, with heights of 50.67 ± 3.88 cm, 40.58 ± 3.18 cm, and 20.83 ± 4.26 cm, respectively. Except for the VH of S. grandis, which was the lowest in the MG plots, there were no significant differences in the VHs of the three species among the plots. The response of the SLR of the three species to the different grazing treatments is shown in Figure 1B. L. chinensis had the highest SLR of all species in the MG plots, while S. grandis had the highest SLR in the CG plots; both L. chinensis and S. grandis had the lowest SLRs in the NG plots. The grazing treatments had no effect on the SLR of C. squarrosa (F3,20 = 1.405, P = 0.272). The LDMCs of all three species were the highest in the NG plots (Figure 1C). The RSR of L. chinensis was highest in the SG plots and lowest in the MG plots. There was no significant difference in the RSRs of the other species among plots (S. grandis, F3,20 = 0.623, P = 0.609; C. squarrosa, F3,20 = 0.164, P = 0.920; Figure 1D). The grazing treatments had a significant effect on the SLA of the three species. L. chinensis had the highest SLA in the CG plots and the lowest SLA at the NG plots. The SLAs of S. grandis and C. squarrosa were highest in the SG plots (Figure 1E).


[image: image]

FIGURE 1. Morphological traits of dominant species in different plots (SG, sheep grazing; CG, cattle grazing; MG, mixed grazing with cattle and sheep; NG, no grazing) showing (A) Vegetative height, (B) Stem leaf ratio, (C) Leaf dry matter content, (D) Root shoot ratio, (E) Specific leaf area. In each graph, means with the same lowercase letters are not significantly different among plots (P > 0.05); means with different lowercase letters are significantly different among plots (P < 0.05). Capped lines represent ± standard error.




Chemical Traits

There was no significant difference in the RNC of S. grandis and L. chinensis among plots (S. grandis F3,20 = 0.500, P = 0.687; L. chinensis F3,20 = 0.196, P = 0.898). The RNC of C. squarrosa was lowest in the NG plots (Figure 2A). The grazing treatment had no significant effect on the RPC of L. chinensis (P > 0.05). The RPC of S. grandis was lowest in the CG plots, while the RPC of C. squarrosa was lowest in the NG plots (Figure 2B). In the CG plots, L. chinensis had the lowest RNPR, and S. grandis had the highest RNPR. The RNPR of C. squarrosa was not significantly affected by the grazing treatment (C. squarrosa F3,20 = 1.117, P = 0.368, Figure 2C).


[image: image]

FIGURE 2. Chemical traits of dominant species in different plots (SG, sheep grazing; CG, cattle grazing; MG, mixed grazing with cattle and sheep; NG, no grazing) showing (A) Root nitrogen concentration, (B) Root phosphorus concentration, (C) Root nitrogen: phosphorus ratio, (D) Stem nitrogen concentration, (E) Root phosphorus concentration, (F) Stem nitrogen: phosphorus ratio, (G) Leaf nitrogen concentration, (H) Leaf phosphorus concentration, (I) Leaf nitrogen: phosphorus ratio. In each graph, means with the same lowercase letters are not significantly different among plots (P > 0.05); means with different lowercase letters are significantly different among plots (P < 0.05). Capped lines represent ± standard error.


The grazing treatment had no effect on the SNC of the other two species (S. grandis F3,20 = 0.421, P = 0.740, L. chinensis F3,20 = 1.443, P = 0.262), except that of C. squarrosa, which was highest in the MG plots (F3,20 = 5.854, P = 0.005, Figure 2D). In the CG plots, L. chinensis had the highest value of SPC, while S. grandis had the lowest value of SPC. The SPCs of C. squarrosa in the MG and SG plots were significantly higher than those in the CG and NG plots (Figure 2E). The SNPRs of L. chinensis and C. squarrosa were highest in the NG plots. The SNPR of S. grandis did not differ significantly among plots (Figure 2F).

The LNCs of the three species were the lowest in the NG plots (S. grandis, F3,20 = 6.399, P = 0.003; L. chinensis, F3,20 = 11.073, P < 0.001; C. squarrosa, F3,20 = 6.626, P = 0.003; Figure 2G), indicating that grazing can increase the LNCs of plants. Consistent with the response pattern of the LNC to the grazing treatments, the LPCs of the three species also increased significantly after grazing (S. grandis, F3,20 = 6.742, P = 0.003; L. chinensis, F3,20 = 6.556, P = 0.003; C. squarrosa, F3,20 = 9.357, P = 0.001, Figure 2H). Grazing had no significant effect on the LNPR of S. grandis but decreased the LNPR of L. chinensis and C. squarrosa (Figure 2I).



Functional Trait Composition

As shown in Figure 3A, the first two principal components of the PCA for the functional traits of S. grandis explained 53.98% of the variation under the different grazing systems. The first principal component explained 32.25% of the variation and was positively correlated with LNC, LPC, and SLA and negatively correlated with LDMC, VH, and LNPR. The second principal component explained 21.73% of the variation and was positively correlated with the nitrogen and phosphorus contents of roots and stems and negatively correlated with RNPR and SNPR. The CG plots had the lowest scores on this axis.
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FIGURE 3. PCA of plant functional traits within Stipa grandis (A), L. chinensis (B), and Cleistogenes squarrosa (C). Plot CG means cattle grazing; plot SG means sheep grazing; plot MG means mixed grazing of cattle and sheep; and NG means no grazing. VH denotes vegetative height; SLR indicates stem-to-leaf ratio; RSR represents root biomass over aboveground biomass; LDMC denotes leaf dry matter content; SLA indicates specific leaf area; RNC represents root nitrogen content; RPC denotes root phosphorus content; RNPR indicates root nitrogen to phosphorus ratio; SNC represents stem nitrogen content; SPC denotes stem nitrogen content; SNPR indicates stem nitrogen content; LNC represents leaf nitrogen content; LPC denotes leaf phosphorus content; and LNPR indicates leaf nitrogen phosphorus ratio.


Figure 3B showed the PCA of the functional traits of L. chinensis under the different grazing systems. The first two principal components explained 58.68% of the variation. The first principal component explained 36.77% of the variation and was positively correlated with VH, LDMC, and SNPR and negatively correlated with SLA. The second principal component explained 21.91% of the variation and was negatively correlated with RNPR and SLR. Therefore, the RNPR and SLR for the MG plots below the horizontal axis were higher than those for the CG plots.

The PCA of the functional traits of C. squarrosa under the different grazing treatments was shown in Figure 3C. The first two principal components explained 52.85% of the variation. The first principal component accounted for 33.51% of the variation and was positively correlated with SNPR and RNPR and negatively correlated with LNC, LPC, and SLR. The second principal component explained 19.34% of the variation and was negatively correlated with LDMC and RSR. Therefore, the LDMC and RSR for the NG plots below the horizontal axis were higher than those for the other plots.



Intraspecific Trait Variability (ITV)

The ITV results calculated for each plant were displayed on a polar map. As shown in Figure 4, for each functional trait of L. chinensis, the ITV was generally high in the CG plots and low in the NG plots. Specifically, the maximum intraspecific variation was found for the SPC (51%) in the SG plots. A minimum of 3% was obtained for the SLA in the NG plots. For all functional traits of S. grandis, the ITV was generally high in the CG plots and low in the NG plots. Specifically, a maximum intraspecific variation of 50% was found for the SLA in the CG plots. A minimum of 2% was obtained for the SLA in the NG plots. For each functional trait of C. squarrosa, the ITV was generally high in the CG plots and low at the NG plots. Specifically, a maximum intraspecific variation of 54% was found for the RSR in the CG plots. A minimum of 2% was obtained for the LDMC in the SG plots.
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FIGURE 4. Polar figure of ITV in dominant species at each plot. Plot NG means no grazing; plot MG means mixed grazing of cattle and sheep; plot SG means grazing sheep alone and CG means grazing cattle alone. VH indicates vegetative height, SLR indicater stem-to-leaf ratio, LDMC indicate leaf dry matter content, RSR indicate root biomass over above-ground biomass, SLA indicate specific leaf area, RNC indicate root nitrogen content, RPC indicate root phosphorus content, RNPR indicate root nitrogen to phosphorus ratio, SNC indicate stem nitrogen content, SPC indicate stem nitrogen content, SNPR indicate stem nitrogen content, LNC indicate leaf nitrogen content, LPC indicater leaf phosphorus content, LNPR indicate leaf nitrogen phosphorus ratio.





DISCUSSION


How Do Plants Adjust Their Functional Traits to Adapt to Grazing Disturbance?

Diaz et al. (2001) proposed that some easy-to-measure plant traits can be applied to predict plant responses to grazing and that the responses of some of these traits to grazing are consistent at the global level (Diaz et al., 2007b). Here, we found that compared with NG, regardless of the grazing treatment, the VH, LDMC, SLA, SLR, LNC, and LPC of the three plant species changed significantly. The change trends of the traits were consistent among species after grazing, i.e., a decline in VH and LDMC and an increase in SLA, SLR, LNC, and LPC. Therefore, our study supports the inference that the response of plant functional traits to grazing is consistent from the perspective of the dominant species in the Inner Mongolia grassland (Diaz et al., 2007b).

Changes in plant functional traits reflect both herbivore avoidance and tolerance strategies in plants (Diaz et al., 2001; Cingolani et al., 2005). The plant height at grazed plots was significantly lower than that in the control plot after grazing, and the SLR values increased (Figure 1). This result is consistent with the results of other studies performed in the Inner Mongolia grassland (Zhang et al., 2018). Changes in these two plant functional traits indicate that plants avoid being consumed by livestock by reducing their height and the distribution ratio of their aboveground components (Cingolani et al., 2005; Zheng et al., 2010). For livestock, shorter plants require more bites to consume, which increases the difficulty of their consumption; moreover, the transfer of more aboveground biomass to the stem also reduces the palatability of the plant (Cingolani et al., 2005). Here, we found that the avoidance strategies of the studied species rely heavily on changes in biomass allocation; therefore, more insight into this strategy will need to be gained by evaluating plant traits, including the above- and belowground fractions (de la Riva et al., 2016). On the other hand, we found that after grazing, LDMC decreased, while SLA and LNC increased. The combined changes in these traits indicate that the photosynthetic rate of the plants increased and that their growth rate accelerated (Reich et al., 1997; Quetier et al., 2007). These responses increase the ability of each plant to obtain resources to restore its lost tissues and ensure its growth (Garnier et al., 2004) and thus reflect the ability of plants to adapt to the environment. In addition, high LNC and low LDMC also indicate increased palatability in plant leaves (Perez-Harguindeguy et al., 2003), which increases herbivore selectivity toward these plants; these responses indicate that a species is tolerant to grazing (Diaz et al., 2007b). Changes in plant traits with which plants avoid grazing decrease the aboveground biomass of grassland ecosystems, but the traits related to grazing tolerance generate compensatory growth. These opposing processes keep the biomass and ecosystem functions of grassland ecosystems relatively stable under appropriate grazing pressure. Our results indicated a tradeoff between plant functional traits and ecosystem functions that helps to maintain the stability and sustainability of the ecosystem.

Studying the changes in plant nutrient concentrations and nutrient allocation is helpful in explaining the impact of grazing on grassland ecosystems (Zechmeister-Boltenstern et al., 2015). Here, we found that sheep grazing, cattle grazing, and mixed grazing with sheep and cattle increased the LNC and LPC of the three plants compared to the no grazing treatment (Figure 2). The return of nutrient-rich feces and urine of livestock can directly provide rapid nutrient replenishment, thereby significantly improving nutrient use efficiency and possibly stimulating plant production and soil microbial activities (Frost and Hunter, 2004; Van der Waal et al., 2011). On the other hand, herbivores have an indirect effect on nutrient dynamics by affecting the rate of litter decomposition. Previous studies have found that grazing can affect the quality and quantity of litter (e.g., the quality of litter is higher in the presence of grazing); in addition, the feces and urine of herbivores can accelerate the decomposition rate of litter by returning highly decomposable resources (Bakker et al., 2004). Herbivores thus have an important role in regulating nutrient cycling in grassland ecosystems, which cause a significant increase in soil mineral nitrogen after grazing (Wang et al., 2018). Therefore, the increase in soil mineral nitrogen may be the main reason for the increase in leaf nitrogen caused by grazing. Leaf phosphorous and nitrogen generally increase consistently with an increase in soil fertility (Ordonez et al., 2009), which causes leaf phosphorous to respond to grazing in the same manner as leaf nitrogen. Grazing also has an effect on root and stem nutrient traits, however, nutrient traits of roots and stems were not as obvious as those of leaf traits in response to grazing (Figure 2). In this study, we also found that the leaf nitrogen and phosphorus concentration of the three plants has a weak correlations with the root and stem nitrogen and phosphorus concentrations (Figure 3). These results seem to be inconsistent with the result of Kramer-Walter et al. (2016), who found that root, stem and leaf tissue traits are functionally coordinated to maximize the efficiency of acquiring resources. This coordination may be attributed to the notion that the responses of plant roots and stems to grazing disturbances exhibits a certain lag effect, rendering the traits of roots and stems more stable than those of leaves (Milchunas and Vandever, 2013).

Our results indicate that the intraspecific variability of plant functional traits increased after grazing. The intraspecific variation in plant functional traits was the lowest under non-grazing conditions Figure 4). Plants adapt to biological and abiotic gradients primarily through ITV (Ackerly and Cornwell, 2007; Martinez-Vilalta et al., 2009). ITVs affect their ability to respond to environmental changes as well as their evolutionary development and ultimately determine the breadth of their ecological niche (Nicotra et al., 2010; Laforest-Lapointe et al., 2014). Albert et al. (2010) found a high ITV under certain environmental conditions; here, we emphasize the importance of disturbance factors such as grazing. Plants make their functional traits more “adaptive” to grazing disturbance by increasing their intraspecific variability, thereby expanding their niche to obtain more resources and pass through environmental filters (Jung et al., 2010; de la Riva et al., 2016). Therefore, in addition to adjusting their functional traits (values) to adapt to environmental pressures, plants may also survive adverse environmental conditions by increasing their intraspecific variability (Messier et al., 2010).

Overall, the investigated plant species exhibited higher SLA, LNC, and LPC and lower LDMC after grazing. These responses show that the plants adapted to the environment by changing their growth strategies and providing compensatory growth (Reich et al., 1997; Garnier et al., 2004; Wright et al., 2004). These changes promote the accumulation of ecosystem biomass and accelerate the ecosystem cycling rate (Zheng et al., 2010; Bai et al., 2012), specifically by improving biodiversity, primary productivity and water use efficiency. Thus, we recommend adopting moderate-intensity grazing for grassland management in Inner Mongolia.



Does Grazing With Only One Livestock Type Have a Stronger Adverse Effect on Plant Functional Traits Than Mixed Grazing?

Compared with its SLA under the other two grazing treatments, L. chinensis had its lowest SLA under the SG treatment, and more of its biomass was distributed to the roots (Figure 1). Moreover, the LDMC of L. chinensis under SG was higher than that under the other two grazing treatments, while its average VH was the lowest (although the difference was not significant, Figure 1). The combination of these trait changes leads to the following conclusion: L. chinensis is more inclined to avoid sheep grazing than to tolerate it. Zhao et al. (2009) found that long-term grazing altered both the morphological and functional traits of L. chinensis; here, our research further shows that grazing only sheep will strengthen these effects. Pan et al. (2017) found that sheep greatly damaged the growth points of L. chinensis, leaving residual stems that were unable to continue growing, and that sheep grazing inhibited L. chinensis growth more than it inhibited the growth of other species. L. chinensis, which is highly palatable for livestock animals and has considerable economic value, is one of the most important native perennial forage species of the Inner Mongolia grassland (Wang et al., 2004; Zheng et al., 2011). Therefore, to reduce the further consumption and destruction of L. chinensis populations, it is recommended to limit the practice of grazing only sheep.

In this study, we found that the CG treatment had a greater impact on the functional traits of S. grandis and a smaller effect on the functional traits of C. squarrosa. S. grandis showed a higher SLR and lower SLA, SPC, and RPC under CG than under the other treatments. The increase in the SLR indicates that the proportion of S. grandis leaves decreased. Because leaves are the photosynthetic organs of a plant, this change in biomass allocation inevitably cause a decrease in the photosynthetic rate of S. grandis and a slowed growth rate (Garnier et al., 2004). Similarly, SLA, SPC, and RPC are positively correlated with the photosynthetic efficiencies and growth rates of plants (Reich et al., 1997; Quetier et al., 2007). Therefore, compared with the other two grazing treatments, CG significantly reduced the growth efficiency of S. grandis, causing very adverse effects on S. grandis. In contrast, the morphological and chemical trait values of C. squarrosa in the CG plots were most similar to those in the control plots (Figures 1, 2), indicating that cattle had a minimal effect on the functional traits of C. squarrosa. Because cattle graze plants with their tongues, they tend to eat plants that are taller and have more biomass (Schwartz and Ellis, 1981). Due to its low VH, C. squarrosa successfully avoided being consumed by cattle. The Inner Mongolia grassland is an important part of the Eurasian temperate grassland area, which is the largest terrestrial biome in the world, and S. grandis is one of the most important species in this area (Bai et al., 2004). Some S. grandis communities in this area have been degraded by overgrazing cattle or sheep, and some of them are likely to become C. squarrosa communities (Pan et al., 2016). The results of this study explain the internal mechanism of this change and emphasize that cattle grazing may be an important reason for this kind of community transformation.

Our results indicate that the intraspecific variability of plant functional traits increases more obviously under cattle-only grazing than under the other grazing systems tested (Figure 4). Plants will exhibit greater intraspecies trait variability when they are subject to increased abiotic or biological constraints (Violle et al., 2007). Jung et al. (2010) found that the intraspecific variability in SLA and height increased with an increase in flooding stress. Our results are similar to their results: the plants in the control plot were the least disturbed; their species traits were the most clustered together in the PCA; and the value of intraspecific variability of plant functional traits was low (Figures 3, 4). Therefore, to a certain extent, the intraspecies variability of functional traits can indicate the magnitude of environmental pressure on the species in a habitat, and increased intraspecies variability indicates greater environmental pressure. In this study, the plant species traits were the most dispersed under the CG treatment (Figure 3B), indicating that the plants under this treatment were under the most grazing pressure. Albert et al. (2010) believe that intraspecific effects are more important along short environmental gradients that include minimal changes in species composition than under other conditions. Therefore, for regional grassland management, it is recommended that cattle-only grazing be reduced to alleviate the pressure on grasslands.

Large-herbivore grazing is a compound stressor that affects grassland ecosystems mainly through feeding, feces and trampling (Veen et al., 2014). Different combinations of herbivores exhibit differences in feed intake, which yields differences in the aboveground biomass, soil water content, species composition, and nitrogen availability; these differences further affect the net ecosystem CO2 exchange and the total ecosystem productivity (Bakker et al., 2004; Hodel et al., 2014; Liu et al., 2015, 2016; Risch et al., 2015). Mixed grazing by a combination of different livestock species affects grassland ecosystems in diverse ways rather than having only a single effect, which is helpful in reducing the negative impact of grazing activities on grassland ecosystems. In the context of achieving appropriate grazing pressure, mixed grazing can not only maintain the plant community structure but also promote the compensatory growth of plants and accelerate material circulation and energy flow. Therefore, we recommend that mixed cattle and sheep grazing be implemented in the management of the Inner Mongolia grassland. Our study provides evidence from the perspective of plant functional trait responses to different grazing systems in the Inner Mongolia grassland. The evidence suggests that compared with single grazing, mixed cattle and sheep grazing should be the preferred grazing system for the Inner Mongolia grassland.




CONCLUSION

Our research shows that VH, LDMC, SLA, plant biomass allocation fractions, and plant nutrients can be used to predict plant responses to grazing and that these traits exhibit consistent responses to grazing in the dominant plant species on the Inner Mongolia grassland. Plants avoid grazing by becoming smaller and by reducing their leaf allocation ratio. They tolerate grazing by increasing their SLA and nitrogen and phosphorous contents and by reducing the LDMC. In addition, plants may also adapt to unfavorable living conditions by increasing the intraspecific variability of their functional traits. In addition, our research found that compared with other grazing methods, grazing only sheep had a greater impact on the functional traits of the L. chinensis population than on those of the other species and adversely affected its survival and growth. Grazing only cattle had a greater impact on the functional traits of S. grandis than on those of the other species. The functional traits of C. squarrosa plants were less affected by grazing than those of the other species, which may be an important mechanism by which S. grandis grasslands degenerate into C. squarrosa grasslands. Because grazing can promote plant growth, mixed grazing had milder effects than single grazing on the functional traits of dominant plant species in the Inner Mongolia grassland. Therefore, we conclude that mixed cattle and sheep grazing should be adopted for the management of the Inner Mongolia grassland.
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Grazing is a crucial anthropogenic disturbance on grasslands. However, it is unknown how livestock grazing affects the relationship between biodiversity and productivity of alpine grasslands in Tibet. We carried out a grazing-manipulated experiment from 2016 to 2019 with grazing intensity levels of null (control, grazing exclusion, C.K.), moderate grazing [1.65 standardized sheep unit (SSU) per hectare, M.G.], and heavy grazing (2.47 SSU per hectare, H.G.) on a typical alpine grassland in the Lhasa River Basin, central Tibet. We measured aboveground biomass (AGB), species assembly (alpha and beta diversity indices), and soil nutrients’ availability. The results showed that grazing differently affected plant community in different treatments. Notably, the total dissimilarity value between C.K. and H.G. is 0.334. Grazing decreased the Shannon–Wiener index, increased the Berger–Parker index from 2016 to 2018 significantly, and decreased AGB and total soil nitrogen (STN) significantly. Our results also showed that the grazing affected the relationship between AGB and diversity indices and soil nutrients, including soil organic carbon (SOC) and total soil phosphorus (STP). Specifically, AGB decreased with increasing SOC and STP in all treatments, and heavy grazing changed the positive relationships between AGB, STP, and Shannon–Wiener index to negative correlations significantly compared with grazing exclusion. There was a significant negative correlation between Berger–Parker and Shannon–Wiener indices under each treatment. The general linear models showed that H.G. altered the relationship between diversity and productivity of grassland in central Tibet, and AGB and Shannon–Wiener index positively correlated in C.K. but negatively correlated in H.G. Our study suggests that H.G. caused a negative relationship between plant diversity and productivity. Therefore, sustainable grazing management calls for a need of better understanding the relationship between biodiversity and productivity of alpine grassland in central Tibet.
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INTRODUCTION

Livestock grazing is a crucial anthropogenic disturbance on grasslands (Wu et al., 2009), reshaping plant community assembly and affecting ecosystem functions (Cingolani et al., 2005). Grazing reduces plant species diversity in dry forests (Schulz et al., 2019) but increases it in grazed areas (Gonzalez-Hernandez et al., 2020). According to the intermediate disturbance hypothesis (Mcnaughton, 1983), the plant community productivity and diversity were the highest at light or moderate grazing intensity. However, over-grazing may reduce species richness (Cardinale et al., 2012). Moreover, grazing can affect plant community structure by changing species composition (Lin et al., 2010), where graminoid and herb species can be inhibited (Rada et al., 2014). Grazing has little influence on nestedness but can increase species turnover (Adler et al., 2001). Furthermore, heavy grazing can result in high species replacement (Sanaei et al., 2018). However, how different grazing intensities affect plant community assembly is still unclear.

Aboveground biomass (AGB) is an important indicator of the quantitative characteristics of ecosystem functions to an anthropogenic disturbance (Ma et al., 2010). Many studies have demonstrated that grazing significantly affected AGB and primary productivity at different scales (Wu, 2013; Su et al., 2017; Liu et al., 2020). Notably, heavy grazing seriously declined grassland productivity and plant coverage in grasslands and intensified land desertification (Wu et al., 2009). However, the effect of grazing intensities on alpine grasslands is still under debates. Therefore, a better understanding of the impact of grazing disturbance on AGB could help us to enhance ecosystem stability when facing external disturbances (Rusina et al., 2013). It should examine the balance between ecosystem function and ecosystem service for rational rangeland management (Dias et al., 2017).

The biodiversity–productivity relationship of grassland is a controversial topic in the field of ecosystem function and stability research (Axmanova et al., 2013; Liang et al., 2016; Wu et al., 2019a). The relationship is complex and is affected by many factors that are monotonous linear (positively or negatively) or have no relation (Almufti et al., 1977; Mcnaughton, 1983; Gough et al., 1994; Gillman and Wright, 2006; Hector and Bagchi, 2007; Cardinale et al., 2012; Zhang R. et al., 2018). A positive linear relationship between biodiversity and productivity has been found in the Eurasian Steppe (Bai et al., 2007) and a weak positive relation in the Qinghai–Tibetan Plateau (Fayiah et al., 2019). Zhang et al. (2011) found that the relationship can be changed with special research scales in the temperate steppe of Inner Mongolia. Wang et al. (2013) demonstrated no significant correlation between plant species richness and community productivity in the Tibetan semi-arid regions where available water is limited. How plant diversity regulates vegetation productivity is receiving wide attention to Erfanzadeh et al. (2015) and Grace et al. (2016). However, many studies rarely examine the impact of environmental factors and ways of utilization of the relationship shapes (White et al., 2019). Therefore, it is necessary to examine the mechanisms behind the different biodiversity–productivity relationships (Gross and Cardinale, 2007).

The Qinghai–Tibetan Plateau (QTP) is characterized by high altitude and high fluctuation in temperature, intense radiation, and fragile ecosystems (Gao et al., 2010; Liu et al., 2020). It covers more than 20% of China’s grassland (Cao et al., 2004). Alpine grasslands were an essential resource of pastoral production activities (Yi et al., 2019) affected by many biotic and abiotic factors (He et al., 2005; Zhu et al., 2016). At large scales, alpine grasslands on this plateau are thought to be sensitive to climate change (Wu et al., 2019b). At a regional or local scale, they are disturbed by livestock grazing activities (Bai et al., 2007; Milchunas et al., 2012; Erfanzadeh et al., 2015). The relationship between plant diversity and productivity is influenced by environmental variables differently at various spatial scales in Tibetan grasslands (Ma et al., 2010). Xiong et al. (2014) found that grazing exclusion improved forage yield and has negative influences on species diversity in alpine meadows. Wu et al. (2014b) discovered that AGB increased with precipitation in growing season and decreased with growing season temperature in alpine pastures across the northern Tibetan Plateau. They even found a unimodal pattern between AGB and species richness within steppes but no significant relationship neither in meadows nor desert steppes (Wu et al., 2014a). Previous studies focused on the impact of grazing or fencing on the productivity–species diversity relationship in the northern part of the Qinghai–Tibetan Plateau. Besides, rare efforts were done to explore how grazing intensity affects the alpine grasslands in central Tibet. Therefore, it is necessary to consider how different grazing intensities shape the relationship between plant diversity and productivity of grasslands in central Tibet.

Specifically, in the current study, we aim to (1) explore how the diversity–productivity relationship is driven by grazing management, (2) examine whether the relationship between plant diversity and productivity is monotonous linear (positively or negatively) or not related, and finally, and (3) inspect whether the relationship has been altered by heavy grazing. We examined the differences in plant community diversity, AGB, and soil nutrient content between three grazing intensity levels. Finally, we analyzed the relationship between plant diversity and productivity under the different grazing intensities.



MATERIALS AND METHODS


Study Area and Experimental Design

The research station locates in the Linzhou County (29°45′∼30°08′ N, 90°51′∼91°28′ E, 3,900 m.a.s.l.), approximately 60 km away from Lhasa, the capital of the Tibet Autonomous Region, China (Figure 1). Table 1 shows community productivity, plant species richness, and soil nutrients. At this station, annual precipitation ranges from 343 to 466 mm, over 70% of which falls in the summer monsoon season, hereafter named the plant-growing season. Mean air temperature during the plant-growing season ranges from 10.6 to 12.6°C (Chen et al., 2014). The vegetation is alpine steppe dominated by Pennisetum centrasiaticum, Tripogon bromoides, Kobresia pygmaea, and Carex atrofusca. However, degradation indicator species are Stipa capillacea, Astragalus strictus, Euphorbia kansui, and Ligularia rumicifolia. The soil is poor with an average depth of about 20–30 cm.
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FIGURE 1. Location of the study site in the Lhasa River Basin and experimental plot design.



TABLE 1. Information on grazing plot and nutrient on the Kuixin Valley of Linzhou County.

[image: Table 1]The grassland at this station was fenced and excluded from livestock grazing since May 2011. In 2016, we built 15 plots of 10 m × 10 m within the fenced area, grouped randomly into three different treatments. According to the grassland carrying capacity in the Lhasa River Basin (Xiang et al., 2019), the grazing intensity level was manipulated at null (control, grazing exclusion, C.K.), moderate grazing [1.65 standardized sheep unit (SSU) per hectare, M.G.], and heavy grazing (2.47 SSU per hectare, H.G.). Nine fixed quadrats of 0.5 m × 0.5 m, at least 0.5 m away from the fence lines, were located in each plot. The grazing was carried out once per month, between July 15th and September 17th, from 2016 to 2019. Grazing duration is 8 h/day each time, with two female healthy sheep (native sheep) for M.G. and four female sheep for H.G., respectively.



Data Collection and Calculation

Plant composition was surveyed before the grazing experiment each year. Plant species height was measured and averaged as the community height. Species coverage was visually estimated and summed for the community coverage. The numbers of species within each quadrat and plot was used as plant species richness (n) at the quadrat and plot levels, respectively. A quadrate near each fixed quadrat was used to evaluate AGB. All plants in each quadrat were harvested, kept in an envelope, and weighed after being oven-dried at 65°C for 48 h. After harvesting AGB, three soil samples were collected from each plot. The soil samples were air-dried in a dark room. Finally, the contents of soil organic carbon (SOC), total soil nitrogen (STN), and total soil phosphorus (STP) were measured for further analysis. A given species’ frequency (Fri) was relative to the sum of all species that appeared in nine quadrats at each plot. Similarly, we calculated relative species coverage (Cri) and height (Hri) (Wu et al., 2019b). Thus, the Shannon–Wiener diversity index (H′) was calculated based on the relative species dominance (Pi), which is the mean of relative species coverage (Cri), frequency (Fri), and height (Hri) (see Eqs. 1–3). We also calculated the Berger–Parker index (B′), which is the ratio of the max number of dominant species (nmax) to all species numbers (N) (Morris et al., 2014), Eq. 4.

The beta (β) diversity refers to the dissimilarity of species composition among different communities or species replacement rate along the environmental gradients. In this study, the β diversity index was calculated at plot level among treatments according to the approach of Baselga (2010). The binary presence or absence matrices for plant species across 15 plots were used for a measured dissimilarity index. Species turnover was expressed as Simpson dissimilarity (βsim, Eq. 5). Species nestedness was expressed as a nestedness-resultant fraction of Sørensen dissimilarity (βsne, Eq. 6). Species overall beta diversity was expressed as Sørensen dissimilarity (βsor, Eqs. 7–8), where a is the number of species shared in two plots, b is the number of species that only occurred at the species-poorest plot, and c is the number of species only appearing on the species-richest plot (Leprieur et al., 2012; Tonn et al., 2019).

[image: image]



Statistical Analyses

The data analysis was conducted with R statistic software version 4.0.3 for Windows. First, beta diversity indices (βsim, βsne, and βsor) were calculated by using the “betapart” package. The differences in plant diversity (Shannon–Wiener index and Berger–Parker index), soil nutrients, and AGB between treatments were examined with the Kruskal–Wallis and tested by rank, which is a non-parametric alternative to one-way analysis of variance (ANOVA) when the assumptions of homogeneity of variance and normality are not met (Wu et al., 2019b). The correlation coefficient matrix was calculated and tested the significance by “corrplot” package within each of the three treatments. Finally, we established general linear models (GLM) to analyze the relationships between soil nutrients, plant diversity indices, and community AGB at different grazing intensities.



RESULTS


Comparisons of Community Assembly

Community dissimilarities was dominated by species turnover, with a relatively small contribution of the nestedness component (Figure 2). In 2016, the dissimilarity value of species turnover of C.K. to H.G. is 0.164, which is lower than C.K. to M.G. (0.209) and M.G. to H.G. (0.188). However, the dissimilarity value of species turnover of C.K. to H.G. gradually increased from 2017 to 2019 and reached the highest value (that is 0.219) in 2019 (Figure 2A). The total dissimilarity value of C.K. to H.G. is similar to the species turnover of C.K. to H.G., and the largest total dissimilarity value is 0.334 in 2019 (Figure 2C). For nestedness dissimilarity (Figure 2B), changing trends of C.K. to H.G., C.K. to M.G., and M.G. to H.G. were consistent from 2016 to 2019, and the largest value of nestedness dissimilarity are 0.145 and 0.160 in 2018 and 0.123 in 2017, respectively.
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FIGURE 2. Pairwise dissimilarity in vegetation composition between grazing treatments from 2016 to 2019: grazing exclusion (C.K.), moderate grazing (M.G.), and heavy grazing (H.G.). Dissimilarity component includes species turnover (A), nestedness (B), and total dissimilarity (C).


The Shannon–Wiener index differed significantly between grazing treatments (C.K., M.G., and H.G., P < 0.05, Figure 3A), except for between C.K. and M.G. in 2017 and 2019 and between M.G. and H.G. in 2018. There was no significant difference in the Berger–Parker index (P > 0.05) between treatments in 2016 (Figure 3B). However, the Berger–Parker index was significantly different between C.K. and H.G. for 2017–2019 and between M.G. and H.G. in 2017 and 2019 (Figure 3B).
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FIGURE 3. Comparisons of the Shannon–Wiener index (A) and Berger–Parker index (B) between grazing treatments. The differences were at the ***0.001, **0.01, and *0.05 levels. The three treatments include grazing exclusion (C.K.), moderate grazing (M.G.), and heavy grazing (H.G.).




Comparisons of AGB and Soil Nutrients

With the increase of grazing intensity, AGB and STN decreased significantly (Figures 4A,C, P < 0.05), whereas STP under H.G. were lower than C.K. significantly (Figure 4B, P < 0.05), and SOC under M.G. were higher than C.K. and H.G. significantly (Figure 4D, P < 0.05).
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FIGURE 4. Comparisons of AGB (A), STP (B), STN (C), and SOC (D) between grazing treatments. The differences were at the ***0.001, **0.01, and *0.05 levels. The treatments include grazing exclusion (C.K.), moderate grazing (M.G.), and heavy grazing (H.G.).


Aboveground biomass and soil nitrogen decreased dramatically with increasing grazing intensity (Figures 4A,C, P < 0.05). STP under H.G. was lower than that under C.K. and M.G. (Figure 4B, P < 0.05). However, there was no significant difference in STP between M.G. and C.K. (Figure 4B, P > 0.05). SOC under M.G. was higher than that under C.K. and H.G. (Figure 4D, P < 0.05). There was no significant difference in SOC between H.G. and C.K. (Figure 4B, P > 0.05).



The Relationship Among Plant Diversity, AGB, and Soil Nutrients

There is a significantly negative correlation between Berger–Parker and Shannon–Wiener indices in all treatments (Figure 5). The relationships between AGB, STP, and Shannon–Wiener index changed from positive to negative correlations significantly under C.K. and H.G. There is no significant relationship between STN, plant diversity, and aboveground biomass among the three treatments.
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FIGURE 5. Correlation matrix of soil nutrients, AGB, and biodiversity indices for each of the three grazing treatments. The three treatments include grazing exclusion (C.K.), moderate grazing (M.G.), and heavy grazing (H.G.). The “×” symbol means that the correlation coefficient does not reach the significance level, P > 0.05.


Bivariate regressions showed similar patterns of AGB under the three treatments, which decreased with the increasing SOC and STP (Figures 6A,C). Grazing altered the slopes of AGB varying along with SOC and STP compared to C.K., namely, the slopes of AGB along with SOC and STP were steeper with increasing grazing intensities. The proportions of the total variance AGB explained by SOC and STP were 36 and 39% under C.K., 16 and 35% under M.G., 17 and 18% under H.G., respectively.


[image: image]

FIGURE 6. (A–L) The changing pattern of biodiversity indices, soil nutrients, and aboveground biomass at three treatments. The three treatments include grazing exclusion (C.K.), moderate grazing (M.G.), and heavy grazing (H.G.). The color purple represents C.K., the color orange represents M.G., and the color dark red represents H.G., respectively.


As Figures 6D,F shows, H.G. affected the patterns of the Shannon–Wiener index along with SOC and STP, from increasing under C.K. (k = −0.3, R2 = 0.039 and k = −0.25, R2 = 0.057) to decreasing under H.G. (k = 0.15, R2 = 0.0095 and k = 0.41, R2 = 0.12). Similarly, grazing also changed the pattern of the Berger–Parker index varying along with STP, from increasing under C.K. (k = 0.45, R2 = 0.19) to decreasing under H.G. (k = −0.14, R2 = 0.011, Figure 6I).

Grazing altered the linear relationship between AGB and Shannon–Wiener index, from positive (k = 0.53, R2 = 0.18, P ≤ 0.001) under C.K. to negative (k = −0.19, R2 = 0.15, P ≤ 0.001) under H.G. (Figure 6J). The relationship between AGB and Berger–Parker index was altered from being negative linear (k = −0.68, R2 = 0.33, P < 0.05) under C.K. to no relation under H.G. (Figure 6K, P > 0.05). Meanwhile, the Shannon–Wiener index decreased with the Berger–Parker index under three treatments (Figure 6L, P < 0.001). However, there is no correlation between STN and AGB (Figure 6B), Shannon-Wiener index (Figure 6E), Berger-Parker index (Figure 6H).



DISCUSSION

Grasslands in central Tibet are intensively affected by anthropogenic disturbances (grazing, mowing, and construction) and climate change (such as precipitation, temperature, wind soil, and nutrient) (Zhu et al., 2016). Previous studies were concentrated on the effects of exclusion grazing on grasslands in north Tibet (Spooner et al., 2002; Xiong et al., 2014; Tai et al., 2021). However, it is rarely reported how fencing vs. grazing influences the grassland ecosystem in central Tibet. In the current study, we first demonstrated that grazing alerted alpha and beta diversity compared to grazing exclusion. Next, we detected that grazing activity decreased community AGB, and heavy grazing decreased soil total nitrogen and soil organic carbon. Then, we found that heavy grazing changed the positive relationships between AGB, STP, and Shannon–Wiener index to negative ones compared with grazing exclusion. A negative correlation was also found between Berger–Parker and Shannon–Wiener indices under each treatment. Finally, the GLM showed that heavy grazing altered diversity and productivity in central Tibet grassland. All potential mechanisms and causes are discussed below.


Effects of Grazing Intensity on Plant Community Assembly

Community dissimilarities were dependent on species composition and turnover (Figure 2A), strongly correlated with precipitation under C.K. Herbaceous communities exhibited high rates of temporal species turnover (Bar-Massada and Hadar, 2017), which can be explained by the modern co-existence theory (Chesson, 2000). On a given land, species turnover may be correlated with the different land management. Our results are similar to other scientists (Sanaei et al., 2018) who found that grazing intensity affected vegetation composition by enhancing species replacement. Peper et al. (2011) suggested that grazing should be considered in species composition shifts along ecological gradients. In this study, livestock frequently foraged for family Gramineae and Cyperaceae plants. Sheep grazing behavior can limit the growth of dominant species and increase habitat heterogeneity and species niches (Barot and Gignoux, 2004; Olden and Halme, 2016; Fischer et al., 2019). However, some other species cannot exist and may be lost due to sheep trampling (Su et al., 2005).

Grazing significantly influenced the diversity indices of alpine steppes in central Tibet. Specifically, grazing decreased the Shannon–Wiener index and increased the Berger–Parker index significantly compared to C.K. in 2016 to 2018 (Figure 3). The diversity and dominance of the community have changed greatly under H.G. It indicated that grazing altered the stability of the plant community. These findings were in line with findings that the Shannon–Wiener index under ungrazed sites was greater, but the Simpson dominance index was smaller under over-grazing sites in alpine Kobresia meadows in Tibet (Wei et al., 2008). However, with increasing grazing intensity, vegetation coverage decreased dramatically but had no effects on species richness, Shannon–Wiener index, and Pielou evenness index in Gangcha County, Qinghai Province (Chu et al., 2019). In the southern rangelands of Kenya, heavy grazing decreased species diversity, richness, and evenness (Jawuoro et al., 2017). Dingaan et al. (2016) found no dramatic difference in species richness between L.G. and H.G. sites in Kimberley. Therefore, due to different study areas and research objects, grazing effects on diversity are significantly different.



Effects of Grazing Intensity on Soil Nutrients and AGB

Grazing leads to a reduction in productivity. Our results showed that AGB decreased significantly with the increase of grazing intensity (Figure 4A). The livestock can directly reduce the AGB by eating a large amount of edible herbage (such as Gramineae, etc.). Removing the plant AGB will directly limit the plant growth and reproduction, and this process will redistribute productivities of photosynthesis (Hardman-Mountford et al., 2013). However, these results were inconsistent with other scientists. Olofsson et al. (2001) thought heavy grazing enhanced primary productivity of summer ranges, while moderate grazing decreased primary productivity in northern Norway. These results conceived that grazing activities are the main factors causing changes in grassland productivity, but others believed that grazing disturbance had a greater indirect effect on AGB via plant diversity (Zhang R. et al., 2018). Therefore, it is necessary to detect whether grazing directly affects plant productivity in a future study.

Grazing may affect soil nutrient parameters (i.e., organic matters, soil total and available nitrogen, and soil total and available phosphorus). Our results showed that grazing had dramatically adverse effects on soil nutrients. Specifically, heavy grazing significantly influenced STN and STP comparing to grazing exclusion, but moderate grazing significantly increased both nutrients. Our results agree with Frank et al. (1995), Steffens et al. (2008), Talore et al. (2016), and Dai et al. (2021). Moreover, Wu et al. (2010) had reported that grazing could influence soil carbon pool and nitrogen sequestration and storage in the Qinghai–Tibetan Plateau. Dong et al. (2012) also found that high grazing intensity decreased soil organic carbon and total nitrogen than low grazing intensity did. A meta-analysis concluded that grazing significantly decreased soil organic carbon, total soil nitrogen, and total soil phosphorus (Liu et al., 2021).

Furthermore, overgrazing significantly and directly increased the exposure of soil surface and water erosion storage in grassland ecosystems (Wang et al., 2011). This may be attributed to trampling by heavy grazing that is much greater than other treatments on alpine grassland. Trampling can increase the exposure of topsoil and wind erosion and reduce SOM (Wang et al., 2011). Additionally, topsoil exposure made soil temperatures down, which can accelerate the rate of soil organic matter decay and mineralization, thus declining soil organic matter levels. Soil parameter changes are closely associated with vegetation deterioration or over-grazing (Dong et al., 2012). Soil is the physical support of vegetation growth and the main source of plant nutrients, so they often independently interplay with each other (Li et al., 2014). Su et al. (2005) found that continuous grazing dramatically decreased vegetation coverage, plant litters, soil organic carbon, and soil nitrogen contents. Thus, the vegetation and soil influences restrict each other and coordinate development as a unified interaction network. Therefore, grazing by livestock directly affects vegetation and soil characteristics (Gao et al., 2009), but the soil characteristic change will react on the vegetation (Olofsson et al., 2001), thus forming a complicated vegetation–soil network.



Effects of Grazing Intensity on the Biodiversity–Productivity Relationship

In grazing ecosystems, soil management profoundly impacts ecosystem stability (Tscharntke et al., 2005). Soil properties are important for formations of vegetation productivity, species richness, and community assembly (Dingaan et al., 2016). Particularly, soil organic carbon, nitrogen, and phosphorus are highly essential for plant growth and productivity, which are affected by physical, chemical, and biological factors in multiple ways (Yuan and Jiang, 2021). In our study, the SOC and STP significantly negatively correlate with AGB in all treatments (Figure 5). It maybe that forage growth and compensatory growth absorb and utilize more soil nutrients (i.e., SOC and STP), which caused more AGB and less soil nutrient content (Yuan et al., 2015), as Fay et al. (2015) also proved that plant diversity and productivity are closely related to soil nutrients. Another reason is that livestock ingested plant aboveground biomass (such as plant litter and green leaves), causing decreasing SOC content (Yan et al., 2020) and increasing AGB (Yang et al., 2019). Furthermore, our GLM results also showed that AGB decreased significantly with the increase of the values of SOC and STP. More interesting, grazing dramatically altered the slopes of AGB along with SOC and STP compared with grazing exclusion (Figures 6A,C). The possible reasons are that the C.K. had higher vegetation coverage (62.67 ± 1.17%, Table 1), more litter, and moister topsoil; hence, litter decomposition rate and content of SOC were higher in C.K. than M.G. and H.G. (Dimitrakopoulos, 2010). Meanwhile, litter may hinder plant growth and decrease aboveground biomass (He et al., 2012), as intensive grazing has affected and changed soil nutrients and further ignited to changing of ecosystem functions (Li et al., 2018). Previous studies manifested that grazing caused decreasing of AGB and plant coverage, increasing of soil water evaporation and erosion, and decreasing SOC and STN consequently (Rickart et al., 2013; Lu et al., 2017; Su et al., 2017; Zhang M. et al., 2018). Therefore, plant AGB and soil nutrient availability were directly or indirectly affected by livestock.

Grazing exhibited no significant influence on the Shannon–Wiener index and SOC and STN (Figure 5). The finding seems to be similar to Wang et al. (2017), who demonstrated that grazing intensity had no effects on plant composition and soil properties across Tibet. Moreover, the pattern of the Shannon–Wiener index declined with SOC dramatically in grazing exclusion, while the pattern of the Shannon–Wiener index increased with SOC without significance in heavy grazing (Figure 6D). However, the pattern of the Berger–Parker index increased with SOC significantly in grazing exclusion (Figure 6G), which was opposite with the pattern of the Shannon–Wiener index with SOC in grazing exclusion. The relation varies in the study may be due to the highly significant negative correlation of the Shannon–Wiener index with the Berger–Parker index at all treatments (Figures 5, 6L). Our results correspond to previous studies (Prober and Wiehl, 2012; Wang et al., 2017). One possible reason is that grazing had changed the species competitively. Specifically, heavy grazing reduced the competitive exclusion among plants. Another possible reason is that heavy grazing had relatively higher urine and dung contents and more trampling (Mipam et al., 2021).

Heavy grazing altered the relationship between diversity and productivity. Specifically, the Shannon–Wiener index–AGB relationships tended to be positive on grazing exclusion, but a negative relationship was detected on heavy grazing (Figure 6J). These outcomes seem to be similar to other studies, namely, the patterns of diversity and biomass display a positive or negative linear trend across different grassland ecosystems of the Qinghai–Tibetan Plateau (Zhang et al., 2011; Milchunas et al., 2012). These variations in the study may be due to unavailable water, temperature, precipitation, and soil nutrient limitation on a different spatial scale for natural grassland (Zobel and Paertel, 2008; Li et al., 2019) and maybe driven by sample effects (Wolda, 1981), density-dependent factors, plant biomass, livestock grazing intensity, or other potential factors on a local scale (He et al., 2005; Ma et al., 2010). Grazing can significantly influence plant diversity and productivity patterns of plant communities (Guo and Berry, 1998). The major differences between the positive linear relationship at grazing exclusion and negative linear relationship at heavy grazing we obtained in this study could be connected with livestock grazing activities (Rillig et al., 2019). The results are similar to other researchers, who found that the patterns of biodiversity–productivity were overall linear models in alpine grassland but changed with temporal–spatial scales (Du et al., 2003). Li et al. (2019) found that a plant community with relatively few individuals of each species and concurrently with more species could be accompanied by bigger plant biomass, so the species richness and Shannon–Wiener index have a positive linear pattern with both above- and below-ground biomass. Comparing to our study, with lack of grazing livestock activities, each species in a plant community could fully use natural resources (e.g., light, available water, and soil nutrients) for growth (Zuo et al., 2012). However, when grazing at grassland, the livestock could alter the stability of plant community and plant species’ competitiveness or even lead to plant species’ niche changing (Pavlu et al., 2021). One possible reason is that the response rate of AGB and species diversity on grazing is different in plant community. In other words, heavy grazing decreased AGB remarkably (Figure 4A) but gradually changed plant diversity (Figures 2, 3). It indicated that the community stability of diversity and productivity exhibits hysteresis concerning grazing (Cipriotti et al., 2019). Another possible reason is that grazing altered the plant species’ competitive exclusion within communities (Huston, 1979; DeMalach et al., 2016) and plant species’ synchrony. Plant competition and synchrony may be different in communities (Sanaei et al., 2018). Grazing activities released the plant competition for light and niche breadth (Borer et al., 2014). In our study, heavy grazing decreased AGB significantly (Figure 4A), resulting in decreasing competition among plant species and increasing remnant niche breadth of other species; thus, the poorly competitive species may colonize into the communities. Therefore, heavy grazing can influence plant diversity–productivity relationship at small scales through plant competition and colonization (Fayiah et al., 2019). So, it is critical to reveal the effects of species losses on ecosystem functioning (Mulder et al., 2004).



CONCLUSION

This study suggested that heavy grazing lead to high species replacement and greatly changed the species diversity in plant community. Intensified grazing decreased plant productivity and SOC. Furthermore, a positive relationship between the Shannon–Wiener diversity and AGB was found under the condition of grazing exclusion, but a negative relationship was detected on heavy grazing. In conclusion, heavy grazing altered plant community features, soil nutrients, and the patterns of biodiversity–productivity relationship. However, this study focused on alpine grassland in central Tibet. Therefore, it is critically necessary to set a reasonable grazing intensity based on alpine grassland carrying capacity at different areas in Tibet.
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Understanding phenotypic responses is crucial for predicting and managing the effects of environmental change on native species. Color and display size are typically used to evaluate the utilization value of ornamental plants, which are also important ornamental characters of Lonicera nervosa Maxim. (L. nervosa). However, there is limited documentation of its floral environmental adaptation. The environmental conditions for the development of an organism changes with altitudinal variation. The aim of this research was to find flower trait variability maintenance and the tradeoff among the organs in five different populations of L. nervosa growing at distinct altitudes. We investigated the distribution patterns of floral color, floral display, and biomass tradeoff along a 700-m altitude gradient from 2,950 to 3,650 m. One-way ANOVA analysis was performed to assess the variability of flower traits and floral color across different altitudes. Moreover, correlations and tradeoffs between flowers and vegetative organs were also observed at different altitude ranges. The results indicated that L. nervosa flowers had a strong adaptability along the elevation and divergent altitude-range-specific patterns, which was divided by an altitude breakpoint at around 3,300 m. Below 3,300 m, petal lightness (petal L) decreased, but total floral display area (TFDA), individual floral dry mass (IFDM), and total floral dry mass (TFDM) increased with an increase in altitude. Whereas, above 3,300 m no significant difference was observed in petal L, TFDA, IFDM, and TFDM decreased slightly with an increase in altitude. The responsibility for the selection on floral color at a lower altitude was stronger than that at a higher altitude, while the selection agents on floral biomass had significant effects within the entire altitude range. However, the effects on floral biomass were opposite on both sides of 3,300 m. Thus, floral trait and floral color can be useful indicators for the domestication of horticultural plants and help to evaluate and initiate management and conservation actions.

Keywords: environmental adaptation, floral color, floral display, HSL, Lonicera nervosa, ornamental utilization


INTRODUCTION

Phenotype or trait is the morphological, anatomical, physiological, biochemical, and phenological characteristic of an organism resulting from both genetic and environmental influences (Kattge et al., 2020). Elevation is a multiple-gradient factor affecting atmospheric processes, such as precipitation, temperature, solar radiation, etc. (Körner, 2007), which can lead to geographic variation in traits. Plant species can adjust to these diverse conditions through natural selection or migrate to follow conditions to which they are adapted; these options are not mutually exclusive (Nicotra et al., 2010). The floral part is an important reproductive organ which is strongly influenced by the environment. It attracts wide attention for its ornamental value in gardening or landscaping. Adaptation to environmental change is an important and nearly universal aspect of the biotic response to climate change (Davis et al., 2005). The mountainous region has large altitudinal gradients and provides “natural laboratories” to study the evolutionary and adaptive response of plant species to changes in the environment (Körner, 2003).

Flower color shows both a strong genetic basis and a sharp geographic transition (Streisfeld and Kohn, 2005), and both biotic and abiotic agents of selection may affect floral traits (Rodríguez-Castañeda et al., 2020). However, the intensity of different biotic and abiotic interactions varies spatially, resulting in divergent selection along with maintenance of the variability of floral traits that influence these interactions (Mitchell-Olds et al., 2007; Ågren et al., 2013; Vaidya et al., 2018). Conventional wisdom is that a large proportion of these transitions reflect adaptation to novel pollinator regimes (Darwin, 1862) and is supported as one of the mainstream views until now (Fenster et al., 2004; Souto-Vilarós et al., 2018; Ramos and Schiestl, 2019). Evidence indicates that due consideration is given to the hypothesis that interactions with pollinators has driven the evolution of flower color in many (if not all) species (Rausher, 2008). The petal color could be a sign of reward for pollinators (McCall and Primack, 1992; Bauer et al., 2017; Deng et al., 2017), affecting the flower visitation behavior of pollinators (Campbell et al., 2010), and can reflect pigment deposition by calculating the petal color (He et al., 2011; Del Valle et al., 2015). However, recent research suggests that additional insights into the non-pollinator agents of selection should be addressed, which can act on the pleiotropic effects of flower color genes (Rausher, 2008; Koski et al., 2020). As altitude increases, ultraviolet radiations increase, and plants precipitate through the pigments to cope with ultraviolet stress (Koski et al., 2020; Peach et al., 2020). Meanwhile, the variability in floral color is also related to heat absorption, and obtaining and maintaining an optimal flower temperature is often imperative for successful plant reproduction (van der Kooi et al., 2019).

The local flower size adaptations of plants to elevational gradient may be affected by biotic factors, such as pollinator community (Kuriya et al., 2015) or simply by the abiotic selective pressure, regardless of changes in the pollinator community (Bode and Dufresne, 2020). Previous research has shown that some plant species tend to develop larger flowers at a higher altitude (Malo and Baonza, 2002; He et al., 2017; Bode and Dufresne, 2020), while some studies have shown that there is no common regularity in the correlation between floral size and altitude itself (Nagano et al., 2014). When both floral display size and flower color vary within a plant species, each has the potential to play an important role in pollinator attraction and subsequent seed set (Malerba and Nattero, 2011). Larger floral displays or inflorescences with more open flowers usually increase pollinator visitation, and greater visitation can augment pollen receipt and seedset (Cayenne Engel and Irwin, 2003; Karron and Mitchell, 2012; Bauer et al., 2017). In hermaphroditic plants, floral display size can serve as a proxy for pollinator resource availability, and this seems to hold true for both pollen and nectar rewards (Makino and Sakai, 2007; Brunet et al., 2015). In addition, floral shape and size can influence heat accumulation and retention within flowers to affect the flowery behavior of pollinators (van der Kooi et al., 2019), so the variation in abiotic factors along an elevational gradient, such as temperature and illumination intensity will also affect the floral display.

Despite the fact that trait-based approaches can make a significant contribution to understanding the effects of management and changes in the human environment on productivity and general plant performance (Gagliardi et al., 2015), relatively few studies have been applied to identify the floral performance of L. nervosa, not to mention integrating flower display, floral color, and leaf traits for a comprehensive assessment. Using multiple imaging and sensing modalities to evaluate many genetic lines repeatedly is of great value to plant breeding programs (Bai et al., 2018), and the most significant effect of plant color in landscaping is to attract and induce the sight, the contrast, and the difference in color which is the first thing perceived as a recognition characteristic by tourists (Li, 2010). Therefore, the study on floral color and floral display is of great significance to enhance the utilization of plant resources and in providing important guidance for the breeding of ornamental plants. From the lower ecotone to the higher boundary of sub-alpine, i.e., forest line, the belt of dense forests presented different habitats not only due to the abiotic factors but also by biological interactions, in particular, shading, allelopathic effect, or other competitions. Thus, in this study, we aim to raise some hypothesis as follows: (1) Floral traits would present divergent response to altitudinal gradient; the flowers of L. nervosa tend to be darker in color and larger in display with an increase in elevation; and (2) Variation in plant traits shows one break point at the dense forests.

Based on the above-mentioned scientific hypothesis, this paper studies the characteristics of flower color diversity and biomass distribution among organs aimed at exploring the adaptation of flowers and tradeoff mechanism of organs to altitudinal gradient. The study also provides a basis for predicting the adaptive changes in L. nervosa under different climate change scenarios, thus aiding in the identification of the best suitable area for ornamental performance and to provide more material and theoretical basis for resource utilization.



MATERIALS AND METHODS


Study Sites

The study was conducted at the Bipenggou valley in Lixian County, Sichuan, China (31°13′47”–31°20′17” N, 102°52′19”–102°57′41” E), which belongs to Qionglai Mountains located at the eastern margin of Hengduan Mountains—Southeastern China, as the watershed of Minjiang River and Daduhe River. Bipenggou is part of the Miaro Nature Reserve, the eastern part of Bipenggou is adjacent to Wolong National Nature Reserve, and the southern part is adjacent to Siguniangshan Scenic Area in Xiaojin County, which is also part of the “World Heritage Site of Giant Panda Corridor.” Bipenggou has a complex topography, large relative elevation, and complex climate, which is mainly influenced by three air masses from the Pacific Ocean, Indian Ocean, and Qinghai–Tibet Plateau; the climate is rich in precipitation. The altitude in this region ranges from 2,015 to 5,922 m, with a steep vertical drop that provides several vertical zones over a small area, making it an ideal location to study plant adaptation to a changing environment.

The forest type is coniferous subalpine forest in the range of 2,200–3,600 m in this region. Studies show that in Bipenggou the dominant species between 2,900 and 3,200 m are Picea asperata and Picea likiangensis, under which are deciduous trees, such as Sorbus koehneana, Betula albosinensisi, and Acer laxiflorus, and the main shrubs are Sophora davidii, Berberis veitchii, Daphne odora, Viburnum betulifolium, and Cotoneaster multiflorus; in the range of 3,100–3,300 m, the dominant species are Betula albosinensisi, Abies recurvata, Picea asperata, and Cupressus chengiana; the main shrubs are Rhododendron violaceum, Prunus plusinensis, Rosaceae sp., Rhododendron setosum, Lonicera tangutica, and Sophora davidii; in the range of 3,400–3,600 m, the dominant species are Larix masteriana, Cupressus chengiana, Abies faxoniana, and Abies squamata; the main shrubs are Rhododendron violaceum, Sorbus koehneana, Prunus plusinensis, Berberis veitchii, and Rhododendron cephalanthum. In the range of 2,800–3,600 m, consistent with our study area, the soil is brown loam with pH 5.5–7.0, with high gravel content and shallow soil layer in the area (Li et al., 2010). The study site and overview of the sampling plots are shown in Figure 1.
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FIGURE 1. Location of the study site and sampling plots as well as the overview of Bipenggou valley and the biotope of each plot along the valley: (A) location of Bipenggou valley, (B) location and biotope of sampling plots sited at 2,950–3,650 m, and (C) overview of the study site.




Study Species

Lonicera L. is an important genus of the family Caprifoliaceae, which comprises about 180 species (Jachuła et al., 2019) and is a representative genus in the alpine region. Most species have labial crowns and are biflorous, with a pleasant color and a beautiful posture, making it an important genus of plants used for landscaping (Zhang et al., 2004; Liu et al., 2015), and some Lonicera species have been listed among valuable nectar- and pollen-yielding plants (Bożek, 2007). There are 99 species widespread in China (FRPS) which provide a good material for studying the diversity of the plant mating system for its rich flower color and morphological variation; however, most of the studies on Lonicera spp. are focused on the medicinal value of the genus (Shang et al., 2011; Ge et al., 2018). There are very limited studies conducted on the biological characteristics and utilization of the genus in landscaping. For this study, we selected L. nervosa (Figure 2), as it shows characteristics like bright color, luxuriant branches and leaves, beautiful shape, and strong adaptability. The corolla of L. nervosa is mauve or purplish red, and the color varies in different habitats at varying altitudes, which provide abundant material for resource utilization.


[image: image]

FIGURE 2. Appearance features of Lonicera nervosa: (A) overview of L. nervosa individual, (B) branches of L. nervosa, (C) details of a twig, and (D) details of flowers with different colors.


The reproduction pattern of L. nervosa is seed breeding (Wang et al., 2000), with limited preliminary cutting experiments on the breeding of L. nervosa (Feng et al., 2015); however, there is no study on the adaptability of L. nervosa. Thus, our study will be of great significance to fill the research gap on the environmental adaptability of L. nervosa and will be useful to the breeding and utilization of the species.



Sampling Methods

We set five sampling points at an interval of 200 m along the altitude from 2,950 m to around 3,650 m (2,945, 3,102, 3,326, 3,505, and 3,657 m). Depending on the distribution of L. nervosa at each point, three to five sampling sites were identified, where the Lonicera species bloom during May–June. During the late spring to the early summer of 2019, at each sampling site, we randomly selected three to five mature L. nervosa individuals at reproductive stages (June 18, 23, 25, and 29 and July 3), 10–20 individuals at each altitude point in total. From each individual, five twigs with flowers in full-bloom phase were randomly selected with no significant loss of leaves or flowers and no controlled variation in flower color or floral size within the twigs. After we cut the twigs from the branches, we quickly put them into Ziplock bags to keep them fresh for further indoor measurements, which included photography and trait measurements.



Photography and Image Analysis

With the advancement in camera technology, the sensor of a digital camera can record highly detailed (high pixel), pure (low ISO and low image noise), and more colorful (deep color depth) images that contain more optical and color information. Meanwhile, it is easy and convenient to operate and calibrate a camera. Thus, with proper use, digital cameras serve as useful and relatively inexpensive tools to capture images and quantify color and pattern (Stevens et al., 2007). In this study, we selected a Nikon D750 DSLR camera (Nikon Corporation, Tokyo, Japan) which had a 35.9 × 24-mm CMOS sensor (6,016 × 4,016 pixels) with 14-bit color depth, 100–25,600 ISO range. It showed full regulation of exposure and metering as recommended for unbiased data acquisition (Stevens et al., 2007; White et al., 2015; Del Valle et al., 2018).

The properties of color images are device dependent, and the display color of the object will vary when images are captured at different color temperatures and camera settings (Hong et al., 2001; Stevens et al., 2007), so we put the flowers in the miniature studio after sampling and captured them with the DSLR to ensure that the color temperature and other settings were consistent. The experimental data for the definition of typical sunlight are derived from the measured sunlight, and their relative spectral power distribution is similar to the measured sunlight. Compared with other standard lighting bodies, the chromaticity points of typical sunlight are more consistent with the actual sunlight. Therefore, the International Commission on Illumination recommended that the measured sunlight should be replaced by typical sunlight D55 (5,503 K), D65 (6,504 K), and D75 (7,504 K) and, as far as possible, typical sunlight D65 (Liang et al., 2013). In terms of the photographing conditions for this study, based on actual observation, we set the white balance of the camera to 5,500 K as the color at the color temperature of 5,500 K is closest to the natural situation. With all these pre-adjusted settings, we fixed the camera on the tripod and equipped it with an NIKKOR 24–85-mm autofocus lens. Then, we manually adjusted the focal length to 35 mm which was suitable to the miniature studio, and the aperture was set to f/8 and the integration time to 1/200 s. We deliberately underexposed all photographs by 0.3 f-stop to prevent color “clipping” or saturation (Stevens et al., 2007; Del Valle et al., 2018). The position between the camera and the platform to place the flowers was fixed. When capturing, we put a flannelette on the platform before we put the flowers on it to prevent shadow and excessive brightness (Kendal et al., 2013). All images were taken in RAW format, which contained unprocessed images that may be linearized using a specialized software. We used the ImageJ software (Schneider et al., 2012) for image processing. We selected the petal center as the region of interest in each image and extracted the mean value of red–green–blue (RGB) channels which was converted into hue–saturation–lightness (HSL) value afterward.

Color parameters can fully express pigment content so that measuring plant color parameters and computing by equation can provide a fast and accurate method to estimate pigment content (Qi et al., 2019). Digital cameras have become a common tool for studying plant colors. With the help of DSLR and image processing tools, Del Valle et al. (2018) built a fast, non-invasive method to estimate anthocyanin pigment concentration in reproductive and vegetative plant tissues, which provided reliable measurement results.

Color information detected by the DSLR was in RGB color space, which was not intuitive, and its process of distinguishing color aberrations was nonlinear (Chien and Tsai, 2014), so RGB color space was not suitable for color recognition. HSL color space, however, was more intuitive and consistent with human visual characteristics (Mizunuma et al., 2014; Lin et al., 2015; Qiao et al., 2016) and is typically used in color recognition applications. In the HSL color mode, H [hue, H∈ (0°, 360°)] was defined to characterize the type of color, and the value of hue could be used to represent the color warmth—the hue value looped from 0° to 360° and defined 0° and 180° as the y axis and 90° and 270° as the x axis; the chromophore was divided into four quadrants. When the hue value was in the first and fourth quadrants, the color was considered as warm color, where 0° (360°) was the warm pole, and when the hue value was in the second and third quadrants, the color was considered cold, where 180° was the cold pole. S [color saturation, S∈ (0, 1)] described the discrimination of color purity in the case of the same hue and lightness (Weeks et al., 1995). L [color lightness, L∈ (0, 1)] spanned the full range of the selected hue from black to white in the HSL color space, so HSL is suitable for observing the color lightness.

We converted the RGB channels into HSL value; the equations are listed below (Joblove and Greenberg, 1978):
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Trait Measurements

After capturing the images for color measurement, we quickly measured the fresh mass, and then we scanned the floral display area and leaf area with a scanner. After this, the samples were put into the oven, set at a temperature of 75°C, to dry for 48 h for the dry mass measurement (LY/T 1211-1999). The leaf and flower traits were determined separately both in fresh mass and dry mass. The trait measurements are provided in Table 1—based on the TRY plant trait database (Kattge et al., 2020).


TABLE 1. Traits and measurement of florals and leaves.
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Statistical Analyses

Data was checked for the normality and homogeneity of variance before analyses. Data analyses were performed by using SPSS 18.0 (SPSS Inc., Chicago, IL, United States) and Canoco 5.0 (Ithaca, NY, United States). One-way ANOVA was performed to find the differences in floral traits along the altitudinal gradient, and Duncan’s multiple-range tests were employed to detect significance among means at p ≤ 0.05. Pearson’s correlation coefficients and redundancy analysis (RDA) were calculated to determine the relationship between floral color, floral display, leaf traits, and altitude. Floral water content (FWC) was a strong predictor to imply the variation of the ambient humidity (Roddy et al., 2019), and specific leaf area (SLA) was a common indicator for the intensity of illumination, so we substitute FWC and SLA for ambient humidity and light intensity as environmental factors in calculating the RDA. Simple linear regression was used to examine these relationships; however, sometimes the community species diversity or functional pattern change in response to environmental characteristics was not linear, and sudden changes in ecological processes may occur in the response. A stable response state was present to a certain environmental gradient but, after the environment stress reaches a threshold, another state of response may occur with severe fluctuations. Obviously, different ecological processes were reflected in different gradient ranges on both sides of the critical point of the environment. Thus, piecewise regression was performed to confirm the altitudinal trends of the traits. R studio (R Core Team, 2020) was used to perform the data visualization; we used the R package ggpubr (Kassambara, 2020) to plot boxplot figures and the packages Hmisc (Harrell and Dupont, 2021) and PerformanceAnalytics (Peterson and Peter, 2020) to plot the correlation matrix.



RESULTS


Floral Color Performance

Petal H, petal L, and petal S vary significantly within the entire altitudinal range; however, at altitudes above 3,300 m, there was no significant difference for petal L and petal S (Table 2). The petal H was between 330° and 340° (Figure 1A), and regression analysis showed a linear relationship between petal H and elevation (Figure 3A). Altitude had a significant positive effect on petal S and a significant negative effect on petal L; piecewise regression showed that the gradient change of petal L and petal S had a clear breakpoint at around 3,300 m (Figures 3B,C). Below 3,300 m, petal S increased with an increase in altitude and reached its maximum value at 3,300 m, while a further increase in altitude had no significant effect on petal S. On the contrary, below 3,300 m, petal L showed a significant decreasing trend with an increase in altitude, while at above 3,300 m, no significant difference was observed. Moreover, the correlation analysis showed that both petal H and petal L had a significant negative correlation with altitude (Figures 4A–C)—specifically, the correlation between petal H and altitude was consistent within all altitudes, while the correlation between petal L and altitude was mainly found at a lower altitude (below 3,300 m). Within the entire altitudinal range, there was no significant correlation between petal S and altitude, but a positive significant correlation existed below 3,300 m.


TABLE 2. Altitudinal effects on floral morphological traits and biomass at different altitude ranges.
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FIGURE 3. (A–L) The altitude has respective effects on floral color, floral display, leaf traits, and biomass allocation.



[image: image]

FIGURE 4. Correlation among floral traits and color within different altitude ranges: (A) 2,950–3,650 m, (B) 2,950–3,300 m, and (C) 3,300–3,650 m.




Floral Display

Altitude had a significant effect on individual floral display area (IFDA), total floral display area (TFDA), individual Leaf area (ILA), total leaf area (TLA), individual floral fresh mass (IFFM), total floral fresh mass (TFFM), individual floral dry mass (IFDM), total floral dry mass (TFDM), floral number per twig (FN), and FWC (Table 2). Within the altitudinal gradient, no significant correlation was observed between altitude and FN, but at 3,300 m, FN was significantly higher than at other altitudinal gradients (Figure 4). As for the floral biomass, both the IFFM and the IFDM had a significant correlation with altitude (Figures 4A,B). However, the variation trend by segment was different for IFFM and IFDM; the breakpoint was at around 3,300 m, below which the IFFM and the IFDM both had a significant positive correlation with altitude. The difference occurred when altitude was above 3,300 m; the IFFM no longer changed significantly after 3,300 m, but the IFDM showed a descending trend (Figures 3D,E). The gradient variation of TFFM was similar to that of IFFM. It showed a significant correlation with altitude, and below the breakpoint 3,300 m, the TFFM was increasing with an increase in altitude. Afterward, the TFFM showed a slight drop compared to that at 3,300 m (Figure 3D). The TFDM had a similar gradient variation tendency with IFDM, but no significance was observed (Figure 3E).

The IFDA had no significant correlation with altitude (Figure 4A), while altitude had opposite effects on TFDA at both sides of 3,300 m (Figures 4B,C)—below 3,300 m, TFDA increased with an increase in altitude. However, at altitudes above 3,300 m, the TFDA decreased with an increase in altitude (Figure 3G).



Correlation Within Floral Traits and Color Performance

The piecewise regression showed a breakpoint in the gradient change of FWC at around 3,300 m (Figure 3F). Below 3,300 m, the altitude had a significant negative effect on FWC, while the reverse was observed at above 3,300 m. The relationship between FWC and color performance could be determined in separated altitude ranges, with a breakpoint at around 3,300 m. The FWC had a significant positive effect on petal L and a significant negative effect on petal S up to 3,300 m, with no significant effect on petal H (Figure 4B). However, at above 3,300 m, the FWC showed a significant negative effect on petal H but no significant effect on either petal L or petal S (Figure 4C). As for the floral biomass, FWC had a significant negative correlation with IFFM and TFFM (Figures 4A–C). Otherwise, the floral biomass also had a separate correlation with color performance at different altitude ranges, and the floral biomass had a significant negative correlation with petal L while it had a positive correlation with petal S; both correlations were highly significant below 3,300 m (Figures 4A–C).

From the RDA analysis, within the whole range of altitude (2,950–3,650 m), the eigenvalues of each axis were 0.1620, 0.0466, 0.0134, and 0.4258, and the explained variations of each axis were 16.20, 20.86, 22.20, and 64.78%; at 2,950–3,300 m, the eigenvalues of each axis were 0.3964, 0.0364, 0.0153, and 0.3061, and the explained variations of each axis were 39.64, 43.28, 44.80, and 75.41%; at 3,300–3,650 m, the eigenvalues of each axis were 0.1405, 0.0762, 0.0337, and 0.4475, and the explained variations of each axis were 14.05, 21.67, 25.03, and 69.78%, respectively (Figure 5).
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FIGURE 5. Redundancy analysis of the relationship among floral color, floral traits, leaf traits, and environmental factors under different altitude ranges: (A) 2,950–3,650 m, (B) 2,950–3,300 m, and (C) 3,300–3,650 m.




DISCUSSION

As expected, the study shows that altitude has a significant effect on flower color and size, and one breakpoint occurred at around 3,300 m; however, our results also indicate that the altitudinal variation tendency of the flower color and size was different but complementary. The flower color darkened as the altitude increased till a range of below 3,300 m, while the flower size was expanding; however, both flower color and size remained stable at above 3,300 m (Figure 6).
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FIGURE 6. Diagrammatic sketch of the transformation on floral size and color of Lonicera nervosa. The flowers of L. nervosa tended to be larger and darker along the altitude; however, the floral display appeared to be largest at an altitude of around 3,300 m, and the petal color lightness was kept stable at above 3,300 m.


The temporal and spatial combinations of different pigments and their contents ultimately determine the floral color since the red, blue, or lavender pigmentation is mainly determined by anthocyanins (Liu et al., 2020). Experiments show that the color lightness of plants had a negative linear correlation with anthocyanin (Qi et al., 2019). For L. nervosa, the flowers were pink to purple, and the result of petal H also led to purplish red, which implied that the crucial pigment of L. nervosa was anthocyanin. The results of floral color performance can be explained in two aspects: abiotic and biotic, respectively. The floral color lightness could be determined by the deposition of pigment, which was strongly affected by abiotic factors, such as solar UV and temperature and biotic factors like pollinators.

Firstly, from an abiotic perspective, plants adapt to UV and low temperature stress by pigment deposition (Koski et al., 2020). They usually adopt darker colors in high-ultraviolet and low-temperature environments (Arista et al., 2013). Darker pigmentation was under a particularly strong selection by UV-B irradiance (Roulin, 2014); an increase in UV may drive an increase in UV-absorbing floral pigmentation (Koski et al., 2020), and anthocyanins have been thought to play a major role in acting as a UV screen that protects the DNA of a plant from sunlight damage (Steyn et al., 2002; He et al., 2011). In habitats with high solar UV, the floral anthocyanin concentration was usually found to be the highest (Peach et al., 2020). The amount of UV radiation in China is mainly dependent on its geographical latitude, altitude, cloud, and aerosols (Hu et al., 2007; Zhou and Chen, 2008), although it is commonly contributing a higher fraction at any given incoming irradiance at high altitude compared with low altitude (for clear-sky conditions) (Blumthaler, 2007), i.e., the UV radiation increased by 0.202–0.090 W/m2 with altitude increasing per 100 m, respectively, during the dry and wet seasons on Yunnan–Kweichow Plateau (Zhou and Chen, 2008); more frequent clouds and fogs can negate or even reverse this effect (Caldwell, 1968; Körner, 2003; Hu et al., 2007). In our study, a breakpoint occurred at around 3,300 m when the floral color was changing along the altitude—but why? Generally, as light intensity decreases, the leaf area and SLA of plants increase to improve their ability to capture light energy (Saldaña-Acosta et al., 2009; Xiao et al., 2015; Wang et al., 2021). We could consider SLA as an indicator for the intensity of illumination. SLA decreased with an increase in altitude till 3,300 m and reversed at above 3,300 m (Figure 3L). Meanwhile, SLA had a significant positive correlation with petal L (Supplementary Figure 1), so we could conclude that light intensity had a strong effect on floral color and the light intensity decreased with an increase in altitude above 3,300 m in our study region. Our results also showed that the correlation between FWC and floral color performance was different at both sides of the 3,300-m altitudinal range. Below 3,300 m, FWC had a significant correlation with petal L, while there was no correlation observed beyond 3,300 m (Figure 4). FWC can be an indicator for the variation of ambient humidity. Compared to leaves, flowers had a high saturated water content, which was a strong predictor of hydraulic capacitance in both leaves and flowers (Roddy et al., 2019). The vulnerability of plants to freezing temperatures gradually increased prior to and just after flushing in spring, when freezing events may still occur (Lenz et al., 2013). With decreasing temperature along the altitude, the phenological period of L. nervosa was delayed by 18 days at a higher altitude (according to our sampling date), so there was a shorter photoperiod at a low altitudinal range when flowers were blooming, which may imply a signal of a higher possibility of risk in cold spell in spring for the plants (Körner, 2003; Augspurger, 2008; Fu et al., 2019), and a lower water content could reduce the damage of cold (Körner, 2003). With the phenological period occurring later at high altitudes, the longer photoperiod may imply a lower risk of cold spell, so the FWC decreased with elevation, but things changed when the altitude rose above 3,300 m, suggesting that the moist environment could reverse the elevation effect on FWC. Combining the result of SLA with FWC, we determine that, at an altitude above 3,300 m, there were more frequent clouds during the period when the L. nervosa flower was blooming, but instead of turning brighter, the petal L of L. nervosa tended to remain stable above 3,300 m. We infer that it may occur as a combined effect of pollinators and floral temperature. Secondly, from a biotic perspective, anthocyanins are also thought to play a role in attracting insects for the purpose of pollination (He et al., 2011). Hymenoptera carried the highest proportion of pollinators (Zhao et al., 2018). Among them, bees and bumblebees had the highest pollination efficiency and the largest proportion (Zou and Huang, 2014). According to previous research and field observation, bumblebees are the main pollinator of L. nervosa, which were typical of alpine bees, mainly distributed in subalpine coniferous forest belt and alpine shrub meadow belt, with bumblebees showing a stronger preference for brighter flowers (Deng et al., 2017).

For the results of floral size, we could also take sights into the abiotic and biotic aspects. Obtaining an optimal flower temperature was crucial for plant reproduction because temperature mediated flower growth and development and pollen and ovule viability, and it influenced pollinator visitation (van der Kooi et al., 2019). Both the plant and anthophilous insects can benefit from a flower temperature that differs from ambient conditions; dark color may lead to a higher intra-floral temperature because they absorb more energy than light and reflective flowers (Jewell et al., 1994; van der Kooi et al., 2019), and a larger flower may expand the surface area that can absorb radiation (van der Kooi et al., 2019). Zhao et al. (2016) showed that pollinator diversity tended to be higher in communities at lower elevations, and plant species with large floral displays and high flower abundance were more selective in their exploitation of pollinators. However, the selection of a flower size from a plant species by pollinators could vary with changing habitats due to differences in pollinator communities (Bode and Tong, 2018). Meanwhile, the floral biomass was a ternary parameter, while floral display area was a binary parameter; therefore, the response of floral display area to the investment in floral biomass was not so efficient as a linear response, for example, the response in pigmentation, so the slope of IFDM was sharper than petal L (Figures 3B,E). Although the investment on leaf was increasing as the altitude increased (Figures 3H,J,K), the drivers for this change were different below 3,300 m. L. nervosa developed larger leaves to achieve more reproductive inputs; with a cloudier environment at above 3,300 m, photosynthesis was inhibited and assimilation efficiency was reduced. L. nervosa invested more biomass into vegetative growth to sustain, so TFDM/TLDM decreased in this altitude range (Figure 3I). We can conclude that L. nervosa adopts a more radical strategy on reproduction below 3,300 m and a conservative strategy at above 3,300 m. The results show that, when the environmental stress brought by altitude was moderate, L. nervosa adopted a more radical reproductive investment strategy, and the weight of different selection agents varied within different altitudinal ranges.



CONCLUSION

With the increase in environmental stress due to increasing elevation, the reproductive investment strategy of L. nervosa tended to be more conservative. Under the combined effect of temperature, UV radiation, clouds, and pollinator selection, a single flower of L. nervosa appeared to be darker and larger at a higher altitude. However, the darkening effect had a limitation, and the total investment in floral biomass had a negative correlation with petal L. The darkening of floral color and the expansion of floral display tend to be complementary patterns, which can provide guidance for the introduction and breeding of wild L. nervosa.

Natural creation is like a natural artist. The adaptability of the plants provides a factor to evaluate the utilization potential. When introducing and utilizing the plants for landscaping, people can choose the population suitable to their own needs. Therefore, for plant landscape utilization, the diversity of the characteristics of L. nervosa calls for more attention. However, the phenotypic molecular mechanism of the plasticity of color and flower display of L. nervosa requires further study.
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Asymbiotic nitrogen-fixing (ANF) bacteria contribute a substantial amount of nitrogen in ecosystems, especially in those with low symbiotic nitrogen fixation (SNF) capability. Degradation of alpine grassland is widespread on the Tibetan Plateau and sown grassland has become one of the main strategies for grassland restoration. However, the diversity and community structure of ANF bacteria in different grassland types remain unknown. The aim of this study was to fill this gap. Soil samples were obtained from 39 grassland plots selected from three counties in the eastern Tibetan Plateau. The plots were classified as natural grassland (NG), sown grassland (SG), lightly degraded grassland (LDG), and severely degraded grassland (SDG). ANF microbial communities of the four grassland types were compared at the level of community and species diversity by 16S rRNA high-throughput sequencing technology. The phylum Proteobacteria accounted for >72% of the ANF bacteria. The community structures of soil ANF bacteria differed significantly (p < 0.01) among grassland types. We concluded that: (1) planting gramineous forage could possibly mitigate the decrease in diversity of soil ANF bacteria caused by grassland degradation; and (2) the diversity of soil ANF bacteria in alpine grassland of the Tibetan Plateau is closely related to grassland degradation and restoration.

Keywords: asymbiotic nitrogen-fixing bacteria, alpine grassland, Tibetan Plateau, diversity, community structure


INTRODUCTION

Biological nitrogen fixation, a process in which some prokaryotic microorganisms reduce atmospheric nitrogen molecules to ammonia through the catalytic action of nitrogenase (Dart and Wani, 1982; Cleveland et al., 1999), is the main natural input form of nitrogen in ecosystems (Barron et al., 2009; Reed et al., 2011; Zheng et al., 2018). Approximately 120 million tons per year of active nitrogen are converted from inert N2 by biological nitrogen fixation (Galloway and Cowling, 2002). Microbial nitrogen fixation in soil compensates for the nitrogen loss from soil to the atmosphere (Kennedy and Islam, 2001), and plays an important role in improving soil fertility and enhancing the soil nitrogen cycle (Reed et al., 2007; Gupta et al., 2014).

Based on the interaction between microorganisms and plants, biological nitrogen-fixation can be divided into symbiotic nitrogen fixation (SNF), free-living nitrogen fixation and associative nitrogen fixation. The latter two are collectively referred to as asymbiotic nitrogen fixation (ANF) (Bottomley and Myrold, 2015). Symbiotic nitrogen-fixing bacteria fix nitrogen effectively only when they are symbiotic with plants and generally have high host specificity. In contrast, ANF bacteria do not require symbiosis with plants. Taylor et al. (2019) reported that with an increase in forest age, the main biological nitrogen fixation input is transformed gradually from symbiotic to ANF. Studies indicated that there are many factors affecting the community structure of nitrogen-fixing bacteria, including altitude and soil organic carbon, pH, and total nitrogen content (Limmer and Drake, 1996; Pérez et al., 2004; Zhang et al., 2006; Wang et al., 2017; Zheng et al., 2018; Bomfim et al., 2019).

Mainly nitrogenase genes (nifH) are associated with nitrogen fixation (Poly et al., 2001; Zehr et al., 2003; Wakelin et al., 2010). Zhang et al. (2005) amplified the nifH genes of alpine meadow soil microorganisms in the Three-Rivers Headwater Region by PCR to examine the structural characteristics and diversity of microbial communities. They concluded that nifH sequences of soil microorganisms in alpine meadow are highly diverse, and that nitrogen-fixing microbial communities are substantially different among plots.

The Tibetan Plateau is the highest and youngest plateau in the world, and is one of the regions with the lowest disturbance by human activities, not only in China but in the whole world (Zhang et al., 2006). However, under the impact of climate change, overgrazing by livestock and human activities, degradation of the alpine grassland has become widespread on the Tibetan Plateau (Cao et al., 2019; Miehe et al., 2019; Li et al., 2020). In efforts to restore degraded grassland, fencing and sown grassland (SG) are used widely (Zhen et al., 2018; Chen et al., 2021). Biological nitrogen fixation is an important nitrogen source for plant growth in alpine grassland ecosystem (Wang et al., 2017). Microthermal and anoxic environmental conditions limit the SNF to a great extent; nevertheless, soil nitrogen content is still at a high level on the Tibetan Plateau (Ma et al., 2020). We reasoned that ANF plays an important role in nitrogen input to the alpine grassland ecosystem. Soil nitrogen content has been reported to be related to grassland degradation and restoration, but little is known about ANF during these processes. To fill this gap, we examined: 1) the community structure of ANF microorganisms in the process of grassland degradation; and 2) the community structure and diversity of ANF bacteria in sown grassland.



MATERIALS AND METHODS


Study Site Description

In total, 39 samples sites were selected in three counties: Maqu County (33°41′15″N∼33°52′58″N, 101°43′14″E∼102°12′44″E), Gannan Autonomous Prefecture, Gansu Province and Maqin and Gande counties (34°00′48″N∼34°28′21″N, 99°48′52″E∼100°32′45″E), Guoluo Autonomous Prefecture, Qinghai Province, located on the eastern Tibetan Plateau (Figure 1 and Table 1). The three counties are situated in the headwater area of Yellow river. Altitude ranges between 3,300 and 4,800 m, average annual temperature ranges between −3.8 and 3.5°C and annual precipitation ranges between 421 and 612 mm at these sites. Kobresia meadow is the main vegetation type. Due to the cold and dry climate, the area is characterized by low soil temperature, low plant metabolism, mainly single vegetation types and relatively poor biological yield (Zhang et al., 2005; Zhen et al., 2018). The grasslands are being used mainly for raising livestock and are being degraded by overgrazing.
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FIGURE 1. Distribution of the sample sites. NG (red), natural grassland; SG (blue), sown grassland; LDG (green), lightly degraded grassland; SDG (yellow), severely degraded grassland.



TABLE 1. Information of sample sites.
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Soil Sampling and Preservation

In August, 2014, we collected soil samples at 39 random sites, including 14 in Maqu County and 25 in Maqin and Gande counties (Figure 1). By asking local people about land use and by a vegetation survey (Table 1), the sites were classified into four types of grasslands: natural grassland (NG; n = 9), sown grassland with gramineous pastures (SG; n = 15), lightly degraded grassland (LDG; n = 7), and severely degraded grassland (SDG; n = 8) (Table 2). The 3-point square sampling method was employed to collect bulk soil samples of 0–10 cm in depth. The 39 soil samples were each mixed thoroughly, placed into aseptic self-sealing bags and kept in styrofoam boxes with ice packs to maintain the soil microbes alive. The boxes were brought back to the laboratory and stored at −80°C for later analyses.


TABLE 2. Information of grassland types.
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DNA Extraction, PCR Amplification and Hiseq Sequencing

Total genomic DNA of soil microorganisms was extracted by TIANamp Stool DNA Kit (TIANGEN, China) following instructions with the kits. The V3 + V4 region of the 16S rRNA gene was amplified with a universal primer 341F-805R (341F:5′-CCTACGGGNGGCWGCAG-3′,805R:5′-GACTACHVGGGTATCTAATCC-3′). The EXtaq enzyme of TaKaRa was used to ensure the amplification efficiency and accuracy. Hiseq was applied to sequence the purified PCR products with a sequencing strategy of PE250 and the sequencing was completed by Annoroad Gene Technology (Beijing) Co., Ltd.



Sequence Processing and Statistical Analyses

Sequence data were filtered by removing low-quality bases, Ns, joint contamination sequences and other processes to obtain Clean Reads, that is, the trusted target sequences for subsequent analysis. The corresponding Read1 and Read2 of double-end sequencing, obtained from 5′ and 3′ terminals, respectively, were spliced with the sequence splicing method PEAR. Then, the spliced sequences were analyzed by QIIME version 1.8.0 (Caporaso et al., 2010; Vasileiadis et al., 2012).

A cumulative curve was drawn to measure and predict the increase of species richness in the community with the increase in sample size, to assess whether the sample size was sufficient for analyses and to estimate community richness (Figure 2). OriginPro 2021 was employed to draw the Venn diagram of operational taxonomic units (OTUs) distribution. Software R (version 4.1.0) analyzed the relative abundance and alpha diversity of ANF microorganism species in different grassland types (Johnsen et al., 2001), including Shannon, Simpson, Chao1 and Ace. In addition, cluster analysis and non-metric multidimensional scaling analysis (NMDS) were performed on soil ANF microbial species. Then the diversity and community structures of ANF bacteria in different grassland types were analyzed.
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FIGURE 2. Operational taxonomic units (OTUs) accumulation curve of asymbiotic nitrogen-fixing microorganisms at 39 sampling sites.




RESULTS

A total of 392,684 bacterial sequences and 46,474 actinomycetes sequences were compared to a reference database in all soil samples, which were clustered to 68,215 and 9,179 OTUs, respectively. Known ANF microorganisms were identified from the sequencing results, and the data were analyzed.


Composition of Asymbiotic Nitrogen-Fixing Microbial Communities

After screening, all the ANF bacteria contained six phyla, 13 classes and 43 genera (Table 3). Proteobacteria was the dominant phylum, with an abundance of 72.1%. At the level of class, Alphaproteobacteria and Gammaproteobacteria were dominant, with abundances of 56.9 and 9.48%, respectively, whereas the abundance of Actinobacteria was only 0.03% (Table 3). At the genera level, Ochrobactrum and Sphingomonas were most abundant, followed by Opitutus and Pseudomonas (Table 3 and Figure 3). The ANF bacteria species richness of NG and SG were the highest of the grassland types (Figure 3). The Venn diagram (Figure 4) displayed that SG had the most OTUs species of ANF bacteria (299), while LDG had the least (198) of the four grassland types. There were 109 OTUs species shared by the four grassland types, while 51 and 23 OTUs species were endemic to NG and SG, respectively.


TABLE 3. Composition and abundance of asymbiotic nitrogen-fixing microbial communities.
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FIGURE 3. Relative abundance of asymbiotic nitrogen-fixing bacteria at the genus level in different grassland types. Each color represents the corresponding genus. NG, natural grassland; SG, sown grassland; LDG, lightly degraded grassland; SDG, severely degraded grassland.
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FIGURE 4. Quantitative analysis of operational taxonomic units (OTUs) species in different grassland types. NG (blue), natural grassland; SG (red), sown grassland; LDG (purple), lightly degraded grassland; SDG (green), severely degraded grassland.




Alpha Diversity Index of Asymbiotic Nitrogen-Fixing Bacteria

Alpha diversity index reflects the richness, evenness and diversity of the biological community in numerical form. Chao1 ranged between 107 and 131 and Ace index ranged between 118 and 132 in all grasslands (Table 4). SDG had the highest values in both indices, while LDG had the lowest Chao1 (107 ± 21.1) and SG had the lowest Ace (118 ± 27.9). Shannon index ranged between 4.31 and 5.02 and Simpson index ranged between 0.83 and 0.93 in the four grassland types. SDG had the highest Shannon index (5.02 ± 0.75), followed by SG (4.90 ± 0.84), while NG had the lowest Simpson index (0.83 ± 0.16), followed by SG (0.90 ± 0.10). Therefore, we speculate that SG may alleviate the decrease of Alpha diversity of asymbiotic nitrogen-fixing microorganisms during grassland degradation. This is based only on rank, however, we are aware that the sampling methods, the processes of DNA extraction, and the sequencing of DNA may have high variability.


TABLE 4. Alpha diversity of asymbiotic nitrogen-fixing microbial communities in different grassland types.
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The Similarities of Asymbiotic Nitrogen-Fixing Bacteria Communities in the Four Grasslands

Based on alpha diversity, the cluster analysis of ANF bacteria (Figure 5) displayed that, except for LDG, Sphingomonas accounted for a large proportion of all grassland bacteria. Ochrobactrum was common in NG and LDG, whereas Pseudomonas and Flavobacterium, while not as widely distributed as those of the dominant bacteria, were most abundant in SG and SDG (Figures 3, 5). The distribution of Opitutus in alpine grassland was most uniform (Figure 5). Figure 6 is a scatter plot on NMDS based OTUs to analyze the soil ANF microbial community. Most points representing SG and SDG were close to each other and some points of LDG approached SDG. The points of LDG were scattered far apart, while those of NG were most concentrated. The ANF bacteria communities in SG and SDG were similar to each other (Figure 6). The community structures differed significantly among the four grassland types (p < 0.01) (Figures 5, 6).
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FIGURE 5. Relative abundance clustering heat map of asymbiotic nitrogen-fixing bacteria. Horizontal axis: Sample names, Group refers to different types of grassland, vertical axis: asymbiotic nitrogen-fixing genus, each belonging to a different Phylum. NG (orange), natural grassland; SG (brown), sown grassland; LDG (gray), lightly degraded grassland; SDG (blank), severely degraded grassland.
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FIGURE 6. Non-metric multidimensional scale (NMDS) analysis of soil asymbiotic nitrogen-fixing microorganisms in 39 study sites. Group refers to different types of grassland, NG (green dots and dotted lines), natural grassland; SG (purple), sown grassland; LDG (red), lightly degraded grassland; SDG (blue), severely degraded grassland.




DISCUSSION

The input of biological nitrogen is the main driving force of soil nutrient enrichment in the alpine grassland ecosystem of the Tibetan Plateau (Keuter et al., 2014; Wang et al., 2017); consequently, microbial nitrogen fixation processes in soil are crucial for maintaining nitrogen balance (Lannetta et al., 2016; Landriscini et al., 2019). In the present study, the ANF microorganisms were mainly bacteria and actinomycetes. Alphaproteobacteria and Gammaproteobacteria were the dominant classes, which was consistent with the results of previous studies (Zhan and Sun, 2012; Fernández-Méndez et al., 2016); whereas the genera Sphingomonas, Ochrobactrum, Opitutus and Pseudomonas were the most widely distributed.

It was reported that, except for extremely degraded grassland, soil nitrogen content in the grassland of the Tibetan Plateau is at a high level (Ma et al., 2020). With increasing degradation of the grasslands, there are alterations in the ANF microbial community in the soil, which also affects the development of the surrounding environment (Saravanan et al., 2008). In the present study, the diversity of the ANF bacteria community decreased with grassland degradation, but increased with the sowing of gramineous pastures. In addition, miscellaneous grasses increased the number of OTU species (Figure 4). In agreement with these results, Valkó et al. (2020) reported that the planting of gramineous grasses was beneficial to the growth of perennials. This could have occurred by effectively changing the community structure of soil microorganisms (Zhu et al., 2020) and by promoting various species of rhizosphere ANF microbial populations (Minamisawa et al., 2004; Miyamoto et al., 2004; Zhang et al., 2008). The dominant bacteria genera in the present study existed mainly in the soil of NG and SG, indicating that the restoration with sown gramineous grasses had a positive effect. In addition, the ANF microbial communities in SG and SDG had high similarity, which suggests that many bacteria in the sown grassland were still present from the time before restoration.

Asymbiotic nitrogen fixation contributes a large proportion of the nitrogen input (Wang et al., 2017). In the present study, Proteobacteria was identified as the dominant ANF phylum in all grasslands, which was consistent with the findings of Zhang et al. (2006). In addition to Proteobacteria, it has been reported that Cyanobacteria and some Firmicutes are widespread ANF bacteria in farmland ecosystems where land use of arable soil could affect the communities of ANF bacteria and nitrogen fixation efficiency (Wolińska et al., 2017). However, the addition of nitrogen in agricultural systems inhibited biological nitrogen fixation (Orr et al., 2011; Fan et al., 2019). These changes could occur over small scales, as was noted by Li et al. (2019) who examined free-living nitrogen fixation in three kinds of karst shrubs in southwest China and reported large differences in nitrogen fixation efficiency among them. In conclusion, SG increased species richness, evenness and stability of ANF bacteria community in degraded grassland, but not to the level of non-degraded NG.

There are some limitations to our study. First of all, the V3 + V4 region of the 16S rRNA gene was sequenced and the microbial species were identified by sequence alignment with basic database. The later data selection was based on the NCBI nitrogenase-related gene bank and the recently identified microbial genera. The phylogenetic analysis of the nitrogenase gene could not be done without sequence alignment. Secondly, we lacked experimental data for measuring nitrogenase activity or nitrogen fixation efficiency to determine whether sown grassland can change nitrogen fixation during grassland degradation. In addition, the result of redundancy analysis (RDA) showed that the above-ground biomass was insufficient to explain the difference in the structure of asymbiotic nitrogen-fixing bacteria community in the soil. No correlation was found between succession stages of the sown grassland and the alpha diversity of the asymbiotic nitrogen-fixing bacteria community in the soil due to the lack of effective repetition.

The ANF microorganisms play an important role in restoring degraded grassland in the Tibetan Plateau alpine ecosystem. Planting gramineous grass is beneficial as it increases the diversity of ANF microorganisms in soil, accelerates nitrogen fixation, and thus improves the low nitrogen content in degraded grassland. Future research should focus on the development of bacterial strains with high-efficiency of nitrogen fixation, which can promote nitrogen input into alpine grassland ecosystems, thereby, reducing fertilizer application and facilitating the restoration of degraded grassland.



CONCLUSION

The main ANF microorganisms in the Tibetan Plateau alpine grassland were bacteria and actinomycetes, among which the genera Sphingomonas, Ochrobactrum, Opitutus and Pseudomonas were widely distributed. The community structures of ANF microorganisms differed among the four grassland types. The decrease of richness and diversity caused by degraded grassland was improved by sown grassland, which could be beneficial in the restoration of degraded grassland.
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Nitrogen deposition and climate warming can alter soil bacterial communities. However, the response of soil bacteria in an alpine steppe to these changes is largely unknown. In this study, a field experiment was performed on the northeastern Qinghai-Tibetan Plateau to determine the changes in soil bacterial communities of alpine steppes in response to nitrogen application and warming. The experiment consisted of four treatments, namely no-N application with no-warming (CK), N application (8 kg N ha−1 year−1) with no-warming (N), warming with no-N application (W), and N application (8 kg N ha−1 year−1) with warming (W&N). This study aimed to investigate (1) the changes in soil bacterial diversity and community structure under simulated nitrogen deposition and warming conditions, and (2) the key environmental factors responsible for these changes. Based on the results, soil bacterial diversity and community composition did not change significantly in the short term. Warming had a significant effect on overall bacterial composition, rare species composition, and individual bacterial taxa. Besides, the interaction between nitrogen application and warming had a significant effect on community β-diversity. Above-ground plant variables were highly correlated with bacterial community characteristics. Nitrogen application and warming did not significantly alter the distribution range of the bacterial community. Overall, this study suggests that soil bacterial communities can remain relatively stable at the level of simulated nitrogen application and warming and that short-term climatic changes may have no significant impacts on soil bacterial communities.

Keywords: Qinghai-Tibetan Plateau, soil bacteria, diversity, community composition, nitrogen application, warming


INTRODUCTION

Ecosystems are profoundly affected by an ocean of human activities, including the usage of fossil fuels and changes in land use, resulting in an increased concentration of atmospheric carbon dioxide, increased deposition rates of nitrogen compounds, and increased average temperatures. Studies on the ecological responses to these global changes have shown that subsurface physical, chemical, and biological processes usually involve and are mediated by soil microbes (Hu et al., 1999). For example, subsurface microbial-mediated processes can facilitate the fixation and release of nutrients that limit primary production and may influence the response of ecosystems to global changes in the long term.

The increase in surface temperature and nitrogen deposition rate is more pronounced at higher elevations (Bodelier and Laanbroek, 2004), affecting highly sensitive biogeochemical processes that depend on cold systems (Zhou et al., 2016). The Qinghai-Tibetan Plateau (the QTP), also known as the “Third Pole of the Earth,” is highly vulnerable to climate change and therefore considered a “pre-warning region” for the world (Wang et al., 2002). Nitrogen deposition in this region ranges from 8.7 to 13.8 kg N ha−1 yr−1 (Lü and Tian, 2007), whereas warming is about three times the average global warming level of the past 50 years (Qiu, 2008). These more dramatic changes have significantly affected the biochemical processes of the alpine ecosystems on the QTP. Therefore, we speculated that the microbial community in alpine ecosystems of the QTP is highly sensitive and susceptible to climate change. Thus, the response of the soil microbial community to N deposition and warming in QTP grasslands could be used to predict future climate change, the carbon cycle, and ecosystem functions on the Tibetan Plateau.

The relationship between bacterial communities and environmental variables has been widely investigated. Although Boxman et al. (1998) and Frey et al. (2004) found insignificant effects of short-term N application on soil bacterial biomass, diversity and community composition, Xue et al. (2007) reported that short-term N application greatly increased the number of soil bacteria and thus changed bacterial community composition. This inconsistent result has been caused by the different nitrogen requirements of various bacterial species/taxa under a low soil nitrogen status, making it necessary to verify exactly how the soil bacterial community responds to short-term N addition. Also, N application has a certain acidifying effect on the soil, and some studies have shown that soil bacterial diversity, especially species richness, is significantly positively correlated with pH (Tripathi et al., 2012). This study also verified whether there is an indirect effect of such N application on the soil bacterial community. Meanwhile, Ratkowsky et al. (1982) found that temperature is an important factor for microbial growth. Also, warming likely affects soil bacterial communities indirectly by influencing water availability (Sheik et al., 2011; Waghmode et al., 2018) and above-ground vegetation (Chung et al., 2007). Previous studies have shown that warming significantly reduces the richness and diversity of bacterial communities (Waghmode et al., 2018) and substantially alters microbial community composition (DeAngelis et al., 2015). Other studies have reported a decrease in bacterial abundance and diversity in response to soil warming (Allison and Treseder, 2008; Castro et al., 2010; Hayden et al., 2012). In contrast, Zhang et al. (2005) showed that microbial community diversity increase with increasing temperature. Based on these contradictory findings, we aimed to further investigate how soil bacterial communities in alpine steppe on the QTP respond to warming treatments. Xiong et al. (2014) showed that short-term (15 months) warming does not significantly affect the α-diversity of bacterial communities, but it significantly shifted the soil bacterial community composition in the grasslands on the QTP. Xiong et al. (2016) found that the combined treatment of warming and nitrogen application significantly promotes soil microbial diversity and relative abundance, including Gram-positive bacteria and fungi, in a high-elevation alpine meadow. These observations highlight that microbial responses to N application and warming are complex and difficult to understand without knowing their potential interactive effects.

Soil bacteria represent a large fraction of the subsurface biomass and biome and regulate the biogeochemical cycling of organic matters. Therefore, the responses of soil bacterial diversity and composition to global climate change remain a major research interest. We performed field experiments to investigate how soil bacterial communities in an alpine steppe on the QTP respond to nitrogen deposition and warming. The experiment consisted of four treatments, including no-N application with no-warming (CK), N application (8 kg N ha−1 year−1) with no-warming (N), warming with no-N application (W), and N application (8 kg N ha−1 year−1) with warming (W&N). The experiments were conducted using ammonium nitrate (NH4NO3) and open-top chambers (OTC) in an alpine steppe (AS), one of the major types of alpine grasslands at Tiebujia Town on the QTP (Zhang Y. et al., 2016), during the growing season. This study aimed to determine: (1)the changes in soil bacterial diversity and community composition at different gradients of controlled nitrogen deposition and warming; (2) the key environmental factors responsible for these changes?



MATERIALS AND METHODS


Study Sites

This study was conducted in Tiebujia Town of Gonghe County, Hainan Tibetan autonomous prefecture (37°02′ N, 99°35′ E, 3270 m ASL), Qinghai Province, China. The study site is located west of the Qinghai Lake, covered by the alpine steppe (AS). The mean annual temperature is approximately 0°C, with a yearly evaporation capacity of 1484 mm, and a mean annual precipitation of 380 mm (Zhao et al., 2017). The typical vegetation is alpine steppe, dominated by Leymus secalinus, Stipa capillata, Poa crymophila, and Agropyron cristatum. The soil is mostly composed of loam-clay (Zhao et al., 2017).



Experimental Design

We applied a two-way factorial design (N application and warming) with four treatments: control treatment (CK), only N application (N), only warming (W), and a combined treatment of warming and N deposition (W&N). In early 2015, six plots in the grassland part of the alpine steppe (AS) were fenced. Each plot had an area of 10 m2 (2 m × 5 m). We randomly selected three plots (replicates) for the control treatment and another three plots (replicates) for the nitrogen application treatment, with ammonium nitrate (NH4NO3) of 8 kg N ha−1 year−1. According to a previous study, 8 kg N ha−1 year−1 is the current level of annual N deposition in this area (Lü and Tian, 2007). Also, there were six open-top chambers (OTCs), where the temperature was about 2°C higher than on the outside. Three OTCs (replicates) were randomly placed in the fenced plots for only warming treatments (W), and the other three OTCs (replicates) were randomly placed in the fenced plots for a comprehensive treatment of warming and N deposition (8 kg N ha−1 year−1) (W&N). All the treatments had a similar land use history and topography. The N was applied in form of ammonium nitrate (NH4NO3) in early May, early July, and early September of 2015–2017. The ammonium nitrate was first dissolved in deionized water and sprayed evenly in the sample plots using a spray bottle.



Soil Sampling

Soil samples were collected in July, 2017, after 3 years of experimental N addition and warming. In each plot, three 3.5-cm diameter soil cores (0–20 cm in depth) were collected after fertilization in early July. The sample were mixed and sieved through a 2-mm mesh to remove roots and stones, then stored at −80°C until analysis.



Soil and Vegetation Property Measurements

To measure nitrate nitrogen (NO3-N) and ammonium nitrogen (NH4-N), the soil was extracted with a 0.01 mol/L CaCl2 solution at a soil-solution ratio of 1:2.5, shaken in a shaker at 180 rpm for 30 min and then removed and left to stand. Subsequently, the supernatant was filtered through a filter membrane, and NO3-N and NH4-N were determined using a flow injection auto-analyzer (AACE, Germany). For the measurement of available potassium (AK) and available phosphorus (AP), the soil was air-dried and ground, passed through a100-mesh sieve, weighed with an accuracy of 0.1 g, and placed in a Teflon jar. We then added 5 mL of nitric acid, 2 mL of hydrofluoric acid, and 1 mL of perchloric acid. The jar was then placed in an automatic digestion apparatus and heated according to the following protocol: 120°C 1 h, 140°C 1 h, 160°C 1 h, 180°C 45 min. Next, the reflux funnel was removed, and the acid was droved to nearly dry. After cooling, the volume was brought to 25 mL with ultra-pure water, and AP and AK were determined using inductively coupled plasma spectrometers (ICP) (SPECTRO ARCOS EOP, Germany). For the measurement of total carbon (TC), the soil was passed through a100-mesh sieve. About 0.2 mg of the sieved soil was taken and wrapped in a tin cup. TC was measured using an element analyzer (EA 3000, Italy). Soil pH was determined from the filtered supernatant using a pH meter (Mettler Toledo). Soil moisture (SM) was measured using the wet soil and dry soil weight. To obtain dry soil, a small portion of the wet soil from each sample was placed in an aluminum specimen box, and oven-dried at 105°C for 24 h. To estimate vegetation variables, we randomly selected a 1 m × 1 m square area in each plot and recorded vegetation type, abundance, and average height according to the method of Wang et al. (2012). Subsequently, a 25 cm × 25 cm area of vegetation was trimmed, dried, and weighed to obtain above-ground biomass data (AGB). Vegetation diversity was measured by the Shannon-Wiener diversity index (SW).



DNA Extraction and PCR and DNA Sequencing

We performed DNA extraction and polymerase chain reaction (PCR), and DNA sequencing as described previously (Li et al., 2016). The DNA was extracted from 0.5 g of soil using a soil-specific FastDNA spin kit according to the manufacturer’s instructions. The DNA quality and quantity were assessed using a Nano-Drop ND-1000 spectrophotometer. Subsequently, the DNA samples were diluted to 10 ng/μL and stored at −20°C. Before high-throughput sequencing, the DNA samples were subjected to PCR amplification with bacteria-specific primers targeting the V4-V5 regions of the 16S rRNA: forward 515F (5′-GTGCCAGCMGCCGCGG-3′) and reverse 907R (5-CCGTCAATTCMTTTRAGTTT-3).

The sequences in the V4 of 16S rRNA region provide comprehensive coverage (Sul et al., 2011) with the highest for taxonomical accuracy (Wang et al., 2007). Briefly, 50 μL of the amplification reaction system contained 1 × buffer, 0.2 μM of each primer, 1.5 mM MgCl2, 10 ng of template, and 1 unit of Pfu polymerase (BioVision, Mountain View, CA, United States). The amplification procedure was as follows: 2 min at 94°C, followed by 25 cycles of denaturation at 94°C for 30 s, primer annealing at 55°C for 30 s, extension at 72°C for 1 min and a final extension step for 10 min. After three repetitions of the reaction procedure, the resulting products were combined and separated by gel electrophoresis. The separated PCR products were extracted from the gel using the QIAquick gel extraction kit and purified using the Qiagen PCR purification kit. High-throughput sequencing was performed with the Miseq Sequencer (Illumina).



Sequence Analysis

Sequence analysis was conducted as described previously (Li et al., 2016). Sequence processing and diversity estimation were performed using the microbial data processing platform QIIME (Quantitative Insights into Microbial Ecology). As suggested by Huse et al. (2007), sequences containing ambiguous base calls, less than 380 nt or more than 10 homologs were eliminated. A chimera check was performed with QIIME via ChimeraSlayer. There were four replicate datasets for each treatment (i.e., CK, N, W, and W&N). The pairing distance between the sequences was calculated with the distant neighbor algorithm, and the OTU was clustered by 97% sequence similarity. Singleton OTUs (with only one read) were removed, and the remaining sequences were sorted into each sample based on OTUs (Zhou et al., 2012). Subsequently, the most abundant sequence was selected from each OTU as the representative sequence. The Basic Local Alignment Search Tool (BLAST) was used for the taxonomic assignment of each representative sequence with a subset of the Silva database, and the bacterial OTU was classified. Based on a previous study, 2,000 denoised sequences per sample could interpret more than 80% of the trends in α-diversity and 95% in β-diversity in samples where 15,000–20,000 bacterial sequences were observed (Lundin et al., 2012). When sampling up to 2,100 denoised sequences, the rarified data set should be acceptable. Rarefaction was repeated 30 times, and each subsequent analysis was based on the average of 30 random trials.



Data Analysis

Statistical analysis was performed using the software packages of vegan, picante, car and cardata in R v3.6.4. The sample was rarified to 21,000 sequences because the number of sequences between soil cores was not equal. Samples with less than 21000 sequences were not included. Samples of plots 1 (CK), 2 (N), 3 (W), and 4 (W&N) were up to this standard and were excluded. Bacterial α-diversity was characterized using the Shannon-Wiener Index (SW). Species richness (SR, calculated as OTU numbers), and Pielou’s evenness, and bacterial β-diversity was determined by the average pairwise community differences in each treatment using the Bray-Curtis distance matrix (Rodrigues et al., 2013). The distribution of OTUs in each soil core was calculated based on the number of soil cores that the OTUs evenly distributed in Rodrigues et al. (2013), whereas the distribution of each OTU was calculated as the number of soil cores in which it was detected. Tukey’s HSD test was used to perform multiple comparisons of the bacterial phyla, α-diversity, β-diversity, and relative abundance across the four treatments. Two-way analysis of variance (ANOVA) was performed to examine the effects of N application, warming, and their interactions on bacterial diversity.

Non-metric multidimensional scaling (NMDS) was used to estimate the differences in overall community composition across the treatments. A total of 16 soil and plant variables were tested to evaluate possible links between bacteria and soil and vegetation variables. Stepwise regression analysis was performed to determine the variables influencing bacterial α- and β-diversity. For bacterial composition, the most important factors were selected based on variance inflation factors (VIF < 10) with 999 Monte Carlo permutations, as well as Mantel test and biology (Zhou et al., 2011). Finally, we fitted nine variables as vectors onto the NMDS ordination graphic to clarify the relationships among soil, vegetation and the bacterial community.




RESULTS


Effects of N Application and Warming on Soil Physicochemical and Plant Properties

There were no significant changes in soil pH, moisture, NH4+-N, AK, AP, and TC caused by N addition, warming and their interaction. Nitrogen addition alone caused a significant increase in NO3–-N and AGB by 44.17 and 45.07%, respectively. Warming caused a significant increase in AGB by 81.37%, but it induced a significant decrease in plant diversity by 28.55%. Significant positive interaction effects between N addition and warming were found on AGB (123.50%). A significant decrease in plant diversity by 26.49% was found caused by interactive plots (Supplementary Table 1).



Effects of N Application and Warming on Bacterial Diversity

The interaction between nitrogen application and warming had no significant effects on bacterial α-diversity (i.e., SW, SR, and Pielou’s evenness) (Table 1). Sole N application or sole warming did not induce significant changes in bacterial α-diversity (Figure 1). The responses of bacterial α-diversity to N application and warming were significantly correlated with some soil (e.g., TC) and plant (plant SR and AGB) factors, which explained more than 30% of the variation in bacterial α-diversity (Table 2).


TABLE 1. Significance tests of the treatments on bacterial community diversity, overall community, and rare species (i.e., relative abundance <0.1%) composition and phylum groups using N application (N) and warming (W) as main factors Bacterial β-diversity was estimated as the average pairwise community dissimilarity within each treatment.
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FIGURE 1. Bacterial Shannon-Wiener index, species richness, Pielou’s evenness and bacterial community dissimilarity for no-N application with no-warming (CK), N application with no-warming (N), no-N application with warming (W), and N application with warming (W&N) treatment. Different letters indicate significant differences at p < 0.05 level. Error bars represent standard error (n = 3).



TABLE 2. Stepwise regression analysis of soil and vegetation factors influencing bacterial Shannon-Wiener index (SW), species richness (SR), Pielou’s evenness, and β-diversity.
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Nitrogen application alone or warming alone caused no significant changes in bacterial β-diversity. The interaction between nitrogen application and warming also did not cause significant changes in bacterial β-diversity, which significantly increased in the interaction treatment compared to the nitrogen addition and warming treatments by 48.58 and 48.47%, respectively (Figure 1 and Supplementary Table 2). Interaction effects played a crucial role in altering the bacterial β-diversity (P = 0.018) (Table 1). The parameters AGB, NO3-N, and AK were critical factors influencing bacterial β-diversity, explaining 65% of the variation in bacterial β-diversity (Table 2).



Effects of N Application and Warming on Bacterial Community Composition

In our study site, the soil bacterial community mainly consisted of Actinobacteria followed in decreasing order of relative abundance by Proteobacteria, Acidobacteria, Chloroflexi, Gemmatimonadetes, and Planctomycetes (Figure 2). Warming significantly affected the overall and rare bacterial species composition (Table 1). The NMDS analysis showed that both nitrogen application and warming deviated the sample from the control in the same direction, and that the warming effect was greater. The interaction between warming and N application resulted in an increasing difference among the samples (Figure 3). At the phylum level, N application alone, warming alone, and interaction between N application and warming did not significantly change the relative abundance of phylum groups with relative abundance greater than 0.01 (Figure 2). There were significant effects of warming on the phylum/subphylum composition of Planctomycetes (p = 0.038) and Deltaproteobacteria (p = 0.001), although the differences of relative abundances among the four treatments were not significant (Table 1).
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FIGURE 2. Relative abundance of bacterial phyla in no-N application with no-warming (CK), N application with no-warming (N), no-N application with warming (W), and N application with warming (W&N) treatments. Error bars represent standard error (n = 3).
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FIGURE 3. NMDS (non-metric multidimensional scaling) of bacterial community composition (A). Abbreviations: TC, total carbon; AK, available potassium; AP, available phosphorus; PlantSW, plant Shannon-Wiener index; SM, soil moisture; AGB, above-ground biomass. CK: No-N application with no-warming; N: N application with no-warming; W: no-N application with warming; W&N: N application with warming.


At the 97% identity level, the resampled 34633 sequences were distributed into 4508 OTUs. A total of 85.69 and 88.58% of the OTUs (99.45 and 99.64% reads) were found in no-warming (CK and N)-warming (W and W&N), no-N application (CK and W)-N application (N and W&N) treatments (Figures 4A,D), respectively. The OTUs unique for no-warming and warming treatments accounted for 6.21% (0.20% of reads) and 8.10% (0.34% of reads) of the overall OTUs, respectively (Figure 4A). No-N application and N application treatments occupied 5.50% (0.17% reads) and 5.92% (0.19% reads) unique OTUs. Neither nitrogen application nor warming significantly affected the distribution range of shared and unique OTUs (Figures 4B,C,E,F). The two most abundant OTUs (OTU9 and OTU1) detected in the treatments belonged to the order Solirubrobacterales (class Thermoleophilia, phylum Actinobacteria). There were no significant effects of N application, warming, and their interaction on the relative abundances of the top 10 most abundant OTUs (Supplementary Table 3).
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FIGURE 4. Distribution of bacterial OTUs across soil cores. (A) Venn diagrams showing the number of OTUs unique to no-warming (CK and N, NW) and warming (W and W&N, W) plots and those shared between them. (B) Number of soil cores that the shared OTUs were averagely distributed in for NW and W plots. Error bars indicate standard error (n = 3,863). (C) Number of soil cores that the unique OTUs were averagely distributed in for NW and W plots. (D) Venn diagrams showing the number of OTUs unique to no-N application (CK and W, NN) and N application (N and W&N, N) plots and those shared between them. (E) Number of soil cores that the shared OTUs were averagely distributed in for NN and N plots. Error bars indicate standard error of the mean (n = 3,993). (F) Number of soil cores that the unique OTUs were averagely distributed in for NN and N plots.




Relationship Between the Shift in Bacterial Community Composition and Environmental Variables

Based on the forward selection, five soil nutrient variables (pH, SM, TC, NO3-N, and NH4-N), two vegetation variables (plant SR and above-ground biomass), and two available soil nutrient variables (AK and AP) were selected to interpret the interrelationships between environmental variables and the bacterial community. The NMDS analysis showed that plant variables were significantly related to bacterial community composition (Figure 3), which was also supported by the results of the Mantel test (Table 3).


TABLE 3. Significance tests of the correlation between soil and vegetation variables and bacterial community composition as shown by Mantel tests.
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DISCUSSION


Effect of N Application on Soil Bacterial Communities

In this study, 3 years of N application did not cause significant changes in soil microbial diversity and community structure at the experimental site. This is slightly different from the results of some previous studies. Frey et al. (2004) found that nitrogen application reduced soil microbial species richness and community diversity indices. Meanwhile, Xue et al. (2007) found that short-term nitrogen addition significantly increased soil bacterial abundance and richness. In this study, the amount of nitrogen applied at the site did not reach a threshold sufficient to cause changes in the soil bacterial community, and this could have contributed to the contradictory results. Boxman et al. (1998) found that lower nitrogen input levels had little effect on bacterial biomass and diversity, but De Vries et al. (2006) observed a significant increase in bacterial activity with the application of higher nitrogen amounts. In this study, 8 kg N year−1 ha−1 is similar to the global atmospheric nitrogen deposition level at this stage and may not be sufficient to produce shifts in the bacterial community. Meanwhile, this amount of N did not cause a significant decrease in soil pH. Some authors postulate that soil nitrogen fertilization may reduce microbial biomass due to the indirect effect of nitrogen fertilization on soil acidification (Janssens et al., 2010; Waring et al., 2013; Zhou et al., 2017). Other studies have shown that the species richness and diversity of soil bacteria were significantly positively correlated with pH (Tripathi et al., 2012; Shen et al., 2013). However, we did not observed similar effects in this study probably because the soil pH was high (about 6.76) and well buffered. We also found no significant change in soil pH due to nitrogen application, which may also contribute to the stability of the local bacterial community to some extent. Collectively, our results imply that the lower nitrogen inputs at our study site had no significant effect on soil bacteria in the short term.



Effect of Warming on Soil Bacterial Communities

The bacterial community composition in the alpine steppe was either resistant to warming or took longer to show a response, which is consistent with the results of Zheng et al. (2012) regarding QTP grassland, which exhibited an unchanged methanotrophic community composition under warming conditions. Many previous studies in different sites have shown that long-term warming can cause significant changes in the diversity and composition of soil bacterial communities (Zhang et al., 2005; Rinnan et al., 2007, 2009; DeAngelis et al., 2015). Thus, we speculated that the short-term warming in this study might have contributed to the insignificant changes in microbial diversity. Li et al. (2016) found that warming significantly improved the evenness and similarity of the bacterial communities and broadened the distribution range of the bacteria on the QTP after 3 years of experimental warming. However, we did not observe similar changes in the 3-year warming period. Zhang Y. et al. (2016) observed that neither the warming nor the precipitation reduction treatment alone had any significant effect on soil bacterial community structure on the QTP, in contrast to the combination of the two treatments. Sheik et al. (2011) observed that warming reduced soil species richness, evenness, and diversity during the non-drought period, whereas it increased soil species richness, evenness, and diversity during drought periods. These studies demonstrate that the effects of warming on microorganisms are dependent on water availability and that these two factors can potentially interact and affect the size and diversity of bacterial communities. Our experimental site was relatively dry, with an average annual precipitation of only 377 mm and average annual evaporation of almost four times the precipitation (1,484 mm): insignificant changes in soil water content were observed with warming. This may be attributed to the resistance of soil microbial diversity to warming. Further studies are required to discern how long this resistance will persist and which changes in bacterial community diversity and structure will eventually occur.

In this study, significant differences between the warming treatment and the CK were detected for the overall bacteria community composition and rare species composition of bacteria. However, insignificant changes were observed in the nitrogen application treatment alone or the interaction between nitrogen application and warming. This is consistent with the finding that warming significantly affected the communities of Planctomycetes and Deltaproteobacteria (Table 1), which could be attributed to the significant changes in biomass, relative abundance, activity, or other indicators of some of the more temperature-tolerant taxa in these two phyla. Planctomycetes are widespread in marine, hyper-saline, and even terrestrial soil habitats (Fuerst et al., 1997). Isosphaera pallida, a member of Planctomycetes, has moderately thermophilic physiology and can survive even at 55°C (Giovannoni et al., 1987). Deltaproteobacteria is an order of Proteobacteria, which is the most abundant taxon in the bacterial community and is divided into Alpha-, Beta-, Delta-, and Gammaproteobacteria. Previous studies have shown that taxa of this phylum and its sub-phylums are more susceptible to elevated temperatures (Sheik et al., 2011; Tuyet et al., 2015; Aydogan et al., 2018; Tao et al., 2020). These findings infer that increased temperatures induce the emergence and expansion of microbial communities that are more adapted to such conditions. Notably, increased temperature can enhance the competitive advantage of these communities, significantly altering the overall community composition and structure. The temperature-sensitive bacterial taxa are of particular interest for future study.



Interactive Effects of N Application and Warming on Soil Bacterial Communities

Against the background of climate change, previous studies have focused on the effects of individual climate change, such as nitrogen deposition, elevated temperature, and precipitation, among others, on soil microbes. However, it is still unclear how subsurface microbial communities respond to the interactions of these factors. NMDS analysis showed that the interaction of N-application and warming resulted in a significant difference among the samples, which corroborated the conclusion of Xiong et al. (2016) that the combined treatment of warming and nitrogen application can significantly promote soil bacterial diversity and relative abundance in a high-elevation alpine meadow. Two-way ANOVA showed that nitrogen application and warming had significant effects on the dissimilarity, i.e., β-diversity, of the bacterial community (Table 1). The β-diversity of the bacterial community was significantly changed by the interaction of nitrogen application and warming in comparison with nitrogen application and warming alone (Figure 1). Admittedly, the different responses of many taxa to nitrogen application and warming treatments may be attributed to the complex interactions among soil, plants, and microorganisms because of their different sensitivities to various environmental factors (Singh et al., 2010). The combination of nitrogen application and warming may induce indirect effects of soil and vegetation properties on soil bacterial communities, which are likely to be greater than the direct effect (Xiong et al., 2016). In this study, stepwise regression analysis (Table 2) and the Mantel test (Figure 3) verified that vegetation diversity and above-ground biomass potentially influence soil bacterial diversity and community composition, suggesting that above-ground vegetation significantly affects below-ground bacteria. Previous studies have reported a strong link between soil bacterial communities and above-ground biomass and diversity (Stephan et al., 2000; Chung et al., 2007; Li et al., 2013). These effects reflect changes in vegetation and suggest that plant and microbial responses to nitrogen addition and warming are closely coupled. Meanwhile, previous studies involving warming treatments on the alpine grasslands showed positive effects on bacterial biomass in spring and winter, but opposite effects in summer and autumn, indicating that the impact of warming on soil microbial communities are seasonal (Belay-Tedla et al., 2009; Liu et al., 2009; Schadt, 2010). In summer and early autumn (growing season), the vigorous plant growth at our experimental site could have affected the turnover and cycling of soil nutrient reservoirs, soil water availability, and other changes in the soil micro-environment, leading to intensified interactions between plants and microorganisms.

There is substantial evidence that climate change stressors significantly influence the composition and function of soil bacterial and even microbial communities in the grasslands of the QTP (Yang et al., 2014; Zhang et al., 2015). In this study, soil bacterial community in the alpine steppe showed some resistance to 3 years of nitrogen application and warming treatments, indicating that the soil bacterial community in the alpine steppe is stable under short-term nitrogen and warming treatments. Although we did not observe any significant changes in soil bacteria under short-term nitrogen addition and warming conditions, we cannot conclude that the soil microbial community will remain in this steady-state over the long term. Indeed, it may take longer to observe further changes in community composition and distribution in our experimental site. We did, however, observe a significant effect of warming on certain microbial taxa, suggesting that climate change potentially affects the soil microbial community structure by shifting species that can adapt to rapid environmental changes, increasing their dispersal opportunities, and, thus, changing ecosystem functions (Fierer et al., 2003; Gray et al., 2011). Therefore, it was crucial for us to further identify and study the roles and functions of rare microorganisms in the soil bacterial community. However, more in-depth and long-term studies are needed to examine the effects of nitrogen deposition and warming on soil microorganisms.
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The reproductive characteristics of plants are likely affected by climate change e.g., changes in precipitation patterns and nitrogen deposition, but few studies have examined the effects of these ecological agents of selection on the seed yield and germination characteristics of perennial grasses. Here, we conducted a multiple-year pot experiment with Leymus chinensis, a common perennial grass in the eastern region of the Eurasian steppe zone, which was grown under three water treatments with and without nitrogen addition. The seed yield of L. chinensis increased with precipitation and was highest (7.0 g/pot) under 747 mm of precipitation with nitrogen addition (10.5 g/m2). Seed yield was positively correlated with heading number, tiller number, and grain number per spike, and the heading number was a critical factor affecting seed yield. Seed germination percentage and the time to obtain 50% germination were affected by environmental cues experienced by the mother plants.
Keywords: Leymus chinensis, precipitation, nitrogen deposition, sexual reproduction, seed yield, seed germination
INTRODUCTION
Grasslands are among the most widely distributed terrestrial biomes globally, covering ca. 52.54 million km2 of the terrestrial surface (Zhao et al., 2020). Grasslands play an important role in regional climates, biodiversity, conservation, the provision of ecosystem services, and socio-economic development (Zhao et al., 2015; Han et al., 2018; Nerlekar and Veldman, 2020). Grasslands have become seriously degraded because of climate change and human activities (Andrade et al., 2015; Shen et al., 2016; Wick et al., 2016; Zhou et al., 2020). The continual degradation of grasslands has caused a series of problems, including grassland desertification, biodiversity loss, and the decrease of carbon sinks capacity reduction, and these problems pose a threat to animal husbandry, ecological security, and sustainable development. The restoration of degraded grasslands thus require urgent attention (Man et al., 2016; Ma et al., 2018).
Given that the atmospheric deposition of biologically active nitrogen (N) has increased dramatically over the past few decades and precipitation patterns have changed, there has been increased research interest in examining the effects of N deposition and precipitation on the growth and reproduction of grass (Duan et al., 2019; Zhao et al., 2019). The addition of N has been shown to increase the height, population density, N concentration in tissues, photosynthetic rate, and water-use efficiency of plants (Pan et al., 2005; Ren et al., 2014). Ochoa-Hueso et al. (2014) suggested that increases in precipitation can enhance plant productivity and thus potentially food production in water-limited ecosystems. Most studies examining the effects of elevated N deposition and altered precipitation on grasslands have focused on net primary productivity or vegetative plant reproduction. By contrast, few studies have examined the effects of N deposition and precipitation on the sexual reproduction of plants (Wu et al., 2011; Gajić et al., 2018; Huang et al., 2019; Zhao et al., 2019).
Regulation of water and N is one of the most effective methods for increasing the seed yield of grasses. Some studies have found that water and N can increase the supply of nutrients in plants, prevent floret degeneration, and increase the number of seeds (Islam et al., 2018; Liu et al., 2019; Wang et al., 2020). Kunstler et al. (2016) reported that a lack of precipitation reduced the number of plant tillers and the differentiation of spikes and florets. Li et al. (2015) found that the seed productivity of artificial grassland was significantly higher than that of natural grassland because of differences in nutrient conditions. Yang, (1989) reported that water and N can affect the development of seed-bearing organs in the ear of Leymus chinensis, and the residual effect of fertilization can enhance the seed yield of plants in the second year. Wang et al. (2013) found that N addition can increase the number of reproductive branches and promote the seed production of L. chinensis. Its ability to utilize and compete for nutrients and water resources depends on the stage of seed germination (Ghaderi-Far et al., 2010; Ma et al., 2012). However, few studies have examined the effects of nutrient addition and precipitation changes on the seed germination of maternal plants in semi-arid grassland.
Leymus chinensis (Trin.) Tzvel (L. chinensis) is the dominant perennial, rhizomatous grass in the eastern region of the Eurasian steppe zone, including the Songnen grassland, which features an arid climate and has soils that are high pH and low in N (Wang et al., 2019). L. chinensis is considered the most appropriate grass for restoring degraded grasslands and establishing new grasslands in marginal areas. L. chinensis has a low heading percentage, low seed setting percentage, and low germination percentage, which severely limit its further utilization and seed yield (Shi et al., 2017). Thus, the low seed production capacity of L. chinensis is the main factor limiting its ability to be used for the establishment of large-scale artificial grasslands (Zhou and Yang, 2006; Wang et al., 2010).
Our previous study has shown that the aboveground biomass of L. chinensis increases with precipitation, and the aboveground biomass of L. chinensis was highest under 10.5 g/m2 N addition and 747 mm of precipitation. Short-term N addition significantly affects leaf physiological traits but has no effect on morphological traits (Zhao et al., 2020). Whether the seed yield and germination characteristics of L. chinensis are altered after multiple years of water and N treatments has not yet been studied. Here, we characterized the effects of different water and N treatments on the sexual reproduction ability and seed germination of L. chinensis. We hypothesized that variation in the amount of precipitation and N addition would 1) alter the seed setting characteristics of L. chinensis and 2) affect the germination characteristics of the maternal plant seeds.
MATERIALS AND METHODS
Experimental Design and Sampling
The pot experiment was conducted in a movable rain shelter in Changchun, Jilin Province (124°18′–127°02′E, 43°05′–45°15′N, altitude of 250–350 masl). The site’s mean annual temperature is 4.9°C, with an average temperature of 23°C in July and −16.4°C in January. The area features a temperate continental climate with a mean annual precipitation of 498.0 mm, maximum annual precipitation of 754.0 mm (1956, 50% higher than the mean), and minimum of 244.1 mm (1982, 50% lower than the mean) for the period 1953–2012. The experimental field was covered with black soil, which had a pH of 7.12, electrical conductivity of 0.73 dS/m, and soil organic carbon, N, and phosphorus (P) concentrations of 2.83%, 1.37 g/kg, and 0.67 g/kg, respectively (Zhao et al., 2019). The plastic plant pots (diameter: 30 cm, height: 30 cm) were filled with sieved soil from the 0–20 cm layer near the experimental field. Ten seedlings of L. chinensis were transplanted to each pot uniformly on June 01, 2016. Regular watering and weeding were carried out to ensure the normal growth of L. chinensis.
The water and N treatments began on June 01, 2017. There were three precipitation gradients and two nutrient levels (each with three replicates, 18 pots in total) to explore the effects of water, N, and the water × N interaction on the seed yield and germination characteristics of L. chinensis. The three precipitation gradients were mean annual precipitation (498 mm, W2), 150% mean annual precipitation (747 mm, W3), and 50% mean annual precipitation (249 mm, W1). Underground water was used for irrigation (once every other day), and the concentrations of N, P, and potassium in underground water were below the limits of detection. The irrigation amount was 96, 193, and 289 ml/pot for W1, W2, and W3, respectively. The two nutrient levels were control (N0) and N addition (N1). The amount of N was based on recommendations for alleviating nitrogen limitation in typical steppe (Bai et al., 2008; Bai et al., 2014). To avoid natural N input from wet deposition, all of L. chinensis plants were covered by a transparent polyvinylchloride roof on rainy days.
At the seed maturity stage on August 15, 2018, we determined the tiller number per pot and heading number per pot and measured the spike length, grain number per spike, and seed setting rate from nine randomly selected samples from each pot.
Germination Experiment
The germination test was carried out in an incubator (Harbin, China) using 9-cm diameter Petri dishes lined with two layers of filter paper that were saturated with 6 ml of distilled water. The incubation regime consisted of alternating cycles of 12 h of light (fluorescent and incandescent white light of 54 μmolm−2s−1) and high temperature (28°C) and 12 h of darkness and low temperature (16°C). Water was added to the dishes when necessary to ensure that they were continuously moist. The dishes were distributed randomly in the incubator, and their positions changed daily. Each water and N treatment was replicated nine times, with 25 seeds were used in each replication. Seeds were considered to be germinated upon emergence of the radicle. Germination was recorded every day for 28 days. The time to 50% germination (in days) was calculated from the germination times of all germinated seeds.
Germination percentage (GP) was calculated using the equation:
[image: image]
where n is the number of germinated seeds at the end of the test, and N is the total number of seeds kept for germination.
The time to obtain 50% germination (T50) was calculated using the equation (Farooq et al., 2005):
[image: image]
where N is the final number of germinated seeds, Nj and Ni are the cumulative numbers of seeds germinated by adjacent counts at times tj and ti, respectively, when Ni < N/2 < Nj.
Statistical Analyses
Generalized linear model (GLM) was used to analyze the effects of water, N, and the water × N interaction on seed yield, yield components, GP and T50, where water and N served as fixed factors and block as a random effect. Analysis of variance, followed by Duncan’s test, was used to compare means among treatments. Pearson’s correlation coefficients were used to analyze the relationships between yield components and other related characters. Differences were considered statistically significant at p values of 0.05. All the analyses were performed in SPSS 20.0 software program (SPSS Inc., Chicago, Illinois, United States).
RESULTS
Seed Yield and Components
The grain number per spike and seed setting rate were significantly affected by water (F = 227.434, p < 0.01; F = 41.123, p < 0.05; Figures 1B,C; Table 1). There was no significant difference in the spike length between N treatments under the same precipitation treatment (Figure 1A). Under N1, the spike length of L. chinensis was 13.7% lower under W3 compared with W2. Grain number per spike and seed setting rate were lower under W1 than under W2 and W3. Under the same precipitation treatment, the seed setting rate and thousand seed weight of L. chinensis were higher under N0 than N1 (Figures 1C,D).
TABLE 1 | Results of two-way ANOVAs for the effects of water, nitrogen and their interactions on yield components of L. chinensis.
[image: Table 1][image: Figure 1]FIGURE 1 | Effects of water and nitrogen on yield components of L. chinensis (mean ± SE). N0, control, without N application; N1, N applied as urea at 10.5 g N/m2; W1, 50% mean annual precipitation (249 mm) (irrigation amount: 96 ml per pot); W2, mean annual precipitation (498 mm) (irrigation amount: 193 ml per pot); and W3, 150% mean annual precipitation (747 mm) (irrigation amount: 289 ml per pot). Different lowercase letters indicate significant differences (p < 0.05) among water treatments at the same level of N addition.
The seed yield per pot of L. chinensis was significantly affected by water, N, and the water × N interaction (F = 129.712, p < 0.001; F = 10.844, p < 0.01; F = 6.588, p < 0.05; Table 1). Seed yield significantly increased with precipitation. The highest seed yield was observed under N1W3 (7.0 g/pot). Plants under N1W2 produced two-fold more seeds than the plants under N0W2. The seed yield was 13.2% higher under N1W3 than under N0W3 (Figure 2). The water × N interaction had a positive effect on the seed yield of L. chinensis.
[image: Figure 2]FIGURE 2 | Effects of water and nitrogen on seed yield of L. chinensis (mean ± SE). N0, control, without N application; N1, N applied as urea at 10.5 g N/m2; W1, 50% mean annual precipitation (249 mm) (irrigation amount: 96 ml per pot); W2, mean annual precipitation (498 mm) (irrigation amount: 193 ml per pot); and W3, 150% mean annual precipitation (747 mm) (irrigation amount: 289 ml per pot). Different lowercase letters indicate significant differences (p < 0.05) among water treatments at the same level of N addition.
Significant positive correlations were observed between seed yield and tiller number (R2 = 0.566, p < 0.05). There was a significant positive correlation between seed yield and heading number (R2 = 0.594, p < 0.01, Table 2). Tiller number had a smaller effect on seed yield compared with heading number. There was a significant positive correlation between tiller number and heading number (R2 = 0.507, p < 0.05). Significant positive correlations were observed between seed yield and grain number per spike (R2 = 0.701, p < 0.01). There was a negative, but non-significant, correlation between spike length and seed yield. Significant positive correlations were observed between thousand seed weight and grain number per spike (R2 = 0.583, p < 0.05).
TABLE 2 | The correlation among yield components and other related characters.
[image: Table 2]Seed Germination
The GP of L. chinensis was significantly affected by the water × N interaction (F = 4.536, p < 0.05, Table 3). The GP ranged from 80.0% under N1W2 to 94.7% under N1W3. The lowest T50 was observed under N1W1, and T50 was 23.7 and 29.9% lower under N1W1 compared with N1W3 and N1W3, respectively (Figure 3A).
TABLE 3 | Results of two-way ANOVAs for the effects of water, nitrogen and their interactions on germination and T50 of L. chinensis.
[image: Table 3][image: Figure 3]FIGURE 3 | Effects of water and nitrogen on germination percentage and T50 of L. chinensis (mean ± SE). N0, control, without N application; N1, N applied as urea at 10.5 g N/m2; W1, 50% mean annual precipitation (249 mm) (irrigation amount: 96 ml per pot); W2, mean annual precipitation (498 mm) (irrigation amount: 193 ml per pot); and W3, 150% mean annual precipitation (747 mm) (irrigation amount: 289 ml per pot). Different lowercase letters indicate significant differences (p < 0.05) among water treatments at the same level of N addition.
Under N1, T50 increased with precipitation. Under N0, T50 increased from 8.8 days under W1 to 13.4 days under W2 (Figure 3B). The water conditions experienced by the mother plant affected T50 in the progeny. T50 was lower and higher in the progeny under W1 and W3, respectively, compared with W2.
DISCUSSION
Seed Yield
In this study, the water supply had a major effect on the seed yield (Table 1). The grain number per spike and seed setting rate in L. chinensis varied depend on water supply. The increase in the tiller number, heading number, and number grain per spike all contributed to the increase in seed production. Plants under W3 produced 4.6-fold more seeds than plants under W1 with no fertilizer input (Figure 2). The results were consistent with those of Main et al. (2014) showing that the heading number of Gossypium spp. decreases under water deficiency. The heading number of Zoysia japonica, Agropyron cristatum, and Psathyrostachys juncea increases significantly under a suitable level of N application (Tandoh et al., 2019; Qasim et al., 2020; Zanon et al., 2020). However, our findings are inconsistent with a previous study conducted in Brazil showing that the seed yield of grass was not greatly affected by water (Canto et al., 2020).
The results of this study indicate that water and N affect the number of germinated seeds of L. chinensis in the following year. At the end of the growing season, a large number of buds in the underground bud bank germinated, and the apical meristem of the progeny began to transform from vegetative branches into reproductive branches, many of which reached the spikelet differentiation stage. Hence, water and N treatment in the previous year has a strong effect on the spikelet differentiation of L. chinensis (Ryle, 2010; Taliman et al., 2019).
The results of this study showed that N addition can improve the grain number per spike and seed yield (Table 1). This might stem from the fact that N is a major component of nucleic acids and protoplasm. The extra protein produced under N addition allows the plant leaves to grow larger and hence have a larger surface available for photosynthesis (Zhang et al., 2016). Water can promote nutrient absorption in L. chinensis, which enhances photosynthetic capacity, provides energy for reproductive development, promotes the differentiation of spikes and florets, and reduces the number of aborted spikes and florets. Saeidnia et al. (2018) recorded that water stress reduces the seed yield of Bromus inermis by 38%. A sufficient supply of water and N can prevent nutrient competition between seeds and other organs after spikelet and floret differentiation, thereby increasing the grain number per spike and seed setting rate (He et al., 2017; Kaisermann et al., 2017; Cohen et al., 2021).
Seed yield is the product of the heading number and the reproductivity of reproductive branches per plant. In this study, water significantly increased the seed yield of L. chinensis, which was consistent with the results of previous research (Wang et al., 2010; Chen et al., 2013; Gao et al., 2020). N might promote tillering, the accumulation of dry matter, and seed yield by affecting flower bud development and seed production (Hrdlickova et al., 2011; Wang et al., 2017; Wang et al., 2019; Yang et al., 2019). Additionally, N might be involved in the expression of some flowering genes, as on-off cycles in gene expression are positively correlated with N fertilization levels; thus, N fertilization can effectively increase seed yield (Miyazaki et al., 2015).
Seed Germination
Seed germination is a critical phase in the plant life cycle. Seeds harvested from plants grown in different maternal environments may vary in their ability to germinate under the same germination conditions (Nguyen et al., 2021). As shown in Figure 3A, fewer seeds harvested from plants grown under W2 germinated compared with those harvested from plants grown under W1 and W3 with N addition. The shortest T50 in this study was observed under N1W1, which indicated that N application significantly shortened the germination time of seeds. The addition of N fertilizer to the mother plants promoted the germination of seeds (Alboresi et al., 2005). The mother plant has a substantial influence on seed traits, such as GP (Singh et al., 2017; Geshnizjani et al., 2019). The environmental cues (e.g., soil moisture and nutrients) the mother plant experiences can lead to variation in seed quality even within the same genotype (Van Der Weele et al., 2000).
CONCLUSION
In conclusion, seed yield was highest when plants had a high tiller number, heading number, and grain number per spike. Therefore, water and N need to be carefully managed to optimize seed production. The highest seed yield (7.0 g/pot) of L. chinensis was observed under N1W3. Decreases or increases in precipitation in treatments without N addition shortened the germination time of the produced seeds.
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Macropores are an important part of soil structure. However, in alpine regions, the effects of soil macropores on soil properties and vegetation growth are not clear. We used the X-ray computed tomography (CT) method to obtain 3D images and visualize the distribution and morphology of soil macropores. By combining principal component analysis (PCA) and stepwise regression methods, we studied the relationships between soil macropores and both soil properties and vegetation growth in three types of grassland [alpine degraded steppe (ADS), alpine typical steppe (ATS), and alpine meadow steppe (AMS)] on the Tibetan Plateau. More tubular and continuous macropores occurred in the soil profiles of the AMS and ATS than in that of the ADS. In addition, the AMS soil had the highest macropore number (925 ± 189), while the ADS soil had the lowest macropore number (537 ± 137). PCA and correlation analysis suggested that macroporosity (MP) has significant positive correlations with the contents of soil organic matter, total nitrogen (TN), available phosphorus (AP) and total phosphorus (TP) (p < 0.05). The two parameters with the greatest influence on aboveground and belowground biomass were the shape factor (p < 0.05) and MP (p < 0.05), respectively. However, there was no significant correlation between plant diversity and soil macropores. We conclude that the irregularity of soil macropores restricts the growth space of roots and causes plants to sacrifice the accumulation of aboveground biomass for that of roots to find suitable sites for nutrient and water absorption.

Keywords: soil macropore, biomass, plant diversity, alpine stony soil, X-ray CT


INTRODUCTION

Soil structure can regulate biophysical and chemical processes and properties in soil that are associated with soil function and plant growth, such as water retention and infiltration, gas exchange, soil organic matter and nutrient dynamics, root penetration and sensitivity to erosion (Bronick and Lal, 2005; Guimarães et al., 2017; Rabot et al., 2018). Soil structure and its effects on soil function deserve further research because soil structure affects soil water dynamics and nutrient cycling and thus is of great significance for understanding the relationship between soil and plant growth (Kuka et al., 2013). The term soil structure refers to the spatial arrangement of solids and voids across different scales without considering the chemical heterogeneity of the solid phase (Rabot et al., 2018). From the pore perspective, the soil structure is defined as the combination of different types of pores, where the surfaces of soil particles are assumed to be the pore wall (Pierret et al., 2002; Jarvis, 2007; Colombi et al., 2017; Rabot et al., 2018). According to pore size, pores are generally divided into macropores, mesopores and micropores. Due to inconsistent classification criteria for macropores, the definitions of the equivalent pore size of macropores are somewhat vague in the literature, with some being greater than 1 mm and some greater than 3 mm (Iversen et al., 2012), although macropores are usually defined as pores having an equivalent diameter greater than 0.5 mm (Hlaváčiková et al., 2019).

Macropores are free spaces in the soil, and they form through plant root decay, soil faunal and microorganism activities, erosive processes and wetting and drying of the soil (Beven and Germann, 2013). Macropores are not only physically but also chemically and microbiologically different from the soil and may be rich in pathogenic or symbiotic microorganisms or depleted in nutrients (Passioura, 1991). In structural soils, macropore flow is the main process underlying priority flow; moreover, preferential flow pathways are considered biological hotspots, with a concentration of active microbial biomass (Jarvis, 2007, Jarvis et al., 2016; Zwartendijk et al., 2017; Fuhrmann et al., 2019). Beven and Germann (2013) suggested that during extreme rainfall, water flow is dominated by macropores, with the remaining pores being either dry or reached by only a small amount of water. Soil with macropores is highly aerated, and the body mucous of soil animals such as earthworms easily attaches to macropore walls; thus, the macropores represent a potential nutrient-rich area for plants (Kuka et al., 2013; Kautz et al., 2013, 2014).

In addition, macropores can affect root growth into the subsoil and allow the root system to pass through otherwise impermeable soils and access a larger pool of water and mobile nutrients (Hodge et al., 2009). Soil macropores play important roles in plant growth; in the subsoil, plant roots preferentially grow in macropores, which may have been formed by worms or by the roots of previous plants (biopores) or by gross movement of the soil to form slickensides and similar fissures (Hamblin and Hamblin, 1985; Athmann et al., 2013; Han et al., 2015). Regardless of the additional nutrient incentives of the macropore linings, root growth along macropores can improve plant access to subsoil areas with sufficient nutrient resources (Bauke et al., 2017; Landl et al., 2017). The effects of macropores on the hydrological process and nutrient cycle remain unclear, although it has been proposed that macropores represent hotspots of hydrological processes and nutrient cycles related to vegetation growth in alpine soil (Hu et al., 2020; Maier et al., 2020).

The Tibetan Plateau is characterized by low temperatures, dryness, ultraviolet radiation, freeze and thaw cycles and a short growing season, and the alpine grassland on the plateau is one of the most sensitive and vulnerable ecosystems to regional climate change and human activities (Xu et al., 2010). The soil structures under alpine vegetation can differ from those in non-alpine areas that contain fewer rock fragments (Gao et al., 2020); alpine grassland soil exhibits obvious stony characteristics, and the soil macropore size is different from that in non-alpine areas (Wang et al., 2011; Qin et al., 2015). Therefore, the vegetation in alpine areas grows under unique soil conditions and harsh climate conditions.

Due to differences in water and temperature conditions, soil animals, plants, etc., different grassland types vary in their influences on soil pore structure (Hu et al., 2016, 2020; Gao et al., 2020; Meurer et al., 2020); however, the effects of different soil macropore structures on soil properties and vegetation growth are not yet clear. Additional research is needed to clarify whether soil macropores have important influences on soil physicochemical properties and plant growth in alpine stony soils and to assess their ecological function in maintaining the sustainable development of natural grassland ecosystems. We hypothesized that (1) soil macropore structure differs among the three grassland types on the Qinghai-Tibet Plateau and (2) the differences indirectly affect the growth of vegetation through their effects on soil physical and chemical properties (Leue et al., 2016; Zhang et al., 2017). Therefore, the objective of this study was to quantify the soil macropore features of three types of alpine grasslands using X-ray computed tomography (CT) imaging techniques and provide a better understanding of the interactions between soil properties and plant growth on the northeastern Tibetan Plateau.



MATERIALS AND METHODS


Study Area

This study was performed on the northeastern edge of the Tibetan Plateau in the Tianzhu alpine steppes of Gansu Province, which has a typical continental plateau climate (Figure 1). The Tibetan Plateau has a mean elevation of more than 4,000 m, and the high altitude leads to harsh climate conditions, including low temperatures, low moisture levels, high ultraviolet radiation, freeze and thaw cycles and a short growing season. Between 1957 and 2015 in the Jinqiang River watershed, the mean annual temperature was −0.1°C, and the annual mean precipitation was 400 mm. Approximately 70–80% of the annual precipitation occurs from June to September (Wang et al., 2019). Winters are cold and dry, and summers are warm and wet.
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FIGURE 1. Study area (red circle) and sampling sites (orange unfilled dots). Landscapes of the field sampling sites of alpine degraded steppe (ADS), alpine typical steppe (ATS) and alpine meadow steppe (AMS).


To investigate the differences in the features of soil macropores among different grassland types, we selected three typical grassland types in the region: alpine degraded steppe (ADS), alpine typical steppe (ATS) and alpine meadow steppe (AMS) (Sun et al., 2016). The dominant plant species are Agropyron cristatum Linnaeus, Achnatherum splendens Trin. and Stipa capillata Linnaeus in the ADS; Stipa capillata Linnaeus, Artemisia frigida Willdenow, and Euphorbia fischeriana var. komaroviana (Prokhanov) in the ATS; and Potentilla bifurca Linnaeus, Kobresia myosuroides (Villars) Fiori and Carex moorcroftii Falconer ex Boott Trans in the AMS. Detailed information can be found in Table 1.


TABLE 1. Site information for the three grassland types.
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Field Vegetation Investigation and Soil Sampling

A soil survey and a sampling campaign were carried out during the active vegetation growth period (July) on the northeastern Tibetan Plateau in 2019. We selected three typical grassland types (ADS, ATS, and AMS) to investigate the vegetation and soil physiochemical properties in forbidden grazing areas. In each grassland type, three small plots (with 50 m between adjacent plots) of 50 cm × 50 cm were set up to investigate the abundance of plant species and calculate the plant diversity (Simpson’s index) (Fayiah et al., 2019); then, the aboveground part of each plant was cut off as close to the ground as possible to calculate the aboveground biomass, and the soil under each plot was sampled to determine the belowground biomass in the depth range of 0–30 cm. Next, a standard ring cutter with a volume of 100 cm3 (50.46 mm in diameter and 50 mm in height) (Yang et al., 2008) was used to collect samples along the soil profile at 0–10, 10–20, and 20–30 cm to calculate the soil bulk density (BD), field water capacity (FC), and soil porosity (SP). At the same position the cutting ring was employed, we used a small shovel to collect approximately 200 g of soil, which was air dried at room temperature and sieved to measure the soil particle composition (clay, silt and sand contents) and soil nutrients [soil organic carbon (SOC), total nitrogen (TN), nitrate nitrogen (N-NO3–), ammonium nitrogen (N-NH4+), total phosphorus (TP), available phosphorus (AP), total potassium (TK), and available potassium (AK)].

For the collection of undisturbed soil columns for X-ray 3D scanning, we used polyvinyl chloride (PVC) cylinders (3 mm thick walls, diameter 11 cm, length 30 cm) with beveled edges at the bottom to house the soil columns. Before sampling the original soil column, we carefully picked up and moved shrubs and grass from the ground to minimize disturbance. First, each plot was prepared to collect six replicate samples. Because of the high content of rock debris in the soil of the Qilian Mountain area, sampling was difficult and sometimes resulted in the rupture of the PVC cylinders, and the soil column could not be used in the later stage. Ultimately, only three replicates were selected for each grassland type. Because of the high number of rocks in the AMS soil, which was highest among the three grassland types, only 0–20 cm soil columns were obtained. Soil column extraction followed the procedure of Sammartino et al. (2012). The soil column was sealed with gauze and plastic film, wrapped in sponge, packed in wheat straw, and transported carefully to avoid compaction and evaporation. We randomly selected three undisturbed soil columns (as replicates) for each grass type and obtained a total of 9 soil column samples for the analysis of soil macropore properties.



Laboratory Analysis

Plant samples and roots were carefully washed, dried in an oven at 65°C for 72 h, and then weighed with an electronic scale. Soil samples used for the determination of soil chemical properties were air dried and passed through a 2 mm sieve. We used the dichromate oxidation method to determine the content of SOC; the micro-Kjeldahl method to determine TN; the alkali diffusion method to determine TP, TK and available nitrogen (N-NH4+ and N-NO3–); and the sodium bicarbonate (NaHCO3) digestion-Mo-Sb colorimetry method (NaHCO3) to measure AP (Nelson and Sommers, 1982; Jackson, 2005; Bhattacharyya et al., 2006). The soil samples collected with the cutting ring were dried in a 105°C oven for 48 h to a constant weight and used to measure BD, FC, and SP (Zhen et al., 2017).



Quantification of Soil Macropores Using Computed Tomography Scanning

Undisturbed soil columns were scanned by a helical medical CT device (SOMATOM Definition Flash, SIEMENS, Germany) with an excitation voltage of 140 kV at 300 mA at the First Hospital of Lanzhou University. The scanning produced images with 512 pixels × 512 pixels per slice, and the voxel resolution was 0.236 mm × 0.236 mm × 0.6 mm in each reconstructed image. Each column was scanned vertically and generated more than 500 slices, and invalid top and bottom images were removed. Approximately 500 images were used for subsequent analysis.

Avizo 2019.1 (FEI, 2016) software was used for all of the image processing and parameter calculation of the CT images. First, a cylindrical cropping tool was used to obtain the region of interest (ROI): the images were cropped to exclude the area outside the soil column, and all images were carefully examined to identify any soil columns with obvious unnatural macropore morphology caused by the sampling. The edge of each soil column was cut to reduce any possible sampling interference along the edge, and the diameter of each soil column was reduced to 90 mm (Figures 2B,C). Second, to improve the image quality, a median filter (radius of 3.0 pixels, a commonly used image-processing method) was used to minimize the noise from all the reconstructed volumes (Hu et al., 2019). Then, a Plexiglas cylinder (0.9 cm in diameter) was inserted into the soil core and removed, its diameter was measured with a digital caliper, and the core was scanned using a helical medical CT device. We assumed an initial threshold to calculate the macropore size when using Avizo 2019.1 software and compared the calculation result with the measured size obtained with a digital caliper. If the difference between the calculated and measured sizes was significant, another threshold was applied to continue the calculation; therefore, the difference was less than 1% (Li et al., 2013; Hu et al., 2016).
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FIGURE 2. Processing steps of the scanned images of the soil column using Avizo 2019.1 software: 3D imaging of the original soil column (A), top view (B) and lateral view (C) of ROI (cylinder), cross-section of interactive thresholding segmentation (D), 3D reconstruction of soil macropores (E), and different colors for different sizes of soil macropore surface area (F).


After segmentation, the soil macropore networks were reconstructed, and the 3D distribution along the column depth and size distribution [sorted by macropore surface area (SA)] were visualized (Figure 2). Since macropores are randomly distributed throughout the soil body, they are sheet-like rather than cylindrical (De Las Cuevas, 1997). The shape of the macropores was irregular and interpreted in three dimensions using Avizo software; therefore, the macropore size was sorted by SA instead of the equivalent radius in this study. According to SA, the macropores were divided into four categories and assigned different colors: 3.14 < SA < 25 mm2 (yellow), 25 < SA < 50 mm2 (green), 50 < SA < 100 mm2 (blue) and SA > 100 mm2 (red). According to Poesen and Lavee (1994), macropores are defined as soil pores with an equivalent radius larger than 0.5 mm, and the SA of a sphere with a radius of 0.5 mm is 3.14 mm2. Thus, macroporosity (MP) in this study specifically refers to the volumetric fraction of pores with an SA ≥ 3.14 mm2 (Poesen and Lavee, 1994). In addition, the overall MP, mean number, shape factor (a parameter that describes the shape of an object and equals 1 for a perfect sphere, SF = SA3/36πV2) and volume were calculated using Avizo 2019.1. Typically, macropores are the pathways for the movement of water, air and chemicals in soil. However, the equivalent diameter and shape factor of macropores affect their function, since not all macropores are cylindrical (Poesen and Lavee, 1994; Hillel, 1998).



Statistical Analysis

We analyzed the differences in the number, volume, equivalent radius, SA, shape factor and porosity of soil macropores among the three grassland types using one-way ANOVA followed by multiple comparisons performed using Tukey’s post hoc test. Differences obtained at a level of p < 0.05 were considered significant. To identify the effects of soil macropores on soil physiochemical properties, a principal component analysis (PCA) was conducted to reveal the relations between the distributions of soil physiochemical properties of different grassland types and soil macropore parameters and the contribution of each macropore parameter (Sharifzadeh et al., 2017). The differences in soil physiochemical properties among different grassland types were compared using the one-way ANOVA method as a supplementary method. Finally, a regression analysis was performed to determine the effects of MP and the shape factor on plant communities. We selected a stepwise regression method to reduce the collinearity among the parameters of soil macropores. One-way ANOVA and stepwise regression analysis were performed using SPSS 20.0 software (IBM SPSS version 20, Chicago, IL, United States). PCA and graphing were performed using Canoco 5.0 software, and regression analysis graphs were generated using Origin 2017. As this study is an exploratory study, we here report uncorrected P values (Roback and Askins, 2005; Jäschke et al., 2020).




RESULTS


Soil Characteristics of Different Vegetation Types

A variance analysis of the soil properties of the 0–30 cm soil profile at the three sites (ADS, ATS, and AMS) revealed the main differences among the locations (Table 2). Soil BD exhibited the order ADS > ATS > AMS, but the difference between ADS and ATS was not significant. The difference in total porosity between ADS and AMS was not significant, and the values in both of these grassland types were higher than that in ATS. The field water holding capacity of AMS was higher than that of ADS and ATS. The contents of SOC and TN differed among the sites (p < 0.05, Table 2). In addition, the TP content of AMS was much higher than that of ADS and ATS, but there was no significant difference in the distribution of TK in the soil at 20∼30 cm among the sites, whereas the TK contents in the 0∼10 and 10∼20 cm soil layers were much higher in ATS than in ADS and AMS. In terms of the available nutrients, the N-NH4+ and N-NO3 levels in ATS and AMS were much higher than those in ADS, and AP in AMS was much higher than that in ADS and ATS. The differences in the distribution of soil AK in the 10∼30 cm layer were not significant.


TABLE 2. Physical properties of soil under the three grassland types.
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Macropore Characteristics

The 3D visualizations of the macropore networks in the soils at the ADS, ATS, and AMS sites are shown in Figure 3. Overall, the number of macropores in the soil profile gradually increased from ADS to ATS and from ATS to AMS, and the numbers of red and blue macropores increased significantly. The red macropores in the ADS were mainly concentrated at the depth of 10 cm, and the macropores of the other three levels were evenly distributed in the soil profile. The ATS soil had the largest number of blue macropores among the grassland soils, which were evenly distributed throughout the soil profile (Figure 3). The AMS soil had the most abundant macropores (925 ± 189), and macropores of all levels were evenly distributed in the AMS soil, in contrast to the distributions in the ADS and ATS soils.


[image: image]

FIGURE 3. 3D visualization of soil macropore networks in the soil columns of the ADS, ATS and AMS. Yellow represents the surface area (SA) range 0.5 < SA < 25 mm2; green represents the range 25 < SA < 50 mm2; blue represents the range 50 < SA < 100 mm2; and red represents the range SA > 100 mm2.


Macropore number was significantly greater in the AMS than in the ADS and ATS, which is consistent with the 3D visualizations of the soil columns. Significant differences in mean macropore volume or equivalent diameter among the three types were not observed (Table 3). Without stratification to describe the soil structure, significant differences among the soil types were not observed in mean SA, while at the depth of 0–10 cm, macropore SA was larger in the AMS than in the ADS and ATS, and at 20–30 cm depth, macropore SA was larger in the ATS than in the ADS (p < 0.05). The mean shape factor followed the order ADS > ATS > AMS. In contrast, the mean MP followed the order AMS > ATS > ADS (p < 0.05) (Table 3).


TABLE 3. Macropore characteristics under the three grassland types.
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Effects of Macropores on Soil Physicochemical Properties

The results showed that PC1 and PC2 accounted for 83.37% of the explainable variance (Figure 4). As shown in Figure 4, the contribution of MP was greatest (22.1%), followed by that of the macropore number (18.8%) and shape factor (12.8%).
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FIGURE 4. Results of PCA showing the relationships between soil macropore characteristics and soil physiochemical properties. The red arrow indicates macropore characteristics (MV, macropore volume; MA, macropore area; MSF, macropore shape factor; MN, macropore number; MP, macroporosity), and the blue arrow indicates soil physiochemical properties (SOC, soil organic carbon; SP, soil porosity; SG, specific gravity; BD, bulk density; FC, field capacity; TN, total nitrogen; TP, total phosphorus; AP, available phosphorus; TK, total potassium).


The PCA results showed that MP was positively correlated with SOC, TN, TP and AP (p < 0.001) and that macropore number was significantly correlated with SOC (p < 0.001), TN (p < 0.001) and AP (p < 0.05). Soil BD had significantly negative relationships with macropore SA, volume and the shape factor (p < 0.05, Figure 4).



Relationships Between Macropores and Plant Growth

Stepwise regression reduced the collinearity among the soil macropore parameters such that only MP was input into the model. The regression analysis revealed that the macropores had a great impact on the belowground biomass of the three types of grassland communities (Figure 5A, R2 = 0.562, p < 0.05). Similarly, only one parameter, the macropore shape factor, was entered into the model of aboveground biomass, and it was shown to affect the aboveground biomass of each grassland type community (Figure 5B, R2 = 0.47, p < 0.05). However, none of the macropore parameters were input into the model of vegetation diversity of the three grassland types.
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FIGURE 5. Relationships between belowground biomass (A), aboveground biomass and soil macropore characteristics (B). Black lines indicate regression fitting lines; the light blue shadowed area indicates the 95% confidence interval of regression.





DISCUSSION

Alpine steppe soil contains many rock fragments; thus, quantifying macropores via traditional methods leads to inaccuracies, overestimating or underestimating the effects of macropores on soil properties and vegetation growth (Bauke et al., 2017; Ilek et al., 2019). Using X-ray CT technology, soil macropores can be visualized and quantified in undisturbed soil columns. The results of the 3D visualization of the soil macropore network showed that the soil MP in the AMS was larger than that in the ATS and that the macropore content was smallest in the ADS (Figure 3 and Table 3), which may be related to the location of the northeastern Tibetan Plateau in an arid area of northern China and the limited precipitation received by degraded grasslands. The ADS is located in the arid and semiarid region of northern China and has a lower altitude than the other two steppe regions, which leads to lower activity levels of soil animals (e.g., earthworms) and plant roots that promote the formation of macropores in this region than in typical grasslands and alpine meadows. Generally, low macropore contents are observed in degraded grasslands (Hu et al., 2020). Kravchenko et al. (2015) proposed a feedback process in which more pores lead to stronger microbial activity, which promotes soil animal and plant activities and leads to the production of more pores (Meurer et al., 2020). In the 3D visualization, the ADS soil had almost no tubular or highly continuous large pores, while the other two grassland types exhibited many pores of this type (Figure 3); the pattern in ADS soil was caused by the reduced activities of soil animals and plant roots. This finding is consistent with the work of Luo et al. (2010), who demonstrated that highly continuous, tubular soil macropores are formed by earthworm activity and root decay. Hu et al. (2020) reached a similar conclusion in their study of typical meadow soil types on the Tibetan Plateau.

Although significant differences in macropore volume, equivalent diameter and SA in the 0–30 cm soil profile were not observed among the three steppes, macropore volume, equivalent diameter and surface area in the 0–10 cm surface soil were significantly larger in the AMS than in the ATS and ADS (Table 3), which may be related to the mostly cold-tolerant plant species with well-developed root systems that occur in the AMS. The main roots and coarse roots of meadow plant species are mainly distributed in the topsoil (Hu et al., 2019). The soil moisture contents of the ADS and ATS are low, and most of the plant roots have to extend to great soil depths to absorb water and nutrients (Cai and Shen, 2002; Wu et al., 2011; Zhang et al., 2017). Hu et al. (2019) used X-ray tomography to study the relationship between the root system and macropores in undisturbed soil under different shrubs in northern China and found that the soil MP and mean macropore volume showed significant positive correlations with the root network.

The PCA results showed that the first two principal components explained 69.46% of the variation in soil physical and chemical properties, of which soil MP accounted for approximately one-third, at 22.1%. These findings suggest that the soil macropore structure can determine the soil physicochemical properties to large extents. The correlation analysis results also showed that soil MP had significant positive correlations with the SOC, TN, AP and TP contents (Figure 4), which may be related to the large amounts of organic coatings attached to the soil pore wall in structural soil (Gerke et al., 2012; Leue et al., 2016). These findings are consistent with the results of Zhang et al. (2017), who reported that soil macropores increase soil aeration, which enhances the microbial activity in the macropores, the decomposition of dead animal and root litter, and the release of organic matter (Luo et al., 2010). Previous studies have shown that soil macropores can be regarded as biogeochemical hotspots because the biopores formed by biological activities (earthworm and root activities) are rich in various microorganisms, and the aeration of macropores accelerates the turnover rate of nutrients, such as N and P, and thus increases the supply of soil and plant root nutrients (Bundt et al., 2001; Kuzyakov and Blagodatskaya, 2015).

The effects of soil macropores on nutrient contents impact plant growth (Passioura, 1991). Our results showed that among the studied factors, the macropore shape factor had the greatest impact on the aboveground biomass of the three grasslands. As the macropore shape factor increased, the aboveground biomass declined (Figure 5A), which may have been related to the more irregular shape and poorer connectivity of macropores with a larger shape factor. Under such conditions, plant roots cannot easily extend into the soil, which leads to insufficient nutrients and water for plant growth and a decline in aboveground biomass. Similarly, the belowground biomass increased with soil MP, indicating that the soil macropores provide enough space for root organisms to obtain nutrients and water. Previous studies suggest that an increase in MP allows more P to be transported from the surface soil to the root systems for root system construction and that the presence of macropores leads to a higher growth rate of the root system (Athmann et al., 2013; Gaiser et al., 2013; Han et al., 2015).



CONCLUSION

In this study, the characteristics of soil macropores in three alpine grasslands in the northeastern Tibetan Plateau were visualized and quantitatively analyzed using the X-ray CT technique. The results showed that the macropores were significantly different among the three grasslands and that the vertical distribution of macropores in the soil profile also differed among the different types of grassland soil. The AMS soil had more macropores than the other soil types, and the relatively increased macropore content in the AMS promoted the turnover of soil nutrients; thus, the AMS aboveground biomass was higher than that of the other two steppes. However, the impact of macropores on biodiversity in the three grasslands (Simpson’s index) was not statistically significant. We conclude that macropores in alpine stony soils can increase soil nutrients, improve soil conditions, and provide space for plant root growth, thereby promoting plant biomass. However, this promotion effect does not vary with plant species. These findings deepen our understanding of the effects of soil macropores on the physiochemical properties of soil and plant growth in alpine stony soils and provide a theoretical basis for maintaining the sustainable development of natural grassland ecosystems.
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Freezing and thawing indices (FI and TI) are commonly used as indicators for climate change assessment and permafrost extent estimation in cold regions. In this study, based on the meteorological daily data (1978–2017) among 34 meteorological stations in Tibet, the temperature in space has been interpolated and FI and TI have been calculated. Finally, spatiotemporal variations have been analyzed and the permafrost area has been estimated. The results showed the mean annual of FI and TI in Tibet are 1241.36 and 1290.22°C⋅day, respectively. A significant downward trend in freezing index (FI) and an upward trend in thawing index (TI) have been reported in the time series, in against, analyzing the spatial distribution showed there is an increasing trend from southeast to northwest for FI while TI was decreased gradually in the same region in Tibet. This research indicates that altitude has a significant influence on the change of FI and TI. With the increase of altitude, FI decreased and TI increased more significantly. The permafrost area was estimated at about 0.59 × 106 km2 in Tibet.

Keywords: Tibet, freezing and thawing indices, climate change, variation trends, permafrost degradation


INTRODUCTION

The cryosphere, mainly distributed in high-latitude and -altitude areas, is sensitive to climate warming (Qin et al., 2014). The global land surface temperature was 1.59 higher in the past two decades (2011–2020) than 1850–1900 (IPCC, 2021). Global warming resulted in that permafrost degraded area on the Qinghai-Tibet Plateau was about 105 km2 (Wang et al., 2000) and the permafrost temperature increased by 0.29 ± 0.12 °C from 2007 to 2016 (Ding et al., 2019), which may release more greenhouse gas into the atmosphere and accelerates global warming (Mu et al., 2018). Besides, frequent freeze-thaw cycling can affect the stability of the soil, destroy the ecological environment and threaten the safety of buildings (Feng et al., 2017). In order to better quantify the interdecadal and seasonal variations of permafrost, the freezing index (FI) and thawing index (TI) have been proposed, defined as the cumulative value of temperature within a specific period of time (Harris et al., 1988). Since the data is easy to catch, Freezing and thawing indices (FI and TI) are widely applying in estimating permafrost distribution (Nelson and Outcalt, 1987; Shi et al., 2019) and predicting active layer thickness (Nelson et al., 1997; Shiklomanov and Nelson, 2002; Zhang et al., 2005; Park et al., 2016; Peng et al., 2018). At first, the monthly average temperature was used to calculate annual air FI and TI in many areas (McCormick, 1991; Frauenfeld et al., 2007; Wu et al., 2011). However, the monthly average temperature may conceal the variation process of daily temperature, thus, the daily air temperature data has been used to calculate annual FI and TI and showed more advantages than the monthly air temperature (Steurer and Crandell, 1995; Shi et al., 2019). In small-scale region, observed daily temperature data were used to calculate and analyze FI and TI (Jiang et al., 2008, 2015; Wu et al., 2013; He et al., 2019; Dai et al., 2020; Liu and Luo, 2020). But the results may only display the situation in the vicinity of the representative stations and it may not provide the continuous spatial distribution of the FI and TI over the entire region especially in mountainous areas with intensive temperature variations. In order to show continuous spatial distribution, many studies directly interpolated FI and TI which have already been calculated at stations (Liu and Li, 2018; Wang et al., 2019), whereas in this research the FI and TI should be calculated after spatially interpolating of the original temperature data. Then the aim of this study is to present the order of interpolation and calculation which has a great impact on the final results.

Tibet is the original part of the Qinghai-Tibet Plateau and a significant part of the global cryosphere. A number of studies have indicated that Tibet climate are becoming warmer and more humid with air temperature growth rate reached 0.3–0.4°C⋅(10a)–1 over the past 50 years has, which is about twice the global temperature increment rate in the same period (Liu and Yin, 2002; Rangwala et al., 2009; Kang et al., 2010). Since the positively or negatively changes in accumulated temperature near the ground surface will directly have an effect on the augmentation and shrinkage of permafrost and seasonally frozen soil, therefore, the frozen soil of Tibet has been strongly influenced with a thickness of overall active layer growth at a rate of 0.036 – 0.075 m⋅a–1 in the past 30 years (Wu and Zhang, 2010; Li et al., 2012). Along with the negative effects caused by population growth, industrial emissions, tourism development and so on, the fragility of the permafrost of Tibet has become increasingly prominent (Du et al., 2004), which will destroy the ecological balance and hinder engineering construction. Nevertheless, previous researches on using FI and TI for the evaluation of climate change and permafrost mainly applied across the whole Northern Hemisphere (Shi et al., 2019) with 25 km resolution and the permafrost areas were illustrated in hemispherical scale, but the results for the Tibetan Plateau, the third pole of the world, were not detailed enough. Some available studies focused on Tibet but only the Yarlung Zangbo River basin (Liu and Luo, 2020) or along the Qinghai-Tibet Railway (Jiang et al., 2008), and did not conduct a systematic study of using FI and TI to estimate permafrost throughout the whole Tibet.

Freezing and thawing indices only calculated at meteorological database cannot show spatial continuity and the results of directly interpolating FI and TI lacks rationality, so the high-resolution FI and TI spatial variations and the distribution of frozen soil in Tibet have never been calculated and mapped. Since that, the objectives of this paper are as follows: (1) this study utilizes the combined Inverse Distance Weighted (IDW) and temperature lapse rate method to evaluate temporal and spatial daily air temperature datasets by air temperature over 34 representative meteorological stations during 1978–2017; (2) stimulate and map the temporal and spatial distribution and variation of FI and TI in Tibet during 1978–2017; (3) estimate the extent and area of Tibet permafrost based on the stimulated high-resolution FI and TI by using a predictive model.



MATERIALS AND METHODS


Study Area and Data

Tibet is located in the mid-latitudes of the northern hemisphere (26°50′∼36°53′N,78°25′∼99°06′E) with an area of approximately 120 × 104 km2 and the average elevation is 4,700 m (Figure 1; Yang et al., 2011). The mean annual temperature and precipitation decrease from southeast to northwest, ranging −1.1 ∼ 12.1°C and 117.4 ∼ 929.4 mm, respectively.1 The permafrost area of Tibet is 70 km2 × 104 km2, which is about half of the permafrost area of the entire Qinghai-Tibet Plateau (Zhang et al., 2010) and is the largest alpine permafrost area in China.
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FIGURE 1. Geographic location of the study area and the 34 meteorological stations sites.


The daily air temperature data of 34 representative meteorological stations (1978–2018) (Figure 1) were collected from the National Meteorological Information Center.2 Because of the relocation of stations and repair of equipment during the last years, there was partial inconsistency in the data series. To fill in 1–2 days of discontinuous data, the mean temperatures of the neighbor stations were used. For estimating the missing data in a time period less than 1 year, the average of the data in the same period between 2 years (one before and one after the year) were calculated. If the time period of missing data in a station was more than 1 year, the gap was filled up using the interpolation technique between neighbor stations with high correlation.

The geographical base map data, the Digital Elevation Model (DEM), the glacier and lake maps and the published permafrost map were collected from Resource and Environment Data Cloud Platform3 and the National Tibetan Plateau Data Center (NTPDC) (htTibet://data.Tibetdc.ac.cn). ArcGIS (Version 10.5) was used to analyze the data such as extraction, projection, interpolation and resampling of the spatial images with the unified resolution as 1 km × 1 km and projection as the Albers Equal Area Conic.



Methods


Freezing and Thawing Indices

There is a widely used method of computing annual FI and TI in which the daily average air temperature below (above) 0°C during the freezing (thawing) period is accumulated (Frauenfeld et al., 2007). Considering the distinct seasons in Tibet and in order to ensure the continuity of the freezing period, an annual freezing period to be July 1st – June 30th of the following year and an annual thawing period to be January 1st – December 31st of a calendar year were defined. The relationships are as followed (Frauenfeld et al., 2007):
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where FI and TI are the annual freezing and thawing indices (°C⋅d), respectively; Ti and Tj are average daily temperature (°C); i/j = 1, 2, 3 … NF/NT refers to the days when the average daily temperature is below/above 0°C during the corresponding freezing/thawing periods, respectively. Thus, time series of annual freezing and thawing indices from 1978 to 2017 were obtained using the Equations 1, 2.

Only the observed daily temperature of 34 meteorological stations have imperfection to show continuous spatial distribution over the entire region, so the daily temperature of all stations will be spatially interpolated to transform point data to surface data by IDW interpolation technique (Duchon, 1976; Wahba, 1990; Hutchinson, 1993) which linearly weight the sample points to estimate the values of interpolation points. The weight is inversely proportional to the distance between interpolation points and the sample points where the closer the distance is, the greater the weight is given. The formula is:

[image: image]

where [image: image] is the estimated values of interpolation point; n is the number of the sample points; Zi(s) is the known value of the sample point i; λi is the weights assigned to the sample point i.

However, plain interpolation of the temperature without considering elevation can reduce the accuracy of the interpolation results (Robeson, 1994). Hence, the sea level reference temperatures (°C) at the location of the meteorological stations were calculated first based on the temperature lapse rate which is 6.5°C/km (Stone and Carlson, 1979). The equation is as follow:
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whereTS is the sea level reference temperature (°C); T_o is the observed temperature at the stations; L_r is the temperature lapse rate; E_o is the observed elevation of stations.

Next, the sea level reference temperature is used for spatial interpolation (Equation 3), then by using DEM and the temperature lapse rate, the temperatures at interpolation points were estimated as follow:
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where T_p is the estimated temperature at interpolation points; E_d is digital elevation.

Numbers of researches (Pan et al., 2004; Kayıkçı and Kazancı, 2016; Ma et al., 2020) were shown that a combination of temperature lapse rate and IDW technique for considering the elevation effects are needed for high-resolution daily temperature estimation.



Analysis of Trends

In this study, the analysis of FI and TI trends and evaluation of their significance levels on the regional scale and the pixel scale was implemented using simple linear regression (SLR; Zou et al., 2003) and the Mann–Kendall statistical test and Sen’s slope estimation (Mann, 1945; Kendall, 1948; Sen, 1968), respectively. The Mann–Kendall statistical test is a method for measuring the significance level of changes which is widely used in the analysis of time-series trends in many fields with the advantages of applicability of the data with various distribution types and effective handle of few abnormal data.

Linear trends of FI and TI based on pixel scale are obtained using Sen’s slope estimation, which is calculated as follows:
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where Slopex represents variation trends of pixel x during the past four decades; xi and xj are pixel values at times i and j. In brief, a positive value of Slope indicates an upward trend, while a negative value of Slope means a downward trend.

The SLR was used to calculate and analyze the change trends of the FI and TI on region scale of Tibet in the past 40 years, which is reflected by the slope estimated by the least square method with the equation as:
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where Slopek is variation trends of FI and TI during 40 years; n is a serial number from 1 to 40; ki is the FI or TI of the ith year. When the slope >0, it indicates an increasing trend, when the slope <0, it indicates a decreasing trend.

Based on the natural breaks method (Chen et al., 2013), the rate of FI decreasing was classified into three levels which are defined as rapid decline, slow decline and generally unchanged, corresponding to the rates of −17 ∼−15, −12 ∼−9, and −9 ∼−1°C⋅day/a, respectively. Besides, the rates of increase were also classified into three levels which were defined as a rapid increase, slow increase and generally unchanged, corresponding to the rates of 11 ∼ 18, 5 ∼ 11, and 0.1 ∼ 5°C⋅day/a, respectively. These classify are shown in Table 1.


TABLE 1. Levels of freezing and thawing indices (FI and TI) changing trends and the range of changing rates with each level.
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Estimation of Permafrost Extent and Area

The application of FI and TI is extensive and significant for cold regions. Evaluation of the permafrost distribution is one of the main practical applications. Nelson and Outcalt (1987) have developed the “frost number” revised by snow cover and snow quantity to estimate permafrost extent. On the basis of this formula, Nan et al. (2012) has adjusted its parameters specifically for the Qinghai-Tibet Plateau. FI and TI in this study were obtained by meticulous interpolation based on the observed data, so the FI and TI datasets were directly calculated using Equations 1, 2 to map the permafrost extent and to estimate permafrost area over the Tibetan Plateau:
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where F = 0.5 is considered as a standard for distinguishing seasonally frozen ground and permafrost; if 0.5 < F < 0.667 or 2/3, the permafrost is discontinuous, otherwise the permafrost is continuous (Nan et al., 2012).



RESULTS


The Spatial Patterns of Freezing and Thawing Indices

The mean annual FI across Tibet is 1241.36°C⋅day (Figure 2A). FI is high in most areas while the low FI is gathered in the southeast region. The value of FI is highly associated with altitude, increasing from low elevations to high mountain regions. In order to analyze the regional characteristics and differences, the mean annual FI was calculated based on four climate zones which were categorized from north to south as plateau frigid zone, plateau cool temperate zone, plateau temperate zone, subtropical mountainous areas (Wang, 1980). Figure 2B represents that FI gradually increases from southeast to northwest, from subtropical mountainous areas (222.04°C⋅day) to plateau frigid zone (1560.08°C day).
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FIGURE 2. (A) The spatial patterns of the long-term (1978–2017) freezing index (FI) and (B) 4 parts zonal statistics over Tibet. (C) The spatial patterns of the long-term (1978–2017) thawing index (TI) and (D) 4 parts zonal statistics over Tibet.


The spatial distribution of the mean annual TI throughout Tibet is negatively correlated with the spatial pattern of FI (Figure 2C). The high TI often occurs in the area whose FI is low. Therefore, unlike the FI, TI is decreased when the elevation is increased. Based on the zonal statistics (Figure 2D), the mean annual TI in subtropical mountainous areas (4861.99°C⋅day) is very larger than in the plateau temperate zone (1283.49°C⋅day) as well as plateau cool temperate zone (908.93°C⋅day). The lowest TI is in the plateau frigid zone with a value of 729.39°C⋅day.



Changing Trend of Freezing and Thawing Indices


Changing Trend Over Regional Scale

The time series of FI and TI from 1978 to 2017 in Tibet and their trends show a significant downward of FI (Figure 3A) and upward of TI (Figure 3B) with a degradation rate of 10.732°C⋅day/a and increment rate of 6.583°C⋅day/a, respectively, indicating that the warming has a greater impact on FI than on TI across Tibet. FI has been changed from 1421.66°C⋅day in 1978 to 974.77°C⋅day in 2017 and TI has been changed from 1137.46°C⋅day in 1978 to 1410.32°C⋅day in 2017. Using M–K test method, change-point year emerged in 1980 and 1986 for FI time series but never emerged for TI. In 1980–1986, the decline rate of FI is most rapidly, reaching 19.66°C⋅day/a.
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FIGURE 3. (A) The 1978–2017 time series of FI and (B) TI; over Tibet. Green, blue and red line represents variation trend. Note that x is year and y is FI or TI. Vertical lines represent change points.




Changing Trends Over Pixel Scale

Every pixel has been experienced a significant downward trend of FI during this period but the decline rate is various in different regions, except for the areas in the southeast where is too warm to have FI, which leads to no obvious trend of FI (Figure 4A). FI for the majority of pixels (67.49%) was decreased −12 ∼−9°C⋅day/a, experiencing a slow decline (Table 1). For some high mountain areas (22.11%), FI was also decreased even >−12°C⋅day/a. Besides, the area where FI basically remains unchanged has the least proportion of Tibet, counting 10.40%, mainly distributed in the southeast with lowlands and valleys. Therefore, with increasing the altitude, the downward trend of FI is more obvious. To observe how FI is changed in heterogeneous regions, the mean variation rate of FI was calculated in four climate zones (Wang, 1980; Figure 4B). From southeast to northwest, FI was decreased as −3.07, −10.17, −11.34, and −11.88°C⋅day/a, respectively. The mean degradation rates of FI in three regions were generally at a low decline level, besides the subtropical mountainous areas located in the southeast that was generally stable (−3.07°C⋅day/a).
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FIGURE 4. (A) Trends (°C⋅day/a) for the FI over Tibet from 1978 to 2017 and (B) 4 parts zonal statistics. (C) Trends (°C⋅day/a) for the TI over Tibet from 1978 to 2017 and (D) 4 parts zonal statistics. Note that the white area has no FI and TI changing trends.


Figure 4C represents the spatial trends of TI variation for each individual pixel during the past four decades indicating that the whole Tibet has a unified significant increasing trend of change. In the high elevated mountainous areas, where FI decreases significantly, the increase of TI was not observed. Conversely, in areas with slight FI, the upward trends of TI were significant. Thus, the increasing rate of TI slows down as the altitude increases. Pixels with a slow increase trend (Table 1) of TI still covered the majority of the region (63.03%), followed by pixels with moderate increase trends, occupying 29.59%, and pixels showing rapid increase trends covering up to 7.37%. The results of zonal statistics were also showed that from southeast to northwest, TI growth rate for the climate zones were 14.01, 6.56, 5.41 and 4.89°C⋅day/a, respectively which were the opposite of the results for FI (Figure 4D).



Permafrost Extent Estimated Based on Freezing and Thawing Indices

The results showed that the permafrost extent and distribution were apparently changed from 1978 to 2017. In 1978 (Figure 5A), continuous permafrost widely distributes in high elevated mountainous areas, accounting for 14.04% of the region. Seasonally frozen ground is mainly concentrated in the east and southeast occupying 25.70% and discontinuous permafrost is the majority type throughout Tibet (60.29%). Nevertheless, in 2017 (Figure 5B), the pattern of permafrost extent has changed very high. The extent of continuous permafrost has been significantly reduced, and the area has become more scattered, accounting for less than half of the area in the past (5.95%). The important note is that the discontinuous permafrost areas and continuous permafrost areas have been widely replaced by seasonally frozen ground, taking up to 48.86%.
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FIGURE 5. (A) Simulated previous and (B) current extent of permafrost for 1978 and 2017, respectively. Note that the white areas are lake and glacier.


According to the results of the permafrost transformation matrix which is summarized in Table 2, the type of frozen soil has been changed obviously but regions that remain the same type still account for 68.67% of the entire Tibet. There are only two types of frozen soil changes which have widely taken place in Tibet. One is the change from discontinuous permafrost to seasonally frozen ground, being responsible for 23.16% of the entire region, and the other transformation is from continuous permafrost to discontinuous permafrost, accounting for 8.17%. Moreover, the permafrost areas were simulated as 0.85 km2 × 106 km2 in 1978 and 0.59 km2 × 106 km2 in 2017 which indicated that both the extent and area of permafrost have been decreasing during the past 40 years.


TABLE 2. Permafrost transformation matrix over Tibet between 1978 and 2017 (Unit: km2).
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DISCUSSION


Variation of Freezing and Thawing Indices in Tibet

Freezing and thawing indices have been widely used as indicators to reflect the response for global warming of different regions. In this study, between the first change-point year (1980) and second change-point year (1986), the decrease of FI is more obvious. After 1986, although the decline rate became slower, still faster than the decline rate before 1980s, which indirectly reflects recent rapid climate warming after 1980s (Johannessen et al., 2016). However, for TI, no change-point year occurred in the time series, and TI has basically maintained a stable rise in the past four decades, indicating that FI in Tibet may give faster and more sensitive response to global warming.

Compared with previous studies, in this study the ranges of the FI and TI basically agree with the results of the entire northern hemisphere and the Qinghai-Tibet Plateau. The mean annual FI and TI of Tibet were slightly lower than that of the entire Qinghai-Tibet Plateau estimated by climate datasets (Shi et al., 2019), which is attributed to the differences in the study area and the presumption that FI and TI computed from climate datasets might be overestimated across the Qinghai-Tibet Plateau (Peng et al., 2019).

Furthermore, the majority of previous kinds of literature that have been implemented in different regions throughout the world indicated that FI is clearly decreasing and TI is clearly increasing for half of the century which indirectly indicated that global climate has indeed experienced a warming variation. The average downward changing rate of FI over Tibet during 1978–2017 was 10.732°C⋅day/a, which is higher than the rate of 1.58°C⋅day/a during 1986–2015 (Shi et al., 2019) in the Qinghai-Tibet Plateau and is lower than 13.4°C⋅day/a during 1972–2005 in northeastern China (Luo et al., 2014). Besides, the average increasing rate of TI over Tibet during 1978–2017 was 6.583°C⋅day/a, which is higher than 0.98°C⋅day/a during 1986–2015 (Shi et al., 2019) in the Qinghai-Tibet Plateau and is lower than 8.71°C day/a during 1972–2005 in northeastern China (Luo et al., 2014). It illustrates that Tibet with higher elevated areas are more sensitive to warming than the entire Qinghai-Tibet Plateau, but it is less sensitive than northeastern China with high latitude. Additionally, the FI changing trend in Tibet was larger than TI, which indicates that the warming effects in Tibet and other cold regions are stronger (Peng et al., 2019).

Many previous studies demonstrated that the spatial distribution of FI and TI is highly correlated with latitude (Frauenfeld et al., 2007; Peng et al., 2019; Shi et al., 2019). Nevertheless, Shi et al. (2019) has proved that with the increase of latitude over circum-Arctic, the values and the decreasing rate of FI increase from south to north except Tibet. Thus, the spatial distributions of FI and TI and their variations over Tibet must be distinctive. The results of the current study indicated that FI and TI and their changing trends were closely related to the distribution of altitude across Tibet. With increasing the altitude, FI and its degradation rate were increased while TI and its growth rate were decreased which shows a good agreement with the conclusion of Wang et al. (2019) study at the source region of the Yellow River. Simultaneously, according to the regional average statistics based on the high-resolution spatial distribution results in this study, as the climate zone changes from south to north, the spatial variations of FI and TI and their changing rates still have a strong correlation with latitude which agrees with the results of previous researches.



Application and Uncertainty of Freezing and Thawing Indices

This study was used combined IDW and temperature lapse rate method (Kayıkçı and Kazancı, 2016) to evaluate the influence of elevation on the temperature and calculation of FI and TI. The spatial analysis showed that FI and TI were strongly correlated with altitude. Since the 34 meteorological stations are located at different altitudes, if the daily air temperature data would be interpolated horizontally, the estimated values of other sites will deviate greatly from the true values. In other studies, the results of FI and TI analysis which were done based on horizontal interpolation, like Wang et al. (2019), only show large-scale spatial changing characteristics, which were closely related to the distribution of the meteorological stations. This indicates that using the relationship between temperature and altitude to perform interpolation correction and simulate the temperature can indeed improve the accuracy of the spatial results. In order to further prove that the FI and TI and their variation trends have a strong correlation with altitude, the FI and were calculated in-situ based on the meteorological database and altitudes and were analyzed by Pearson Correlation Coefficient Analysis (Table 3). The equation is as follow:

[image: image]


TABLE 3. The Pearson correlation coefficients of elevation and FI and TI and their changing trends.

[image: Table 3]Where rij is the correlation coefficient between i and j; i is FI/TI/FI trend/TI trend of stations; j is the observed elevation of stations.

Table 3 shows that the mean annual FI and TI calculated based on the observed temperature has a significant positive (0.783) and negative (−0.871) correlation with elevation, respectively. There is a significant negative correlation between the changing slope of FI and elevation with −0.701 correlation coefficient which means that the rate of decrease of FI gradually accelerates as the elevation increases, but the changing slope of TI and elevation have almost no correlation. These results are highly in agreement with the spatial results obtained before for the changing trend of TI.

Both FI (TI) based on the observed temperature and FI (TI) based on the stimulated temperature show a strong correlation with altitude, but the influence of the combined IDW and temperature lapse rate method on the correlation between FI (TI) and altitude needs to be further explored. This study compares the results of the mean annual FI (TI) based on the observed temperature and the mean annual FI (TI) based on the simulated temperature of the 34 meteorological stations sites during 1978–2017 (Figure 6). Figure 6A shows that the slope of linear approximation between FI based on the observed temperature and FI based on the stimulated temperature is 0.65, R2 is 0.62, which a high correlation (p = 0.002). Figure 6B shows that the slope of linear approximation between TI based on the observed temperature and TI based on the stimulated temperature is 0.90, R2 is 0.73, which are better than FI. These results illustrate that the combined IDW and temperature lapse rate method used in this study can better simulate FI and TI over Tibet, and the accuracy of the simulating TI is higher than that of the simulating FI.


[image: image]

FIGURE 6. (A) The linear approximation between the mean annual FI based on the observed temperature and the mean annual FI based on the stimulated temperature. (B) The linear approximation between the mean annual TI based on the observed temperature and the mean annual TI based on the stimulated temperature of the 34 meteorological stations sites during 1978–2017.


Although the combined IDW and temperature lapse rate method can estimate FI and TI reliably, it is still worth noting that the temperature lapse rate which was used in this study was fixed value 6.5°C/km (Stone and Carlson, 1979). However, some studies have demonstrated that the temperature lapse rate is not immutable (Laughlin, 1982; Rolland, 2003; Blandford et al., 2008; Kattel et al., 2013; Gao et al., 2018), and its magnitudes vary in different conditions, such as surface condition, elevation and distance from the sea and so on. Due to the vastness of Tibet and its complex terrain, it is difficult to calibrate the temperature lapse rate in each place. Therefore, this study used the uniform and internationally accepted temperature lapse rate in the troposphere for interpolation correction. At the same time, the temperature lapse rate calibration for different regions with different climate characteristics, elevations and radiation conditions of Tibet will be done in the future.

Additionally, this study used FI and TI and a simplified climate-based predictive model (Nelson and Outcalt, 1987) to estimate the extent and area of permafrost over Tibet. The complete model should also contain other parameters like snow depth, snow density and snow thermal conductivity to estimate the correct FI. However, the r of snow depth datasets is too crude to reach 1 km × 1 km and other parameters data are not available. In order to ensure that the high resolution of the estimated permafrost extent, we omit the process of correcting FI and directly use the FI calculated by the optimized method above to stimulate the permafrost extent and area. The published permafrost map of Tibet in 2017 given by NTPDC (Figure 7; Zou et al., 2016; Zhao, 2019) shows that majority of Tibet is occupied by seasonally frozen soil, which is same as the estimated permafrost extent in 2017. Nevertheless, compared with the permafrost map published by NTPDC, the estimated permafrost extent illustrates larger permafrost extent and less seasonally frozen ground extent, which may be attributed to the impact of snow cover on the near-surface temperature. The process of correcting FI was omitted in this paper, so the permafrost extent in Tibet was slightly overestimated. It is also worth noting that the observed temperature at meteorological stations used in this study are the near-surface (2 m a. s. l) air temperature. However, Luo et al. (2018) comparing the near-surface air temperature with the ground surface temperature, and great differences exist between them because the snow cover and litter have a thermal insulation effect on the soil, resulting in different FI and TI calculated from the near-surface air temperature and the ground surface temperature, respectively. Most literature shows that the FI calculated by near-surface air temperature is much higher than the FI calculated by ground surface temperature, and the TI is the opposite (Luo et al., 2018; Wu et al., 2018; Wang et al., 2019). This difference may exaggerate the distribution of permafrost (Luo et al., 2018) like the estimated permafrost in Tibet in this study. Although the near-surface air temperature has a long history of being applied to calculate FI and TI and to stimulate the extent of permafrost, it is undeniable that the ground surface temperature, as the true thermal upper boundary of permafrost models, maybe a much more reliable indicator. However, how much deviation between permafrost extent estimated by using different temperature data is not yet known, which may become the key target of further research.
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FIGURE 7. The published permafrost map across Tibet derived from National Tibetan Plateau Data Center (NTPDC) (htTibet://data.Tibetdc.ac.cn). Note that the white area is undefined.




CONCLUSION

The mean annual values and spatiotemporal variations of the FI and TI across Tibet from 1978 to 2017 were investigated based on observed daily temperature datasets. Moreover, using the high-resolution FI and TI calculated in this study, the permafrost in 1978 and 2017 are estimated. The main conclusions are as follows:


(1)The mean annual FI and TI in Tibet is 1241.36 and 1290.22°C⋅day during the past four decades, respectively. The spatial patterns of FI and TI is highly associated with altitude. FI increases from low elevations to high mountain regions, and TI is totally opposite. Besides, based on the zonal statistics, FI increase and TI decrease from southeast to northwest in Tibet.

(2)On the regional scale, the time series of FI and TI from 1978 to 2017 in Tibet and their trends show a significant downward of FI and upward of TI with a degradation rate of 10.73°C⋅day/a and increment rate of 6.58°C⋅day/a, respectively. On the pixel scale, each pixel has experienced a significant decrease of FI and increase of TI. As the altitudes and latitudes increase, the variation rate of FI increases and TI decreases.

(3)Over the past 40 years, the permafrost of Tibet has been undergoing continuous degradation. The current permafrost area was estimated about 0.59 km2 × 106 km2, which is lower than 0.85 km2 × 106 km2 in 1978. The extent of continuous permafrost has been greatly shrunk (reduced by 8.08% in Tibet) and the extent of seasonally frozen ground has been widely extended (increased by 23.16% in Tibet). The estimated permafrost extent of 2017 is roughly similar to the published permafrost extent of 2017 by NTPDC, but slightly overestimated.

(4)Combined IDW and temperature lapse rate method was used to evaluate the influence of elevation on the temperature and calculate the FI and TI based on spatially interpolated daily temperature data, which indeed draws more accurate conclusion.
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Knowing the determinants of seed germination helps us understand plant adaptive strategies to the environment and predict population and community regeneration under climate change. However, multiple factors, including plant and seed traits that influence germination and their relative importance, have received little attention. Here, seed germination experiments were conducted on newly collected seeds for 89 herbaceous species from salinized Songnen grassland. We tested the effects of multiple phylogeny-related plant traits and seed morphological and physiological traits on germination percentage and initial germination time and their relative contribution to shaping germination variation. We found that biennials had higher germination percentages and rates than annuals and perennials. Species with brown seeds had higher germination percentages than those with yellow and black seeds. Eudicots germinated faster than monocots, and seeds with morphophysiological dormancy required more time to initiate germination than those with other kinds of dormancy. Phylogeny-related factors explained more of the variation in germination than seed traits. Seed mass and volume of the large-seeded, but not small-seeded group species were positively correlated with germination percentage. Our findings provide important information for understanding germination variation across species and local adaptation for species in the salinized Songnen grassland.

Keywords: dispersal mode, kind of dormancy, germination rate, herbaceous plant, phylogeny, seed mass


INTRODUCTION

Seed germination is a critical life history stage that affects population establishment and regeneration (Nonogaki et al., 2010). Germination is not only influenced by environmental factors such as temperature (Galíndez et al., 2017), light (Lee et al., 2015), soil moisture (Essery et al., 1954), but also closely related to the characteristics of parent plant (Liu et al., 2018) and seed traits (Mamo et al., 2006). However, the effects of plant and seed traits on germination have received less attention than environmental factors. The relationships between germination and plant and seed traits will help us understand the plant life history strategies and their adaptation to environments.

Phylogeny is a relatively stable characteristic of plant species and does not change with the environment (Zhang et al., 2011). Phylogeny can be used to help interpret inter-specific variations in plant growth and reproductive characteristics, e.g., germination strategy (Figueroa and Armesto, 2001). Previous studies have shown that phylogeny had a significant influence on germination time and germination percentage of seeds (Bu et al., 2008; Wang et al., 2016). Monocots and eudicots are two important taxonomic group (Willey and Wilkins, 2008), which may also influence germination. Plant functional groups, such as grass, legumes, and forbs, have been widely used to test variable traits and responses under different environments at the community and ecosystem levels (Zhang et al., 2014; Zhang et al., 2017). Functional groups also have been suggested for use in studies of seed dispersal (Aslan et al., 2019). Therefore, species in different functional groups may differ in germination responses, but this has rarely been investigated. Plant life form is a crucial part of life history strategy, and this may affect germination. However, previous studies have shown mixed results. Plant life form did not show significant effects on germination percentage of 134 common plant species on the eastern Tibetan Plateau (Xu et al., 2014). However, Bu et al. (2008) found that the perennials had a higher germination percentage than the annuals for 633 species in the same Tibetan site.

Dormancy level and germination of seeds may be affected by the environmental conditions of the mother plant during seed maturation (El-Keblawy and Al-Rawai, 2006). Therefore, seed maturation time may indirectly affect germination. For example, seeds had higher germination percentage (low dormancy) when the mother plant experienced high temperature or short days during seed maturation (Evenari et al., 1966; Galloway, 2002; Baskin and Baskin, 2014).

Seed mass is an important seed morphological trait, reflecting the investment of mother plants to offspring (Beaulieu et al., 2007) and is intimately related to germination (Moles and Westoby, 2004). However, seed mass had been shown positive or negative effects on germination percentage of different types or regional species (Galindez et al., 2009; Wang et al., 2016; Wu et al., 2018). Seed volume is significantly and linearly related with seed mass (Casco and Dias, 2008) and also has a significant effect on germination (Tekrony et al., 2005). However, the previous results are also mixed (Mian et al., 1994). Other seed traits such as seed color have been shown to affect germination at within species level (Bhatt et al., 2019). It is not clear whether seed color affects germination between species. Seed dispersal mode also affects germination (Bu et al., 2008). Most studies have indicated that germination percentage of anemochorous species is higher than that of barochorous and zoochorous species (Augspurger, 1983; Wang et al., 2012). However, a few studies found that ombrohydrochorous species had higher germination percentages than other dispersal modes (Liu et al., 2014). Seed dormancy is widely studied seed traits (Baskin and Baskin, 2014). We do not know if the different kinds of seed dormancy correlate with germination across species from the same habitat.

Although the relationship between seed traits and germination has received some attention lately, most previous studies have focused on only a few seed traits and/or a few species. Few people have tested the effects of multiple seed traits, phylogeny, and plant traits such as plant life form on seed germination for a large number of species regionally and their relative importance (Norden et al., 2009). Several cross-species studies have obtained different conclusions in different geographical regions.

In the present study, we investigated the effects of phylogeny, plant functional type, life form and seed traits, including seed color, mass, volume, dispersal mode, kind of dormancy and seed maturation time on initial germination of newly-collected seeds for 89 common herbaceous species from the salinized Songnen grassland in northeast China. Two hypotheses were tested: (1) The factors that influence germination of species from salinized grassland are different from other regions in some aspects due to the salinized habitats; (2) Taxonomic group, plant functional group and/or plant life form may explained larger proportion of the variation in germination than seed traits.



MATERIALS AND METHODS


Study Region and Seed Collection

Mature seeds of 89 species were collected in the Songnen grassland in northeast China (123° 44′–47′E, 44° 40′–45′N; Supplementary Figure 1A) during July to September 2016. At the time of natural seed dispersal, seeds were collected from more than 50 plants for each species (Supplementary Figures 2A,B). Seeds of each species were dry-stored in cloth bags at 4°C for 2 to 4 months before they were used in germination tests. Seeds of some species were actually fruits (e.g., Asteraceae) or diaspores (e.g., Poaceae), but they are called seeds hereafter.

The Songnen grassland distributes in the semi-humid climate area of temperate zone. The mean annual precipitation is 400 mm, of which most is received between June and September. Mean annual temperature is 5°C with a mean of 2882 sunshine hours per year. The annual temperature and precipitation in 2016 was shown in Supplementary Figure 1B. The main soil type is chernozem, with 2.0% of soil organic carbon content and 0.15% of total nitrogen content. The saline-alkaline soil accounts for 59% of the total area 24220 km2 of Songnen grassland. Electrical conductivity and pH of the soil are 6 mS cm–1 and 10.7, respectively (Wang L. et al., 2009). The main salts in the salinized soil are NaCl, Na2SO4, NaHCO3 and Na2CO3 (Qu and Guo, 2003).



Germination Experiment

The experiment was conducted in December 2016 to test initial germination (Baskin and Baskin, 2014) in programmed incubators (HPG-400HX, Haerbin China) at an alternate temperature regime of 18/25°C, with a 12-h photoperiod (Sylvania cool white fluorescent lamps, 25 μmol photons m–2 s–1, PAR) and a 12-h dark period, which is an appropriate temperature for local species to germinate. Seeds were incubated on two layers of filter paper placed in 7 cm diameter Petri dishes with distilled water. There were four replicates with 25 seeds in each replicate. Petri dishes were sealed with parafilm to prevent the loss of water evaporation. Germination was recorded every day and seeds were considered to have germinated when the radicle emerged. The experiment lasted for 30 days when there were no more seeds germinated. The initial germination percentage (number of germinated seeds/total seeds) and the initial germination time (average of the time when first germinated seed was observed in each Petri dish) of each species were calculated.



Plant and Seed Traits Measurement and Classification

Taxonomic group: The 89 species were recorded as monocot or eudicot according to their families (Supplementary Table 1).

Plant functional group: All the species were divided into four functional groups, which were grass, legume, Asteraceae and forb (Basto et al., 2015).

Plant life form: The longevity of species was divided into annual, biennials or perennials according to Flora of China Online1.

Seed maturation time: Seed maturation time were calculated as days that passed through from 1 January to the collection date of each species. For example, seed maturation time of species with seeds collected on 1 July was 181 days.

Seed mass and volume: One hundred seeds were selected randomly and weighed with an electronic balance (0.0001 g, METTLER TOLEDO ME204), with five replicates for each species. Individual seed weight was then calculated. Seed length (L) and width (W) of five randomly selected seeds were measured with vernier caliper for each species. Seed volume was calculated as: πLW2/6 (Casco and Dias, 2008).

Seed coat color: Species were classified into four color categories based on the observations and relevant literature (Wang et al., 2016): (1) pale yellow, yellow or reddish yellow (referred as yellow); (2) light yellowish brown or yellowish brown (referred as light brown); (3) brown or dark brown (referred as dark brown); (4) black (referred as black).

Seed dispersal mode: The dispersal mode of the species was classified into four groups according to the morphological features and the appendage of the diaspores: (1) zoochorous species: the diaspores have awns, spines, or hooks that can adhere to fur of animals, or fleshly or arillate fruits that can be eaten by animals; (2) anemochorous species, the diaspores have membranous wings, hairs, bracts, a persistent or inflated perianth, or a pappus that is easily dispersed by wind; (3) ombrohydrochorous species, the seeds can produce mucilage when wetted; (4) autochorous species, the diaspores are explosively dehiscing capsules or pods that can throw the seeds to some distance from the parent plant and the diaspores have no apparent morphological structure and disperse via gravity (Navarro et al., 2009).

Kind of seed dormancy: Seed dormancy was classified into four kinds according to the physiology and physical features of seeds, germination experiment and relevant literatures (de Souza et al., 2015): (1) physiological dormancy (referred to as PD); (2) morpho-physiological dormancy (referred as MPD); (3) physical dormancy (referred as PY) and (4) non-dormancy (referred as ND) that were defined as species with germination percentage more than 80% (Baskin and Baskin, 2014).

Seed trait variation among the plant species used in our study was shown in Supplementary Table 2.



Statistical Analysis

We constructed phylogenetic trees using PHYLOCOM1 followed the APG III phylogenetic system (Supplementary Figure 3; Webb et al., 2008; Bremer et al., 2009). To meet normality and homoscedasticity of errors, germination percentage was arcsine transformed and initial germination time were log-transformed. GLMM were carried out using R-package glmmTMB (Bates et al., 2015). Germination percentage and initial germination time were the response variables in the models. We included taxonomic group, plant life form, plant functional group, seed mature time, kind of seed dormancy, dispersal mode, seed coat color, seed mass, and volume as fixed effects and species and replicate of germination Petri dish as the random effects. The models assumed binomial error distributions and Poisson error distributions for germination percentage and initial germination time. We also used variance partitioning (vegan package in R) and venn diagrams (Ding et al., 2020) to determine the total variance in germination percentage that was explained by a predictor matrix of plant life form, seed volume, seed coat color, and kind of seed dormancy and in initial germination time that was explained by a predictor matrix of taxonomic group, plant functional group, plant life form and kind of seed dormancy (uniquely and jointly). We used the factors that had significant effects on the dependent variable in this analysis. The relationships between seed mass, seed volume, seed maturation time and germination percentage, and initial germination time were analyzed using linear regression analysis. In regression analysis of seed mass and volume, seeds were then divided into two classes according to seed mass or volume: >1 mg, <1 mg or >1 mm3, <1 mm3 (Galindez et al., 2009). All analyses were carried out by vegan package of (version 3.5.1, R Core Team, 2015).




RESULTS


The Effects of Plant and Seed Traits on Germination Percentage

Plant life form, seed volume, seed coat color and kind of seed dormancy had significant effects on germination percentage (P < 0.05, Table 1). Germination percentages of biennials (77%) and perennials (36%) were significantly higher than those of annuals (18%, Figure 1C). Brown seeds germinated in a higher percentage than yellow and black seeds (Figure 1D). The significant effect of kind of seed dormancy on germination percentage was due to non-dormant species. There were no significant differences in germination percentage between PD, MPD, and PY (Table 1 and Figure 1F). The effect of seed maturation time on germination percentage was marginally negatively significant (P = 0.0542) with no significant linear regression relationships (Supplementary Figure 4). Taxonomic group, plant functional group, seed mass and seed dispersal mode had no significant effects on germination percentage (Figures 1A,B,E and Table 1).


TABLE 1. Results of generalized linear mixed model testing the effects of taxonomic group, plant functional group, plant life form, seed maturation time, mass, volume, coat color, dispersal mode and kind of dormancy on germination percentage (GP) and initial germination time (GT).
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FIGURE 1. The effects of plant taxonomic group (A), plant functional group (B), plant life form (C), seed coat color (D), seed dispersal mode (E), and kind of seed dormancy (F) on germination percentage. PD, physiological dormancy; PY, physical dormancy; MPD, morpho-physiological dormancy; ND, non-dormancy. ∗P < 0.05.


Although seed volume significantly influenced germination percentage, germination percentage was not significantly linearly correlated with seed volume and seed mass (Supplementary Figure 5). There was no significant correlation between seed mass and volume of the small-seeded group of species and germination percentage (P > 0.05, Supplementary Figure 5). However, seed mass and volume of large-seeded group of species were significantly positively correlated with germination percentage (P < 0.05). When dividing the species based on seed volume (<1 mm3 and >1 mm3), the same results were found (Supplementary Figure 5).



The Effects of Plant and Seed Traits on Time to Initial Germination

Initial germination time was significantly affected by taxonomic group, plant functional group, plant life form and kind of seed dormancy (P < 0.05, Table 1 and Figures 2A–C,F). Specifically, monocot had a higher initial germination time (7.7 d, lower germination rate) than eudicot (5.2 d, Figure 2A). Initial germination time of biennials was significantly lower (2.2 d) than annuals (6.3 d) and perennials (6.4 d, Figure 2C). Species with MPD (14.3 d) required more time to initiate germination than species with other kinds of dormancy (PD, 6.4 d; PY, 4.9 d) and non-dormancy (3.9 d, Figure 2F). Seed mass, seed volume, seed coat color and seed dispersal mode had no significant effects on initial germination time (P > 0.05; Table 1, Figures 2D,E, and Supplementary Figure 6). Initial germination time was not correlated with seed mass and seed volume of small seeded or large-seeded group species (Supplementary Figure 6).
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FIGURE 2. The effects of plant taxonomic group (A), plant functional group (B), plant life form (C), seed coat color (D), seed dispersal mode (E), and kind of seed dormancy (F) on initial germination time. PD, physiological dormancy; PY, physical dormancy; MPD, morpho-physiological dormancy; ND, non-dormancy. ∗P < 0.05.




The Relative Importance of Plant and Seed Traits in Germination Variation

Redundancy analysis revealed that plant life form, seed volume, seed coat color and kind of seed dormancy independently explained 5, 2, 2 and 49% of the variance in germination percentage, respectively (Figure 3A). When other factors were not removed from the analysis, the variance in germination percentage explained by plant life form, seed volume, seed coat color and kind of seed dormancy increased to 22, 5, 6 and 64%, respectively. Therefore, kind of seed dormancy can explain the largest variance of germination percentage among these traits. The joint effects of any two or three factors were low, except that of plant life form and kind of seed dormancy (11%). Overall, the four factors together could explain 75% of the variation in germination percentage.
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FIGURE 3. Variation partitioning (%) of plant life form, seed volume, seed coat color, and seed dormancy type accounting for germination percentage (A) and taxonomic group, plant functional group, plant life form and kind of seed dormancy accounting for initial germination time of the studied species (B). The uppercase letters denote the independent effects and the lowercase letters denote the joint effects of the overlapped two, three and four factors.


For initial germination time, taxonomic group, plant function group, plant life form and kind of seed dormancy independently explained 9, 8, 3 and 12% of the variance, respectively (Figure 3B). When the other traits were not removed from the RDA analysis, the variance of initial germination time explained by taxonomic group, plant function group, plant life form and kind of seed dormancy increased to 13, 12, 6 and 16%, respectively. Therefore, kind of seed dormancy explained more of the variance in initial germination time than other factors. The joint effects of any three factors were very low and the four factors together could explain 37% variation of initial germination time.




DISCUSSION


The Relationships Between Plant Traits and Seed Germination

In our study, plant life form had a significant effect on germination percentage, and taxonomic group, plant functional group and life form had significant effects on initial germination time (Table 1). RDA analysis also showed that these factors explained a larger proportion of the variation in germination than seed traits, except kind of seed dormancy (Figure 3). Our results are consistent with those from other studies on the relationship between phylogeny and germination percentage in alpine meadows (Bu et al., 2008), temperate rain forests (Xu et al., 2014), arid and semiarid zones and degraded sandy grassland (Wang J.H. et al., 2009; Wang et al., 2016). Species within the same family or functional group probably have similar germination behavior (Wang et al., 2016). This means that germination percentage is constrained by phylogeny, regardless of the habitats or ecosystems, although germination percentage has large inter-specific and site-specific variations.

Specifically, biennials had a significantly higher germination percentage and rate (less initial germination time) than annuals and perennials. This is a special result in plant life form-germination relationships. Previous studies, which have usually divided plant life form into annuals and perennials, showed contradictory results. Insignificant results have been found in degraded sandy grassland (Wang et al., 2016) and arid/semi-arid zone (Wang J.H. et al., 2009). For 134 common species on the eastern Tibetan Plateau, annuals germinated significantly earlier than perennials (Xu et al., 2014), but perennials of 633 species from the same region had higher germination percentages than annuals (Bu et al., 2008). Schippers et al. (2001) have indicated that non-dormancy (higher germination percentage) is an adaptive strategy of annuals in disturbed environments, but Rees has shown that perennials have less dormancy than annuals in a variable environment (Rees, 1994). Therefore, these results may be due to different habitats or floras. In our study, most of the biennial species were salt-tolerant species (e.g., Artemisia spp.) or with mucilaginous seeds (e.g., Leonurus japonicus). Higher germination percentages or rates may help them adapt to the salinized habitats in Songnen grassland.

Among plant functional groups, Asteraceae had the highest germination percentages and rates. Wang et al. (2016) have also found that Asteraceae species had a high germination percentage. In our study, 15.9% of the species were Asteraceae. Nearly half the Asteraceae species (7/15) had non-dormant seeds (GP >80%, GT <4.5 d), which was 40% of the total number of species with non-dormant seeds. Additionally, we found that eudicots germinated faster than monocots. One possible reason is that most monocot species are Poaceae and no endosperm (for example Asteraceae) vs. endosperm (Poaceae) matter. It takes more time to move the stored food to the growing parts of the embryo in Poaceae than in Asteraceae (Baskin and Baskin, 2014).



The Relationships Between Seed Traits and Germination

Overall, there was no significant linear relationship between seed mass/seed volume and germination percentage, although seed volume had significant effect on it. Previous studies have shown no relationship (Wang et al., 2012), positive relationship (Galindez et al., 2009; Xu et al., 2014) or negative relationship (Jankowska-Blaszczuk and Daws, 2007; Wang et al., 2016) between seed (or diaspore) mass and germination percentage. However, after dividing the species into small-seeded and large-seeded groups, seed mass and seed volume of the large-seeded group (seed mass >1 mg or seed volume >1 mm3) significantly and positively correlated with germination percentage, but seed mass and volume of the small-seeded group were not significantly correlated with germination percentage. This may be the result of local environmental adaptation. Large seeds contain more nutrition substances (Leishman et al., 2000), which helps to improve germination percentage, seedling growth and survival ability in saline conditions (Leishman et al., 2000). Our previous study showed that large-seeded species were more salt tolerant than small-seeded species in high salinity (Zhang et al., 2015). Small seeds have fewer reserves, and they might encounter serious selection pressure and have more complex germination response (Leishman et al., 2000). For example, previous studies reported that germination of small seeds was more sensitive to light (Pearson et al., 2002; Bu et al., 2017) and temperature (Galíndez et al., 2017) than large seeds. Therefore, the germination response of small seeds may be more dependent on the ambient environmental factors than those of large seeds.

Kind of seed dormancy significantly influenced germination percentage and rate and explained the largest variation among the factors. The results were mainly due to species with non-dormant seeds. Germination percentages of species with different kinds of seed dormancy were similar, all with wide variation range, 0–59% for PY, 0–71% for PD, 0–66% for MPD. Therefore, kind of seed dormancy had an insignificant effect on germination percentage in our study. However, the initial germination time of MPD was higher than that for seeds with other kinds of dormancy. MPD is a combination of MD and PD, and the embryo of seeds must grow to a specific size before the seed can germinate (Baskin and Baskin, 2014). Therefore, it is reasonable that seeds with MPD require a long time to germinate.

The dispersal mode of seeds is closely related to germination and establishment of seedling (Grime et al., 1981). However, dispersal mode of seeds had no significant effect on germination percentage and rate when all factors we tested were taken into account in the full model. This result is inconsistent with results from previous studies in other regions (Liu et al., 2014). It has been reported that adhesion-dispersed species (Xu et al., 2014) or wind-dispersed species (Bu et al., 2008; Wang et al., 2012) had the highest germination percentage among the dispersal modes. Seeds of anemochorous and zoochorous species have relatively long dispersal distance, and they usually germinate to a higher percentage than those with short dispersal distance (e.g., barochorous species), which may suggest escape from sibling or kin competition and predation (Venable and Brown, 1993; Levin et al., 2003; Venable et al., 2008). From our results, germination percentage and rate of the ombrohydrochorous species was the highest, followed by anemochorous and zoochorous species (Figures 1E and 2E). Similar results were found in species from degraded sandy grassland (Wang et al., 2016) and the desert (Liu et al., 2014). The mucilage that is secreted by outer layer of the seed coat of ombrohydrochorous species can conserve seed moisture, which would be beneficial for germination and seedling survival under drought and salt stress conditions (Yang et al., 2012). Thus, ombrohydrochorous species had relatively high germination percentage and rate in sandy and salinized regions, such as in Songnen grassland.

Inconsistent with the study in a degraded sandy grassland (Wang et al., 2016), seed color had an significant effect on germination in our study. Although color variation of seeds in these arid and semi-arid regions was not large, we found that species with brown seeds germinated in a higher percentage than those with yellow or black seeds. The effect of seed maturation time on germination percentage approached significance with a negative trend. That means species with late-maturing seeds tended to have lower germination percentage and high dormancy than those with early-maturing seeds (Edwards and Elkassaby, 1988).



The Limitations and Advantages of This Study

Our study have some limitations. First, we studied 89 species. Some rare species and/or species with less seeds were not included. Germination characteristics related with species abundance would deserve to be studied. Second, the sites we collected the seeds were close to each other (Supplementary Figure 1). Germination characteristics of seeds from different sites across Songnen grassland and the relationships with environmental factors may explain phenotypic plasticity of species. These needs further studies.

Germination variation across species are the results of heredity, evolution and adaptation to their environments (Gremer and Venable, 2014; Willis et al., 2014). Many factors interactively influence germination. Knowing how multiple factors related to germination and the relative importance were crucial for understanding plant life history strategies and evolution and predicting future scenarios under climate change. Our study indicate that phylogeny related factors such as taxonomic group, plant functional group and plant life form had significant effects on germination, especially initial germination time. Seed traits such as seed volume and seed coat color may mainly influence germination percentage. Species from Songnen grassland have special local adaptation characteristics. For instance, biennial and ombrohydrochorous species had higher germination percentage and rate, which better adapted to the salinized conditions.




CONCLUSION

Our study revealed the comprehensive influences and relative importance of phylogeny-related factors and seed traits on germination of species in the salinized grassland. Plant life form, seed volume, and seed coat color significantly influenced germination percentage, and taxonomic group, plant functional group, plant life form and kind of seed dormancy significantly influenced initial germination time. Overall, phylogeny-related factors can explain a larger proportion of the variation in germination than seed traits. We found that biennial and ombrohydrochorous species had higher germination percentages and rates than the other species in salinized Songnen grassland. This study increases our knowledge on the relationships between plant attributes, seed traits and germination and provides important information for plant adaptation under different environmental conditions.
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Asymmetrical warming between elevations is a common phenomenon and warming magnitude increases with increasing elevations on the Tibetan Plateau, which in turn may reduce temperature differences between elevations. However, it is still unclear how such phenomenon will affect plant community composition in alpine grasslands on the Tibetan Plateau. Therefore, in this study, we performed an experiment at three elevations (i.e., 4,300 m, 4,500 m, and 4,700 m) in alpine grasslands, the Northern Tibetan Plateau since May, 2010. Open top chambers were established at the elevations 4,500 m and 4,700 m. Plant species and phylogenetic composition were investigated in August, 2011–2019. There were no significant differences in plant species and phylogenetic composition, environmental temperature and moisture conditions between the elevation 4,300 m under non-warming conditions and the elevation 4,500 m under warming conditions in 2019. There were also no significant differences in plant species composition, environmental temperature and moisture conditions between the elevation 4,500 m under non-warming conditions and the elevation 4,700 m under warming conditions in 2019. Therefore, the narrowing temperature differences between elevations may result in plant community composition between elevations tending to be similar in alpine grasslands on the Tibetan Plateau under future elevational asymmetrical warming.
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INTRODUCTION

Plant community structure is one of the most important plant characteristics, and understanding its changes under environmental changes plays important roles in predicting plant community change under global change (Hautier et al., 2014; Ma et al., 2017). Plant community structure can include species and phylogenetic structure, and they can reflect plant community composition from different aspects (Sun et al., 2021). Climate warming is one of the characteristics of global change and its magnitude can increase with increasing elevation in some regions (e.g., Tibetan Plateau) (Yao et al., 2000; Kuang and Jiao, 2016). This phenomenon can reduce temperature differences between adjacent elevations, which in turn may reduce the differences in plant community composition (i.e., plant β-diversity) between adjacent elevations. Various grasslands are important pastures at different temporal and spatial scales, which in turn provide animal by-products (e.g., milk and beef) for human (Sun et al., 2019). Alpine grasslands, as an important grassland type, may be one of the most sensitive grasslands to climate change and human activities at global and regional scales (Klein et al., 2007). Therefore, it is very important to understand the changes in plant community composition to global change in alpine grasslands.

The Tibetan Plateau, with the important characteristics of high-elevation, cold and dry climate conditions, is one of the key sensitive regions to global change and a global epicenter of global change (Li, 2017). Generally, alpine meadows, alpine steppes and alpine desert steppes are distributed from east to west on the Tibetan Plateau (Wu et al., 2014). Air temperature at a relative higher elevation can tend to be closer and closer to that at a relative lower elevation in alpine grasslands on the Tibetan Plateau under future asymmetrical warming (Yao et al., 2000). More and more studies have investigated the changes of plant community composition under various global climate changes in alpine grasslands on the Tibetan Plateau (Klein et al., 2007; Wang et al., 2012). However, no studies have tried to investigate the effects of reduced temperature differences between elevations on plant community composition in alpine grasslands on the Tibetan Plateau under global warming. Therefore, in this study, we performed an experiment along an elevation gradient from 4,300 m to 4,700 m (i.e., 4,300 m, 4,500 m, and 4,700 m) in alpine grasslands, the Northern Tibetan Plateau. We established four open top chambers, which was used to simulate climate warming, at elevations 4,500 m and 4,700 m, respectively. We compared the plant community composition under the control conditions at the elevation 4,300 m and that under the warming conditions at the elevation 4,500 m, that under control conditions at the elevation 4,300 m and that under the warming conditions at the elevation 4,700 m, and that under control conditions at the elevation 4,500 m and that under the warming conditions at the elevation 4,700 m.



MATERIALS AND METHODS


Study Area and Experimental Design

Detailed descriptions on climate, soil and vegetation conditions can be found in our previous studies (Fu et al., 2019). Briefly, the study area was located at the Grassland Station of Damxung County, Lhasa City, Tibet, China. Mean annual temperature and mean annual precipitation was 1.96°C and 476.4 mm in 1963–2019, respectively. This experiment was conducted at three alpine grassland sites (site A: 30°30′ N, 91°04′ E, alpine steppe meadow; site B: 30°31′ N, 91°04′ E, alpine steppe meadow; site C: 30°32′ N, 91°03′ E, alpine meadow) since May 2010. The dominant plant species included Stipa capillacea, Carex montis-everestii and Kobresia pygmaea in the two alpine steppe meadows, and Kobresia pygmaea in the alpine meadow. Open top chambers (bottom diameter: 1.45 m; top diameter: 1.00 m; height: 0.40 m) were used to increase temperature at sites B and C. There were four treatments with four replicates, including the control treatment at site A with an elevation of about 4,300 m (C4300), the control treatment at site B with an elevation of about 4,500 m (C4500), warming treatment at site B with an elevation of about 4,500 m (W4500), and warming treatment at site C with an elevation of about 4,700 m (W4700).



Microclimate Measurements

We observed soil temperature (Ts, 5 cm), soil moisture (SM, 10 cm), air temperature (Ta, 15cm) and relative humidity (RH, 15 cm) using HOBO weather stations (Onset Computer, Bourne, MA, United States) during growing season (June–September) in 2011–2019. The sampling frequency and recording interval was 1 min and 30 min, respectively. We also calculated vapor pressure deficit (VPD) from measured Ta and RH using VPD = 0.6108 × exp[(17.27 × Ta)/(Ta + 237.3)] × (1-RH/100).



Community Investigation, Soil Sampling and Analyses

We performed plant community investigation for each plot in August, 2011–2019. Species coverage and height were recorded for each species within each of the sixteen 50 cm × 50 cm quadrats (four treatments × four replicates = 16 quadrats). We collected topsoil (0–10 cm) samples in August, 2013 and 2015–2019. We sieved these fresh soils through a 1 mm hole and then measured ammonium nitrogen (NH4+-N), nitrate nitrogen (NO3–-N), available phosphorus (AP) and pH.



Statistical Analysis

The “geodist” of SPAA-package was used to obtain the geographic distance between elevations. The important value was calculated from measured species coverage and height. The “vegdist” of the Vegan-package was used to obtain species β-diversity (i.e., βBray, the dissimilarity indices of Bray-Curtis) between two treatments based on the important value. We used the “TPL” and “taxa.table” of the Plantlist-package to obtain the taxonomy data, which were imported into the Phylomatic software to generate the phylogenetic tree. The important value and phylogenetic tree were imported into “comdistnt” of the Picante-package to obtain phylogenetic β-diversity (i.e., βMNTD: beta mean nearest taxon distance) between two treatments. We also used the permutational multivariate analysis of variance to analyze the difference of βBray and βMNTD between treatments for each year. The “varpart” of the Vegan-package was used to partition the variation of the βBray and βMNTD by four explanatory matrices of biotic and/or abiotic variables. All the significant analyses were examined at p < 0.05. The drawing software included the SigmaPlot 12.5 and Microsoft Office Visio 2007.



RESULTS

No differences of multi-year mean SM, Ta and VPD were observed between the C4300 and W4500 treatments, and between the C4500 and W4700 treatments over the nine growing seasons in 2011–2019 (Table 1). The multi-year mean Ts of the W4500 treatment was 0.39°C greater than that of the C4300 treatment over the nine growing seasons in 2011–2019 (Table 1). The multi-year average Ts of the W4700 treatment was 0.56°C lower than that of the C4500 treatment over the nine growing seasons in 2011–2019 (Table 1). The multi-year mean NH4+-N and NO3–-N of the W4500 treatment was 3.96% (0.39 mg kg–1) and 21.33% (2.88 mg kg–1) greater than that of the C4300 treatment, but the multi-year mean pH of the W4500 treatment was 7.22% (0.49) lower than that of the C4300 treatment over the six growing seasons (i.e., 2013 and 2015–2019), respectively (Table 1). The multi-year mean NH4+-N of the W4700 treatment was 117.45% (13.06 mg kg–1) greater than that of the C4500 treatment, but the multi-year mean pH of the W4700 treatment was 10.31% (0.66) lower than that of the C4500 treatment over the six growing seasons (i.e., 2013 and 2015–2019), respectively (Table 1). There were no significances of multi-year mean NO3–-N and AP between the C4300 and W4700 treatments over the six growing seasons (i.e., 2013 and 2015–2019), respectively (Table 1). The multi-year mean Ts, Ta, VPD and pH of the W4700 treatment was 1.49°C, 0.83°C, 0.06 kPa and 1.05 lower than that of the C4300 treatment, respectively (Table 1). The multi-year mean SM and NH4+-N of the W4700 treatment was 0.04 m3 m–3 and 14.32 mg kg–1 greater than that of the C4300 treatment, respectively (Table 1).


TABLE 1. Comparison of average soil temperature (Ts), soil moisture (SM), air temperature (Ta) and vapor pressure deficit (VPD) across the nine growing seasons (i.e., 2011–2019), ammonium nitrogen (NH4+-N, mg kg–1), nitrate nitrogen (NO3–-N, mg kg–1), available phosphorus (AP, mg kg–1) and pH across the six growing seasons (i.e., 2013 and 2015–2019) between the control treatment at site A (C4300) and the warming treatment at site B (W4500), between C4300 and the warming treatment at site C (W4700), and between the control treatment at site B (C4500) and the W4700 treatment, respectively.

[image: Table 1]Across all the 9 years, both the species and phylogenetic β-diversity between the C4300 and W4500 treatments, between the C4300 and W4700 treatments, and between the C4500 and W4700 treatments were significant (Table 2). Both the species and phylogenetic β-diversity between the C4300 and W4700 treatments were significant for each year in 2011–2019 (Figure 1). However, the species and phylogenetic β-diversity between the C4300 and W4500 treatments were significant in 2011–2018 but not in 2019 (Figure 1). Meanwhile, the Ts, SM, Ta, and VPD between the C4300 and W4500 treatments were not significant in 2019 (Supplementary Table 1). The species β-diversity between the C4500 and W4700 treatments were significant in 2011–2018 but not in 2019 (Figure 1). Meanwhile, the Ts, SM, Ta, and VPD between the C4500 and W4700 treatments were not significant in 2019 (Supplementary Table 1). The phylogenic β-diversity between the C4500 and W4700 treatments were significant for each year in 2011–2019 (Figure 1).


TABLE 2. The two-way permutational multivariate analysis of variance (i.e., the “adonis2” of Vegan-package) for analyzing the differences of species β-diversity (βBray) and phylogenetic β-diversity (βMNTD) between C4300 vs. W4500, C4300 vs. W4700, or C4500 vs. W4700), and the effects of measuring year on the βBray and βMNTD across the 9 years in 2011–2019.
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FIGURE 1. Species β-diversity (βBray, A–C) and phylogenetic β-diversity (βMNTD, D–F) between the control treatment at site A vs. the warming treatment at site B (C4300 vs. W4500), the C4300 treatment and the warming treatment at site C (C4300 vs. W4700), and the C4500 treatment and the W4700 treatment (C4500 vs. W4700). ∗ above bars indicates the βBray or βMNTD of the C4300 vs. W4500, C4300 vs. W4700, and C4500 vs. W4700 were significant at p < 0.05.


The species β-diversity increased with the Bray-Curtis dissimilarity index of Ts, SM, Ta, and pH between C4300 vs. W4500, C4300 vs. W4700 and C4500 vs. W4700 (Table 3). The GeoDist.Dur., Temp.Water, soil nutrition and pH together explained about 40% and 46% variations of species and phylogenetic β-diversity, respectively (Figure 2). The exclusive effects on species β-diversity were ordered by pH, Temp.Water, soil nutrition and GeoDist.Dur (Figure 2). The Temp.Water and soil nutrition but not GeoDist.Dur. and pH had exclusive effects on the variations of phylogenetic β-diversity (Figure 2).


TABLE 3. Correlation analyses of species and phylogenetic β-diversity with the Bray-Curtis dissimilarity index of environmental variables, between the control treatment at site A (C4300) and the warming treatment at site B (W4500), between the C4300 treatment and the warming treatment at site C (W4700), and between the control treatment at site B (C4500) and the W4700 treatment.
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FIGURE 2. Venn plots of variation partitioning analysis, showing the shared and exclusive effects of the geographic distance and warming duration (GeoDist.Dur.), the Bray-Curtis dissimilarity index of temperature and water availability (Temp.Water: soil temperature, soil moisture, air temperature and/or vapor pressure deficit), the Bray-Curtis dissimilarity index of soil nutrition (ammonium nitrogen, nitrate nitrogen, and/or available phosphorus) and the Bray-Curtis dissimilarity index of pH between C4300 vs. W4500, C4300 vs. W4700, and C4500 vs. W4700, on the (A) species β-diversity and (B) phylogenetic β-diversity between C4300 vs. W4500, C4300 vs. W4700, and C4500 vs. W4700. C4300: the control treatment at site A; C4500: the control treatment at site B; W4500: the warming treatment at site B; W4700: the warming treatment at site C.




DISCUSSION

Our findings showed that plant species composition and even phylogenetic structure may tend to be similar between two adjacent elevations when the differences in environmental temperature and water availability conditions were eliminated. This phenomenon confirmed some previous studies which demonstrated that plant community moved upward under climate warming (Walther et al., 2005; Wang et al., 2019; Cheng et al., 2020). This finding may be attributed to one or more of the following underlying mechanisms. First, trade-off between lifespan and growth rate is a key character of plants, and plant species generally had a longer lifespan but a slower growth under colder climate conditions at high elevations and latitudes (Nobis and Schweingruber, 2013). Climate warming may alleviate low-temperature limitation on the growth of alpine plants and alter the trade-off between lifespan and growth rate, which subsequently may result in similarity of plant communities between the low and high elevations (Lenoir et al., 2008). Second, plant species with narrow niche width of temperature may move upward to avoid or reduce the risk of extinction under climate warming, and warming-tolerant species may move upward for expanding its spatial range (Pauli et al., 1999, 2012; Dolezal et al., 2016). Third, shallow- and deep-root species have different strategies in the utility of soil water, and shallow-root species are more dependent on upper soil water than deep-root species (Hu et al., 2013). Surface soil water may be mainly dependent on precipitation (Golluscio et al., 1998), and precipitation may increase with increasing elevation with a certain elevation range in the Tibet (Zhao et al., 2017). Warming may generally reduce availability water in soils (at least surface soil water) for plant growth and alter re-distribution of soil water at different depths (Wu et al., 2013; Xue et al., 2014). Subsequently, plants, especially shallow-rooted plants, may move upward to avoid or reduce the drought stress caused by climate warming. Fourth, wind stress can cause greater plant dwarfing at higher elevations considering that both wind speed and gale days may increase with increasing elevation (Friend and Woodward, 1990; Yao and Li, 2019). This phenomenon may limit upward migration of some species, although greater wind speed and gale days may increase the dispersal of wind-pollination plants. The reduced in wind speed and gale days may be related to climate warming, and their reduced magnitudes may increase with increasing elevations on the Tibetan Plateau (Yang et al., 2012; Yao and Li, 2019). This phenomenon may alleviate the effect of wind stress on plant community and subsequently increase the potential of some species upward.

Our findings implied that asymmetric warming between elevations/sites may affect the patch, which is one of basic elements of landscape pattern. Thus, such asymmetric warming may affect landscape diversity. However, our findings may have some limitations. First, the elevation only falls within about 4300–4700 m in our study. Thus, it may be necessary to investigate whether asymmetrical warming between elevations may result in similar plant community composition between elevations when the elevations beyond our elevational ranges. Second, our study only focused on two types of alpine grasslands (i.e., alpine steppe meadows and alpine meadows), while there are actually several other types of alpine grasslands (e.g., alpine steppes and alpine desert steppes) on the Tibetan Plateau (Wu et al., 2014). Thus, it is still unclear that asymmetrical warming between elevations can cause similar plant community composition between elevations in other grassland types. In summary, more studies are needed to resolve these uncertainties.



CONCLUSION

In this study, we simulated the narrowing temperature differences between elevations by setting up open top chambers at higher elevations, and then investigated the responses of plant community composition to such narrowing temperature differences between elevations in alpine grasslands. We then found the species composition and phylogenetic structure of plant community under the warming conditions at an elevation of about 4500 m were not significantly different from those under the control conditions at an elevation of about 4300 m in alpine grasslands in the tenth year. Moreover, the species composition at an elevation of about 4700 m under the warming conditions was also not significantly different from that at an elevation of about 4500 m under the control conditions in the tenth year. Therefore, asymmetrical warming between elevations may result in similar plant community composition between elevations in alpine grasslands on the Tibetan Plateau.
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Under the background of global climate change, the impact from drought on the ecosystem exhibits the characteristics of complexity and multi-process, especially for the main component, which is the grassland ecosystem of the overall ecosystem. Identifying past droughts and predicting future ones is vital in limiting their effects. However, the random and non-linear nature of drought variables makes accurate drought prediction still a challenging scientific problem. In this study, the boundaries, Land Surface Temperature (LST) and Enhanced Vegetation Index (EVI) of Asian Grassland Ecosystem (AGE) were obtained by Google Earth Engine (GEE), which were used to construct LST-EVI feature spaces to calculate the dry-wet edge fitting equations and Temperature Vegetation Drought Index (TVDI). Mann–Kendall test and Sen trend degrees were further used to analyze the drought trend of AGE. The results showed that there were obvious spatial differences in the wet and dry conditions of AGE, which showed that the TVDI increased from east to west and from north to south, with humid areas mainly concentrated in northern Asia and severe drought areas concentrated in southern Asia. From 2010 to 2018, the area of humid areas and severe drought areas of AGE decreased, and some humid areas changed to normal areas or even drought areas, while the drought in severe drought areas was alleviated. The results of the Sen trend test further show that the aggravating trend of drought in severe drought areas of South Asia is relatively low, and some areas show a trend of changing to humidity. However, there is an obvious aggravating trend of drought in humid areas or low drought areas of South Asia, these areas should also be the focus areas for drought prevention in the future. This study identified the spatio-temporal distribution characteristics and evaluated the evolution trend of the drought of AGE, which is of great significance to the management and prevention of drought of AGE.

Keywords: land surface temperature, enhanced vegetation index, temperature vegetation drought index, Sen trend degrees, Asian grassland ecosystem


INTRODUCTION

Under the influence of global warming, global extreme weather events are frequent. Drought, as one of the extreme weather events, is common in various historical periods of the world. It is characterized by high frequency, long cycles, and a wide range of impacts. With the passage of time, meteorological drought has gradually evolved into agricultural and hydrological drought, which has had profound effects on agricultural production (Zhang et al., 2015; Gan et al., 2016), water resources (Piao et al., 2010; Craft et al., 2015), ecosystem function (Zhong et al., 2019; Bastos et al., 2020) and environmental sustainability (Sun and Li, 2013; Sharafi et al., 2020). During periods of drought, reduced water flows into wetlands and groundwater aquifers, coupled with increased human water demand. This further reduces the availability of water to ecosystems, thus altering hydrogeological processes and affecting water bodies and terrestrial ecosystems in various ways. The end results are ecological droughts, with multiple knock-on effects such as ecological deterioration, ecosystem vulnerability and loss of ecological services (Li L. et al., 2020; Wang et al., 2021).

A large number of scholars have devoted themselves to the research of ecological drought monitoring, the driving mechanism of meteorological factors to ecological aridity, the driving mechanism of groundwater to ecological drought, and the evaluation of the ecological arid vulnerability. For example, Kim et al. (2019) conducted a quantitative assessment of water quality risks due to ecological drought by applying non-parametric kernel density estimates and hypothesizing the probability of rivers exceeding water-quality targets after extreme droughts. Studies have also been carried out to establish ecological drought indicators based on ecological flows. The study of Chu et al. (2019) showed that the Normalized Differential Vegetation Index (NDVI) in the growing season in the northeast of Heilongjiang was mainly regulated by precipitation, and the temperature was the dominant factor affecting the growth of spring vegetation, while there was a negative correlation between NDVI and precipitation in autumn. The work of Zhang G. et al. (2020) established the non-linear relationship between NDVI and groundwater depth based on information entropy. In the study of Crausbay et al. (2017), they established an ecological drought vulnerability research framework to reflect the ability of humans and natural systems to mitigate or adapt to drought, as well as the potential impact of drought on ecosystems. During this period, a series of drought indices, such as the Standardized Drought Vulnerability Index (SDVI) (Oikonomou et al., 2019), the Standard Precipitation Indices (SPI) (Mckee et al., 1993), the Palmer Drought Severity Indicator (PDSI) (Palmer, 1965), and the Standardized Precipitation-Evapotranspiration Index (SPEI) (Vicente-Serrano et al., 2010) were also established to represent the characteristics of drought in different regions and types.

With the development of remote sensing technology, many research methods have been widely used, such as using sensors to obtain spectral information of large-area surface vegetation, establishing different models of remote-sensing inversion and drought monitoring indexes, and then judging the degree and distribution range of the surface drought. For example, the Temperature Vegetation Dryness Index (TVDI) based on remote sensing data of vegetation and surface temperature calculation can indirectly reflect the effects of drought on vegetation and water consumption of vegetation. It is often used to describe the drought condition of terrestrial ecosystems. Several studies have also proved the reliability of this model (Sandholt et al., 2002; Du et al., 2017; Li C. et al., 2020; Kang et al., 2021).

Asia has a vast territory and great differences in topography. Under the combined effects of solar radiation, atmospheric circulation, and other factors, it has formed a prominent climate feature with a complete climate belt and complex climatic types. At the same time, large areas of Asia are affected by droughts, such as Thailand in Southeast Asia and the “no river countries” in West Asia (the “no river countries” refers to a country with no rivers which mainly includes Saudi Arabia, Kuwait, Oman, the United Arab Emirates, Qatar, Yemen, Bahrain, etc.) (Zong et al., 2017; Dai and Wang, 2020). The Taklamakan Desert, the second largest desert in the world, is also located in north-western China, East Asia. Therefore, the drought index measurement and drought trend analysis are very important for the terrestrial ecosystem in Asia, especially the grassland ecosystem, which is the main part of the whole ecosystem. Based on this, the boundaries, Land Surface Temperature (LST) and Enhanced Vegetation Index (EVI) of Asian Grassland Ecosystem (AGE) were obtained by Google Earth Engine (GEE), and TVDI and Sen trend degrees were used to evaluate the spatio-temporal distribution characteristics and evolution trend of AGE. Furthermore, the impact of changes in climate and environmental factors on ecosystems under the background of global climate change was explored. This was for the following aims: (1) provide data for drought monitoring of AGE; (2) provide a scientific basis for decision-makers to formulate targeted prevention and control measures to limit the development of drought; (3) provide technical support for the region to deal with terrestrial ecological drought caused by climate change.



STUDY AREA AND DATA


Study Area

As the main body of the Eurasian continent, Asia has the highest plateaus, mountains, and peaks in the world, with a great difference in topography (Figure 1). At the same time, Asia has the widest north-south latitude span and the longest East-West distance (77°43′N∼11°7′S, 169°40W∼26°3′E), including all kinds of climatic zones from the equator to the Arctic, and the complicated topography and changeable climate caused the uneven spatio-temporal distribution of temperature and rainfall in Asia (Ge et al., 2015). For example, West Asia, which is deeply inland, is controlled by the continental air mass, making water vapor difficult to reach, so it is relatively arid. Although East Asia and South Asia are offshore, they are seriously affected by unstable monsoons. During the weak summer monsoon years, there is lower rainfall and drought disasters are more likely to occur. In addition, the spatial distribution of surface water in Asia is asymmetrically radiating under the constraints of geomorphological structure, mainly including desert-centered inland water systems, outflow systems on the outskirts of inland watersheds, and a few small rivers that flow into the Black Sea and the Mediterranean Sea, respectively. The extremely uneven distribution of surface water systems even led to the existence of “no river countries” such as Saudi Arabia, Kuwait, Oman, and other countries in West Asia (Gao, 2010; Li, 2020).
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FIGURE 1. Location and topography of the study area (The boundaries, names, and designations are for illustrative purposes only and do not represent an official endorsement).


The vast spatial distribution has created regional differences between the coastal and inland regions of Asia, while at the same time creating geographical and landscape diversity, extremes, and typical. It provides the basis for the rich grassland ecosystems in Asia. The area of grassland ecosystems in Asia is about 2.897 billion hectares, accounting for 65.84% of the total terrestrial ecosystems of Asia, distributed mainly in Russia, China, Kazakhstan, Mongolia, Turkey, India, Indonesia, Iran, Afghanistan, Uzbekistan, and other countries (Table 1; Hu, 1999). With the intensification of global climate change, complex climate types in Asia are more affected, with droughts and intense evaporation in most areas, making the ecological environment in the region more fragile and the problem of grassland ecosystem drought more acute.


TABLE 1. Area of grassland ecosystems in major Asian countries or regions.
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Data Acquisition

The administrative boundary data used in this study to describe the geographical position in Asia was derived from Global Map data archives, in vector data format, developed in cooperation with the National Geospatial-Intelligence Agency (NGIAs) and geospatial intelligence agency in other countries. The location and administrative boundaries information covering 48 countries or regions of Asia had been obtained in this study.

The data used to calculate TVDI in this study was derived from the MODelation-resolving Image Spectrometer (MODIS), which was processed by the GEE platform due to the large area and long time span of the calculated data (Gao, 2010; Didan, 2015; Wan et al., 2015; Friedl and Sulla-Menashe, 2019; Sun et al., 2021). After data acquisition, quality check, projection, resampling, clipping, and other pre-processing are carried out and the data at different time scales are calculated as annual data.

Asian Grassland Ecosystem was derived from global land cover data of a grid of 500 m2 provided by the MCD12Q1 V6 product (Friedl and Sulla-Menashe, 2019), which divided global land cover into 17 types. The Woody Savannas (tree cover 30–60%), Savannah (tree cover 10–30%), and Grasslands (dominated by herb bags annuals) from the Land Cover_Type1 (LC_Type1) classification of MCD12Q1 V6 product were extracted to the boundaries of AGE. Finally, the grassland in GlobeLand30 2020 has also been further adapted to modify the boundaries of AGE in this study (Jiang et al., 2006; Liu et al., 2021).

Land Surface Temperature was land surface temperature data of a grid of 1,200 km2 for an average of 8 days from MOD11A2 V6 (Wan et al., 2015). The value of each pixel in MOD11A2 V6 was a simple mean of all corresponding MODO11A1 LSTs collected during the 8 days and included data on day-time LDST, night-time LST, 31 and 32 band channel emissivity, and quality control. Twice as long as the 8-day cycle was the precise ground tracking repeat cycle of Terra and Aqua platforms, which to some extent ensured the accuracy of the LST data.

Enhanced Vegetation Index data minimized canopy background changes and maintained sensitivity under dense vegetation conditions. The EVI used in this study selected the best available pixel values from MOD13A2 V6 product collected over a 16-day period, which was calculated based on the atmospheric correction of the two-way surface albedo (Didan, 2015). Water, clouds, heavy aerosols, and cloud shadows were shielded. The EVI also used a blue band to remove residual atmospheric pollution from smog and subpixel thin clouds, using the criteria of low cloud cover, low perspective, and maximum EVI values. The data are presented in Table 2.


TABLE 2. Data description.
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METHODOLOGY


Research Framework

The following steps had been taken to develop a framework for drought monitoring and spatio-temporal characteristics of drought trends for AGE (Figure 2):


[image: image]

FIGURE 2. Research technology roadmap.



Step 1: The LST and EVI data were pre-processed for quality inspection, projection, resampling, clipping, and so on. The areas with vegetation indices < 0.1 or > 0.85 were removed and the overestimation of sparse cover and underestimation of high-density cover in linear trend fitting were ruled out.

Step 2: At intervals of 0.02, EVI each year was divided into 50 categories. The minimum and maximum surface temperatures corresponding to each of them were determined. Then, LSTmin-EVI and LSTmax-EVI spatial fitting were carried out to solve the corresponding dry-wet edge fitting equations.

Step 3: A TVDI model based on LST and EVI was established according to the obtained dry-wet edge fitting equations to analyze the spatial distribution of TVDI of AGE from 2010 to 2018.

Step 4: The Mann–Kendall test and Sen trend degrees were used to calculate the Sen trend degrees of annual TVDI on a grid point, and then Mann–Kendall trend test was carried out to calculate the spatial drought trend of AGE.





Temperature Vegetation Drought Index

The inversion of soil drought using TVDI was based on the effect of water evaporation and vegetation transpiration which brought the surface temperature down. The value of TVDI depended on the spatial conditions of LST-EVI. The effect of surface evaporation and transpiration on TVDI resulted from the effect on LST-EVI space (Goward et al., 2002). In recent years, a series of studies had shown that vegetation cover, soil moisture, surface thermal characteristics, and other factors had an influence on the relationship between LST and EVI. However, the remote sensing image sensor selected in the study and resolution has little influence on it (Yan and Wang, 2009; Song et al., 2011). Among them, soil moisture was the main influencing factor of LST-EVI space, and EVI could reflect vegetation cover status. Therefore, TVDI obtained from LST-EVI space could largely reflect the status of soil humidity. The study of Price, Carlson, Sandholt, and others analyzed the acquired remote sensing data and concluded that the characteristic spatial relationship between LST and EVI was triangular (Price, 1990; Carlson et al., 1994; Sandholt et al., 2002). The work of Gillies et al. (1997) further used remote sensing data and the LST-EVI triangle to measure soil moisture content. The study of Goward et al. (2002) proposed a dry-wet edge fitting equation. Based on these studies, Sandholt et al. (2002) proposed a TVDI, which is expressed as follows:
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Where LST is the land surface temperature of any pixel. LST data of MODIS were used in this study. a1+b1 × EVI is the maximum surface temperature corresponding to a value of EVI. It was the dry edge of characteristic space. a1 and b1 are the coefficients of the dry edge fitting equation. a2+b2 × EVI is the minimum surface temperature corresponding to an EVI. This corresponded to the wet edge of characteristic spaces. a2 and b2 are the coefficients of the wet edge fitting equation. The value range of TVDI is 0∼1, and the higher the value is, the more severe the water shortage and drought in the area. Conversely, the smaller the value is, the wetter the area.



Mann–Kendall Test and Sen Trend Degrees

Mann–Kendall Tendency Test was the main method for judging trends in the field of meteorological hydrology. It judged the trend salience of the sequence according to the test statistic Z. At the significance level α = 0.05, when the test statistic |Z| > 1.96, it meant significant trend; when the |Z| < 1.96, it indicated no significant trend (Tao and Zhang, 2020).

The Sen trend degree is a method proposed by Sen to study the variation of long time series of variables (Sen, 1968). For the time series x1, x2, …, xn, trend degree β is defined as:
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where xj and xi are time series values at different times respectively, Median is the median function. When β > 0, it indicated the time series of the variables to be analyzed is increasing; when β < 0, it indicated the time series of the variables to be analyzed is decreasing.



RESULTS AND DISCUSSION


Analysis of Temperature Vegetation Drought Index in Asian Grassland Ecosystem

Based on the data pre-processing, the EVI data of each year were reclassified with the step size of 0.02, the maximum and minimum values of the LST values with the same EVI were extracted. By establishing the two-dimensional feature spaces fitting diagram of LST-EVI, the corresponding equation of dry-wet edge fitting (Figures 3, 4) was obtained. As can be seen from Figures 3, 4, the two ends of the dry-wet t edge fitting curve were relatively discrete, which was due to the deviation of the actual condition of vegetation reflected by the vegetation index when the vegetation coverage was very low or even bare soil, or when the vegetation coverage was very high. Thus, the points with EVI values lower than 0.1 and higher than 0.85 did not participate in linear regression fitting, so that the dry and wet edge fitting could meet the TVDI extraction precision of most pixels.
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FIGURE 3. LSTmin-EVI feature spatial fitting map of AGE for (A) 2010, (B) 2011, (C) 2012, (D) 2013, (E) 2014, (F) 2015, (G) 2016, (H) 2017, and (I) 2018.
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FIGURE 4. LSTmax-EVI feature spatial fitting map of AGE for (A) 2010, (B) 2011, (C) 2012, (D) 2013, (E) 2014, (F) 2015, (G) 2016, (H) 2017, and (I) 2018.


Based on the obtained dry-wet edge fitting equation, the TVDI of AGE was calculated by using the formula of the TVDI model. The results of TVDI calculated from low to high were re-classified into five grades, 0 < TVDI ≤ 0.3 was humidification, 0.3 < TVDI ≤ 0.5 was normal, 0.5 < TVDI ≤ 0.65 was light drought, 0.65 < TVDI ≤ 0.77 was medium drought, and 0.77 < TVDI ≤ 1 was severe drought (Sun et al., 2021). The result is shown in Figure 5.


[image: image]

FIGURE 5. TVDI in AGE for (A) 2010, (B) 2011, (C) 2012, (D) 2013, (E) 2014, (F) 2015, (G) 2016, (H) 2017, and (I) 2018.


The correlation analysis was obtained from soil moisture data and TVDI data at the corresponding locations of AGE. There was a significant correlation between TVDI and measured water content of soil surface layer. The linear fitting results of TVDI and soil moisture both passed the t-test of confidence coefficient α = 0.05, and the correlation was good. This indicated that the temperature vegetation drought index could reflect the changing trend of soil moisture condition, and it was reasonable as an index of drought evaluation.

According to the drought of AGE, as reflected in TVDI (Figure 5), there were marked spatial differences in dry and wet conditions of AGE, specifically the degree of soil aridity increases from east to west and from north to south in general. Under this general trend, combined with the local topography and climate, the degree of drought varied greatly from country to country. The humid and normal areas were mainly concentrated in Russia, Mongolia, Kyrgyzstan, Tajikistan, Afghanistan, Georgia, north of Kazakhstan, and northeast and southwest China. The light drought areas were mainly concentrated in Iran, Afghanistan, Turkey, the center of Kazakhstan, the center of China, and other places in western Asia. Most of the southern and south-western parts of Asia were characterized by medium and severe drought conditions, particularly in Iraq, Pakistan, India, Indonesia, and other places in South Asia, which had reached severe drought.

After further screening and attribute surface area extraction, a histogram of the different levels of drought for AGE from 2010 to 2018 was obtained (Figure 6). Figure 6 shows a decreasing trend in humid areas of AGE from 2010 to 2018. The area of the normal area increased from year to year. The area of light drought areas increased from 2010 to 2015 but decreased from 2015 to 2018. The area of the medium drought areas increased year by year, and the area in the severe drought areas shows a decreasing trend. It is noteworthy that in 2011, 2015, and 2017, there was a significant increase in the area of humid and normal areas compared with 2010. There was a significant reduction in the area of light and severe drought areas in 2011 compared with 2010. In 2015, the area of severe drought was significantly less. In 2017, the area of humid areas, normal areas, and light drought areas all decreased significantly. The area of medium and severe drought areas increased greatly. In 2010, humid areas of AGE covered an area of 8.1776 million km2, and severe drought areas had covered an area of 4.4141 million km2. By 2018, humid areas of grassland ecosystems in Asia had been reduced to 8.0785 million km2 and severe drought areas to 0.0418 million km2. In 2018, the area of humid areas decreased by 1.21% compared with 2010, and the severe drought areas were reduced by 5.27%. Overall, there was an improvement in severe drought for AGE from 2010 to 2018. At the same time, drought was occurring in some humid areas. Regional TVDI changed from humid to normal and even to drought.
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FIGURE 6. The area of different drought grades for AGE from 2010 to 2018.




Analysis of Mann–Kendall Test and Sen Trend Degrees in Asian Grassland Ecosystem

The Sen trend of the inter-annual scale TVDI was calculated grid point by grid point, and the Mann–Kendall trend test was performed on it (Figure 7). Figure 7 shows that there was an overall increasing trend of year-scale meteorological drought in AGE, mainly concentrated in the regions with humid and normal areas, such as Russia, Mongolia, north of Kazakhstan, and northeast China. Conversely, in the severe drought areas of the south of South Asia, the drought intensity in 2010–2018 was still very severe. It had a relatively low trend toward increased aridity, even moderating in places such as Laos, Thailand, Cambodia, and south of China. The Sen trend of TVDI shifting in direction (toward humid).
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FIGURE 7. Sen trend degrees of TVDI for AGE.


In summary, this study used TVDI and Sen trend degrees to evaluate the spatio-temporal distribution characteristics and evolution trend of AGE. It was found that there were obvious spatial differentiation characteristics of drought degree of AGE under the influence of temperature, environment, and other factors. The drought degree has increased or decreased in varying degrees from 2010 to 2018, mainly in South Asia and East Asia with wetter dry conditions had become drier and drier, changing to drier conditions, while severe dry conditions in certain areas had changed to wetter conditions. Other relevant studies have also confirmed the accuracy of this result (Ummenhofer et al., 2013; Manolache et al., 2020; Chandrasekara et al., 2021; Hina et al., 2021). In addition, the study of Manolache et al. (2020) explored the obstacles of different grassland management measures and the uniqueness to be considered in the selection, which was of great significance to provide different grassland management schemes for grassland ecosystems with different drought degrees. Combined with the results of this study, they could help decision-makers better formulate targeted prevention and control measures to deal with terrestrial ecological drought caused by climate change.



Limitations

There are limitations in this study starting from the MODIS data which provided data support for the assessment of drought conditions in AGE, with long time series and high temporal resolution and with high spatial reality. However, uncertainties in global data observations and the conversion of the data used in the study to annual data at higher temporal resolutions had, to some extent, eliminated differences in data extremes, especially the differences in regions with different seasons and different degrees of drought (Sun et al., 2021). For example, the seasonal features of LST that were higher in summer and autumn but lower in winter and spring were ignored in the correlation analysis. Therefore, the assessment results of trends in drought conditions by the annual data used in this study require further calibration. In addition, several studies showed that drought is caused by a combination of factors such as precipitation, water resources in rivers and lakes, soil moisture content, and soil potential evapotranspiration (Zhang X. Y. et al., 2020; Hina et al., 2021; Su et al., 2021). The TVDI calculated from LST and EVI data in this study could represent the drought of AGE to some extent. However, further studies on drought in AGE affected by multiple factors are still needed.



CONCLUSION

In this study, the spatio-temporal distribution characteristics and evolution trend of drought in the AGE were analyzed by using TVDI and Sen trend degrees. The results showed that the humid areas of the AGE are mainly concentrated in the north of Asia, and the severe drought areas were mainly concentrated in the south of Asia. From 2010 to 2018, the transition from humid areas to arid areas was obvious, and the results of the Sen trend also showed that the drought degree had an aggravating trend. These findings provided a foundation to explore the impact of climate and environmental factors on ecosystems. Further study should concentrate on the analysis of the seasonal characteristics of drought evolution. Furthermore, the method used in this study could also be used to evaluate the evolution trend of ecosystem drought in other regions, so that the decision-makers could make targeted prevention and control measures to limit the development of drought, which is worth promoting.
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The Mongolian steppes with a long history of nomadic pastoralism cover a large area of the Palaearctic steppe biome and are still relatively intact. As livestock number has increased over the last two decades, grazing has been considered as the main reason of pasture degradation. However, the impact of grazing on vegetation dynamics, and its interaction with climate, is still not clear. We reviewed 44 publications in Mongolian language, covering 109 sites in five main steppe types, i.e., desert, dry, meadow, mountain, and high mountain steppe, with a mean annual precipitation and temperature range from 120 to 370 mm and from −6 to +5°C, respectively. We calculated relative changes in vegetation cover, species richness, and aboveground biomass from heavily grazed with respect to lightly/non-grazed conditions. Multiple linear regression models were used to test the impact of environmental factors, i.e., mean annual precipitation, coefficient of variation for precipitation, mean annual temperature and elevation. Grazing had a stronger effect on the vegetation of dry, desert and high mountain steppes, whereas its effect was less pronounced in the meadow and mountain steppes with mesic climate and high productivity. Vegetation cover, species richness and aboveground biomass were reduced by heavy grazing in the dry, desert and high mountain steppes. In the meadow steppes, grazing reduced vegetation cover, but increased richness and had nearly no effect on biomass. In the mountain steppe, richness and cover were not affected, but biomass was reduced by heavy grazing. Additionally, grazing effects on biomass tended to be more pronounced at sites with higher amounts of annual precipitation, and effects on cover changed from negative to positive as elevation increased. In conclusion, grazing effects in Mongolian steppes are overall negative in desert, dry and high mountain steppes, but no or even positive effects are found in meadow and mountain steppes. Especially, heavy grazing showed a detrimental effect on all vegetation variables in desert steppes, indicating the existence of combined pressure of climate and grazing in arid habitats, making them potentially sensitive to overgrazing and climate change. Grassland conservation and management should consider characteristics of different steppe types and give importance to local environmental conditions.

Keywords: steppes, grazing, diversity, biomass, climate, human impact


INTRODUCTION

Grasslands cover 41% of the World's terrestrial surface (White et al., 2000), which sustain livelihoods for nearly 800 million people, and are a crucial source of livestock forage and habitat for diverse wildlife (White et al., 2000). Most of the world's grasslands are found in temperate regions, and these temperate grasslands have the distinction of being the most altered terrestrial ecosystems on the planet (Henwood, 2010) and the most threatened globally. Of these temperate grasslands, 19.6% (10.3 million km2) belong to the Palaearctic steppe biome, which forms a vast belt across the mid-latitudes of Eurasia, with nearly 1.3 million km2 occurring in Mongolia (Henwood, 2010; Wesche et al., 2016). The Mongolian grasslands are still relatively intact, representing the world's largest grasslands that are still healthy in terms of biodiversity and traditional land use (Batsaikhan et al., 2014). Hence in the last two decades, Mongolia has become a key region for studying the effects of land use to devise potentially sustainable land use strategies.

Mongolia has a long tradition of nomadic pastoralism, which has been the main agricultural sector in Mongolia for centuries. Approximately 83% of the territory (1.3 million km2) is rangeland (including grasslands, shrublands, forest steppe, and deserts that are grazed by domestic livestock; Angerer et al., 2008), supporting 71 million heads [118.7 million Sheep Units (SU)1; National Statistics Office of Mongolia, 2021]. Until 1990, the number of livestock was 25.8 million heads (54.3 million SU), however, after institutional and societal changes in the 90s, decentralization began and herders were allowed to privatize their herds. Since then, the number of livestock has increased dramatically, especially the number of sheep and goats due to the high market value of cashmere. Livestock density has increased more than three-fold, i.e., from 32 SU per 100 ha in 1961 to 99 SU in 2017 (National Statistics Office of Mongolia, 2018). According to a national report on the rangeland health of Mongolia, 58% of Mongolian rangeland areas are estimated to be degraded, of which 14, 21, 13, and 10% are slightly, moderately, heavily and fully degraded, respectively, based on field monitoring data (Densambuu et al., 2018).

Several global quantitative reviews (Milchunas and Lauenroth, 1993; Cingolani et al., 2005) revealed that grazing effects on vegetation interact with productivity. The latter in turn is controlled by abiotic factors, such as climate (precipitation, temperature) and topographic conditions. Mongolian grasslands often experience very high intra- and interannual rainfall variability, and growing season precipitation has the greatest effect on plant productivity (Liang et al., 2002). In wet regions with high productivity, moderate grazing can reduce the dominance of competitively superior species, thus increase plant diversity; while in dry grasslands with relatively low productivity, grazing effects tend to be neutral or moderately negative, with interannual variation of mean annual precipitation having a stronger effect than grazing on plant communities (Olff and Ritchie, 1998). Similar results were also found in Mongolian dry steppes, where grazing effects were smaller in drought years (Bat-Oyun et al., 2016). However, negative grazing impact on vegetation has been reported both in the forest-steppe in northern Mongolia (Takatsuki et al., 2018) and in the desert-steppe in northern China (Deng et al., 2013; Zhang et al., 2018). Contradictory results suggest that Mongolian grasslands are a mixture of equilibrium and non-equilibrium systems (Fernandez-Gimenez and Allen-Diaz, 1999; Zemmrich et al., 2010; von Wehrden et al., 2012; Ahlborn et al., 2020). In areas where mean annual precipitation (MAP) is <250 mm and the coefficient of variation of annual precipitation (cvP) is >33% (Ellis and Chuluun, 1993), the low and extremely variable annual precipitation has an overriding impact on livestock numbers, while in regions with higher and relatively constant precipitation, grazing should play a greater role in determining plant community structure and composition (Ellis and Swift, 1988). Furthermore, Mongolia has a typical continental climate with enormous daily and annual temperature fluctuations, and extreme climate events such as drought and cold harsh winter (dzud) also have huge effects on vegetation, animal husbandry, and thus economic situation of households. Local topographical conditions, for example location along a slope, might also interact with grazing effects, because soil moisture might decrease from valley bottom to upper slope (Fujita et al., 2009). Slope direction also affects nutrient availability and plant growth form, therefore interacts with grazing effects (Lkhagva et al., 2013).

Considering such substantial effects of grazing and environment on vegetation in Mongolian grasslands, dozens of studies have been conducted. However, publications on the effects of grazing on vegetation and its interaction with the local climate provide partly contradictory results, and thus, no consensus has arrived in the international literature. Hence, the current study aims to perform the first review of publications in Mongolian language, which reported grazing effects on the country's steppe vegetation from 1966 onwards. These publications provide valuable information, but are unfortunately not accessible without knowledge of the language, and many were not published in widely distributed outlets. Based on a thorough review of these publications, we addressed the following hypotheses:

• Heavy grazing by livestock negatively affects vegetation cover, species richness, and aboveground biomass. Species richness and aboveground biomass are supposed to be highest under moderate grazing intensity compared with light and heavy.

• The magnitude of the grazing effects differs among steppe types due to their specific environmental conditions. Grazing effects in meadow steppe and mountain steppe tend to be stronger, in line with classical equilibrium rangeland theory, as they receive usually more summer rainfall and the productivity of such grasslands is high. In contrast, size of grazing effects on desert steppe and dry steppe is expected to be smaller as a consequence of the overriding impact of precipitation patterns as implied by non-equilibrium dynamics.



METHODS


Study Region

Mongolia is a landlocked country of Central Asia, situated between 41°35′ and 52°08′ N, 87°44′-119°55′ E, far from any ocean. Its land area comprises 1.564 Mio. km2 (National Statistics Office of Mongolia, 2019), which is roughly equivalent to all countries of western and central Europe. Mongolia experiences an extreme continental climate characterized by long cold winters, short summers, and most precipitation falls during mid-June to August (Liu et al., 2013b). The climate is further characterized by high differentiation among four seasons and high diurnal temperature variation. Mongolia can be classified into six ecological zones (Figure 1), i.e., the high mountain, taiga, forest steppe, steppe, desert steppe and desert zones (Tuvshintogtokh, 2015). Among them, the forest steppe, steppe, desert steppe and parts of the desert zone are primarily rangelands. From the north to the south of Mongolia, the climate becomes drier (temperature increases and precipitation decreases).


[image: Figure 1]
FIGURE 1. Ecological zones and steppe vegetation types of Mongolia, with 109 study sites extracted from the reviewed publications. Ecological belt zones are based on the adapted vegetation map of the People's Republic of Mongolia (Yunatov and Dashnyam, 1979; Ulziikhutag, 1985). Steppe vegetation types follow the Steppe Vegetation of Mongolia (Tuvshintogtokh, 2015), and the “dry steppe” here includes “typical steppe,” as it is commonly done in literature. The high-cold mountain steppe is abbreviated as the high mountain steppe in the following. The sites located in the “desertified steppe” are grouped into the “desert steppe” in the analyses. The site ID is the same as in Supplementary Table A1.


Between 1944 and 2014, mean annual temperature (MAT) has increased by 2.1°C on average, with the increase being stronger in winter (3.6°C) than in summer (1.8°C). In particular, MAT increased by 2.0–3.7°C in the forest steppe zone, 0.7–2.0°C in the steppe and desert zones (these two zones were considered together in the analysis; Dagvadorj et al., 2010; MARCC., 2014). As a result, the aridity index and the number of extreme warm days increased significantly (MARCC., 2014). The change in mean annual precipitation (MAP) varied strongly in both spatial and temporal perspective. For instance, MAP decreased by 8.7–12.5% in the central and southern regions and increased by 3.5–9.3% in the eastern and western regions of Mongolia (MARCC., 2014).

The total number of livestock in Mongolia has increased 2.7 times since 1990, when the democratic revolution took place and livestock was privatized. The magnitude of increment, however, differs among ecological zones: the total number increased 2.0 times in the high mountain belt, 3.2 times in the forest steppe and steppe zone, 2.5 times in the desert steppe zone, and 2.6 times in the desert zone (National Statistics Office of Mongolia, 2019). As a result, the steppe zone sustains the highest number of livestock, followed by the forest steppe and the desert steppe zone (Figure 2). The significant drops in livestock numbers in 2000–2002 and 2010 show the effects of dzud, i.e., severe winter, which caused the death of 28.5 and 17.6 million SU livestock, respectively, after the winters of 1999 and 2009. Still, and in contrast to the non-equilibrium theory, over the last decade, livestock units have shown a general increase, even in the dry and highly variable desert steppes.
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FIGURE 2. Change in livestock numbers in different ecological zones of Mongolia. The total number of livestock in a particular zone was calculated from data at the soum (small administrative unit within a province) level (330 soums and 9 districts of the capital city, in total, N = 339). A total of 216 soums had only one dominant ecological zone, so the livestock number in this zone is equal to the soum level. When a soum consists of more than one ecological zone, then each of the two (N = 111) or three (N = 12) most dominant zones were considered to have the same number at soum level, because livestock mobility is high even within a single soum. Therefore, there is an overestimation of total livestock numbers (the sum of sheep units from ecological zones are 11–20% higher than those from soums for the respective year range). Data at the soum level were provided by the National Statistics Office of Mongolia, 1970–2019. The Taiga zone is not included because this zone is a boreal forest, where hardly any pasture exists.




Data Extraction

Considering that our focus was on overcoming language barriers and enhancing the international knowledge base, we searched for all available Mongolian publications on grazing effects on the rangeland vegetation in specialized databases, such as local libraries of the Mongolian Academy of Science, National University of Mongolia, and Mongolian University of Life Science (see detailed list from Supplementary Table A1). As search criteria, we used the Mongolian terms “urgamaljilt,” “belcheer,” “belcheerlelt,” “belcheerleltiin noloo,” and “hashsan talbai” which translate to “vegetation,” “rangeland,” “pastureland,” “grassland,” “grazing,” “grazing effect,” and “fenced area.” In particular, for literature, books and (conference) proceedings that were published before 1990, we first searched for the title, and checked the context and included the suitable studies. The main vegetation indicators we consider here are species richness (SR), vegetation cover (VC) and aboveground biomass (AGB) as they are the most frequently reported quantitative measurements of rangeland conditions. We included studies published between 1966 and 2019. In total, 44 publications were found (Supplementary Material 1), i.e., one dissertation, six master theses, five book sections, and 32 journal articles that together reported data from 109 sites (Supplementary Table A2). Among them, conditions of different grazing intensity levels (i.e., light, moderate and heavy grazing, indicated by the distance to river or that to winter/summer camp in the original publications) could be compared for 51 sites, by dividing the values of the response variables under heavy grazing to the same variables under light (or zero) grazing at the same site:

relative grazing effect of heavy grazing = (heavy–light)/light grazing, and similarly, relative grazing effect of moderate grazing = (moderate–light)/light grazing.

The dominant grazers in different steppe types are provided in Table 1. Sheep and goats mainly graze on all steppe types, which constitutes ca. 85% (ca. 58 million heads) of the total livestock of Mongolia (National Statistics Office of Mongolia, 2021). Hence, the livestock composition is largely similar in all steppe types. This way, trends are comparable between main rangeland types, in spite of differences in absolute values for all indicators being much lower in the desert steppes and high-mountain steppes. Multiple-year (≥2 years) monitoring data was available from another 32 sites, but grazing intensity was only mentioned at four sites, which had fences to exclude livestock grazing, thus we made a summary of fence effects on those sites only. We did not analyze the studies which reported either the results of 1 year at a single grazing level, or studies on seasonal vegetation dynamics within 1 study year. The workflow chart of the data extraction is summarized in Supplementary Figure A1.


Table 1. Main environmental characteristics, dominant plant species and dominant grazers for five main steppe types in Mongolia.
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We extracted quantitative values either directly from tables, or through the UN-SCAN-IT graph digitizer software (Silk Scientific, Inc.) from figures for the main response variables in the original publications. However, depending on the study design and purpose, surveying methods were inconsistent among studies. In particular, authors surveyed SR in different sizes of plots, which were usually large plots of 10 × 10 m2 (3–10 replicates), or occasionally small plots of 0.5 × 0.5 m2 or 1 × 1 m2. Some were sampled along a 50 or 100 m transect (3–5 replicates) and recorded the total species number in quadrats of 0.5 × 0.5 m2 or 1 × 1 m2 along the transect at an interval of 10 or 20 m for the 50 and 100 m transect, respectively. Moreover, whether estimates were based on the sum or the mean species number from subplots was not always clear. Reported VC was usually estimated from the same sample areas as for SR, and we calculated mean values of the repeated measures. AGB was estimated based on clipped standing biomass from 0.5 × 0.5 m2 to 1 × 1 m2 (with 3–10 replicates), and mostly from grazed sites rather than from grazing-exclusion plots; thereby providing only the residual biomass instead of primary productivity. When authors reported AGB values over the whole growing season, we selected the value of the peak biomass (late July or early August). Most biomass data were in units of centner/ha, so we recalculated them to g/m2.

Latitude, longitude, and elevation were usually directly reported in the publications. Else, we used Google Earth to estimate elevation based on the specific coordinates. Climate data was not always reported by authors, and even when it was, the timescale for the reported data was often missing. As the reviewed publication ranges between 1966 and 2000s, we extracted the available long-term climate data from Worldclim 2.1, i.e., monthly precipitation data from 1961 to 2018 and MAT for time range 1970–2000 (Harris et al., 2014; Fick and Hijmans, 2017). Data are compared with the data obtained from the National Agency for Meteorological and Environmental Monitoring (https://namem.gov.mn/eng/) for quality control. Annual total precipitation from Worldclim 2.1 data are largely realistic compared to station data and are much better than those from Chelsa V2 for our reviewed sites especially for recent years. Although the calculated cvP-values based on Worldclim 2.1 for 40 years seem to underestimate cvP-values in this region (Supplementary Material 2), the trend that cvP-values are higher in desert steppes than other steppe types still holds (Supplementary Figure A2), thus we opted Worldclim 2.1 climate data for further analyses.



Data Processing

Most of the publications reported the vegetation types for their study sites, which were typically five steppe types, i.e., desert steppe, dry or typical steppe, meadow steppe, mountain steppe, and high mountain steppe. Typical steppes mostly occur in eastern Mongolia and are dominated by tall feather grasses, while dry steppes, in a strict sense, occur in western and central Mongolia, as well as in the south of the typical steppe. Dry steppes are drier and regularly associated with shorter feather grassess and shrub species (Tuvshintogtokh, 2015; Pfeiffer et al., 2020). However, here we combine both steppe types into one, because the climatic and vegetation differences are relatively small compared to the differences among other steppe types. Furthermore, in earlier times, researchers often did not differentiate between these two steppe types and even mixed the two terms (Tuvshintogtokh, 2015). The main environmental characteristics and dominant plant species and dominant livestock types for five steppe types are summarized in Table 1, and the differences in the major environmental variables are illustrated in Supplementary Figure A2.

All measured response variables from the same location (i.e., with the same coordinates) were combined into one dataset. For some studies which were conducted at the same location and focused on the same response variables, but either (1) covering different study years, or (2) by different research groups, we calculated the mean to put them into one dataset.



Statistical Analysis

We first calculated means and 95% confidence intervals from absolute values of each vegetation indicator at different grazing intensity levels for each steppe type and did not exclude outliers. Site-based paired t-tests were not performed due to the small number of samples in some cases. We also did not perform a strict formal meta-analysis, because most studies did not report sd/se values. We tested the impact of environmental factors (scaled to zero mean/unit variants) on relative grazing effects using multiple linear regression models. We only tested the main effects of environmental factors (i.e., MAP, cvP, MAT, and elevation) and did not include interaction terms because multiple environmental-grazing interactions are difficult to interpret due to the lack of specific ecological hypotheses. We fitted simple models without random factor, because only one value for each site was input for the model. We started with the most complex full model, including all environmental factors, and obtained estimates of effects for each. Then we simplified the initial full model in a stepwise procedure by progressively removing the least significant factor until we arrived at a null model. We compared the initial model with all subsequently reduced models in an ANOVA framework by comparing explained variance. Based on ANOVA results, we selected the final model in which all the remaining predictors were significant, and we reported the estimates for coefficients and standard errors for these predictors. For one of the studies on multiple year fence data, a two-way repeated measure ANOVA was performed to test the main effects of fencing and year on vegetation indicators with repeated subsites under different grazing regimes when such data were available. The significance level for all tests was p < 0.05 and all statistical analyses were conducted in R 3.1.0 (R Core Team, 2020). R packages “rstatix” (Kassambara, 2020a), “ggplot2” (Wickham, 2016), “tidyverse” (Wickham et al., 2019), “ggpubr” (Kassambara, 2020b), and “cowplot” (Wilke, 2020) were used.




RESULTS


Research History

Our review of Mongolian publications between 1966 and 2019 allowed us to distinguish two major stages of research in Mongolia. The earliest investigations were conducted from 1970 to 1990, as a part of the Mongolian and Russian Joint Biological Expedition (MRJBE). During this expedition period, botanists aimed to study different vegetation types in various ecological zones, and thus established different monitoring stations in (i) mountain and forest steppe (1970-1985 at Tuvshruulekh soum in Arkhangai province), (ii) meadow steppe (1976–1990 at Shaamar soum in Selenge province), (iii) flooded meadow steppe (between 1987 and 1990 and since 2009 at Mungunmorit soum in Tuv province), (iv) typical steppe (from 1982 to present at Tumentsogt soum in Sukhbaatar province), (v) dry steppe (1973–1976 at Bayan-Unjuul soum in Tuv province), (vi) desert steppe (1970–1976 at Bulgan soum in Umnugovi province), and (vii) desert (1977–1990 at Ekhiin gol soum in Bayankhongor province). Studies from this period provided valuable qualitative information on plant community composition and flora. The herbarium collection also began with MRJBE and other expeditions. Moreover, some essential data on SR, VC, AGB, phenology and seasonal growth dynamics etc., have been collected not only at monitoring stations, but also during field trips across the whole range of steppes.

The second stage includes vegetation studies by Mongolian and international researchers in 2000–2019. During this period, researchers have focused on quantitative surveys based on different vegetation sampling methods (e.g., line-point intercept). Both study stages provided essential information about Mongolian vegetation. Although not all vegetation types were equally represented, the most commonly distributed steppe communities have been investigated.



Vegetation Conditions in Different Steppe Types

Based on data from 51 sites, where three grazing intensity levels were studied, main indicators were compared among light, moderate and heavy grazing conditions from five steppe types (Table 2). In general, lightly grazed sites had higher VC in desert steppe and meadow steppe than heavily grazed sites, and AGB was higher under light grazing compared to heavy grazing across all steppe types, except in meadow steppe. Furthermore, changes in SR were generally not significant except in the desert and high mountain steppe. However, the absolute values of SR might show artifacts due to different sizes of sampling plots among studies as described in the method section, while comparisons within steppe types remain valid.


Table 2. Values (mean and 95% confidential interval) for indicators under different grazing intensities in different steppe types.
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Relative Grazing Effects

Relative grazing effects of heavy and moderate grazing differed among vegetation indicators and also among steppe types. Heavy grazing (Figure 3A) showed (1) negative effects on SR and VC in desert steppes; (2) negative effects on AGB and SR, yet neutral effects on VC in dry steppes; (3) positive effects on SR, yet negative effects on VC in meadow steppes; (4) negative effect on AGB, yet neutral effects on SR and VC in mountain steppes; (5) negative effects on AGB and SR, yet neutral effects on VC in high mountain steppes. Moderate grazing (Figure 3B) had relatively weaker negative effects, or neutral and even positive impacts compared to heavy grazing. Particularly, the effect of moderate grazing on SR was neutral except for meadow steppes.
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FIGURE 3. Relative grazing effects of (A) heavy and (B) moderate grazing on AGB, SR and VC in five different steppe types: Relative grazing effects were calculated as (heavy-light)/light grazing, and (moderate-light)/light grazing, respectively. There was no data on AGB under heavy grazing conditions in the desert steppes, so that box was not drawn. The abbreviations for vegetation indicators are the same as in Table 2.




Environmental Interactions on Relative Grazing Effects

Results from linear models showed that MAP and elevation had significant interactions with heavy grazing on AGB and VC, respectively (Table 3). Grazing effects on AGB were more negative when MAP was lower, while the magnitude of the effect decreased as MAP increased (Figure 4A); In addition, effects of heavy grazing on VC were neutral or even slightly positive at higher elevations, but became predominantly negative at lower elevations (Figure 4B). The relative effects of moderate grazing on VC interacted with MAP, i.e., moderate grazing showed neutral effects on VC when MAP was high (around 320 mm), but effects became strongerly negative when MAP was lower (Table 3; Supplementary Figure A3).


Table 3. Minimum adequate linear models for environmental interactions with relative grazing effects (heavy and moderate grazing) on AGB (N = 28), SR (N = 30), and VC (N = 21).
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FIGURE 4. Change of the relative grazing effects (HG: heavy vs. light grazing) on vegetation indicators along major environmental gradients. (A) change of GE on AGB (N = 28; no data on desert steppe) along the MAP gradient, (B) change of GE on VC (N = 30) along the elevation gradient. Environmental factors are selected based on the results from Table 3.




Fencing Effect on Vegetation Condition Across Multiple Years

Four studies reported fence effects across multiple years (Table 4). Three of them were carried out in mountain steppes, one in meadow steppe (one site included two steppe types) and one in desert steppe. One of these studies, i.e., the 5-year fence experiment (1970–1974) in Arkhangai province in the Khangai mountain taiga range, reported AGB values under fenced vs. grazed conditions (with three subsites of three grazing regimes, i.e., light, moderate and heavy grazing). We considered “subsite” as a repeated measurement because there were no major difference in vegetation conditions among those subsites, fence and year as the two fixed factors. The results of two-way repeated measures ANOVA showed that year [F(4,16) = 9.78, p < 0.001] and fence [F(1,4) = 30.59, p = 0.005] both had significant effects on AGB. The interannual variation of AGB was evident from both fenced and grazed plots, and the difference between fenced and unfenced plots was larger for the first 3 years, but became smaller in the 5th year (Figure 5).


Table 4. Summary of the effects of fence/grazing intensity and year on AGB, VC, and SR in different vegetation types.
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FIGURE 5. Fence effects on aboveground biomass across 5 years in the mountain steppe, Tuvshruulekh monitoring station in Arkhangai province (redrawn based on the data from Banzragch and Chognii, 1975). Three subsites under different grazing intensity levels were considered as repeated measurements here.





DISCUSSION

Our results demonstrated that vegetation indicators respond differently to the intensity of livestock grazing depending on the local environmental conditions. In line with our first hypothesis, heavy grazing generally had negative effects on AGB, SR and VC, and moderate grazing (compared to no/light grazing) mostly had positive effects on SR in accordance with the global reviews (Milchunas and Lauenroth, 1993; Gao and Carmel, 2020). Our results also support our second hypothesis that the magnitude of grazing effects differs among steppe types, but this also depends on indicators. Interestingly, heavy grazing had a strongly negative effect on dry steppe, desert steppe and high mountain steppes, whereas the negative effect was less pronounced, and even turned to positive or neutral in the meadow and mountain steppes. Notably, heavy grazing had no effect on (1) AGB in meadow steppes; (2) SR in mountain steppe; and (3) VC in dry steppe, mountain steppe and high mountain steppe, and a positive effect on SR in meadow steppe. Different sensitivities of steppe types reflect the interaction of large scale environmental factors with grazing effects. The pattern of moderate grazing effect is largely similar to that of heavy grazing. Thus, our further discussion will first focus on environmental interactions and then on the specific situations for certain steppe types.


Environmental Interactions With Relative Grazing Effects

A recent global meta-analysis on grazing effects on grassland vegetation showed that 41% of the variation in plant richness globally was explained by aridity, vegetation type and stocking rate together (Gao and Carmel, 2020). Several meta-analyses conducted in the grasslands of China showed that heavy grazing significantly decreased plant biomass (above and below ground biomass, also litter), but the extent of these responses was highly dependent on grazing intensity and environmental conditions, especially precipitation (Yan et al., 2013; Wang and Wesche, 2016; Hao and He, 2019). All of these studies emphasized the importance of the interplay between grazing intensity and environmental conditions. Grazing effects on plant species composition and ecosystem functions, i.e., forage provision, in grasslands largely depend on precipitation and its variability (Sloat et al., 2018).

Heavy grazing had mostly negative effects on AGB with exceptions at some sites from meadow steppe and mountain steppe, which is in line with equilibrium theories that emphasize closer feedback between vegetation and herbivores instead of climatic controls. The strong negative effects in dry steppes when MAP is around 220 mm indicate that non-equilibrium theory does not necessarily apply to this steppe type.



Interaction With Precipitation Pattern

In semi-arid grassland systems, MAP and cvP play an important role in shaping vegetation dynamics (Vetter, 2005; von Wehrden et al., 2012). Our results find that MAP had interactions with grazing effects. This pattern could be partly explained by equilibrium theory, which suggests in humid and productive systems such as the meadow steppe and mountain steppe, grazing effects are more evident, while prediction from non-equilibrium theory is not supported. In systems with low and unstable rainfall, such as dry steppe and desert steppe, abiotic factors have overriding effects on livestock density, thereby alleviating the grazing effects on vegetation condition. In particular, negative grazing effects on AGB (Figure 4A) were weaker under higher MAP, but became stronger when MAP decreased, which might also indicate interactions with local soil nutrient conditions: AGB could be favored by grazing in nutrient-rich habitats like meadow and mountain steppes. However, reduced AGB only implies livestock removes forage, but does not indicate degradation. Grazing effects on AGB were more detrimental in nutrient-poor habitats, such as dry and high mountain steppes, where MAP was low and cvP-values were relatively high (Proulx and Mazumder, 1998; Fynn and O'Connor, 2000). However, we noticed that the long-term cvP-values based on Worldclim 2.1 for desert steppes were too low, with median of 22% (Supplementary Figure A2). However, in typical non-equilibrium systems, cvP-value should be usually >33%. Moreover, for recent years (2010–2018), cvP-values based on meteorological station data were ca. 37%, indicating stronger variation of precipitation in this steppe type. The difference of cvP-values from different time periods and different data sources might affect the results of the significance tests for cvP-values.



Interaction With Elevation

Elevation showed significant interactions with grazing, with grazing effects on VC being less pronounced or even slightly positive at the higher elevation. According to our linear models, elevation was more important than MAT and we thus assume that this is not a mere result of temperature declining with elevation. The change of VC was relatively constant between 1,500 and 1,900 m, but grazing effects were negative at the lower elevations in dry and desert steppes. The difference in plant community properties might explain this pattern. From low to high elevation, species composition changes from grass-sedge-forb to forb-shrub dominated vegetation (Lkhagva et al., 2013), and at higher elevation, plants tend to be smaller and/or shorter to adapt environmental stress (Halbritter et al., 2018), which may lead to less accessible phytomass and VC for livestock. Only a few studies have looked into the relationship between elevation and grazing on Mongolian rangeland vegetation. In particular, Zemmrich et al. (2010) found that elevation was not an important factor in grazing-induced vegetation change, although they pointed out that their analysis covered a limited altitudinal range. In addition, Lkhagva et al. (2013) compared lower and upper steppes on south- and north-facing slopes in northern Mongolia, and found variable responses of VC, AGB, and SR change depending on nutrient and water availability along the elevation gradient.



Negative Grazing Effects on SR Yet Neutral Effects on VC in High Mountain Steppes

We found a negative grazing effect throughout on AGB and SR, while there was no effect on VC in the high mountain steppes. Former studies reported that higher elevation mountain steppe pastures in the desert zone were more degraded than lower elevation vegetation receiving less rainfall but similar grazing pressure (Sheehy and Damiran, 2012). In our case, the high mountain steppes differ from all other types by their extremely low temperatures (MAT −6°C, Supplementary Figure A2a) and lower AGB, thus supporting the lowest number of livestock among all steppe types (Figure 1). It is surprising that SR decreased under grazing there because most plants in high mountains are well-adapted to cold and nutrient-poor environments, which often also is beneficial with respect to grazing avoidance or resistance (Miehe et al., 2011). For example, growth forms that stay close to the ground, i.e., rosette or cushion plants, are adapted to strong wind and low temperatures, but are also protected from grazing because livestock can hardly reach and graze them if they are palatable. The average VC in this steppe type is ca. 60%, in which cold-adapted cushion plants [e.g., Stellaria pulvinata Grubov, Androsace chamaejasme Wulfen and Eremogone meyeri (Fenzl.) Ikonn.] account for nearly 30% of the VC, while common caespitose grass species [e.g., Festuca lenensis Drobov, Koeleria altaica (Domin.) Krylov and Poa attenuata Trin.] account for just about 10% of the VC, and the rest are other forbs and semi-shrubs (Tuvshintogtokh, 2015). Therefore, heavy grazing might directly reduce the AGB of palatable graminoids and forbs, but grazing-tolerant plants might not be affected. The negative effects on SR might relate to local topographical conditions, such as the steepness of the slope, which lead to sensitivity to trampling and difficulty of seedling establishment.



No Grazing Effects on VC and SR in Mountain Steppes

It is also surprising that in the mountain steppes, VC and SR were not affected by heavy grazing, although AGB was reduced. This is contradictory to a previous English publication (Takatsuki et al., 2018), which may point to some publication bias that more pronounced results are internationally published while non-significant results remain local. Non-significant grazing effects might be attributed to a shift in community plant shift at species level and plant functional type levels, i.e., balances between decreasing palatable species, and increasing unpalatable species. Several studies noted substantial floristic and edaphic changes caused by grazing in mountain steppes. The proportion of grazing tolerant sedges increased and highly palatable grasses and shrubs decreased under heavy grazing (Zemmrich et al., 2010; Khishigbayar et al., 2015; Jamiyansharav et al., 2018). Lkhagva et al. (2013) found that heavy livestock grazing increased SR of wet and nutrient-rich sites in the boreal mountain steppe, which was, however, explained by local colonization of grazing-tolerant species.



Positive Effects on SR in Meadow Steppes

Interestingly, SR and AGB responded positively to heavy grazing, although VC decreased in meadow steppes. Increased SR may be attributed to increase in free patches of bare soil, thus giving new seedlings, especially of annual species, chances to germinate (Frank, 2005). Additionally, plant density is highest in meadow steppes among all steppe types due to high levels of precipitation, soil moisture and nutrient (Pfeiffer et al., 2020), resulting in strong competition among species. Thus, heavy grazing can remove large amounts of AGB of dominant palatable species, and reduce competitive exclusion among species, which then gives less dominant species a chance to survive and grow. However, the increase in SR might not necessarily indicate the improvement of steppe condition in terms of forage quality, because the increase might only involve unpalatable species, as shown in the study by Yuan et al. (2016), where unpalatable annual species (i.e., Artemisia annua L. and A. sieversiana L.) increased in grazing-disturbed sites. The increase in AGB might also suggest compensatory growth when defoliated plants produce more biomass than non-defoliated plants (Oesterheld and McNaughton, 1991). Although no evidence of compensatory growth from meadow steppes in Mongolia is available, the grazing effects on cumulative growth of plants could be positive when the availability of leaf area, meristems, stored nutrients, and soil resources are high, and the frequency and intensity of defoliation are still suitable to stimulate plant regrowth (Noy-Meir, 1993). Moreover, the limited effects of grazing on AGB in meadow steppes also imply that the extend of biomass removal was not so large.



Negative Effects on AGB, SR, Yet Neutral Effects on VC in Dry Steppes

We noted negative grazing effects on AGB and SR, and a highly variable response of VC in dry steppes. The reduction of AGB and SR in dry steppes was reported in different studies in Mongolia (Bat-Oyun et al., 2016; Jamiyansharav et al., 2018), where plant species composition shifted, i.e., a decrease in palatable species due to the increase of grazing intensity. However, the effect was associated with local climate patterns, with grazing having a greater impact at drier sites than on wetter sites (Jamiyansharav et al., 2018). The highly variable response of the VC could be attributed to the combination of two steppe types (dry steppes comprise typical steppes as well), in which plant cover might remain invariant in the moister steppes, but in drier sites, variation in VC was pronounced due to variability in onset and total amount of annual precipitation. Thus, large inter-annual variations might also lead to large variations in the VC, such as in desert steppes (Table 1). Another possible explanation could be that grazing reduces plant height and sexual reproduction, so the plants increase their vegetative growth by horizontal growth (broadening) (Gao et al., 2015). In this way, VC may increase although biomass decreases. Finally, similar to other steppe types, lack of change in VC might be related to potential shifts in species composition (not studied).



Negative Effects in Desert Steppes

In contrast to generally limited or even absent effects on aboveground parts that were found in many other studies in the desert steppes of Mongolia (Fernandez-Gimenez and Allen-Diaz, 2001; Wesche et al., 2010; Jamiyansharav et al., 2018) and Inner Mongolia (Bai et al., 2012), we found that SR and VC decreased by nearly 40% under heavy grazing (no data for AGB). The desert steppe vegetation is often considered to show non-equilibrium dynamics, which should be overridingly controlled by rainfall variability rather than grazing. Plants adapted to drought are also often tolerant of grazing, thus grazing effects on vegetation are often insignificant (Jäschke et al., 2020). However, soil moisture deficiency is the main driving factor in the desert steppe (Zemmrich et al., 2010), thus grazing-reduced litter and plant cover might intensify the water deficiency, make sandy soils more vulnerable to soil erosion (Li et al., 2008). Soil degradation then has subsequent negative feedback on vegetation, especially on VC. It is also important to note that the desert steppes of Mongolia and Inner Mongolian are under different ranges of MAP, i.e., 150–250 mm in China (Li et al., 2020), but 110–170 mm in Mongolia (Pfeiffer et al., 2020). The possible reasons for the inconsistency between our results and previous studies might be the differences in (1) moisture availability, which is closely related to soil texture, and (2) dominant plant community, i.e., presence/absence of subshrubs or shrubs, or ruderal species. For example, when ruderal forbs, particularly Chenopodium spp. become prevalent in heavily grazed sites, SR could be much lower compared to no/light grazing (Fernandez-Gimenez and Allen-Diaz, 2001). Additionally, when the percentage change of SR caused by grazing was around 10%, it might only involve the loss of 1–2 species compared to 8–19 species under ungrazed conditions in the southern Mongolian desert steppes (Wesche et al., 2010). The desert steppe has limited functional redundancy, thus its ecological functioning is sensitive to species loss (Liu et al., 2013a). Perhaps most important, although there are still interannual fluctuations in the total livestock number in the desert steppes, the general trend is toward increasing numbers (Figure 2), which indicates that non-equilibrium dynamics may not apply there anymore.




CONCLUSION

Our review shows that assessment of grazing effects depends on indicators being selected, and on steppe type under different abiotic environmental conditions. Elevation and precipitation patterns interact with grazing effects. According to our findings, meadow steppes demonstrated equilibrium dynamics, while responses of desert steppes did not support non-equilibrium dynamics. Although desert steppes have the highest cvP among all steppe types, the general increasing trend of livestock numbers (Figure 2) conclusively demonstrates that non-equilibrium dynamics simply do not hold anymore.

Responses in the mountain steppe might depend on local soil nutrient conditions. As such, further studies focused on vegetation should also include soil conditions. High mountain steppes share some characteristics with alpine steppes in other regions, but further information on topographical conditions might be helpful for clarifying grazing effects there. We also found support that moderate grazing promotes species richness in steppes where resource availability is relatively high and stable, i.e., meadow steppes. Therefore, differences in grazing impact among steppe types should be acknowledged for grassland management and conservation. Moreover, change in VC or AGB alone, without information on species composition change, especially the proportion of forage (palatable) species, may not be the best indicators of grassland condition change, thus grassland assessment on degradation should consider more relevant indicators.
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FOOTNOTES

1Horse = 7 SU, cattle = 6 SU, camel = 5 SU, sheep = 1 SU, goat = 0.9 sheep (National Statistics Office of Mongolia, 2019).
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Soil salinity is important abiotic stress affecting various ecosystems worldwide such as grassland. Distinct ecotypes often evolve within species by natural selection to facilitate adaptation to different types of environmental stress. Leymus chinensis is a perennial rhizomatous grass that is widely distributed in the eastern Eurasian steppe; it has two main ecotypes, namely, yellow-green (YG) and gray-green (GG), which differ in their strategy for coping with salinity stress. Few studies have examined the seed germination of the two ecotypes under salinity stress. In this study, the seed germination and seedling growth of two ecotypes of L. chinensis in response to different levels of salinity (NaCl) stress [0 (control), 20, 50, 100, and 200 mM] were examined. Then, ungerminated seeds were placed under normal conditions to evaluate seedling growth following exposure to salt stress (i.e., regermination). The germination percentage was significantly higher, and the mean germination time was significantly shorter in the GG ecotype than in the YG ecotype at all NaCl concentrations. As the salinity level increased, the radicle length of the two ecotypes decreased; however, GG had longer radicles and a higher number of radicles, even at 200 mM NaCl when no radicle protruding from the seed coat was detected in YG. The shoot length of GG was significantly longer than that of YG at all NaCl levels. After salinity stress was removed, the seed germination percentage increased as the original concentration of NaCl applied increased, but the total germination percentage did not significantly differ among NaCl concentrations. The total seed germination percentage of GG was approximately 80%, whereas that of the YG was approximately 20%. The seedling length of regerminated seeds for both GG and YG was similar. The thousand-grain weight of GG was significantly higher than that of YG. GG was more salt-tolerant than YG and might be better capable of surviving in harsher environments, suggesting that GG might be particularly useful for saline grassland restoration.

Keywords: ecotype, salt-tolerant, adaptive evolution, grassland conservation, climate change


INTRODUCTION

Salinity is an important cause of abiotic stresses in various ecosystems, especially agriculture and grassland (Cramer et al., 2011; Tavakkoli et al., 2011). Increases in temperature associated with climate change have caused evaporation to exceed precipitation, and this has resulted in a gradual increase in soil salinity. The exacerbation of soil salinity poses a serious threat to the development of agriculture and horticulture (Yang and Wang, 2015; Qadir, 2016). Understanding the response of plants to the changes in the external environment is essential for improving agriculture and land management, as well as predicting how plants will respond to climate change (Chaves et al., 2003; Randin et al., 2009).

Natural selection has led to the evolution of different ecotypes in many plant species to improve adaptation to environmental stress, such as salinity, drought, and temperature (Chaves et al., 2003; Hameed and Ashraf, 2008; Randin et al., 2009). Ecotypes can vary in their salt tolerance, and variation in ecotypes is associated with variation in physiological, anatomical, and molecular adaptive strategies (Chen and Wang, 2009; Kheloufi et al., 2019). Seeds are often collected from natural habitats, and environmental factors such as soil salinity, vegetation composition, or the conditions of mother plants might affect some of the physiological and morphological characteristics of seeds (Hameed and Ashraf, 2008; Kheloufi et al., 2019). The purpose of common garden experiments is to subject individuals collected from different habitats to the same growth environment to eliminate the effect of environmental factors (Bender et al., 2002).

Seed germination and seedling growths are the first and the most vulnerable stages in the life cycle of plants, and these stages are especially important for plants growing in saline soil (Ungar, 1995; Kitajima and Fenner, 2000; El-Keblawy and Al-Rawai, 2005). Salts in the soil mainly inhibit these two important stages through osmotic stress, ion toxicity, and nutrient deficiency (Ashraf, 1993; Ashraf and Harris, 2004). The best approach for dealing with saline soil and restoring degraded grassland ecosystems is to screen for plants with higher salt tolerance, as these plants have physiological and biochemical mechanisms that allow them to grow under various types of environmental stresses (Maggio et al., 2000; Tipirdamaz et al., 2006). Generally, plants can adapt to environmental stress by either evolving new ecotypes by natural selection or changing their phenotype to match the environment by phenotypic plasticity (Jump and Penuelas, 2005; Hoffmann and Sgrò, 2011; Anderson et al., 2012).

Leymus chinensis is a perennial rhizome and salt-tolerant grass with high ecological and economic values; it is widely distributed in the eastern Eurasian steppe and mainly occurs in saline-alkali soil in the Songnen Plain in China (Bai et al., 1994; Zhou and Yang, 2003). Previous studies have shown that there are two ecotypes of L. chinensis, namely, gray-green (GG) and yellow-green (YG), which differ in their survival strategies. GG has a wider distribution and is more resistant to salt stress compared with YG (Zhou et al., 2014; Lu et al., 2020). Thus, differences in L. chinensis ecotypes may reflect adaptive evolution (Kawecki and Ebert, 2004; Savolainen et al., 2007; Delker et al., 2010; Liu et al., 2016). Although some studies have examined physiological differences in the response of L. chinensis to salt-alkali stress, few studies have examined differences in the response of L. chinensis seeds of different ecotypes to salinity stress during the germination period (Chen and Wang, 2009; Zhou et al., 2014, 2017).

In this study, two ecotypes of L. chinensis ramets were transplanted from natural Songnen grassland to a common garden in 2018 and cultured for 2 years. Matured seeds were collected from L. chinensis of GG and YG in July 2020. The aim of this study was to investigate (1) the germination of seeds and seedling growth from the GG and YG ecotypes in response to a gradient of NaCl concentrations and (2) the seed germination and seedling growth characteristics following the removal of the salinity.



MATERIALS AND METHODS


Seed Materials

L. chinensis ramets of GG and YG were collected from Songnen grassland in August 2018 and transplanted to separate common garden plots. The experiments were conducted at the Northeast Institute of Geography and Agricultural Ecology, Chinese Academy of Sciences (125.38° E, 43.98° N, altitude 190 m). There were 25 ramets in each plot and three replicates for each ecotype. After transplantation, ramets were regularly watered, and weeds were removed to ensure the normal growth of L. chinensis. The study site is characterized by a continental monsoon climate with an annual average temperature of 7.1°C and annual precipitation of 663 mm. The soil type is black soil, the average organic matter content is 2.83%, the total N content is 1,368.56 mg·kg−1, and the total P content is 669.18 mg·kg−1 (Zhao et al., 2019).

When the transplanted L. chinensis started to head for the first time in July 2020, 50 mature spikes were collected for each ecotype, placed in a paper bag, and dried at room temperature (25°C, 50% humidity). The length of collected spikes, the number of total seeds, the number of fully developed seeds in each spike, length and width of seeds, and the seed mass were determined for each ecotype.



Germination Test

Seeds of GG and YG were sterilized in 0.1% HgCl2 solution for 10 min, rinsed three times in distilled water, and then dried at room temperature before seed germination. A total of 25 seeds were sown in 9-cm Petri dishes of 0.7% agar-solidified medium containing 0, 20, 50, 100, and 200 mM NaCl. There were four replicates for each treatment; all treatments were incubated at a fluctuating temperature of 28/16°C (12 h light/12 h dark, 26% humidity, and light intensity of 54 μmol m−2 s−1). Seeds were considered germinated when the radicle protruded through the seed coat. The number of seeds germinated was determined every day, and after 30 days of cultivation, the radicle length, seedling length, and radicle numbers were determined. After the germination experiment, ungerminated seeds were transferred to 0.7% water agar and cultivated for another 30 days to determine the germination capacity of different ecotypes of L. chinensis seeds following exposure to salt stress (i.e., regermination).

Mean germination time (MGT) was calculated for each L. chinensis individual using the following formula:

[image: image]

where Gt is the number of seed germination at different times and Dt is the seed germination days corresponding to Gt (Ellis and Roberts, 1980).
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where A is the number of seeds germinated initially, B is the number of seeds recovered to germination, and C is the total number of seeds used in the experiment (Khan and Ungar, 1984).



Data Analysis

Generalized linear models (GLMs) with a binomial error structure were used to compare the initial germination and total germination percentage; GLMs with a Poisson error structure were used to analyze the seed traits, MGT, the number of radicles, and the length of radicles and seedlings. Tukey's test was used to determine the significance of differences between treatments (Liyanage and Ooi, 2015; Ma et al., 2018). Figures were drawn with Origin 2019.




RESULTS


Seed Traits of Different L. chinensis Ecotypes

Ecotype significantly affected the length of the spike, the number of spikelets in each spike, and the number of seeds in the spike (p < 0.05). The length and width of YG seeds were larger than the length and width of GG seeds; the thousand-grain weight of YG seeds was less than that of GG seeds; YG had longer spike lengths, with more spikelets and a greater total number of seeds per spike, and the percentage of empty seeds was low (Table 1).


Table 1. Seed traits of different ecotypes of L. chinensis.
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Seed Germination


Effects of Salt Stress on the Seed Germination and MGT of Different L. chinensis Ecotypes

Salt concentration and ecotype had significant effects on the germination of L. chinensis seeds (p < 0.001, Table 2). Ecotypes had significant effects on MGT (p < 0.001, Table 2). In the initial germination, the germination percentage of GG in the control group was the highest (83%), and that in the 200 mM NaCl group was the lowest (5%). YG had the highest germination percentage at 20 mM NaCl (19%); YG did not germinate when the salt concentration exceeded 100 mM (Figure 1). At all salt concentrations, the MGT of GG was shorter than that of YG; the MGT of GG was ~two times shorter than that of YG (Figure 2).


Table 2. Generalized linear models of the effects of ecotypes, salt concentration, and their interactions on the initial and total germination percentage, mean germination time, the number of radicles, and the length of the radicle and shoot during and after salt exposure.
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FIGURE 1. Effects of salt stress on the seed germination of different L. chinensis ecotypes incubated at 28/16°C (12 h light/12 h dark) for 30 d. There were four replicates for each treatment. Values are means ± standard error (SE); Different lowercase letters indicate significant differences between the different NaCl concentrations under the same ecotype. *, **, ***Indicate significant differences between the different ecotypes under the same NaCl concentration at 0.05, 0.01, and 0.001 level respectively, and “ns” indicates no significant differences.
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FIGURE 2. Effects of salt stress on mean germination time of different L. chinensis ecotypes incubated at 28/16°C (12 h light/12 h dark) for 30 d. There were four replicates for each treatment. Values are means ± standard error (SE). *, **, ***Indicate significant differences between the different ecotypes under the same NaCl concentration at 0.05, 0.01, and 0.001 level respectively, and ns indicates no significant differences.




Effects of Salt Stress on the Recovery Germination of Different L. chinensis Ecotypes

Ecotypes, salt concentration, and salt concentration × ecotype significantly affected the regermination percentage (p < 0.001, Table 2). As the pretreatment salt concentration increased, the regermination percentage increased; under the high pretreatment salt concentrations (100 and 200 mM), the regermination percentage of GG was higher than that of YG. Under 200 mM of salt pretreatment, the highest regermination percentage of GG was 66%, whereas that of YG was only 18% (Figure 3).


[image: Figure 3]
FIGURE 3. Effects of salt stress on the seed re-germination of different L. chinensis ecotypes incubated at 28/16°C (12 h light/12 h dark) for 30 d. There were four replicates for each treatment. Values are means ± standard error (SE); Different lowercase letters indicate significant differences between the different NaCl concentrations under the same ecotype. *, **, ***Indicate significant differences between the different ecotypes under the same NaCl concentration at 0.05, 0.01, and 0.001 level respectively, and “ns” indicates no significant differences.




Effects of Salt Stress on the Total Germination of Different L. chinensis Ecotypes

Ecotypes had a significant effect on the total germination percentage (p < 0.001, Table 2); the salt concentration had no effect on the total germination percentage. The total germination percentage of GG ranged from 71 to 85% and that of YG ranged from 16 to 23%; the total germination percentage of GG was ~four times greater than that of YG (Figure 4).


[image: Figure 4]
FIGURE 4. Effects of salt stress on the seed total germination of different L. chinensis ecotypes, incubated at 28/16°C (12 h light/12h dark) for 30 d. There were four replicates for each treatment. Values are means ± standard error (SE). *, **, ***Indicate significant differences between the different ecotypes under the same NaCl concentration at 0.05, 0.01, and 0.001 level respectively, and “ns” indicates no significant differences.





Seedling Growth


Effects of Salt Stress on Radicle Length of Seedlings Grown From Different L. chinensis Ecotypes

Salt concentration significantly affected the radicle length (p < 0.001, Table 2). Ecotypes had effects on the radicle length (p < 0.05, Table 2). As the salt concentration increased, the radicle lengths of GG and YG decreased, but the radicle length of GG was always longer than that of YG (Figure 5A). During regermination, the radicle length of YG was longer than that of GG when the pretreatment concentration was <100 mM. The radicle length of the seedlings during regermination was ~three times longer than the radicle length of the seedlings that germinated under salt stress (Figure 5B).
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FIGURE 5. Effects of salt stress on radicle length of seedlings grown from different L. chinensis ecotypes (A) the initially germination (B) the recovery germination; There were twenty replicates for each treatment. Values are presented as means ± standard error (SE); Different lowercase letters indicate significant differences between the different NaCl concentrations under the same ecotype. *, **, ***Indicate significant differences between the different ecotypes under the same NaCl concentration at 0.05, 0.01, and 0.001 level respectively, and “ns” indicates no significant differences.




Effects of Salt Stress on Shoot Length of Seedlings Grown From Different L. chinensis Ecotypes

Ecotypes significantly affected the shoot length (p < 0.001, Table 2). The shoot length of GG seedlings was consistently longer than that of YG seedlings (Figure 6A). The shoot length of GG seedlings only increased significantly under the pretreatment concentration of 200 mM. The shoot length of YG seedlings increased significantly under all pretreatment concentrations. The growth of seedlings after the ungerminated seeds was transferred to a salt-free medium was better than that of seedlings that grew under salt stress, and the growth of the radicle was greater than that of the shoot (Figure 6B).


[image: Figure 6]
FIGURE 6. Effects of salt stress on shoot length of seedlings grown from different L. chinensis ecotypes (A) the initially germination (B) the recovery germination; There were twenty replicates for each treatment. Values are presented as means ± standard error (SE). *, **, ***Indicate significant differences between the different ecotypes under the same NaCl concentration at 0.05, 0.01, and 0.001 level respectively, and “ns” indicates no significant differences.




Effects of Salt Stress on the Number of Radicles of Seedlings Grown From Different L. chinensis Ecotypes

Ecotypes significantly affected the number of radicles (p < 0.001, Table 2). At all salt concentrations, the number of radicals of GG was greater than that of YG; the number of radicles of GG seedlings germinated under 200 mM salt solution was approximately two times that of the YG ecotype under salt-free conditions (Figure 7).
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FIGURE 7. Effects of salt stress on the number of radicles of seedlings grown from different of L. chinensis ecotypes. There were twenty replicates for each treatment. Values are presented as means ± standard error (SE). *, **, ***Indicate significant differences between the different ecotypes under the same NaCl concentration at 0.05, 0.01, and 0.001 level respectively, and “ns” indicates no significant differences.






DISCUSSION

There were significant differences in the germination percentage of different L. chinensis ecotypes. Under high salt stress, GG had higher germination percentages (including regermination), greater numbers of radicles, longer radicle lengths, shorter germination times, and higher thousand-grain weight compared with YG. These findings indicate that GG had stronger salt tolerance than YG during the seed germination and seedling growth stages. Variation in salt sensitivity is related to ecotype identity and salt concentration, which is consistent with the results of previous studies (Megdiche et al., 2007). We found that the GG seeds are more salt-tolerant and could be of value for plant breeding and grassland restoration.

Increases in salinity inhibit the germination of L. chinensis, and the degree of inhibition varied among L. chinensis ecotypes. GG is less affected by salt stress. Genetic differences between populations play a key role in determining salt tolerance, and some experiments have supported this hypothesis. For example, differences in the germination percentage of the seeds of different carob ecotypes under drought and salt stress have been detected. The goal is to select genotypes with strong stress tolerance for cultivation (Cavallaro et al., 2016). Ecotypes of milk thistle (Silybum marianum) differ in their tolerance to drought and salt stress, which may be caused by genetic variation (Hammami et al., 2020). GG could be particularly useful for the study of salt tolerance mechanisms. Salt inhibits the germination of seeds in two ways. First, it reduces the osmotic pressure of plants and limits the absorption of water and nutrients. It may also inhibit enzyme activity to weaken the hydrolysis and metabolism of plants (Munns, 2002; Chaves et al., 2003; Sidari et al., 2008). Second, ion toxicity reduces the absorption of K+, which results in the accumulation of toxic substances, photosynthesis, and a decrease in respiration (Munns, 2002; Chen and Wang, 2009; Zhou et al., 2014). Some studies have also shown that the MGT of seeds under salt stress is prolonged, which may be caused by a temporary delay in germination or forced dormancy by osmosis. This is an adaptive strategy for seeds to survive under harsh conditions (Ghoulam and Fares, 2001; Gill et al., 2003). GG seeds might maintain a relatively high water content under salt stress, which allows them to germinate under high salinity (200 mM NaCl), and their MGT is shorter (Bandurska, 2000). However, the low seed germination of YG might be due to the deeper seed dormancy than GG ecotype seeds. Therefore, it is necessary to break seed dormancy by GA3 or cold stratification before comparing their salt-tolerant abilities in the natural environment in future studies.

The seeds of different L. chinensis ecotypes varied in their response to salinity. Although the germination percentage generally decreased with salinity, GG has a higher salt tolerance than YG. At 100 mM NaCl, 45% of GG seeds germinated, but only 1% of YG seeds germinated. This pattern may stem from differences in the antioxidant capacity of the two ecotypes (Cavallaro et al., 2016; Zhou et al., 2017). After the ungerminated seeds exposed to salt stress were transferred to distilled water, the germination percentage of YG and GG ecotypes gradually increased as the salt concentration that they were previously exposed to increased. This pattern indicates that the salt concentration only temporarily inhibits the germination of seeds, and this is one of the mechanisms permitting L. chinensis seeds to germinate under salt stress. This finding is consistent with the results of previous studies (Khan and Gulzar, 2003; Wang et al., 2008; Cao et al., 2012). Higher salinity in spring results in low germination of L. chinensis seeds; high precipitation in summer decreases soil salinity, which increases the rapidity of germination, especially for seeds in the shallow layer of the soil.

Seedling establishment is another critical period (Jamil et al., 2005). Under salt stress, plants experience a series of morphological, physiological, and biochemical changes. The morphological changes mainly include changes in radicle length, shoot length, and the number of radicles. The length of shoots and radicles can be used as an early indicator of plant salt tolerance (Misra et al., 1995; Lopez and Satti, 1996; Evers et al., 1997). Under abiotic stress, the root system of plants is the key since the roots are in close contact with salt in the soil, and the Na+ absorbed by the shoot is regulated by the root system. The absorption and transport of Na+ are also important (Anil et al., 2005; Krishnamurthy et al., 2009). When the soil has too much salt, the nutrients in the soil are lacking, and plant dehydration is serious, which reduces the turgor pressure of the cells and causes the cells to stop growing and dividing (Bewley and Black, 1983; Neumann, 1997). The radicle is more sensitive to salinity, which is consistent with the results of previous studies (Misra and Dwivedi, 2004; Lin et al., 2014). Although salt inhibits the radicle length, salt does not inhibit the number of radicles. At all salt concentrations, the number of radicles of GG was greater than that of YG (Figure 7), which may indicate that GG has better salt tolerance. Under appropriate concentrations, salt promotes rooting, the absorption of water, the maintenance of osmotic pressure, and the dynamic balance of ions and nutrients for growth. Several radicles facilitate the maintenance of osmotic pressure and increase vegetative reproduction. We dissected the ungerminated YG seeds with a scalpel and found that the embryos of the seeds were hard and intact, indicating that most YG seeds were dormant. This may be a characteristic of seed adaptability to ensure germination in an environment conducive to seedling emergence. The germination requirements of YG seeds are very high, and the ungerminated seeds may be due to environmental conditions and the characteristics of the seed (i.e., the thickness of the seed coat, the vitality of the embryo, and the provision of nutrients) that did not meet their germination standards. Therefore, GG is more tolerant to salt stress than YG, and the degree of dormancy is lower. Thus, it is a better choice for restoring land degraded by salinity. The selection of cultivars with optimal genotypes during the germination period and seedling establishment period is essential for ensuring the success of saline-alkali soil restoration.
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Food consumption acts as an intermediary between ecosystems and human systems in grassland areas. In this study, we generated a fuzzy cognitive map (FCM) to obtain a semi-quantitative assessment of impact factors on food consumption in the Xilin Gol Grassland, China, from the perception of local rural households. Based on it, the food consumption impact factors networks of households in Xilin Gol Grassland were created. Results showed that household recognition of food consumption impact factors differed among grassland transects in both amount and category, and the results of principal component analysis (PCA) ascertain such differences and transitions. Livestock breeding, income, local economic development, consumption habit, age, food price, and cost were the most important impact factors mentioned by both farmers and herdsmen. From south to north in the grassland transects, households' cognition of ecological and economic factors increased, and the cognition of personal and social factors decreased. Differences in supply, culture, customs, and socioeconomic characteristics affected the cognition of households and their livelihoods, which influenced impact factors as well as associated connections. The role of livestock breeding also validated the connection between human actives and the grassland ecosystem. Results from this study can be used as a reference for policymakers during decision-making processes respective of regional sustainable development.
Keywords: food consumption, fuzzy cognitive map, household perception, grassland areas, Xilin Gol grassland, Inner Mongolian Plateau
1 INTRODUCTION
Food consumption is a basic requirement for human survival (Zhen et al., 2012). In grassland areas, food is directly produced from limited grassland resources (Zhao et al., 2004; Fu et al., 2009). However, food consumption is connected to the consumption and provision of ecosystem services, which reveals relationships between ecosystems and human activities (Millennium Ecosystem Assessment, 2005; Zhen et al., 2008). Ecologically, grassland areas are extremely vulnerable, while the food consumption habits of residents are solely and directly obtained from the resources it produces (Du et al., 2015). However, under socioeconomic development, a progressively increasing population and resultant consumption requirements cause more acute contradictions and clashes between human activities and local ecosystems, challenging regional development, particularly in grassland areas (Cao et al., 2010; Barthold et al., 2013). Meanwhile, the conservation and governance of grassland was proved to be usually extremely complex around the world, which strongly needs the coordination of different stakeholders (Manolache et al., 2020; Hou et al., 2021).
The United Nations General Assembly Sustainable Development Goals (SDGs) for food consumption, which is linked to both Goal 2 (Zero Hunger) and Goal 12 (Responsible Consumption and Production), play an important role in issues related to global sustainable development (Yang et al., 2019). On the other hand, in certain developing countries, acts of resource predation and exploitation during urbanization and socioeconomic development have caused regional development sustainability issues, likes land degradation, water pollution, food waste and its environmental related problems, coronary heart disease and other health problems of residents, and so on (Tilman and Clark, 2014; Reynolds et al., 2015; Li et al., 2021).
This study used the Xilin Gol Grassland in North China as a case study, being one of the largest grassland areas in China. The agro-pastoral transitional zone in North China transects through the southern section of the Xilin Gol Grassland. Due to its sensitive, vulnerable environment as well as its appreciable human activity, this region faces significant challenges respective of sustainability (Gerbens-Leenes and Nonhebel, 2002; Zhen et al., 2010b). Together, local and central governments have invested greater than 200 million RMB into regional ecological projects (Xilin Gol League Statistics Bureau, 2019). Moreover, policies implemented in this region have significantly affected the living and production standards of local residents (Wu et al., 2012; Yang and Zhen, 2019), which have also impacted their daily food consumption habits. This region comprises a multinational residency, such as the Han, Mongolian, and the Hui, to name the most prevalent (Xilin Gol League Statistics Bureau, 2019). Cultivated land is mainly distributed within the southern border of the Xilin Gol Grassland, which produces a limited supply of food that makes it difficult to meet all regional needs (Liu et al., 2018). Thus, food consumption in this region is complex, and household perceptions on food consumption impact factors will consequently vary, which brings challenges to quantitatively evaluate the regional food consumption impact factor from different stakeholders. However, understanding household perceptions on food consumption impact factors will help to build social safety nets, which would contribute to the food system resilience and regional resource sustainable development (Fan et al., 2020; Zhan and Chen, 2021).
Studies on impact factors related to food consumption have primarily focused on economic, social, and ecological factors. Economic factors include income, development, urban–rural economic differences, price, and markets (Zhai et al., 2009; Zhen et al., 2010a; Baquedano and Liefert, 2014; Csutora and Vetőné Mózner, 2014; Chaves et al., 2017); social factors include those related to an aging population, urbanization, cultural diversity, and festivals (Han, 2013; Hu, 2016; Deng et al., 2018; Nikolay, 2018); ecological factors include seasonal variations, land-use diversity, climate, and the environment (de Ruiter et al., 2014; Hu, 2016; Yang and Zhen, 2019). Data from statistics, questionnaires, and remote sensing are the most commonly used data sources for studies on food consumption impact factors (Rasmussen et al., 2016; Troubat and Grünberger, 2017; Zhen et al., 2018; Li et al., 2019). Nevertheless, studies on the perception of food consumption impact factors of stakeholders remain insufficient, and in the Xilin Gol Grassland there is an obvious lack of qualitative and quantitative analyses on food consumption impact factors applying effective approaches.
Fuzzy cognitive map (FCM) is a semi-quantitative modeling tool that can also be used as a framework, which in turn can be applied to compare knowledge derived from non-technical experts (Özesmi and Özesmi, 2004; Ozesmi, 2006). This technique can help to reveal the cognition of farmers and herdsmen as well as to build a network of a particular situation or system respective of the research issue in question (Reckien, 2014). FCM has been successfully used in geographic, sociologic, ecologic, and economic disciplines (Kok, 2009; Glykas, 2010; Reckien et al., 2013). Moreover, it is easy to use, effective to conduct, and good at attending complex and subjective conceptions, and it could well reflect different group people's perceptions without requiring a large sample size (Chan et al., 2012; Reyers et al., 2013; Teixeira et al., 2018).
Although the food consumption impact factors were well known to be associated to economic, social, and ecological dimensions, the relationships between different impact factors still need more exploration, the main impact factor in different areas would be varied, and the quantitative evaluation of stakeholders' perceptions (especially household perceptions) is insufficient and needs more discussion. The objective of this study is to quantitatively evaluate the household perceptions of food consumption impact factors. This study used primary data obtained from interviews with local residents based on FCM in combination with regional land-use data to analyze issues related to food consumption impact factors. We tried to explore food consumption impact factors on the perception of local households, analyze key impact factors, and explain the formation of cognitive differences on food consumption impact factors within different transect areas of the Xilin Gol Grassland. An investigation of food consumption impact factors in this region can not only be used to help to understand coupling relationships between human systems and ecosystems, but such an investigation can also provide an empirical reference for policymakers' decisions associated with regional development.
2 METHODS
2.1 Study Areas
The Xilingol League is within the central Inner Mongolia Autonomous Region, China. It belongs to the Mongolian Plateau, at an altitude of 800–1,800 m. Annual precipitation is 288 mm; annual evaporation is between 1,700 and 2,600 mm; and the annual average temperature is 3.60°C. It comprises two county-level cities, one county, nine banners, and two districts. At the end of 2019, the total registered population was 1.04 million, of which the rural population accounted for 54.26%, and those of Han nationality accounted for 63.69%, while those of Mongolian nationality accounted for 31.75%. The total land-use area of the Xilingol League is 200,000 km2, including 180,000 km2 of grassland and 5,859.50 km2 of forestland, accounting for 89.90% and 7.10% of total land-use area, respectively. Grassland is the primary land-use type in the Xilingol League. Cattle and sheep are the main livestock raised in this region. In 2019, the annual per capita disposable income of residents of the Xilingol League was 32,460 yuan, of which the per capita annual disposable income of urban residents was 40,778 yuan, while the per capita annual disposable income of rural residents was 17,391 yuan (Xilin Gol League Statistics Bureau, 2019).
The Xilin Gol Grassland is expansive (i.e., 2.03 × 105 km2). It is situated on the Mongolian Plateau, while most of its area lies within the Xilingol League. Land-cover types of the Xilin Gol Grassland can be subdivided as follows: typical grassland, desert grassland, cultivated land, and sporadic grassland. The carrying capacity of these grassland land-use types gradually decrease directionally, exhibiting a gradient change from north to south, which constitutes the Xilin Gol Grassland transects. In this study, we selected three typical Xilin Gol Grassland transects for our investigation: the West Ujimqin Banner, a typical pastoral grassland area; the Zhenglan Banner, a pastoral area of the Hunshandake Sandy Land; and the Taibus Banner, an agro-pastoral transitional zone (Figure 1). The West Ujimqin Banner is in the eastern region of the Xilingol League, while the Zhenglan Banner and the Taibus Banner are in the southern region. All three banners are located in arid and semiarid transitional zones, namely, where annual precipitation is approximately 400 mm and annual evaporation is extremely high (>1,800 mm). Ecosystems within the study areas are considered extremely vulnerable.
[image: Figure 1]FIGURE 1 | Study areas and investigated sites. Data source: The data center for Resource and Environment Data Platform of CAS (http://www.resdc.cn), and Global Positioning System (GPS) locations of household questionnaire surveys.
2.2 Fuzzy Cognitive Map Data Collection
2.2.1 Interviews Conducted and Fuzzy Cognitive Map Construction
We conducted interviews with local residents living in rural areas of the Xilingol League, China, from July 20 to August 5, 2019. Typical farmer or herdsman households were interviewed in West Ujimqin, Zhenglan, and Taibus banners. Data were generated through FCM applying oral, face-to-face interviews. The interviewees were chosen from family members who best knew general information concerning food consumption and relative information concerning the whole family. The interviews focused on the following question: “What are the impact factors on your family food consumption?” Interviewees answered this question and explained why the factors were important, how these factors affected their daily food consumption, and what the connections is between these factors.
We provided an example to the interviewees at the outset of the interviews. We then formulated a food consumption impact factor network and drew it on a white A4 sheet of paper. The interviewees ascribed links between the factors and assigned the point of each link from −5 to 5. The direction of each link had a corresponding arrow. When the factor had a positive impact, the interviewees would give a positive score, while a negative score was graded when an increase in one caused a decrease in another. The absolute value of the score represents a higher impact. The networks were drawn by the interviewers under the instructions of the interviewees. During the interview, the interviewees could add or change the factors or revise the weights at their discretion. The final version of each network was approved by the interviewee. Personal details of the interviewees were also obtained under a guarantee that their information would only be used for scientific purposes (i.e., not for commercial use). Personal details included the name of the participant, the location where the participant lived, vocation, age, education, family size, rangeland and cropland size, nationality, income and its explicit structure, and interview date.
The interviews were undertaken in Mandarin and Mongolian, depending on the language abilities of the interviewees. Locals were used as translators, such as officials who worked at the local grassland observation station, the head of the village, and young college students, while also helping the interviewers to communicate with each interviewee. Approximately 50% of interviewees required a translator to guarantee that the interviews were conducted successfully, and a total of 67 interviews were conducted.
All interviewees were selected using the proposed sampling method along with a stratified random sampling method. First, we used the proposed sampling method to determine the scope of the survey, accounting for the typical land-use categories of each study area. Second, we selected the study sites using stratified random sampling. Towns and villages were selected from those that qualified. Five towns or sumu (sumu is the town-level system used in the Inner Mongolia Autonomous Region of China) in West Ujimqin, four sumu in Zhenglan, and three sumu in Taibus banners were selected as the investigated sites (Supplementary Appendix SA). A random sampling method was used to select families to be interviewed given the low population densities of the study areas (i.e., a population density of 0.2 people per km2), the considerable distance between the different families interviewed, and the unsure situation of whether any family member was at home. We randomly selected a route within the study area to conduct a questionnaire survey of farmers and herdsmen who we meet along the route. We continued our surveys until no new factors were identified, which ensured that our sampling size was adequate and reflected a true representation of resident perceptions. The way of determining the sample size was proved to be valid in previous studies (Reckien, 2014; Teixeira et al., 2018; Yang and Zhen, 2020).
2.2.2 Basic Information of the Interviewees
In total, we interviewed 21 families in West Ujimqin, 21 families in Zhenglan, and 25 families in Taibus banners during our 2019 field survey. The basic information, investigation sites, and the investigation route are shown in Figures 1 and 2. All families interviewed were from 17 villages or gacha (gacha is the village-level system used in the Inner Mongolia Autonomous Region of China) (Supplementary Appendix SA). There was an increase in the average age of the interviewees from a north-to-south direction among grassland transects. Moreover, the percentage of those of Mongolian nationality decreased, and the percentage of female interviewees significantly increased directionally (Figure 1).
[image: Figure 2]FIGURE 2 | Sociodemographic characteristics of respondents in the three typical study areas. Data source: The data center for Resource and Environment Data Platform of CAS (http://www.resdc.cn), Global Positioning System (GPS) locations of household questionnaire surveys, and results from our 2019 field survey. Notes: N, number of the variable; M, mean of the variable.
Differences in socioeconomic characteristics and awareness of food consumption impact factors of families in the three study areas are shown in Table 1, wherein rangeland size, education, cow breeding scale, sheep breeding scale, and household income exhibited both strong and significant differences among the three areas investigated. Cropland size, family size, and subsidies also exhibited significant differences among the three study areas. On the other hand, intermediate factors only exhibited slightly significant differences.
TABLE 1 | Overview results of fuzzy cognitive map (FCM) indices, the number of factors per category, and additional indicators between typical areas.
[image: Table 1]2.3 Data Analysis
Over the 67 interviews, residents identified 33 different direct factors and 136 connections (Supplementary Appendix SB). All factors were classified into four categories: ecological factors (12), social factors (6), economic factors (5), and personal factors (11). Here we follow the dimensions in Millennium Ecosystem Assessment (2005) and classified the impact factors into ecological dimension, social dimension, and economic dimension. In our study, personal factors mainly referred to individual characteristic information (i.e., individual's age, health status, vocation, etc.), which is usually taken into consideration in the empirical analysis studies. Personal factors are quite different from the social factors or economic factors, which mainly referred to the objective macro social and economic elements that affected household food consumption. Thus, when we classified the impact factors mentioned by our interviewees, we had the “personal factors” dimension besides the ecological dimension, social dimension, and economic dimension. The classification method was proved to be effective in a previous study (Yang and Zhen, 2020). The specific list of each factor type is shown in Table 2, and each classification provided four dimensions from which to analyze impact factors in the different study areas and the connections between the different impact factor types.
TABLE 2 | Food consumption impact factors and their classification under four dimensions. Data source: All factors derive from our 2019 field survey.
[image: Table 2]With the classification of the food consumption impact factors, we further formulated a 33 × 33 metric for each banner with the score and frequency information of each network captured from our field survey. The mean of the scores of each factor was determined, and the network of food consumption impact factor in three banners were formulated based on these three metrics. All connections between the impact factors in the FCM networks were scored by each interviewee. The results of each factor were classified by the score, and they were then sorted into four degrees: very light (0 < V < 1), light (1 ≤ V < 2), important (2 ≤ V < 3), and very important (3 ≤ V < 4) (Table 3). Although scores were expected to be between −5 and 5, results showed that the final scores were between −4 and 4. The grading of FCM results provided a standard by which to analyze and sort impact factor results.
TABLE 3 | Grading of the effect degree in fuzzy cognitive map (FCM) results.
[image: Table 3]3 RESULTS
3.1 Overview of Food Consumption Impact Factors of Household Perceptions
Among the household perceptions of the interviewees, we found 33 factors that affected food consumption in their daily lives. However, these factors differed among the different study areas. In pastoral areas (Zhenglan and West Ujimqin banners), the total number of impact factors was relatively high compared to the agro-pastoral transitional zone (Taibus Banner). The average food consumption impact factors of households in these three areas were similar; namely, we found approximately seven direct impact factors and four intermediate impact factors (Table 1).
Among the four dimensions of these impact factors, personal factors and ecological factors were the most important factors from the perception of households in the three study areas (Table 4 and Figure 3). In the Taibus Banner, ecological factors and personal factors were mentioned more often by interviewees (i.e., nine times per capita), which also yielded the highest scores compared to the other two factor types. In the Zhenglan Banner, personal factors were mentioned more often compared to ecological factors, while economic factors were mentioned the least. However, economic factors ranked third in scores. This phenomenon was also reflected in West Ujimqin Banner, which means that even though residents did not mention economic factors as often when asked about household food consumption impact factors, they subconsciously ranked economic factors high. Additionally, although residents of the Taibus Banner did not mention ecological factors and personal factors as often as residents of the Zhenglan and West Ujimqin banners did, they nevertheless gave high scores to these two dimensions. Residents in the Taibus Banner appeared to ignore social factors by mentioning it the least and giving it the lowest score, which could reflect that social development in pastoral areas (such as Zhenglan and West Ujimqin banners) alternated rapidly during these particular years, and their residents felt these changes and their resultant impacts on their own lives more sensitively and directly, which resulted in them focusing on this dimension more.
TABLE 4 | Degree of influence scores of the different food consumption impact factors and the frequency mentioned by interviewees.
[image: Table 4][image: Figure 3]FIGURE 3 | Impact factor types on food consumption in the three typical study areas, the score of impact factors on food consumption, and the frequency of each impact factor mentioned by respondents. Note: Degree of influence scores were divided into four grades and marked by different colors. Data source: results from our 2019 field survey and developed from our previous study (Yang and Zhen, 2020).
Analysis of structural and functional variables showed that the perception of intermediate factors, family size, rangeland size, cropland size, sheep breeding numbers, cow breeding numbers, education, household income, and subsidies of residents in Taibus, Zhenglan, and West Ujimqin banners significantly differed (Table 1).
Principal component analysis (PCA) indicated a relatively clear grouping of residents in Taibus, Zhenglan, and West Ujimqin banners (Figure 4; Supplementary Appendix SC). The first PCA axis explained 31.89% of the total variation and was strongly correlated to cow breeding scale and sheep breeding scale (R > 0.6). This axis can be interpreted as the complexity of husbandry systems, for which residents of the typical pastoral area (West Ujimqin Banner) were on the right and residents of the agro-pastoral transitional zone were on the left side of the spectrum. The second axis explained 14.83% of the total variation and separated residents in sandy grassland pastoral areas (Zhenglan Banner) from residents in typical grassland pastoral areas (West Ujimqin Banner). This axis was strongly correlated to the number of direct impact factors as well as the number of intermediate factors and subsidies (R > 0.6), which can be interpreted as the complexity of the policy systems. Moreover, PCA results also revealed the transition of grassland transects. From north to south, the group moved from the right side of the axis to the left side. For residents in typical grassland pastoral and agro-pastoral transitional areas, variance was relatively low; however, for residents in the sandy grassland pastoral area (Zhenglan Banner), the variance was relatively higher and the distribution was scattered.
[image: Figure 4]FIGURE 4 | Rotated PCA of all (marginally) significant results from fuzzy cognitive map (FCM) indicators, household eco-social indicators, and personal characteristic indicators.
3.2 Key Impact Factors and Characteristics Among Grassland Transects
Livestock breeding, income, local economic development, consumption habit, age, food price, and cost were the most important impact factors mentioned by farmers and herdsmen (Figure 3), and these factors interacted the most with other factors (Figure 5). Among the grassland transects, residents were more concerned with an ecological factor (livestock breeding) in northern areas (Zhenglan and West Ujimqin banners) than in southern areas (Taibus Banner). Additionally, one personal factor (consumption habit) and two economic factors (income and local economic development) ranked after ecological factors in pastoral areas (Zhenglan and West Ujimqin banners), while in the agro-pastoral transitional area (Taibus Banner), one economic factor (income) ranked as the second most important factor. This revealed that from north to south, residents were more concerned with economic and personal factors compared to ecological factors.
[image: Figure 5]FIGURE 5 | Network of food consumption impact factors in the three typical study areas. (A) network of food consumption impact factors in Taibus Banner; (B) network of food consumption impact factors in Zhenglan Banner; (C) network of food consumption impact factors in West Ujimqin Banner. Data source: Results from our 2019 field survey and developed from our previous study (Yang and Zhen, 2020).
Ecological Factors
In the daily food consumption of residents, livestock breeding was the most important impact factor in all three study areas (Table 4 and Figure 3). Livestock breeding directly impacted food consumption, and its role as an intermediate factor was affected by different factors of differing dimensions that in turn directly affected food consumption.
In grassland areas, livestock breeding was one of the most important factors affecting the food consumption of residents, representing the food supply of rural families, which was a factor in both pastoral areas (West Ujimqin and Zhenglan banners) and the agro-pastoral transitional zone (Taibus Banner). However, these areas also exhibited a trend along grassland transects; namely, livestock breeding primarily had an effect on factors that alternated from ecological and economic to economic and personal from north to south (Figure 5). In particular, livestock breeding was significantly affected by rangeland in pastoral areas (West Ujimqin and Zhenglan banners). Moreover, the number of affected factors that were influenced by livestock breeding tends decreased from north to south.
Personal Factors
Consumption habit was the most important personal factor. It ranked as an important factor in all three study areas (Figure 3) and actively interacted with other factors (Figure 5). It was affected by income, vocation, nationality, and other factors, and it changed near areas of economic development. Moreover, consumption habit changed along with time, after which all such changes transformed into consumption habits that affected the daily food consumption of residents.
Particularly, age was shown to have an important impact on food consumption in Taibus Banner, revealing the aging problem in this area. The average age of residents in Taibus Banner is 62.88 years, which confirms that residents living in this area are mainly elderly compared to Zhenglan (51.24 years) and West Ujimqin (44.62 years) banners (Figure 2). Only elderly people choose to remain in Taibus Banner due to the extremely scarce available rangeland and cropland area per family compared to pastoral areas (Table 1), and income from agriculture is too low to provide a comfortable living for young people. This aging problem results in a tendency of residents to eat less while also having a restricted diet choice; moreover, it also indirectly impacts food consumption by affecting health, income, vocation, and residence factors (Figure 5).
Economic Factors
Local economic development is one of the most important economic factors (Figure 3), which also affects other factors that impact food consumption (Figure 5). In pastoral areas, with economic development, infrastructure improved and household income increased, which changed people's way of life while also affecting food consumption. In the agro-transitional zone, our interviews confirmed that nutrition improved and livestock breeding became progressively more profitable, which affected both people's choices of vocation and their food consumption habits.
Income is another important economic factor that actively interacts with other factors and reveals regional differences (Figures 3 and 5). In pastoral areas (Zhenglan and West Ujimqin banners), income was mainly affected by factors associated with animal husbandry, such as breeding, cost, price, market, policy, and rangeland (Figure 5). While in the agro-pastoral area (Taibus Banner), income was mainly affected by personal and social factors (i.e., vocation, health, family cooperation, and family structure) (Figure 5).
Social Factors
The impact factor degree of infrastructure in pastoral areas was light (Table 3 and Figure 3), yielding the highest score among the social factors, while the impact factor degree of infrastructure in Taibus Banner was very light and only impacted food consumption slightly (Figure 5). Due to the large area of grassland, infrastructure (mainly roads) is poor and limits residents' connection to markets and the outside world in pastoral areas. Thus, with economic development and policy, infrastructure improves, which benefits food consumption and increases food choice diversity and ease of access. However, in agro-pastoral areas such as Taibus Banner, with its large population density and limited area, government costs used to build basic infrastructure are relatively lower, making it easier for rural residents to access local markets and subsequently food, which ultimately deceases the impact of social factors in this area (Figure 5).
4 DISCUSSIONS
4.1 Formation of Cognitive Differences in Food Consumption Impact Factors
Food supplies resulted in different perceptions of impact factors on food consumption. From north to south among grassland transects, grassland cover decreased (Figure 2); thus, the dependence of local residents on local ecosystems for food consumption differed (Yang et al., 2019). The superior conditions in West Ujimqin and Zhenglan banners tended to benefit animal husbandry, providing higher incomes to families as well as affecting their food consumption habits, culture, and customs. It is important to note that livestock breeding is culturally significant to local residents in this region of China. However, in Taibus Banner, namely, the agro-pastoral transitional area, the limited land area and land conditions make it difficult for residents to rely on livestock breeding and agriculture practices to meet food consumption needs and subsistence goals, where available grassland and cropland of residents are limited and income and subsidies are low compared to the other two banners. Consequently, residents are forced to work in other vocations to earn more money for their families; thus, in Taibus Banner, livestock breeding primarily affects household food consumption and interacts less with other factors because residents only breed animals for personal consumption and not to make money.
Cultural and custom differences also contributed to the different perceptions of impact factors on food consumption. From north to south among grassland transects, the percentage of residents of Mongolian nationality decreased with family grassland size and household income (Table 2). Such differences affected the food consumption habits of residents in both category and amount, which primarily revealed differences between pastoral areas (West Ujimqin and Zhenglan banners) and the non-pastoral area (Taibus Banner). Residents in pastoral areas (mainly of Mongolian nationality) tend to eat more meat (beef and mutton) given that they breed cows and sheep, and their food consumption customs tend to incorporate a lot of meat (Hu, 2016; Yang et al., 2019). Additionally, such culture and customs encourage the tendency of residents to work within animal husbandry, which not only accrues a higher income but also supports the availability of meat for their daily food consumption. The culture and customs of residents in pastoral areas also make them more sensitive to their surrounding environments given that their lives are more reliant on the grassland they subsist on, which also suggested that residents of West Ujimqin and Zhenglan banners were more aware of ecological impact factors on food consumption than residents of Taibus Banner (see Figure 4).
The socioeconomic characteristics of the three study areas also affected the perception of residents on food consumption. From north to south among grassland transects, residents exhibited significant differences in age, education, and family size (Table 2). From north to south, the average age of local residents increased, the family size decreased, and the level of education confirmed that residents of Taibus Banner were overall less educated (Table 2). These factors may lead to differences in awareness and cognition on food consumption impact factors.
Additionally, family subsidies differed among these different areas (Table 2), which was mainly affected by policy. Resident perception on policy will therefore affect their food consumption habits, particularly in Taibus Banner (with a score of FCM = 1.28) (Figures 3 and 4).
4.2 Livestock Breeding as an Intermediate Factor That Connects Human and Ecological Systems
In grassland areas, food consumption in the daily lives of local residents mainly derives from the grassland system they inhabit. The impact that livestock breeding poses to food consumption is in fact the impact that food supply has on food consumption. Thus, breeding becomes both the most important factor and the direct factor on food consumption (Figures 3 and 4). Family income in grassland areas mainly derives from livestock breeding. Thus, livestock breeding affects household income that in turn indirectly affects food consumption, which is a key feature of grassland areas (Hu, 2016). Additionally, due to the ecological vulnerability of grassland areas, any degeneration will directly affect livestock breeding and family income (Zhen et al., 2018), which also reveals the interaction between the human system and the ecosystem.
The role of livestock breeding in our results reflected the relationship between food consumption and the ecosystem. Food consumption is one of the most important human activities, and the supply of food consumption comes from the ecosystem. Typically, in grassland areas, mutton, beef, and milk directly come from animal husbandry. When residents increase their consumption demand for these foods, people need to raise the breeding scale of cattle or sheep. For herdsmen, if they raise more cattle and sheep, they will have the opportunity to have more household income. Thus, they have an incentive to expand the family breeding scale, which would lead to overgrazing in the grassland areas. However, overgrazing is one of the most severe causes of grassland degradation (Liu et al., 2018; Hou et al., 2021). Therefore, understanding the relationship between food consumption and the ecosystem is the basis for us to pursue sustainable development goals.
4.3 Differences in Household Perceptions Among Grassland Transects
In the Xilin Gol Grassland, grassland transects form naturally. Environmental differences show that they affect local culture, customs, and the perceptions of local residents (Hu, 2016; Yang et al., 2019). In different areas of grassland transects, socioeconomic characteristics of local residents differed as well as the cognition of local residents to the grassland systems they inhabit, indicating that the environment has an important role in human systems and directly impacts human activities in different areas of the Xilin Gol Grassland. Moreover, human activities are significantly negatively affected by changes in ecologically vulnerable environments over the short term (Liu et al., 2018). From south to north among grassland transects, residents tended to rely more on grassland through livelihood by production. Thus, the cognition of residents of grassland systems increased, and they were more sensitive to ecological grassland factors in both number and structure. Other studies that have focused on different aspects of this topic have also shown the effects of transition of grassland transects (Hu et al., 2019; Yang and Zhen, 2019).
4.4 The Implications of Residents' Food Consumption Impact Factors to Policymakers
Understanding farmers' and herdsman's perceptions on food consumption impact factors will be helpful for policymaking. For example, in pasture areas, livestock breeding is recognized as the most important factor that affects food consumption, which is also related to the herdsmen family income as well as the balance of the local ecosystem. The adequate supply of mutton, beef, and milk increases the risk of coronary heart diseases for people living in grassland areas. For policymakers, they need to release policies to guide residents to healthier food consumption patterns, as well as keep the balance between grassland ecosystem and husbandry, which should be based on the understanding of the role of livestock breeding for local residents. In the agro-pastoral transitional zone, besides the ecological factors of livestock breeding, the economic factors were the main concern of local rural residents. It was noted that when local residents are led to better and healthier food consumption patterns, income could be one of the main barriers. Understanding different kinds of stakeholders' perceptions will help people or organizations work together (Manolache et al., 2020).
4.5 About the Representative of the Sample Size in This Study
One of the strategies of the FCM is that a large sample size is not a mandatory requirement, and the process of our data collection strictly follows the instruction of the guidelines of FCM and previous studies' experience. In our study, we have the results that came from 67 interviewees in total to be representatives of local rural residents' status. In order to test the effectiveness of our results on a limited sample scale, we divided all the interviewees in each banner into two groups randomly to compare the results in three banners (since we have numbered the interviewees randomly, we had group 1 with an even number and group 2 with an odd number). The results showed that there was no significant difference between the two groups in all three banners in terms of scores or frequency of the factors (Supplementary Appendix SD). On the one hand, whether in West Ujimqin, Zhenglan, or Taibus, the scale of food consumption impact factors revealed by the interviewees were close (Supplementary Appendix SD1); on the other hand, the high-scored factors and high-frequency factors in different groups within the banner were similar and consistent with the results of the whole banner (Supplementary Appendix SD2). Thus, we believed that our results could well reflect the household perceptions.
4.6 Limitations of Our Study
The FCM method was used as an effective way to analyze household perceptions on food consumption and provided semi-quantitative modeling results in this study. However, this study has some limitations. On the one hand, this method cannot assess impacts of unknown factors. On the other hand, this method is influenced by recency bias. For example, residents tended to remember the impact of extreme climate events, and such events were cognitively fortified within their minds, which could exaggerate the weight of relative factors. This shortcoming could be overcome by using a time lag to conduct surveys, which we may explore in future studies.
5 CONCLUSION
This study used primary data by conducting interviews using FCM in three typical areas in the Xilin Gol Grassland to quantitatively analyze food consumption impact factors on household perceptions. Results showed that from north to south along grassland transects of the Xilin Gol Grassland, the awareness of rural residents on food consumption impact factors differed. Such differences were shown in both the amount of factors and the categories of factors. Moreover, PCA was able to clearly distinguish between the three areas (groups) while also confirming the transition among grassland transects. Livestock breeding, income, local economic development, consumption habit, age, food price, and cost were the most important impact factors mentioned by farmers and herdsmen. However, residents of pastoral areas (West Ujimqin and Zhenglan banners) were more focused on ecological and economic factors; while residents of the agro-pastoral transitional zone (Taibus Banner) were less focused on ecological factors compared to the other two areas and were more focused on personal factors and social factors. Differences in supply, culture and customs, and socioeconomic characteristics affected the cognition and livelihood of residents, which influenced impact factors and their mutual connections.
Network analysis has become an increasingly used approach among practitioners, which could help to better understand different kinds of stakeholders' perception to coordinate to achieve common goals. The study of food consumption impact factors on household perceptions can help us to better understand the food consumption behavior of residents, which will also benefit our understanding of relationships between human activities and ecosystems, providing a potential reference for policymakers.
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Grazing Reduces the Soil-Atmosphere Exchange of Greenhouse Gases During Freeze-Thaw Cycles in Meadow Steppes in Inner Mongolia
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Both livestock grazing and soil freeze-thaw cycles (FTCs) can affect the soil-atmosphere exchange of greenhouse gases (GHGs) in grasslands. However, the combined effects of grazing and FTCs on GHG fluxes in meadow steppe soils remain unclear. In this study, we collected soils from paired grazing and enclosed sites and conducted an incubation experiment to investigate the effect of grazing on soil GHG fluxes in the meadow steppes of Inner Mongolia during three FTCs. Our results showed that FTCs substantially stimulated the emissions of soil N2O and CO2 and the uptake of CH4 in the meadow steppes. However, compared with enclosure treatments, grazing significantly reduced the cumulative N2O, CO2 and CH4 fluxes by 13.3, 14.6, and 26.8%, respectively, during the entire FTCs experiment. The soil dissolved organic carbon (DOC) and nitrogen (DON), NH4+-N and NO3–-N, significantly increased after three FTCs and showed close correlations with N2O and CO2 emissions. Structural equation modeling (SEM) revealed that the increase in NO3–-N induced by FTCs dominated the variance in N2O emissions and that DOC strongly affected CO2 emissions during thawing periods. However, long-term grazing reduced soil substrate availability and microbial activity and increased soil bulk density, which in turn decreased the cumulative GHG fluxes during FTCs. In addition, the interaction between grazing and FTCs significantly affected CO2 and CH4 fluxes but not N2O fluxes. Our results indicated that livestock grazing had an important effect on soil GHG fluxes during FTCs. The combined effect of grazing and FTCs should be taken into account in future estimations of GHG budgets in both modeling and experimental studies.

Keywords: grazing, freeze-thaw cycles, nitrous oxide, carbon dioxide, methane, meadow steppe


INTRODUCTION

Greenhouse gases (GHGs), including carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O), can significantly promote climate warming on Earth. Upland soils normally serve as a major source of N2O and CO2 but a sink for CH4 to atmosphere (Holst et al., 2008). Recent studies have reported that soil GHG fluxes vary substantially both spatially and temporally (Wagner-Riddle et al., 2017; Congreves et al., 2018), which is attributed to the crucial biophysical processes in soil and their responses to external environmental factors (Smith et al., 2018; Jalaludin et al., 2020). For example, short-term N2O pulse emissions triggered by fertilization, soil freeze-thaw events or soil rewetting can dominate the annual GHG budget in a variety of terrestrial ecosystems (Wolf et al., 2010; Kostyanovsky et al., 2019; Gu et al., 2021).

Freeze-thaw cycles (FTCs), which occur predominantly in the soils of some temperate and most high-latitude and high-altitude regions, can greatly affect soil-atmosphere exchange of GHGs in the soil (Smith et al., 2018; Li et al., 2021). Previous studies have observed increased emissions of N2O and CO2 and uptake of CH4 during soil FTCs both in field investigations and laboratory incubations (Goldberg et al., 2010; Wu et al., 2020). For instance, researchers have reported that more than 50–70% of the annual cumulative N2O emissions may originate from FTCs (Goldberg et al., 2010; Wu et al., 2014a). Several mechanisms can potentially explain the release of soil GHG fluxes during FTCs: the release of previously generated gases from the unfrozen parts of the soil during soil thawing (Congreves et al., 2018), the increased available carbon and nitrogen substrates (de Bruijn et al., 2009) and the changes in the microbial community during FTCs (Hu et al., 2015). However, the contribution of the mechanisms to the soil GHG exchanges is not well quantified (Congreves et al., 2018).

Grasslands cover nearly 26% of the global land area and account for a large proportion of the global terrestrial carbon and nitrogen pools (Wu et al., 2014a). Grazing is the main anthropogenic management practice applied to grasslands. It has important impacts on various grassland ecological processes, mainly through animal feed intake, excreta deposition and grass trampling (Liu et al., 2021). Field investigations have found that grazing could reduce annual N2O and CO2 emissions and CH4 uptake from grassland soils, which might attribute to the decrease in gas diffusion and the reduction in the microbial biomass, organic carbon and nitrogen contents of the soil, especially for long-term and heavy grazing (Wolf et al., 2010; Chen et al., 2011; Abdalla et al., 2018). Although a large proportion of grasslands worldwide suffered from freeze-thaw events (Holst et al., 2008; Chen et al., 2021), the effects of grazing on the soil-atmosphere exchange of GHGs during FTCs are not well understood.

The semi-arid grasslands of Inner Mongolia cover more than 20% of the total grassland area in China and are representative of the Eurasian grassland belt (Wang et al., 2005). Meadow steppe is one of the local major grassland types, which covers approximately 11% of the Inner Mongolia grassland (Han et al., 2008), and is highly sensitive to climate change and anthropogenic activities (Wu et al., 2020). For example, anthropogenic disturbances, such as over-grazing resulting from the rapid growth in population and food demand in recent decades, may have significantly affected soil carbon and nitrogen turnover, and GHG fluxes. Moreover, previous field studies have shown that soil FTCs are frequently observed in this region from late October to April and have a strong influence on soil–atmosphere GHG exchanges (Holst et al., 2008; Wolf et al., 2010). Although the separate effects of livestock grazing and FTCs on soil GHG fluxes have been well studied, the combined effect of grazing and FTCs on soil GHG fluxes remains uncertain, especially for the meadow steppes of Inner Mongolia.

Therefore, to better understand the effect of livestock grazing on soil GHG fluxes during FTCs, we collected intact soil cores from three paired grazing and enclosed sites in meadow steppes in Inner Mongolia and then conducted three consecutive FTCs. The main objectives of this study were to investigate the effect of livestock grazing on soil GHG fluxes and to reveal the key soil properties that determine GHG fluxes during FTCs. We proposed three hypotheses: (1) soil FTCs will stimulate the emissions of N2O and CO2 and the uptake of CH4 by meadow steppe soils; (2) livestock grazing might reduce the soil-atmosphere exchange of GHGs during FTCs; and (3) grazing and FTCs might have an interactive effect on soil GHG fluxes.



MATERIALS AND METHODS


Study Area and Soil Sampling

Hulunbuir grassland (47°05′–53°20′ N, 115°31′–126°04′ E) is a typical semi-arid grassland in Inner Mongolia, which is selected as the research area. It is located in the western part of the Greater Khingan Mountains. The topography is relatively flat, with an altitude of 650–700 m above sea level. Chernozem and Kastanozem are the main soil types in this region (Wu et al., 2014b). The study area is dominated by Aneurolepidium chinense, Stipa baicalensis, and Carex korshinskyi. The area experiences a temperate continental monsoon climate, and the mean annual precipitation is 339 mm, of which approximately 60% falls in summer (June to September). The average annual air temperature was –2.2°C from 1980 to 2010, and the intra-annual range was from –25.8°C in January to 19.3°C in July. Due to the low temperature in winter, the topsoil normally begins to freeze in mid-October and thaws in the following April.

In late September 2015, three sites with similar soil type, land use history and plant species were chosen to account for spatial heterogeneity in this region. At each site, plots were established in pairs, that was a long-term free grazing plot and a nearby enclosed plot (ungrazed since 2008). Before fencing in 2008, all sites had been continuously grazed with approximate 1–3 sheep unit hm–1 yr–1 over last decades according to local farmers. The free grazing plots were continually grazed when the soil was sampled. The distance between plots in each site ranged approximately 100–200 m. All the paired plots have the same soil type and similar physiographic conditions, including slope degree, altitude and topography. The average ground covers were about 40 and 85% for long-term grazing and enclosed plots, respectively. The location and the main characteristics of each site are shown in Supplementary Table 1. The dominant vegetation in three enclosed plots was Aneurolepidium chinense. The dominant species in free grazing plots were Carex pediformis and Stipa baicalensis. The average bulk density of 0–10 cm soil depth in enclosed plots and grazing plots was 1.13 g cm–3 and 1.19 g cm–3, respectively. The size of each plot was about 100 m × 100 m, and the internal plant community was investigated by the line transect method. In each plot, we selected three sampling subplots (1 m × 1 m) at a distance of 15 m along a random transect. Within each subplot, the surface litter was carefully collected and then the aboveground biomass was harvested by scissors. Subsequently, the root biomass was collected from 3 sampling points to a depth of 30 cm in the main rooting zone with a 5 cm diameter soil auger. Moreover, three replicate intact soil cores (15 cm inner diameter and 20 cm height) were collected from each sampling plot by PVC tubes (15 cm inner diameter of and 30 cm height, 3 sites × 2 treatments × 3 replicates = 18 in total) after removing surface vegetation and litter. The top 10 cm of the PVC tubes was left empty for the measurements of trace gas fluxes. The tubes were carefully driven into the soil in order to alleviate inside soil compaction. In addition, we also collected 21 intact soil samples (7 measurements with three replicates, Figure 1) in each plot with a soil sampler (5 cm diameter and 10 cm height, 3 sites × 2 treatments × 21 samples = 126 in total) for the continuous analyses of soil chemical and microbial characteristics during FTCs. The 18 intact soil cores and 126 soil samples were stored at a constant temperature of + 4.0°C in laboratory before the freeze-thaw experiments to allow the adaption of soil microbiome to cold temperatures.
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FIGURE 1. The dynamics of soil DOC (A), DON (B), NH4+-N (C), and NO3–-N (D) contents and microbial biomass C (E) and microbial biomass N (F) during FTCs (mean ± SE, N = 9). The gray areas indicate the freezing periods.




Freeze-Thaw Incubation Experiments

All incubation experiments were conducted in incubators (JYH-412F, Jiayu Instrument Co., Ltd., China), which can periodically adjust the temperature to simulate FTCs. In order to prevent the inside gas accumulation, a pump was used to mix together the inside air and the outside air. The external sidewall and bottom of each PVC tube were covered with 2.0 cm thick insulative material (Armaflex, Armacell GmbH, Münster, Germany) to mitigate the temperature fluctuations from sidewalls and bottoms. We set the beginning temperature at 5.0°C for 5 days to activate the microbes and to ensure stable GHG fluxes. Subsequently, three FTCs were stimulated to investigate the effect of livestock grazing on soil GHG fluxes during sequential FTCs. According to the field observations of the study area, the temperature in each cycle was set to –10°C for 7 days followed by + 5°C for the next 7 days. Using the sensors inserted through the 5 cm depth holes in the soil cores, the soil temperatures were recorded hourly with a data logger. The soil water content for all soil cores and samples was maintained at the same level as in the field. The average water-filled pore space (WFPS) of the grazing and enclosed plots was 41.6 and 47.8%, respectively. Considering that the soil water content would decrease due to evaporation during the experimental period, we weighed the soil cores and samples daily and compensated the lost weight by spraying deionized water on the soil surface.

The parallel incubation was conducted in the same time for the 126 soil samples that were used for the analysis of chemical and microbial characteristics. The concentrations of soil dissolved organic carbon (DOC) and nitrogen (DON), NH4+-N and NO3–-N, microbial biomass carbon (MBC) and nitrogen (MBN) were determined by the destructive harvesting of triplicate soil samples at day 3, 9, 16, 23, 30, 37, and 44 for GHG fluxes measurements throughout the entire incubation period.



Gas and Soil Analysis

Static chamber method was used to determine the soil N2O, CO2 and CH4 fluxes at daily resolution. The PVC tubes were sealed with stainless steel lids to enclose a headspace of about 1.8 L. Each lid was equipped with a circulating fan to completely mix the gas in the headspace and a rubber stopper was used for sampling gases. At 0, 10, 20, 30, and 40 min after the lid was closed, five 10 mL gas samples were collected from the headspace of chamber with gas-tight syringes. The gas samples were analyzed within 8 h using a gas chromatograph (Agilent 7890 A, California, United States). N2O was detected by electron capture detector, and CO2 and CH4 were detected by flame ionization detector. The DN-Ascarite and DN-CO2 methods described by Yao et al. (2010) were utilized for N2O analysis. The fluxes were calculated according to the change rate of the gas concentration in the headspace of enclosed chamber with time. When the valid measurement value of gas concentration was fewer than five times, or significant non-linearity was not detected, linear regression was used to calculate the fluxes. Otherwise, the non-linear model (Ct = k1/k2 + (C0 - k1/k2) × exp(-k2t), where C0 is the N2O concentration at the beginning of the enclosure, and k1 and k2 are the fitting parameters) proposed by Kroon et al. (2008) was used. The cumulative gas fluxes during each FTC and all three FTC periods were then calculated as the sum of daily fluxes.

The soil water content was determined by weight loss method and dried the soil samples at 105°C for 24 h. The soil pH was measured using a pH meter (PHS-25, Shanghai, China) with soil:water ratio at 1:5. The soil TN and SOC contents were determined using an automated C and N analyzer (Elementar, Hanau, Germany). Soil ammonium (NH4+-N) and nitrate (NO3–-N) were extracted from 20 g of fresh soil with 1 M KCl (soil: water = 1:5 w/v) and quantified colorimetrically using a flow injection analyzer (Seal AA3, Norderstedt, Germany). The MBC and MBN contents in the soil samples were measured using the chloroform fumigation-extraction method (Wu et al., 2014a).



Statistical Analyses

All data are presented as the mean and the standard error of the mean unless otherwise stated. The data were tested for normality (Kolmogorov-Smirnov test) and homogeneity (Levene’s test) before analysis. Pearson correlations and analysis of variance (ANOVA) of soil properties and GHG fluxes following the Student-Newman-Keuls (SNK) test were performed in SPSS 21 (IBM, Armonk, NY, United States). One-way ANOVA was performed to examine the effect of FTCs on the basis of the soil properties before and after the complete FTC experiment. Two-way ANOVA was conducted to test the effect of grazing, FTCs and their interaction on the fluxes of the three gases. In addition, one-way ANOVA was used to test the effect of grazing on the total cumulative fluxes of the three gases during the FTC experiment. Differences were considered statistically significant at P < 0.05. Scatter diagrams and bar plots were generated in OriginPro 2018 (Origin Lab Corporation, United States). The joint statistical analysis of the GHG fluxes and soil properties in the form of scatterplots and structural equation modeling was matched according to the same sampling time. The scatterplot matrix was mapped with scatterplotMatrix function in the “car” package using R3.4.3. Structural equation modeling (SEM) was used to examine the direct and indirect effects of grazing, FTCs and soil properties on the daily GHG fluxes. The structural equation models were constructed and analyzed using R3.4.3 with the sem.fit and sem.lavaan functions in the “lavaan” and “piecewiseSEM” packages.




RESULTS


Effect of Freeze-Thaw Cycles and Grazing on Plant and Soil Characteristics

The aboveground, litter and belowground biomass were significantly lower in the grazing treatments than in the enclosed treatments, but the soil bulk density in the grazing treatments was significantly higher (Supplementary Table 1). There was no significant difference in pH between the grazing and enclosed treatments. Soil DOC and DON were significantly lower (P < 0.05) in grazing treatments than those in enclosed treatments before the FTCs (Supplementary Table 2). However, the NH4+-N, NO3–-N, MBC, and MBN contents showed no significant differences between grazing and enclosed treatments before the FTCs. As shown in Figure 1, in the first FTC, the contents of DOC, DON, NH4+-N, NO3–-N, MBC, and MBN increased in both the freezing and subsequent thawing periods compared to those in the pre-incubation period, whereas in the second and third FTCs, the contents of the above soil chemicals declined during soil freezing but increased in the following thawing period. In general, after three consecutive FTCs, the contents of DOC, DON, NH4+-N, and NO3–-N were significantly increased in both the grazing and enclosed treatments (Table 1). The contents of MBC and MBN increased only slightly after three FTCs compared with those at the beginning of the experiment, and the changes were not significant.


TABLE 1. One-way ANOVA of the effect of FTCs on soil characteristics and microbial biomass carbon and nitrogen.
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Dynamics of N2O Flux During Freeze-Thaw Cycles and the Impact of Grazing

The daily N2O flux ranged from 0.10 to 114.87 μg N m–2 h–1 in the grazing treatments and from 1.04 to 127.80 μg N m–2 h–1 in the enclosed treatments during the whole incubation period (Figure 2). In the freezing periods, the N2O emissions were reduced compared to those in the pre-incubation period, and N2O emissions were substantially promoted in the three thawing periods. By comparison, the peak N2O emission value was relatively low in the first thawing period, was highest in the second thawing period and was lower in the third thawing period. In addition, during the three thawing periods, the daily N2O flux was lower in the grazing treatments than in the enclosed treatments. After three FTCs, grazing significantly reduced the total cumulative N2O flux by 13.3% (average 23.60 mg N m–2 in the grazing treatments and average 27.22 mg N m–2 in the enclosed treatments) (P = 0.020, Figure 3). Two-way ANOVA (Table 2) showed that FTCs had a significant effect on the daily N2O flux (P < 0.001); however, the effect of grazing was not significant (P = 0.284), nor was the interaction between grazing and FTCs (P = 0.512).
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FIGURE 2. The dynamics of soil temperature (A), N2O flux (B), CO2 flux (C) and CH4 flux (D) during three FTCs (mean ± SE, N = 9). The gray areas indicate the freezing periods.
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FIGURE 3. Total cumulative fluxes of N2O (A), CO2 (B) and CH4 (C) during three FTCs (mean ± SE, N = 9). Symbol “*” indicate significant differences (P < 0.05) and “**” indicate notable significant differences (P < 0.01) between grazing and enclosed treatments.



TABLE 2. Two-way ANOVA of the effects of FTCs, grazing and their interaction on soil N2O, CO2 and CH4 fluxes during FTCs.
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Dynamics of CO2 Flux During Freeze-Thaw Cycles and the Impact of Grazing

The range of the daily CO2 flux was 3.03∼68.72 mg C m–2 h–1 in the grazing treatments throughout the incubation period; among the enclosed treatments, the range was 2.07∼91.48 mg C m–2 h–1 (Figure 2). Similarly, the daily CO2 flux was quite low in frozen soils (< 15 mg C m–2 h–1) but significantly increased during thawing periods. The peak value of CO2 emissions occurred in the first thawing period, and CO2 emissions gradually declined with the sequence of FTCs. The daily CO2 flux was continuously lower in the grazing treatments than in the enclosed treatments in the three thawing periods. Grazing significantly reduced the total cumulative CO2 flux (by 14.6%), which was 19.7 g C m–2 in the grazing treatments and 23.09 g C m–2 in the enclosed treatments (P = 0.01, Figure 3). According to the two-way ANOVA (Table 2), FTCs had a significant impact on the daily CO2 exchange (P < 0.001); grazing and the interaction between FTCs and grazing also had significant impacts (P = 0.004, P = 0.048).



Dynamics of CH4 Flux During Freeze-Thaw Cycles and the Impact of Grazing

The flux of CH4 was consistently negative, meaning that CH4 was absorbed by the meadow steppe soil. In the grazing treatments and enclosed treatments, the CH4 flux ranged from –39.90 to –0.04 and from –49.39 to –0.13 μg C m–2 h–1, respectively, during the whole incubation period (Figure 2). The CH4 flux also decreased in freezing periods and increased when the soil thawed, while the peaks of the CH4 uptake rate gradually increased along the sequence of FTCs. The daily CH4 uptake in thawing periods was consistently lower in the grazing treatments than in the exclusion treatments. Consequently, compared to that in the exclusion treatments, the total cumulative CH4 uptake in the gazing treatments was significantly reduced, by 26.8% (11.40 mg C m–2 compared to 15.58 mg C m–2, P < 0.001, Figure 3). Two-way ANOVA indicated that FTCs, livestock grazing and their interaction effect all had significant impacts on CH4 uptake (Table 2, P < 0.001).



Effects of Grazing and Freeze-Thaw Cycles on Soil Properties and Greenhouse Gases Fluxes

In the scatterplot matrix (Figure 4), the correlation coefficients between soil chemical and microbial properties and the daily GHG flux are provided in the upper right corner, while the subfigures in the lower left show the smooth fitting curves between the two variables on the diagonal line. The correlations between soil properties and the daily N2O and CO2 fluxes were significant, but for CH4 uptake, the edaphic effects were not significant.
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FIGURE 4. Scatterplot matrix showing the Pearson correlation coefficients between the fluxes of N2O, CO2, and CH4 and soil characteristics during FTCs. The upper right half of the matrix shows the correlation coefficients. The superscript “NS” next to the correlation coefficient indicates non-significance (P ≥ 0.05); unmarked coefficients are significant (P < 0.05). The lower left half shows the scatterplots and smooth curves.


SEM showed that the FTCs had a significant positive effect on soil DOC and NO3–-N (r = 0.64, P < 0.001; r = 0.58, P < 0.001), thus stimulating the N2O flux (Figure 5A), but that grazing had a negative effect on soil DOC, NO3–-N and N2O fluxes. The standardized total effect of NO3–-N was the highest (Figure 5B), which suggested that soil NO3–-N dominated the variance in N2O exchange during the FTCs (r = 0.71, P < 0.001). FTe in grazing plots compCs significantly promoted CO2 emissions by increasing the soil DOC and MBC contents (r = 0.66, P < 0.001; r = 0.35, P < 0.001), while grazing had negative effects on CO2 emissions (Figure 5C). DOC and MBC were positive influencing factors on CO2 emissions (r = 0.28, P < 0.001; r = 0.25, P < 0.001), with DOC playing a more important role (Figure 5D). However, for CH4 uptake, the fitness index (RMSEA = 0.192) failed to meet the requirements of SEM (RMSEA < 0.08), indicating that the proposed soil chemical factors could not explain the variation in CH4 fluxes during FTCs (Figures 5E,F).
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FIGURE 5. Structural equation modeling (SEM) showing the effects of the combination of grazing and FTCs on soil chemical properties and GHG fluxes (sample size = 126). (A) SEM of N2O emissions, (B) standardized total effects on N2O emissions, (C) SEM of CO2 emissions, (D) standardized total effects on CO2 emissions, (E) SEM of CH4 uptake, (F) standardized total effects on CH4 uptake. The numbers on the arrows are the standardized path coefficients; a positive value represents a positive influence, and a negative value represents a negative influence. The “*” next to the path coefficient indicates the significant level of the path coefficient, *P < 0.05; **P < 0.01, ***P < 0.001. R2 indicates the explanation degree of response variables.





DISCUSSION


Effect of Grazing and Freeze-Thaw Cycles on N2O Fluxes

Our study detected the stimulation of soil N2O emissions during FTCs, which is consistent with the results of previous studies in various ecosystems, including grasslands (Wang et al., 2005; Yao et al., 2010), wetlands (Wang et al., 2013) and forests (Goldberg et al., 2010). The substantial enhancement of N2O emissions following soil thawing in the meadow steppe can be basically explained by several physical factors. First, the expansion of the WFPS leads to increased anaerobic volume, thus favoring N2O production through denitrification (Bollmann and Conrad, 1998; Yin et al., 2020). Second, it has been well documented that the N2O emission rate rises exponentially with soil temperature (Yao et al., 2010; Smith et al., 2018). In addition, when soil thaws, the substrate accumulated during the previous freezing period may activate N2O-producing soil microbes (Chen et al., 2021), which can be justified by the increased DOC and NO3–-N content induced by FTCs and the strong positive correlation between NO3–-N content and N2O emissions during FTCs. However, SEM showed that DOC had a weak negative effect on N2O emissions. Denitrification normally starts to occur at 60% WFPS and higher (Wu et al., 2020), thus leading to N2O emissions. DOC, as the carbon source for heterotrophic denitrifying bacteria, is widely considered to have a positive effect on N2O emissions when the denitrification process is dominant (Khalil et al., 2004). In this study, under WFPS levels from 41.6 to 47.8%, nitrification and denitrification may occur simultaneously and lead to N2O release; therefore, DOC did not show a significant effect on N2O emissions. Taken together, physical mechanisms and the variations in substrate supply are predominantly responsible for the increased N2O emissions during soil FTCs (Kim et al., 2012).

The total cumulative N2O emissions were significantly lower in the grazing treatments than in the enclosed treatments during FTCs. As long-term grazing will reduce the aboveground vegetation biomass, the resulting lower litter input into the soil will reduce soil nitrogen availability (Liu et al., 2015). Moreover, it has been revealed that long-term grazing will lead to NO3–-N leaching from soil more readily (Steffens et al., 2008). The lack of substrate may limit soil microbial nitrification and denitrification, thus reducing N2O exchange. This inference can be justified by the SEM result showing that grazing had a negative effect on N2O emissions through the mediating effect of DOC and NO3–-N. In addition, livestock grazing can increase the soil bulk density (Steffens et al., 2008), as confirmed in this study. Consequently, the relatively limited soil aeration may result in the reduction of N2O emissions under grazing conditions (Smith et al., 2018).



Effect of Grazing and Freeze-Thaw Cycles on CO2 Fluxes

In this study, the soil respiration rates were also markedly enhanced during FTCs, which agreed with the findings of previous studies on grasslands (Chen et al., 2019; Wu et al., 2020). The soil CO2 emissions were low in the freezing periods and high in the subsequent thawing periods. A strong positive correlation (r = 0.81) was observed because the soil microbial respiration rate is driven mainly by soil temperature (Wu et al., 2014a). In addition, during freezing periods, soil aggregates are covered by a thin film of ice that reduces gas diffusivity (Kim et al., 2012; Congreves et al., 2018) and thereby inhibits soil respiration. Upon soil thawing, the release of accumulated substrates can substantially stimulate microbial respiration (Wu et al., 2020). Correlation analysis and SEM revealed the significant impacts of soil DOC and MBC contents on CO2 fluxes during FTCs. Therefore, the physical conditions and increased DOC and MBC contents may explain the rising CO2 emissions during FTCs in meadow steppe soils (Kim et al., 2012; Wu et al., 2014a).

Similar to previous studies on meadow steppe soils (Wu et al., 2020), we found reduced total cumulative CO2 emissions in grazing treatments compared with those in enclosed plots during soil FTCs. One potential reason for this finding is that grazing had significantly reduced the aboveground and underground biomass (Supplementary Table 1), which in turn would cause a decline in soil labile carbon content as revealed by our results (Supplementary Table 2). These will reduce substrate availability for soil heterotrophic respiration (Yu et al., 2019). According to a global meta-analysis, heavy grazing leads to a 10.3% decline in soil organic carbon (Tang et al., 2019). SEM also confirmed that grazing can reduce CO2 emissions by negatively affecting soil DOC and MBC. Another possible reason could be the lower soil moisture in grazing plots compared to those in enclosed plots. It is well documented that the grazing-induced decrease in soil moisture could inhibit microbial activities, leading to reduced soil CO2 emissions (Savadogo et al., 2007; Tian et al., 2016).



Effect of Grazing and Freeze-Thaw Cycles on CH4 Fluxes

The soil CH4 flux was consistently negative during FTCs, confirming a previous finding that meadow steppes function predominantly as a sink for atmospheric CH4 (Chen et al., 2011). Similar to the CO2 and N2O fluxes, the soil CH4 flux was low during soil freezing and high during soil thawing, which was also observed in previous studies (Wu et al., 2014a). Soil-atmosphere CH4 exchange is controlled by two opposite biological processes: methane oxidation induced by methanotrophs and methanogenesis induced by methanogens (Holst et al., 2008). However, because methanogens live mainly under anaerobic conditions, methanogenesis was considered negligible in this study. The CH4 exchange in frozen soil was restricted mainly by low gas diffusivity, substrate availability and soil microbial enzyme activity (Chen et al., 2011; Smith et al., 2018). During soil thawing, the rising temperature and increased soil water availability have a strong stimulatory effect on CH4-oxidizing microbes, therefore increasing CH4 uptake in meadow steppes (Wu et al., 2010). The correlation analysis did not find a significant correlation between the contents of DOC, DON, MBC, or MBN and CH4 fluxes during FTCs in our study area. Therefore, we recommend further research to identify additional potential factors that may drive microbial processes related to soil CH4 oxidation during FTCs.

Compared to that in the enclosed treatments, the total cumulative CH4 uptake in the grazing treatments was significantly lower during the three FTCs. This may be partly attributed to the lower soil gas diffusivity caused by animal trampling, since the availability of substrate gases (O2 and CH4) is essential for the soil microbial CH4 oxidation process (Liu et al., 2007). Moreover, the biomass of CH4-oxidizing bacteria may be lower in long-term livestock grazing sites due to the reduced carbon inputs from plants (Tracy and Frank, 1998). Considering that many soil characteristics can be markedly changed by grazing through herbivore species selection, plant rhizosphere exudation and animal excreta deposition (Clegg, 2006) but that only a few soil characteristics were measured in this study, the potential causes of the difference in CH4 uptake between grazed and enclosed grasslands during FTCs have not yet been fully explained.




CONCLUSION

The results of our incubation experiments demonstrated that livestock grazing and soil FTCs had significant effects on soil-atmosphere exchange of GHGs in meadow steppes in Inner Mongolia. Although soil FTCs could substantially stimulate soil N2O and CO2 emissions and CH4 uptake, long-term grazing significantly reduced the cumulative N2O, CO2 and CH4 fluxes by 13.3, 14.6, and 26.8%, respectively, during the entire experiment. SEM revealed that the increase in NO3–-N induced by FTCs dominated the variance in N2O emissions and that DOC strongly affected CO2 emissions during thawing periods. These results suggest that the increase in substrate availability induced by FTCs can largely explain the increase in GHG fluxes. Moreover, long-term grazing reduced soil substrate availability and microbial activity and increased soil bulk density, which in turn decreased the cumulative GHG fluxes during FTCs. Therefore, our results suggested that the combined effect of grazing and FTCs should be taken into account for accurately estimating regional GHG budgets in meadow steppes.
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Climate change endangers food security worldwide, especially in developing countries. Livestock husbandry is one of the essential livelihoods for farmers and herders in remote arid and semiarid regions. However, it remains unclear how climate change will impact livestock husbandry in the future. This study collected sheep and goat distributions from the “gridded livestock of the world” (GLW) dataset for 1943 counties in Mainland China. Current climate data include precipitation and temperature from the National Meteorological Information Center (NMIC). We disentangled the effects of precipitation and temperature on current distributions of sheep and goats with the Bayesian Hierarchical Model by Integrated Nest Laplace Approximation (INLA). Further, we forecasted the potential sheep and goat distributions in 2030 and 2050 under Coupled Model Intercomparison Project (CMIP) scenarios. Our result showed that sheep distribution is significantly correlated with elevation, slope, market density, and highway distance, with absolute correlation coefficients ranging from 0.019 to 0.411. In addition to elevation, slope, and market density, goat distribution is also affected by gain production, with a correlation coefficient of 0.055. There is a dynamic correlation of temperature and precipitation with sheep and goat density. The sheep density distribution is predicted to increase in Northwest China, while the goat density distribution might increase in farming areas under climate change. Finally, this study suggests for the sheep and goat breeding industry to respond to climate change.
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1 INTRODUCTION
Climate change threatens human society in the 21st century, especially on food security globally (Nemani, et al., 2003). China is the largest developing country in the world. Ensuring food provision safety is one of the most crucial issues the Chinese government faces (Zhang, et al., 2016). As reported, the per capita consumption of animal food, including mutton, milk, eggs, and beef, has increased by 160% in China, relative to the beginning of ‘Reform and Opening up’ (Han, et al., 2020). Climate change is another threat to China, where the warming rate is about twice the global average, and the flooding and droughts are becoming more frequent recently (Qian and Zhu, 2001). Livestock husbandry is important in food security and sustainable supply, especially under climate change. Therefore, it needs to disentangle, evaluate, and predict how climate change will affect livestock husbandry in the future.
Identifying and quantifying the climate effects on sheep and goat distributions is a hot topic in recent research. The standard Ricardian model is widely used to investigate climatic influences on agriculture (Mendelsohn, et al., 1994; Wang, et al., 2014; Gbetibouo and Hassan, 2005). Numerous studies have revealed how agricultural production responds to climate change (Thornton and Herrero, 2015), with much emphasis on decadal and interannual climate variability (Marumbwa, et al., 2019) and climate extremes (Moustakis, et al., 2021). Some studies have investigated the impacts of climate change on grassland degradation at the county scale (Gao, et al., 2010). A few studies also focused on the effects of extreme weather, such as snowstorms and droughts, on livestock production (Liu and Wang, 2012). However, it is hard to predict livestock distribution precisely under changing climate.
Several approaches, including linear regression (Leta and Mesele, 2014a), geographically weighted regression (GWR) (Velado-Alonso, et al., 2020), and Bayesian modeling (Rinella, et al., 2011), are developed for spatial simulation in agricultural studies. However, such data-driven methods cannot well address spatial correlations in agricultural systems (Homburger, et al., 2015). Failure to account for spatial uncertainty violates the assumption of independent and identically distributed data and may lead to biased model estimates (Anselin, 2001). Therefore, it is essential to explore uncertainties in spatial modeling to ensure that the final results are reliable (Rong, et al., 2017). Various uncertainties have been contributed to spatial models, input data, and analytical errors (Chen, et al., 2014; Heuvelink, et al., 2006; Nelson, et al., 2011). However, few studies highlight the uncertainty and potential drivers for sheep and goat distributions for sustainable policy-making (Illian, et al., 2013).
Bayesian statistics have been successfully used to explore the uncertainty in spatial modeling (Liang, et al., 2016; Williamson, et al., 2020). Simulation-based approaches such as Markov Chain Monte Carlo (MCMC) simulation are common to obtain the posterior distribution of model parameters (Taylor and Diggle, 2014). However, MCMC is computationally intensive and time-costing. The integrated nested Laplace approximations method (INLA) offers a simple way to compute complicated data across hierarchical scales (Huang, et al., 2017) and explore spatial correlation problems. That is because INLA can construct flexible fields by using stochastic partial differential equations (SPDE) to handle complicated-structured spatial data (Huang, et al., 2017).
This study proposes a hierarchical spatial framework fitted with SPDE and a dataset with sheep and goat distributions of 1943 counties in Mainland China. We aim to identify how climate drivers affect sheep and goat distributions along with social-economic variables. Further, we predict the possible distribution of sheep and goats in China under climate scenarios in 2035 and 2050. Our findings are expected to guide livestock husbandry development and help make climate adaptation and mitigation policies.
2 MATERIALS AND METHODS
2.1 Study Area
This study covered 1943 counties in Mainland China. In 2002, per capita mutton consumption reached 1.91 kg in China, surpassing Organisation for Economic Co-operation and Development (OECD) countries (Figure 1). The mutton industry development plays a vital role in improving residents’ dietary structure, increasing farmers’ income, and ensuring livestock production and supply. In 2020, there were 0.133 billion for goats and 0.173 billion for sheep in China (Supplementary Figure S1). Sheep mainly distributes in Inner Mongolia (26.92%) and Xinjiang Uygur Autonomous Region (22.83%), while goats in Inner Mongolia (12.26%), Sichuan (10.32%), Henan (10.22%), and Yunnan (8.31%) (see more details in Supplementary Figure S2).
[image: Figure 1]FIGURE 1 | Mutton consumption trend in Global, China, and OECD countries.
2.2 Data Collection
Previous research (Gowane, et al., 2017; Sejian, et al., 2017) shows that climate, especially temperature and precipitation, significantly affects sheep and goat growth, development, and breeding. Therefore, we employed precipitation and temperature as primary explanatory variables for sheep and goat distributions across Mainland China. In addition, geomorphic factors including elevation and slope (Gong, et al., 2017), market factors in terms of market access, density, and influence indices (Mu, et al., 2017), and grain production, as well as grassland area (Aby, et al., 2014), were also considered (Table 1).
TABLE 1 | Summary of environmental and response datasets used in Bayesian Hierarchical Model.
[image: Table 1]The dependent variable was sheep and goat density in each county, which was derived from the “gridded livestock of the world” dataset (GLW) (Gilbert, et al., 2018). We validated the GLW data for each county with statistic records from Agricultural Bureaus at province and prefecture levels. The result shows that the GLW dataset matched well with statistic records (R-squared: 0.945, RMSE: 23.83, Supplementary Figure S3, Supplementary Table S1). Then, we calculated the mean density of sheep and goat, respectively, for each of the 1943 counties in Mainland China, for further analyses.
Climate data were collected from National Meteorological Information Center (NMIC), China Meteorological Administration (CMA). Yearly temperature and precipitation records of over 800 meteorological stations across China were downloaded. We interpolated annual precipitation and temperature into rasters with a 1 km spatial resolution using the Kriging method with ArcGIS 10.8 (see isolines in Figure 2). Finally, we extracted climate data for each county to match with other explanatory variables.
[image: Figure 2]FIGURE 2 | Sheep (A, B) and goat (C, D) density distributions with sum precipitation (A, C) and accumulative temperature isolines (B, D) in China.
Geomorphic factors are also seriously considered in sheep and goat distributions modeling because they can affect the combination of available water, light, and heat, and indirectly limit plant settlement, sheep growth, and breeding (Gong, et al., 2017; Sholagberu, et al., 2017). Exactly, we calculated each county’s mean elevation and slope based on digital elevation model (DEM) data from moderate resolution imaging spectroradiometer (MODIS). Land cover can also affect sheep and goat distributions (Qian, et al., 2012). So, we also calculated the grassland area for each county, according to China’s National Land Use/Cover Dataset (NLCD).
Market factors are also important in livestock distribution (Mu, et al., 2017; Ou and Mendelsohn, 2017). We used the dataset of Verburg (2011), which includes market access, market density, and market influence, to assess the market influence on sheep and goat distributions (Verburg, et al., 2011). Such data can jointly represent market strength and accessibility and are widely used to highlight market influences in recent studies (Sloat, et al., 2018). Finally, we resampled and averaged the three market indices and for each of the 1943 counties.
Further, the mean distance of highways within each county was calculated as another economic-social factor. Eco-economic policies can significantly affect sheep and goat husbandry (Hu, et al., 2019). We collected all policies related to sheep and goat husbandry proclaimed by the government at all levels. We evaluated different weights to calculate the policy index according to the effectiveness of different-level policies in different counties (Formula 1).
[image: image]
where [image: image], [image: image], and [image: image] indicate the weight of different policy levels from the county, province, to the whole country.
Finally, we employed the grain production for each county to assess the feed supply ability based on a previous study. Thus, we calculated the county spatial mean for all variables we collected and correlated into the county by the ArcGIS 10.8.
This study also predicted sheep and goat distributions under different climate change scenarios. The sixth phase of Coupled Model Intercomparison Project (CMIP6) was used in this study. Exactly, we employed the future scenarios, including SSP1-2.6, SSP2-4.5, and SSP5-8.5 (Supplementary Table S2). The SSP1-2.6 scenario represented the low ending range of future scenarios measured by its radiative forcing pathway. This scenario will produce a multi-model mean of significantly less than 2.0°C warming by 2,100; thus, it could support the 2.0°C temperature rise target study. The SSP2-4.5 scenario considers a medium stabilization scenario, while the SSP5-8.5 was a scenario that stabilizes radiative forcing at 8.5 Wm2 in 2,100 and is regarded as a high radiative forcing scenario.
2.3 Analyses
We employed the Bayesian hierarchical model to estimate the spatial distributions of sheep and goats, respectively, across 1943 counties in China. Parameter estimates and marginal posterior probability distributions were obtained by using the integrated nest Laplace approximation (INLA) approach. In this study, weakly informative penalized-complexity priors were generated for all regression coefficients (fixed-effect parameters) and hyperparameters. Sheep and goats distributed in nearby regions were often exposed to similar social environments and climate conditions. We used the INLA-SPDE approach to deal with spatial covariance among explanatory variables. The residual errors may reflect the influences of unmeasured or unmeasurable predictors that vary across space. The potential Bayesian hierarchical spatial framework (Morris, et al., 2019) is used to calculate sheep and goat distributions below (Formula 2).
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where the response variable [image: image] is the density of sheep or goat at the county [image: image], [image: image] is a linear combination of fixed covariates, and [image: image] is the corresponding coefficient vector.[image: image] denotes the spatial random fields which correlated with climate factors. And [image: image] is the spatial measurement effect by SPDE. In our study, all the covariates are measured by the logarithm form. It is noted that the random fields [image: image] could be adopted to compensate unavailable or unobserved external factors not included in our model, and [image: image] could also be used to capture spatial correlation components.
The spatial effect was assessed by fitting the model with and without random effects. An information criterion based on the most significant length of the triangle edge was used to solve the trade-off. Exactly, we employed the Deviance Information Criterion (DIC) and Watanabe-Akaike Information Criterion (WAIC) to compare the performance of various candidate models (Sutanto et al., 2021). The model with the smallest value of WAIC is preferred as it achieved the most combination of fitness and parsimony.
It is common to split data into training and validation sets, especially with predictive modeling purposes applied in empirical analysis. This study employs K-fold cross-validation to determine if the model correctly estimates the observed data (Wong and Yeh, 2019). The procedure has a single parameter called k that refers to the number of groups that a given data sample is grouping. We conducted a 10-fold cross-validation experiment by randomly removing 10% of the county in 10 independent estimates, respectively (Supplementary Material S5). These accuracy criteria reflect that the prediction in this study based on the INLA approach is maintained accuracy in both sheep and goat distributions estimation. Besides, the Pearson’s correlation coefficient and concordance correlation coefficient indicate that the prediction in this study is valid. The outcomes show that the model predicts better than chance alone (Table 2).
TABLE 2 | Result of the statistical evaluation obtained using 10-fold cross-validation. AUC: area under curve. RMSE: root mean square error. ME: mean error. cor: Pearson’s correlation coefficient. CCC: concordance correlation coefficient.
[image: Table 2]These accuracy criteria reflect that the prediction in this study based on the INLA approach is maintained accuracy in both sheep and goat distributions estimation. Besides, the Pearson’s correlation coefficient and concordance correlation coefficient indicate that the prediction in this study is valid. Further, an Area Under Curve (AUC) > 0.5 indicates that the model predicts better than chance alone. The AUC for the validation dataset is 0.792 for goats and 0.917 for sheep.
3 RESULTS
3.1 Fixed Effect Covariates
The mean posterior coefficient of the fixed effect covariates is presented in log-odds and signifies the estimated response to a one standard deviation change in the sheep and goat distributions when all other variables are held constant. Fixed effect coefficients and 95% credible intervals for covariates are provided in Table 3. Both sheep and goat distributions were influenced significantly by geomorphic factors. As expected, a significant association is observed between elevation and both sheep and goat distributions in China. For a one standard deviation increase in elevation, the expected change in goat density log odds is 0.291, and sheep density log odds is 0.223. Further, for a one standard deviation decrease in the average slope of each county, the expected change in goat and sheep density log odds is 0.321 and 0.411, respectively.
TABLE 3 | Posterior estimates (mean, St. Dev., quantiles) for fixed effects in sheep and goat distributions (abbreviation same as Table 1).
[image: Table 3]Both goat and sheep density distribution were also positively affected by market density (Tables 3). An increase in one standard deviation in market density might increase 0.038 and 0.036 in log-odds for goat and sheep density, respectively. The developed social-economic condition might restrict sheep distribution by comparative industrial advantage for the county with a higher market influence index. Grain production has a significant positive connection with goat density, while for one standard deviation increase, the expected change in goat density log odds is 0.055. For sheep husbandry, sheep breeding activity might be more suitable for areas where have lower highway density. For one standard deviation decrease, the expected change in sheep density log odds is 0.019.
3.2 Random Effects and Hyperparameters
The spatial model component shows how the spatial and climate affect odds of sheep and goat density distribution. The spatial random effect indicates a significant amount of spatial variation in both sheep and goat density distribution (Figure 3). The spatial random effect indicates a significant spatial variation in the sheep and goat density across China. Higher random effect located in the North and North-west of China for the sheep density. Meanwhile, an intensive spatial effect focused on the farming area, including the North China Plain and southwest China, for goat density.
[image: Figure 3]FIGURE 3 | Spatial random effect (A, C) and standard deviation (B, D) of sheep (A, B) and goat (C, D) distributions.
The marginal distribution of scale parameter, variance parameter of the random field, and the practical range are shown in Table 4. The variance of the spatial effect showed a relatively wide posterior distribution, indicating that the variability in sheep and goat density to location is high. The posterior mean of the spatial correlation range was 618.69 km for sheep and 642.89 km for goats. These ranges indicate the approximate distance between counties where sheep and goat density distribution could be considered correlated. The ratio of range parameter indicates the moderation of spatial autocorrelation of sheep and goat density. Further, the uncertainties of these parameters are minor, indicated by their standard deviation and quantiles in Table 4.
TABLE 4 | Posterior estimates (mean, St. Dev., quantiles) for random effects on sheep and goat distribution.
[image: Table 4]Finally, Figure 4 reflects the impact of precipitation on sheep and goat density distribution in China. The precipitation might affect sheep distribution dynamically. The summit effect concentrates on around 400 mm annual precipitations, which means that the sheep husbandry industry in China might have an optimal area correlated with precipitation. This could explain the spatial sheep distribution centralized on the North China Plain and Inner Mongolia Plateau and the other regions with proper climate environment. There is a more sensitive effect for temperature on goats distribution than sheep (Figure 4), and a higher annual cumulative temperature could be more favorable for goats relative to sheep husbandry.
[image: Figure 4]FIGURE 4 | Annual precipitations effect on sheep distribution (A). Annual accumulated temperature effect on sheep distribution (B). Annual precipitations effect on goat distribution (C). Annual accumulated temperature effect on goat distribution (D). The shaded area represents the 95% credible interval. Prediction of sheep and goat density under climate change.
Figures 5, 6 presents the predicted density distribution change of sheep and goats in 2035 and 2050 in China under different climate scenarios. Figure 5 highlights the area at sheep density distribution change of climate change in various climate change scenarios. The maps show where the model predicts sheep density distribution change over the next 15 and 30 years. Climate change would intensify the sheep distribution in Northwest China, especially Xingjiang, Gansu, and Inner Mongolia (Figure 5). The sheep might be decreased based on the climate change under upon North-East of Qinghai province, and sector of Huabei areas to some extent. Compared with the altered sheep distribution, the goat might be more stable under climate change. The goat would concentrate on the North China Plain and South-West area of China. For goat husbandry (Figure 6), the increased space is located in Liaoning province, Hunan province, and Jiangsu province where local goat breeding, including Liuyang Black goat, White fuzz goat of Liaoning, and Haimen goats, is developed.
[image: Figure 5]FIGURE 5 | Forecast sheep density distribution change under SSP585 (A), SSP245 (B), and SSP126 (C) scenario.
[image: Figure 6]FIGURE 6 | Forecast goat density distribution change under SSP585 (A), SSP245 (B), and SSP126 (C) scenario.
4 DISCUSSION
4.1 Climate Effect on Sheep and Goat Distributions
Climate factors, including precipitation and temperature, are the key to analyzing and predicting sheep and goat density distribution, an association that has been observed in many studies to date (Anya, et al., 2013). A vast amount of literature has concentrated on examining the mutual influences between climate environment and animal husbandry behavior (Batsuuri and Wang, 2017; Duricic, et al., 2019; Petit and Boujenane, 2018; Sloat, et al., 2018). Several mechanisms operate concurrently to the advantage of sheep and goat distributions at moderate climate conditions (Stanimirova, et al., 2019).
Precipitation affects sheep husbandry dynamic; this is consistent with studies on a country level, and global scale agrees with animal experiments (Duricic, et al., 2019). A potential explanation is that grassland and feed supply are affected by precipitation (Derbile and Kasei, 2012). The specific precipitation conduct suitable moisture for sheep growth, decreasing the risk of epidemic disease (Rinaldi, et al., 2015). High humidity might increase the probability of blight and other diseases in sheep growth (Qamar, et al., 2009). The optimal annual precipitation is about 400 mm, which could hold the moisture for livestock grazing. The East of Inner Mongolia and North-East China might decrease the sheep husbandry scale upon climate change (Wang, et al., 2021).
For goat husbandry, a higher annual accumulated temperature could positively affect goat production in a particular range. The most suitable environment temperature range for goats is 5–25°C (Joyce, et al., 1966). When the environment temperature exceeds 25°C, the goat’s body temperature will rise, and their forage intake will decrease (Moustakis, et al., 2021). The high temperature will adversely affect goat growth, such as heat stress and disease risk (Godde et al., 2020; Havlik et al., 2014).
Climate is forecasted to be warmer and wetter with shifting precipitation spatiotemporally soon in China. Therefore, it becomes urgent to analyze the variation of sheep distribution response to precipitation change and formulate sustainable and adaptive policies on animal products industry regulation. Our study confirmed that such a variety of sheep and goat distributions responses to climate change is heterogeneous at the county level. Sheep distribution sensitivity varies along with precipitation values (Castillo, et al., 2021; Epps, et al., 2004). The effect of precipitation on sheep distribution is positive around precipitation of 400 mm. This might be because ecosystems in arid and semiarid areas are fragile.
Further, an excessively high rainfall scale would not help sheep grow and feed. In the spatial realm, sheep husbandry is located in the North China Plain and Inner Mongolia Plateau, within precipitation of 400 mm. The sheep husbandry might be adversely affected by climate change in the north of Qinghai and the east of Inner Mongolia, likely due to increasing precipitation trends (Figure 5). However, the areas of northwest China might benefit sheep husbandry because of the increasing trend of precipitations, where there are significant advances in soil moisture and livestock grazing. The forecasting of goats distribution alter in China is more stable compared with sheep husbandry. There is no significant change in pasture areas in China. The increased trend concentrates on the areas which maintain the breeds of advantages, including Jiangsu, Hunan, and Liaoning province. The adaptability of the goat could explain this trend. Further, goat husbandry might be developing in the south of China, which mountainous region upon grassland.
4.2 Importance of Geomorphic and Social-Economic Factors in Sheep and Goat Distributions
Classic industrial economic models posit a substantial assumption in agricultural spatial distribution with livestock distribution with traffic, social-economic, and natural conditions (Behnke, et al., 2008). As expected, a significant association is observed between traffic conditions and sheep distribution in China. A higher average highway density not only means better transportation conditions but also presents a higher population density. The sheep husbandry has to move into areas far away from the city to maintain the profit. This finding agrees with the classic agricultural location theory (Dawkins, 2003). Compared with other agricultural industries, sheep husbandry might need to be located in areas with an inexpensive cost for higher marginal profits. Grain production posts a strong positive effect on goat husbandry. A potential explanation is the feeding structure of China, which is focused on grain straw (Liu, et al., 2008). This finding might partially explain the concentrated trend of goat husbandry in the North China Plain. The household could feed the goats with straw, as the by-product of grain crops, with a lower marginal cost.
Second, our fitting model partially agrees with (Leta and Mesele, 2014b) that market influence is a critical accelerate factor for sheep husbandry. This study found that market density is the key market factor for both sheep and goat distributions in China’s mainland, which the index combines the effect of market accessibility, per-GDP, and population density. This might explain the concentration on the North China Plain in sheep and goat distributions for Shandong and Henan province in China. Because these areas were located in high population density areas, they require a large scale of sheep consumption demand.
Third, we found that geographic factors are critical for both sheep and goat husbandry in China. Geomorphic features, including slope and elevation, affect sheep and goat husbandry significantly, being consistent with (Dwyer, 2009). High elevation areas with flat terrain are more suitable for sheep and goat husbandry in China. The sheep and goat both require suitable geographic and geomorphic conditions. Further, it is noticeable that the fixed effect of slope on goats is lower than sheep, which means that sheep husbandry might be more sensitive to geomorphic change. It could be supported by recent animal science literature that compared to sheep, goat is more adaptive in mountainous and hilly regions (Raoult, et al., 2021).
4.3 Policy Implication and Limitation
Differences in climate effect on sheep and goat husbandry call for resilience-enhancing actions that are region-specific and context-specific and guided by principles of equity and fairness. Most urgent are actions and investment for counties that faced compound climate risk across livestock husbandry outcomes, requiring a transformative change to reduce the negative effect of climate change. For example, there might be a tremendous demand for fodder with the alter of sheep and goat density distribution under climate change. The government needs to balance grain security and protein supply to ensure the fodder supply and promote the livestock husbandry industry. Also, sheep distribution prediction under different climate scenarios indicates the vast increase of sheep breeding stock in the northwest of China, with many livestock pollutants to challenge the local ecological carrying capacity. We need to focus on the balance between the ecology effect and livestock pressure. Through the accurate acquisition of livestock waste information, we can adjust herd sizes, use precise grazing, and apply knowledge and lessons learned from ecological livestock breeding. Further, the possible distribution of sheep and goats demands a better mechanism for preventing and controlling animal epidemics and increasing the investment for animal epidemics monitor and warning, enhancing the technology application on animal epidemics prevention. Finally, effort should also be made to promote the breeding management ability of the livestock breeding operators, improve people’s livelihoods, and coordinate the development of regional economies.
Although we have developed a reliable model for predicting sheep and goat distributions under climate change, this study has several limitations. The GLW dataset in China still limits our predictive ability in small areas. As a result, some counties with large acreage may be underrepresented vs. counties with tiny areas in some variables. This study incorporated several environmental and social-economic covariates known to be associated with sheep and goat distributions. However, our results showed a strong spatial effect, the cause of which is undetermined in the present analysis. Future studies could add more other social and cultural determinants. The market effect is the key to livestock husbandry and grazing distribution. Therefore, we limited the model to data that could be readily available and most relevant to sheep and goat distributions.
5 CONCLUSION
We investigated the sheep and goat distributions in China and estimated the spatial factor in sheep and goat distributions using the Bayesian hierarchical model with the INLA approach. The findings of this study reveal that the sheep density distribution is highly correlated with elevation, slope, market density, and Highway distance, with absolute correlation coefficients ranging from 0.019 to 0.411. In addition to elevation, slope, and market density, goat distribution is also affected by gain production, with correlation coefficient of 0.055. For precipitation factors to sheep distributions, with a non-linear and dynamic effect, proper annual precipitation around 400 mm would produce a higher positive effect with sheep production. For temperature factors to goat distributions, a higher accumulated temperature means a positive impact on goat husbandry. To predict sheep distribution under climate change by CMIP6, we found the sheep density distribution might be an increase in the northwest of China, and the goat density distribution might increase in farming areas. Based on our comprehensive analysis of sheep and goat distributions in China, in light of the climate effect on sheep and goat density distribution, this study offers several policy suggestions for the sheep and goat breeding industry to respond to climate change.
Further, we forecasted the potential sheep and goat distributions in 2030 and 2050 under Coupled Model Intercomparison Project (CMIP) scenarios. Our result showed that sheep distribution is significantly correlated with elevation, slope, market density, and highway distance, with absolute correlation coefficients ranging from 0.019 to 0.411. In addition to elevation, slope, and market density, goat distribution is also affected by gain production, with correlation coefficient of 0.055. There are dynamic correlation of temperature and precipitation with sheep and goat density. The sheep density distribution is predicted to increase in Northwest China, while the goat density distribution might increase in farming areas under climate change. Finally, this study suggests for the sheep and goat breeding industry to respond to climate change.
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The source park of the Yellow River (SPYR), as a vital ecological shelter on the Qinghai-Tibetan Plateau, is suffering different degrees of degradation and desertification, resulting in soil erosion in recent decades. Therefore, studying the mechanism, influencing factors and current situation of soil erosion in the alpine grassland ecosystems of the SPYR are significant for protecting the ecological and productive functions. Based on the 137Cs element tracing technique and machine learning algorithms, five strategic variable selection algorithms based on machine learning algorithms are used to identify the minimal optimal set and analyze the main factors that influence soil erosion in the SPYR. The optimal model for estimating soil erosion in the SPYR is obtained by comparisons model outputs between the RUSLE and machine learning algorithms combined with variable selection models. We identify the spatial distribution pattern of soil erosion in the study area by the optimal model. The results indicated that: (1) A comprehensive set of variables is more objective than the RUSLE model. In terms of verification accuracy, the simulated annealing -Cubist model (R = 0.67, RMSD = 1,368 t km–2⋅a–1) simulation results represents the best while the RUSLE model (R = 0.49, RMSD = 1,769 t⋅km–2⋅a–1) goes on the worst. (2) The soil erosion is more severe in the north than the southeast of the SPYR. The average erosion modulus is 6,460.95 t⋅km–2⋅a–1 and roughly 99% of the survey region has an intensive erosion modulus (5,000–8,000 t⋅km–2⋅a–1). (3) Total erosion loss is relatively 8.45⋅108 t⋅a–1 in the SPYR, which is commonly 12.64 times greater than the allowable soil erosion loss. The economic monetization of SOC loss caused by soil erosion in the entire research area was almost $47.90 billion in 2014. These results will help provide scientific evidences not only for farmers and herdsmen but also for environmental science managers and administrators. In addition, a new ecological policy recommendation was proposed to balance grassland protection and animal husbandry economic production based on the value of soil erosion reclassification.
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INTRODUCTION

The Qinghai-Tibetan Plateau is acknowledged as the “Third Pole” and has received an increasing attention toward ecological and environmental concerns (Yao et al., 2012; Madsen, 2016). The source park of the Yellow River (SPYR), located in the North-Eastern range of the Qinghai-Tibetan Plateau, is a dynamic ecological shelter and is one of the most vulnerable ecological zones in the world (Meng et al., 2016). Because of the conservation of water bodies and provision of water resources to both communities and adjacent areas, the SPYR is recognized as the “Water Tower of the Yellow River” (Ge et al., 2018; Wu et al., 2018). The main part of the SPYR is covered by alpine grassland. The alpine grasslands in the SPYR not only plays an exceptional role in ecological functions such as water conservation, biodiversity protection, and carbon fixation (Harris, 2010), but also play critical roles in livestock production, representing the main sources of income for local pastoralists. However, nearly 90% of this alpine grassland suffers different degrees of degradation and desertification due to climate change, global warming and anthropological activities (Evans, 2005; Fassnacht et al., 2015; Mariano et al., 2018). Portions of the grasslands are experiencing moderate and severe degradation, 40.8 and 17.58%, respectively (Miehe et al., 2019) and a direct soil erosion is also resulted in recent decades (Yao et al., 2016). This erosion not only reduces soil fertility and pollutes water resources but also responsible for sediment accumulation, river obstructions, downstream flooding and flow patterns (Evans et al., 2017). Consequently, exploring the mechanism, influencing factors, and current situation of soil erosion in the alpine grassland ecosystems of the SPYR is significant for protecting the ecological and productive functions.

Soil erosion is a complicated process that depends on soil properties, ground slope, vegetation, freeze/thawing, wind erosivity, and rainfall/precipitation volume and intensity (Li et al., 2018; Zhang et al., 2019). Soil erosion research is generally conducted by field observations (Mhazo et al., 2016; Li et al., 2018; Zeng et al., 2018), tracer studies (Jia et al., 2016; Wang et al., 2017), experimental operations (Zhang et al., 2019) and soil erosion simulations (Konz et al., 2012). 137Cs is an anthropogenic radioisotope, which has been widely used to quantify soil erosion at the Spatio-Temporal scale, and to calibrate or validate the erosion models (Li et al., 2021). Conventional experimental methods can be easily applied to small-scale studies, such as research at the patch scale and slope scale (Bakker et al., 2005), and the results help to investigate the potential occurrence of soil erosion (Teng et al., 2018). However, traditional experimental methods are labor-intensive, expensive, and difficult to apply in large-scale research (Efthimiou, 2018). Therefore, model simulation is a convenient method for studying large-scale soil erosion and is commonly applied in such research fields (Abdelwahab et al., 2018; Starkloff et al., 2018). The earliest soil erosion model [the universal soil loss equation (USLE)] was established by Wischmeier and Smith (1958). It is widely reported that erosion plot data collected in United States have been used to develop and calibrate the Revised Universal Soil Loss Equation (RUSLE), which was further used to estimate global soil erosion (Doetterl et al., 2012; Prasannakumar et al., 2012), and it can provide valuable input for the SPYR as well as China, based on the challenge of sustainable grassland resource uses. In addition, various physical models of soil erosion processes have also been established in recent years, including the Water Erosion Prediction Project (WEPP) model (Kinnell, 2017), Revised Wind Erosion Equation (RWEQ) (Teng et al., 2021), European soil erosion model (EUROSEM) (Veihe et al., 2001), Limburg soil erosion model (LISM) and soil erosion model of Mediterranean regions (SEMMED) (De Jong et al., 1999). However, these models are derived from specific scientific concerns and applicable to certain regions. The factors related to the specific alpine grassland grazing ecosystem of the SPYR in the Qinghai-Tibetan Plateau, such as freeze/thaw cycles, grazing-induced erosion (Evans, 2005; Lin et al., 2008), wind erosion, and human activities, have not been considered in the soil erosion process (Gourfi et al., 2018). Therefore, it is unreasonable to use these models in the present study because they may cause the prediction results to be biased or inaccurate for this region.

With the development of “3s” technologies [geographic information system (GIS), remote sensing (RS), a global positioning system (GPS)], it is possible to identify comprehensive environmental variables to characterize soil erosion (Gholami et al., 2018). Thus, a comprehensive set of soil erosion variables can be integrated, including meteorological, soil, topography, vegetation, and management variables. A strategic variable screening process was developed to avoid redundancy and collinearities between variables to determine the minimal-optimal set for developing simulation models by a machine learning algorithm (Xiong et al., 2014). A machine learning algorithm is a process used to fit a model to a dataset through training or learning (Willcock et al., 2018). Many types of machine learning algorithms have been used extensively in determining soil characteristics, such as soil organic carbon (SOC), soil nutrient content, and soil parent material (Heung et al., 2016; Zhi et al., 2018). However, innovative research on soil erosion based on multiple machine learning algorithms is rare, especially in the alpine grassland ecosystem of the SPYR. In this study, five strategic variable selection algorithms based on machine learning algorithms, namely, the Boruta all-relevant (BOR), simulated annealing (SA), genetic algorithm (GA), recursive features elimination (RFE), and univariate filters (UF), are used to identify the minimal-optimal set (You et al., 2014; Hosseini et al., 2016; Yang R. M. et al., 2016; Li and Ma, 2018). Compared to logistic regression, bivariate and multivariate statistical models, several modern machine learning approaches such as the generalized linear model (GLM), cubist model (cubist), random forest model (RFM), and boosting tree (BST) model can overcome the obstacles of spatial modeling in the field of soil erosion assessment (Gayen et al., 2019) and achieve a higher prediction accuracy (Marjanoviæ et al., 2011; Micheletti et al., 2013). Hence the GLM, cubist, RFM, and BST model would be adopted to estimate soil erosion, and a cross-comparison of those models can be performed (Li et al., 2017; Chang et al., 2018; Peng et al., 2018; Wang et al., 2019).

The objectives of this study were to (1) Categorize the soil erosion parameters set, screened by the machine learning method and analyze the main factors that influence soil erosion in the SPYR. (2) Determine the optimal model for estimating soil erosion in the SPYR that can be combined with specific environmental factors of the alpine grassland ecosystem of the SPYR. (3) Identify the spatial distribution pattern of soil erosion in the study area by the optimal prediction model. The soil erosion classification and direct economic losses caused by soil erosion enable farmers and policymakers to generate grassland management strategies with the expectation of profit and corresponding risk. These results will help to provide scientific direction for grassland protection, soil restoration and establishment of policy framework for ecological development in the SPYR.



MATERIALS AND METHODS


Study Area

SPYR (N32°02′–36°13′, E95°42′–102°17′) comprises an area of about 130,798 km2, and the area records for 35% of the total runoff of the Yellow River (Zheng et al., 2018). The elevation of the SPYR ranges from 2,052 to 6,227 m and descends from the Southwest to the Northeast (Figure 1). Topographic features and geographical situations pose an impact on the natural environment, with characteristics such as frost temperatures, intense diurnal temperatures, frequent seasonal rainfall, recurrent strong winds, and powerful solar radiation (Ge et al., 2017). Most of the study area has a typical continental plateau climate, with an average annual temperature ranging −4 and 2°C rising from Western to Eastern. Average annual rainfall ranges from 350 to 750 mm and is concentrated from June to September. The soil types are mainly alpine meadow soil and steppe soil. Alpine grassland accounts for 95.12% of the total area of the SPYR, and it includes alpine meadow at 83.12% and alpine steppe at 12% (Liang et al., 2016).
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FIGURE 1. Map of study area and sampling points.




Soil Sampling and Analysis


Soil Sampling Design

Considering that the terrain of the study region is treacherous with high mountains and glaciers, two transect surveys were performanced which were superimposed an additional constraint that sampling sites were selected based on NDVI levels under various conditions of grassland types and topography to ensure potential representative sampling locations. The one runs throughout the whole study area from Northeast to Southwest along national road G214, while the other transect survey along the Dawu River in the Northeast of Guo Luo Tibetan Autonomous Prefecture (Figure 1). Each sampling point was located at least 500 m away from the highway or river bank to avoid the disturbance caused by proximity. During July and August 2014 (keeping in view of the returning green stage and the accessibility to the sampling sites), 165 soil samples were collected from the soil surface using an internal diameter cores sampler with 20 cm long and 5 cm diameter from the soil surface. The bulk density of each sample of 0–20 cm layers was obtained from each soil mass and sampled volume as described earlier by Nosrati et al. (2015) and Wang et al. (2017). The SOC was determined using the potassium dichromate, external heating method (Cao et al., 2011). The vegetation and soil samples were measured at each sampling site by a standard method (Ren, 1998).



Cesium-137 Content Analysis

Collected samples were air-dried, ground, and passed through a 2 mm sieve. Each sample 137Cs radionuclide content was analyzed by low background gamma-ray spectrometry using a hyper pure coaxial germanium detector linked to a multi-channel digital analyzer system (EG&G, ORTEC) (Haribala et al., 2016) at the School of Nuclear Science and Technology, Lanzhou University. The 137Cs radionuclide content (Bq kg–1) was detected at the 661.6 keV peak over a counting time of 24 h. Each sample weight exceeded 300 g and supplied a precision of approximately ±5% at the 95% confidence level.

The observed soil erosion modulus was calculated by following three model (Wang Y. B. et al., 2014; Li et al., 2021):
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where CPIi is the areal activity (Bq⋅m–2) of ith sampling point, i the sample number, Ci 137Cs radionuclide content of the ith sample (Bq kg–1), W the mass of ith soil sample (kg), S the corer area (m2).
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where CPRi is 137Cs content change rate (%) of the ith sample, CRI 137Cs background value (Bq⋅m–2) for the study area. In this study, the soil 137Cs background value was 2,229.1 Bq⋅m–2, which was determined by the SPYR (Wang et al., 2017).
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where Ei is the observed soil erosion modulus of the ith sampling point (t⋅hm–2⋅a–1), Bdi soil bulk density (Mg⋅m–3), DIi soil layer thickness (m) of the ith sampling point, T time between the 137Cs settling peak (1963) and the sample time.




Data Sources and Pre-processing


Data Sources

Thirty-three environmental variable data sets based on available data sources on the climate, soil, topography, vegetation, and management were collected (Appendix Table 1). These data sources were compiled into raster data by ArcGIS 10.2 software to construct the soil erosion model. About 40% of these variables (12) were categorical, including soil taxonomic properties, land-use and land-cover change (LULC), and vegetation type, while 60% (21) of the variables (Table 1) were continuous, including organic matter content, vegetation cover, NDVI, frozen earth period, and climatic and biotic variables.


TABLE 1. Descriptive statistics of the continuous variables characterizing soil and environmental properties among the 165 sampling sites.
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Gridded Site Characteristics

The elevation, aspect, slope, slope length, and slope factor (LS factor) were calculated from the digital elevation model (DEM) using ArcGIS 10.2 software. The DEM data were downloaded from 90 m Shuttle Radar Topography Mission (SRTM) images1. And resample the image’s spatial resolution from 90 to 100 m. The projection-type of DEM data was Albers.



Gridded Soil Characteristics

The SOC, soil pH, soil carbonate content, soil sand content, soil silt content, soil clay content, and frozen earth period were obtained from the China Soil Map-Based Harmonized World Soil Database (V1.1). The data source mentioned above comes from the Cold and Arid Regions Sciences Data Centre of the Chinese Academy of Sciences (CAS) at Lanzhou2.



Climate Date

The daily precipitation, daily average temperature, and average wind velocity were based on a dataset of daily surface observation values in China (V3.0). The 838 meteorological stations data was acquired from the China Meteorological Data Sharing Service System website3.



Normalized Difference Vegetation Index (NDVI) and Enhanced Vegetation Index (EVI)

Normalized Difference Vegetation Index and EVI obtained from TM/ETM satellite images. The vegetation index products (MOD13Q1) were downloaded from a NASA website4.




Data Pre-processing

The daily precipitation and daily temperature were averaged every month; the daily wind velocities were accumulated every year; and the monthly mean temperature, monthly total precipitation, and yearly wind velocity were obtained based on meteorological data using meteorological interpolation software (ANUSPLIN, version 4.3). The monthly total precipitation was used to simulate rainfall erosivity. The MOD13Q1 data from January to December 2014 were transformed and registered into a GeoTIFF format using the MODIS reprojection tool (MRT). The maximum NDVI and maximum EVI were selected from NDVI and EVI datasets from January to December. Vegetation cover was simulated by the NDVI data. Soil erodibility data and vegetation management factor data were calculated by the RUSLE model (Prasannakumar et al., 2012). The details of the other variables are included in Appendix Table 1.




Methods


Environmental Variable Selection

The parameters and sample data were integrated using the raster-package function in R 3.4.3 (R Development Core Team, 2017) software. Then, variables were selected by the BOR, GA, SA, RFE, and UF algorithms (You et al., 2014; Hosseini et al., 2016; Yang R. M. et al., 2016; Li and Ma, 2018). The five variable filtering algorithms were used in R 3.4.3 (R Development Core Team, 2017).



Determining the Optimal Soil Erosion Model

The whole dataset was randomly split into a calibration set (70%) and a validation set (30%) for model establishment and validation. The GLM forms a multivariate regression relation between a response variable and several predictor variables. The advantage of a GLM over simple linear regression is that the variables may be continuous, categorical, or any combination of these two allowing for non-linearity in the data (Atkinson and Massari, 1998; Rudy et al., 2016; Li et al., 2017). Cubist model is a ruled-based regression technique that builds multivariate linear regression models at the terminal leaves of a tree and parts the predictor variates into different subsets (Moisen et al., 2006; Akpa et al., 2016). RFM trains classification samples through decision trees and makes predictions based on the results of the classification, and has the ability to obtain classification and regression analysis data from various measurement scales with non-parametric statistics without making assumptions (Li et al., 2017; Wang et al., 2019; Tang et al., 2021). BST model is based on a first classification tree with subsequent trees generated by assigning greater weights to incorrectly classified training data (Pouteau et al., 2011; Yang R. M. et al., 2016). The GLM, cubist, RFM, and BST models (Li et al., 2017; Chang et al., 2018; Peng et al., 2018; Wang et al., 2019) were implemented with the mboost, bst, plyr, cubist, and RF packages, respectively, in R 3.4.3 (R Development Core Team, 2017). The 24 simulation results of the predicted soil erosion modulus were obtained by combining 6 algorithms [all relevant (AR), BOR, SA, GA, RFE, and UF] (You et al., 2014; Hosseini et al., 2016; Yang R. M. et al., 2016; Li and Ma, 2018) and 4 models (GLM, cubist, RFM and BST) (Li et al., 2017; Chang et al., 2018; Peng et al., 2018; Wang et al., 2019). The validation set that were not employed for model construction were used for the selected model validation and confirmation with the help of 45-degree line test. The cross-validation of the validation set were performanced between values of the predicted soil erosion modulus by the 24 models and values of the observed soil erosion modulus to evaluate the predictive ability of each model. The observed soil erosion modulus and the predicted values were plotted against the predicted data to find the trend of the slope of the expected curves. If the expected curve tends to make an angle of 45 degree with the axes, this means that there is no significant difference between the actual and predicted values. To evaluate the predictive capability of the 24 models, the following three performance indicators were used : the coefficient of determination (R2), root mean squared deviation (RMSD) and residual prediction deviation (RPD) (Lin et al., 2013).

The goodness of fit for the RUSLE model and machine learning algorithms combined with variable selection models were assessed via comparisons between the predicted results and observed values to evaluate the reliability and accuracy of the model output. The root mean square deviation (RMSD), standard deviation (SD), and correlation coefficients (R) were used to evaluate model accuracy (Lin et al., 2013). The cross-comparison results of the R and RMSD in different models are displayed in the Taylor diagram. The Taylor diagram illustrated R, RMSD, the standard difference in observations, and the standard difference in predicted values (Choubin et al., 2018). The polar axes and the radial axes separately illustrated the correlation coefficient and the RMSD of the model validation results. The predicted models were more approached observed point on the x-axis, and they presented a relatively higher correlation and low RMSD (Jia et al., 2016).



Soil Erosion Classification

Prediction results by the optimal soil erosion model were classified by the Standards for Classification and Gradation of Soil Erosion (Ministry of Water Resources of the People’s Republic of China, 2007). The classification results were used to provide a reference for the soil restoration and ecological policy. The economic monetization of SOC loss caused by soil erosion in the SPYR was based on the market value approach (Costanza et al., 1998). The net soil erosion modulus minus the tolerable soil erosion modulus is the actual soil erosion modulus (Hancock et al., 2015). Tolerable soil erosion loss is generally 500 t⋅km–2⋅a–1 (Chen et al., 2000; Li et al., 2009). The values of SOC were estimated by the C tax ($180⋅t C) (Patton et al., 2015).





RESULTS


Environment Variable Selections

Among the 33 environmental variables, the number of variables selected by the GA, RFE, BOR, UF, and SA algorithms was 29, 26, 22, 22, and 13 variables, respectively (Appendix Table 2). The five algorithms selected precipitation, wind velocity, rainfall erosivity, frozen earth period, slope, aspect, water flow direction, the NDVI, land cover, and vegetation type as variables in common that may play significant roles in explaining the soil erosion mechanism.

Figure 2 compared five variable search methods across four modeling techniques (GLM, cubist, RFM, and BST) in terms of both prediction accuracy and model complexity. The cross-validation results of GA BST model that selected 29 variables showed slightly inferior performance to the UF cubist model. This indicated that the 22 variables selected by the UF cubist model contained better predictive power to that of 29 variable selected by the GA BST model. Comparing with the UF cubist model, the SA cubist model had fairly comparable performance in similar model accuracy, but dramatically decreased model complexity. The SA cubist model struck a balance between model complexity and performance. It greatly reduced the number of variables to only 13 while preserving most of the predicting power to infer soil erosion. The cross-validation identified and optimized model parameters. The 13 variables selected by the SA cubist model captured the major factors – soil organic carbon, soil property and soil erodibility besides nine common variables mentioned above involving climate (e.g., precipitation, wind velocity, and rainfall erosivity), soil (e.g., frozen earth period, soil organic carbon, soil property, and soil erodibility), topography (e.g., slope, aspect, and water flow direction), vegetation (e.g., vegetation type and NDVI) and management (e.g., land cover) properties (Figure 2 and Appendix Table 2).
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FIGURE 2. Validation results of 24 models which combing six variable selection algorithms and four machine learning approaches. The six variable selection algorithms are: all relevant (AR), Boruta all-relevant (BOR), simulated annealing (SA), genetic algorithm (GA), recursive features elimination (RFE), and univariate filters (UF). The four machine learning approaches are: generalized linear model (glm), cubist model (cubist), random forest model (rfm), and boosting tree model (bst). Other abbreviations: R2, the coefficient of determination; RMSD, root mean squared deviation; RPD, residual prediction deviation.




The Optimal Soil Erosion Model

The goodness of fit for the RUSLE models and machine learning algorithms combined with variable selection models showed that the GLM (R = 0.63) and cubist model (R = 0.67) performed the best while RUSLE (R = 0.49) performed the worst (Figure 3). The Taylor diagram show that (1) the fitting result was poorer for the RUSLE model than the 24 machine learning models (the location labeled with ‘RUSLE’ were the outermost from the observation point). (2) Compared with the other five variable selection models, the SA variable set combined with the GLM and cubist model was more consistent with the actual measurements, and the SA variable set combined with BST was the least consistent with the actual measurements. (3) Compared with the BST and RF models, the GLM and cubist models were slightly more consistent with the field measurements (the points labeled with ‘GLM’ and ‘cubist’ are nearer to the observation point than the points labeled with ‘BST’ and ‘RFM’). The cross combination of the BST model and all variable sets had the lowest agreement (the points labeled with ‘BST’ is the farthest to the observation point than the other points). (4) Contrast to the AR, BOR, GA, UF, and RFE variables, the GLM did not present a significant difference in fitting results (the gaps of the points labeled with ‘RFM’ from the observation point were nearly the same). The results show that in terms of classification accuracy, the RFE performs best among the five feature-selection algorithms, and the Cubist model performs best among the four machine learning algorithms. In these 24 combinations, the optimal model is the SA cubist model (R = 0.67, RMSD = 1368).
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FIGURE 3. Performance of RUSLE (revised universal soil loss equation model) and 24 machine learning models at the site level. “Observed” on the x-axis means the statistical information of the observed dataset. AR, all relevant; BOR, Boruta all-relevant; SA, simulated annealing; GA, genetic algorithm; RFE, recursive features elimination; UF, univariate filters; GLM, generalized linear model; cubist, cubist model; RFM, random forest model; BST, boosting tree model; RUSLE, revised universal soil loss equation.




Spatial Distribution of Soil Erosion

The SA cubist model estimated the total erosion loss was about 8.45 108 t⋅a–1 in 2014, which is 12.64 times the allowable soil erosion loss. The soil erosion modulus showed substantial spatial heterogeneity in the SPYR (Figure 4). The soil erosion modulus ranged from 4841.68 to 8054.09 t⋅km–2⋅a–1, and the average soil erosion modulus was 6460.95 t⋅km–2⋅a–1. In general, 99% of the area in the SPYR belongs to the severe soil erosion modulus (5,000–8,000 t⋅km–2⋅a–1).
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FIGURE 4. The spatial distribution of the soil erosion modulus.


According to the Standards for Classification and Gradation of Soil Erosion, the region with the most severe soil erosion modulus (7,000–8,000 t⋅km–2⋅a–1) occupied 12.38% of the total soil erosion regions. It mainly appeared in the Northern part of the SPYR. The moderately severe region of the soil erosion modulus (6,000–7,000 t⋅km–2⋅a–1) occupied 71.19% of the total soil erosion regions and was distributed in the middle of the study area. The slightly severe region of the soil erosion modulus (5,000–6,000 t⋅km–2⋅a–1) occupied 16.43% of the total soil erosion regions and was distributed South of the SPYR (Figure 4).




DISCUSSION


Selected Key Variables May Provide a More Precise Soil Erosion Explanation

The simulated soil erosion modulus values were more significant than that in two previous report (276 and 3,208 t⋅km–2⋅a–1), which used the RUSLE model (Teng et al., 2018) and RWEQ model (Teng et al., 2021) to calculate the soil water and wind erosion modulus on the Qinghai-Tibetan Plateau, respectively. At the same time, the RUSLE model emphasizes soil erosion loss by rainfall, slope, aspect, vegetation, and soil erodibility but ignores soil erosion loss from winds, freeze-thaw cycles, and human activity. Although few research studies have provided a comprehensive prediction of soil erosion (Sadeghi et al., 2018; Shen et al., 2018), high levels of precipitation have been reported to lead to severe erosion, while low temperatures combined with adequate precipitation may cause even greater soil losses in the study area (Yang et al., 2018). The same as the RWEQ model.

Under freeze-thaw conditions, soil moisture is transported, and the soil structure is damaged; moreover, the soil porosity, bulk density, shear strength, aggregate stability, and organic matter are all changed, which leads to high soil erodibility and erosion intensity increases (Wang L. et al., 2014; Sadeghi et al., 2018). In addition, soil erosion modulus caused by wind erosion is also an important aspect of soil erosion because the wind speed is a vital factor that affects soil erosion (Teng et al., 2021). Soil particles erode as the sheer pressure exerted by wind-force leads to soil particles being hard to grip on the soil surface (Jiang et al., 2018; Zhang et al., 2018). Furthermore, grazing livestock and human activity are both key factors in the intensification of soil erosion. Intensive grazing will alter and destroy soil surfaces, causing whole sod to erode and expose mineral soil, especially in areas with low vegetation cover (Lin et al., 2008; Evans et al., 2017; Zhang et al., 2018).

Besides, frequent human activities will cause soil erosion, such as collecting Chinese Caterpillar Fungus (Wang C. G. et al., 2018) and overexploitation of tourist attractions, and so on (Yang Y. et al., 2016). The comprehensive set of variables based on the inclusion of freeze-thaw erosion, wind erosion, water erosion, and human-caused erosion was more objective than that used in the RUSLE or RWEQ model. The inclusion of these variables may explain why the soil erosion results derived from this set of variables were more excellent than the results from the RUSLE or RWEQ model because this comprehensive set of variables involved more soil erosion factors, including meteorological, soil, topographic, vegetation, and management factors, which enhance our understanding of soil erosion processes using a data-based model.



Comparison of Categorical Variables and Model

Evaluation results of model accuracy comparisons among five variable selection methods and four prediction models are illustrated in Figure 3. The model validation included machine learning models and the RUSLE model. The results showed that variable screening technology could further reduce model complexity. The SA method selected 13 out of the 33 relevant variables, i.e., climatic factors, including precipitation, wind velocity, and rainfall; soil factors, including SOC, soil properties, soil erodibility, and frozen earth period; topography factors, including slope, aspect, and water flow direction; and vegetation factors, including vegetation type and the NDVI. The UF method largely reduces the number of variables that were most able to explicate soil erosion. The Boruta algorithm screening out the majority of climatic and topographic variables, thus abated model collinearity. The feature-selection method can simplify model parameters and reduce operational costs; in addition, this method can also improve the estimation accuracy of a model by eliminating redundant interference parameters.

Our results showed that in terms of classification accuracy, the RFE performs the best among the five feature-selection algorithms and the Cubist model performs the best among the four machine learning algorithms. The projected results of the RUSLE model were limited by fixed parameters, which included only rainfall, slope, slope direction, vegetation, and soil texture. The accuracy of the RUSLE model is the lowest among the models because some factors that may affect soil erosion were ignored, such as diurnal temperature, strong winds, freeze-thaw, and so on.

In order to gain much more insight through statistical analysis and modeling compared to biased linear sampling along roads, the conditional Latin Hypercube design for soil sampling to even its spatial distribution would be adopted in our near future studies (Ma et al., 2020; Tang et al., 2021).



New Strategy for the Prevention and Control of Soil Erosion Loss in the Source Park of the Yellow River

According to the Standards for Classification and Gradation of Soil Erosion, 99% of the SPYR area experiences severe soil erosion. (Ministry of Water Resources of the People’s Republic of China, 2007), soil erosion modulus was further reclassified into three grades: level I (severe, soil erosion modulus in 5,000–6,000 t⋅km–2⋅a–1), level II (moderately severe, the soil erosion modulus in 6,000–7,000 t⋅km–2⋅a–1), and level III (most severe, the soil erosion modulus 7,000–8,000 t⋅km–2⋅a–1). The soil erosion modulus of each county was reclassified into three grades (Figure 5). Level III erosion occurred mainly in the triangle zone of Qumalai County and Maduo County. Level II erosion occurred in Xinghai County, Dari County, Chengdu County, Western Zeku County, Western Maqin County, Tongde County, and parts of Jiuzhi County, Henan County, Gande County, and Yushu County. Level I erosion primarily occurred in Eastern Maqin County, Eastern Zeku County, and most areas of Jiuzhi County, Henan County, Gande County, and Yushu County (Figure 5).
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FIGURE 5. Soil erosion modulus reclassified in each county.


Severe soil erosion causes significant ecological degradation as well as substantial ecological, economic losses in the SPYR. For example, the economic monetization of SOC losses caused by soil erosion total $47.90 billion in the SPYR. The economic losses were approximately fivefold of the output value of animal husbandry ($10.10 billion) in 2014 (Qinghai Bureau Statistics, 2014). We can infer that the economic monetization of soil erosion would be far huger than the SOC loss. Actually natural resources are priceless. Monetization of soil erosion loss is only a caution light for taking a partial solution in eco-compensation. Therefore, a new ecological policy recommendation based on soil erosion reclassification should be proposed to balance grassland conservation and animal husbandry production for the prevention and control of soil erosion loss (Figure 6).
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FIGURE 6. Priority level of soil erosion control strategy.


A conservative management strategy was suggested for some fragile areas (soil erosion at level III) since grassland’s economic products have led to serious soil erosion (Figure 6). This grassland sector should not be used for grazing (Yin et al., 2019). At this level, the government should provide ecological subsidies to compensate for the economic losses caused by not allowing grazing. Additionally, the government should relocate local herder households to new countryside neighbors to cities. At the same time management department should also supply training projects to sustain transitions to alternative livelihoods for these herdsmen, such as making Tibetan typical handicrafts and building Tibetan distinctive hotels for developing Tourism. Notably, over the long term, simply banning grazing may result in a snowballing population increase of deleterious wild animal species that are short of plenty natural predators, such as rabbits and pika, thus probably resulting in new ecological problems (Wang Y. et al., 2018). Therefore, after 5 years of banning grazing, grasslands should be managed under a grass-animal balance policy, or grazing should be continued to be banned. The implemented policy will depend on the condition of the grassland.

The moderately severe sector (level II) should be managed intensively to improve the basic conditions (Figure 6). Even now the balance of livestock and pasture production is an important factor at level II soil erosion regions (Yin et al., 2019). The study conducted by Fan et al. (2010) propose that the determination of appropriate carrying capacity should follow the principle of the “law of the minimum limiting factors” in order to minimize degradation of the grasslands, i.e., stocking rates should be primarily based on herbage yields of low-productivity years, there is also the opportunity to conserve forage in high-yield years and carry this over to alleviate grazing pressure in low-yield years. Further, there is the possibility of reducing grazing pressure on more degraded parts of the grassland in high-yield years to aid their recovery. For sustainable development, it is insufficient to manage grazing systems solely within the framework of pasture productivity (Lin et al., 2011) especially for distinctive erosion areas (level II). The ‘optimum’ stocking rate should be obtained from grazing experiments not only considering the forage-livestock balance, but also maintaining the soil erosion at a tolerable level. Sun et al. (2015) conducted a 3-year study on Tibetan sheep on the Eastern Qinghai-Tibetan Plateau. They found that the ‘optimum’ stocking rate that ensures economic sustainability is 24 sheep months ha–1 (Sun et al., 2015). Considering moderately severe soil erosion conditions in this area, the stocking rate should not exceed one-third of the ‘optimum’ stocking rate in order to prevent and control the soil erosion loss at level II soil erosion regions. If herder households comply with this policy, then they should be able to receive a subsidy.

The severe sector (level I) should be managed intensively to improve grassland productivity via the application of certain measures (fertilization, tillage, and resowing) for the sustainable utilization of grassland (Figure 6). When soil erosion is at the level I, the stocking amount should not exceed two-thirds of the ‘optimum’ stocking rate in order to obtain a certain production income, meanwhile prevent and control the soil erosion. In addition, the stocking rate in the cold-period pastures should be less than the stocking rate in the warm-season pastures (Sun et al., 2015).




CONCLUSION

New models using machine learning techniques that combine local ecological variables (n = 33) were constructed based on the observed soil erosion modulus determined by the 137Cs element tracing technique. 13 environmental variables played critical roles in explaining the process of soil erosion. The results from the comprehensive set of variables were more objective than the produced from the RUSLE model. Nearly 99% of the study region has an intensive erosion modulus (5,000–8,000 t⋅km–2⋅a–1). Northern soil erosion modulus was higher intense than that in the Southern of the SPYR. The total erosion loss was almost 8.45⋅108 t⋅a–1 in SPYR. The annual economic loss of SOC caused by soil erosion throughout the entire survey zone was generally $47.90 billion in 2014. In addition, integrating monetization of nature resource into soil erosion classification outlined a partial solution in eco-compensation, and provided ecological policy recommendations for three levels of soil erosion. That is a more accurate and flexible method of managing grasslands.

The economic monetization of soil erosion may be underestimated. This manuscript only accounted for SOC loss during soil erosion. Obviously, natural resources are priceless. Monetization of nature resource is only a partial solution in eco-compensation.
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The peripheral setting of cold drylands in Asian mountains makes remote sensing tools essential for respective monitoring. However, low vegetation cover and a lack of meteorological stations lead to uncertainties in vegetation modeling, and obstruct uncovering of driving degradation factors. We therefore analyzed the importance of promising variables, including soil-adjusted indices and high-resolution snow metrics, for vegetation quantification and classification in Afghanistan’s Wakhan region using Sentinel-2 and field data with a random forest algorithm. To increase insights on remotely derived climate proxies, we incorporated a temporal correlation analysis of MODIS snow data (NDSI) compared to field measured vegetation and MODIS-NDVI anomalies. Repeated spatial cross-validation showed good performance of the classification (80–81% overall accuracy) and foliar vegetation model (R2 0.77–0.8, RMSE 11.23–12.85). Omitting the spatial cross-validation approach led to a positive evaluation bias of 0.1 in the overall accuracy of the classification and 25% in RMSE of the cover models, demonstrating that studies not considering the spatial structure of environmental data must be treated with caution. The 500-repeated Boruta-algorithm highlighted MSACRI, MSAVI, NDVI and the short-wave infrared Band-12 as the most important variables. This indicates that, complementary to traditional indices, soil-adjusted variables and the short-wave infrared region are essential for vegetation modeling in cold grasslands. Snow variables also showed high importance but they did not improve the overall performance of the models. Single-variable models, which were restricted to areas with very low vegetation cover (<20%), resulted in poor performance of NDVI for cover prediction and better performance of snow variables. Our temporal analysis provides evidence that snow variables are important climate proxies by showing highly significant correlations of spring snow data with MODIS-NDVI during 2001–2020 (Pearson’s r 0.68) and field measured vegetation during 2006, 2007, 2016 and 2018 (R 0.3). Strong spatial differences were visible with higher correlations in alpine grasslands (MODIS NDVI: 0.72, field data: 0.74) compared to other regions and lowest correlations in riparian grasslands. We thereby show new monitoring approaches to grassland dynamics that enable the development of sustainable management strategies, and the mitigation of threats affecting cold grasslands of Central Asia.
Keywords: central asia, vegetation monitoring, dryland remote sensing, grasslands, snow, vegetation modeling, rangeland conservation
1 INTRODUCTION
Grasslands cover over 40% of the Earth’s terrestrial surface and support the livelihoods of more than two billion people (Hewins et al., 2018; Squires et al., 2018). Large parts of respective environments are classified as drylands or cold drylands that provide vital ecosystem services and serve as important regulators of the climate system (Suttie et al., 2005; Burrell et al., 2018; Smith et al., 2019). Unfortunately, many known drivers of land use change, habitat fragmentation and associated biodiversity loss are increasingly present in drylands and threaten the key services they provide to mankind (Zhang et al., 2021). Change in precipitation and temperature results in altered hydrothermal conditions and biochemical cycles, affecting the species richness, diversity, growth, health and biomass productivity (Paruelo et al., 1999; Dingaan and du Preez 2013; Wu et al., 2014). Qualitative and quantitative information on grassland, shrub steppes and alpine meadows that compose cold drylands, is therefore a prerequisite for landscape scale conservation measures, for grazing management and for the assessment of degradation vulnerability and fodder availability (Vanselow et al., 2018). Furthermore, land cover data and respective changes are important indicators for assessing the United Nation’s Sustainable Development Goals (Prince 2019).
Because of the peripheral setting of cold drylands, a large part of their monitoring has to be conducted using regionally adapted remote sensing methods. However, remote sensing faces major challenges in these regions due to low vegetation cover and signal to noise ratio, high shares of non-photosynthetic plant tissue and soil background reflectance, and large spatial heterogeneity (Eisfelder et al., 2012; Smith et al., 2019; Zhang et al., 2019). Additionally, reliable spatial climate datasets and variables are necessary to assess potential drivers of vegetation change, but the scarcity of climate infrastructure in respective regions leads to limitations in the availability of long term climate data for vegetation monitoring (Zandler et al., 2019, 2020). Despite the high ecological and societal relevance of these drylands, research and remote sensing algorithms that are adapted to the specific situation in this particular regions are still limited (Smith et al., 2019; Wang et al., 2019), and studies in Asia’s cold grasslands are particularly scarce (Hu and Hu 2019).
New monitoring approaches are necessary to increase knowledge on spatio-temporal vegetation dynamics in cold arid and semi-arid areas, and to enable sustainable conservation strategies in these regions. Existing research on remote sensing approaches indicates that the coverage of various spectral domains, including the red-edge (Ren et al., 2011; Eisfelder et al., 2012; Li et al., 2012, Li et al., 2017; Schumacher et al., 2016) or the short-wave infrared region (SWIR) (Asner et al., 2000; Oldeland et al., 2010; Zandler et al., 2015b; Ren et al., 2018), improve dryland modeling. Soil adapted indices were also considered as important in rangeland research (Zandler et al., 2015b; Fern et al., 2018; Ren et al., 2018) although some studies showed contrary results (Baghi and Oldeland 2019). In addition to these variables that are designed to directly detect biophysical vegetation properties, snow is an important plant moisture source in cold drylands (Peng et al., 2010). Therefore, remotely sensed snow variables may be important vegetation proxies and have the potential to contribute to vegetation analysis and monitoring in respective regions (Wang et al., 2013, Wang et al., 2018; Qiu et al., 2019; Zandler et al., 2020). However, only a limited number of studies tested the potential of respective variables for both classification and modeling. In order to contribute to this high priority research topic, we examine following research questions in a remote, high elevation, cold rangeland area of Central Asia with still limited human footprint (Smallwood and Shank 2019) and with continental relevance as a “water tower of Asia” (Viviroli et al., 2007): What is the importance of adapted remote sensing based indices and snow variables in modeling vegetation classes and vegetation cover in cold grasslands? What are central issues for remote sensing based analysis in these regions? What is the potential of snow variables in explaining field and satellite based vegetation anomalies? How can respective approaches contribute to improve the conservation of cold drylands?
Numerous machine-learning algorithms for modeling and assessing related research questions have been proposed and tested in remote sensing literature. Commonly applied methods for classification or regression include random forest (RF), conventional decision trees, support vector machines (SVM), maximum likelihood classifiers, Mahalanobis distance, artificial neural networks, fuzzy adaptive resonance theory-supervised predictive mapping, K-nearest neighbors, boosting techniques with decision trees, quadratic discriminant analysis, Extreme Gradient Boosting and many more (Grabska et al., 2020; Lapini et al., 2020; Raab et al., 2020; Talukdar et al., 2020). Among respective methods, RF is considered as the most widely used classification algorithm (Phan et al., 2020) and a large number of recent studies state good or better performance of the RF approach compared to other techniques (Verrelst et al., 2019; Diesing 2020; Lapini et al., 2020; Talukdar et al., 2020). Furthermore, various studies confirmed the robustness of the RF algorithm (Raab et al., 2020). More recently, deep-learning methods based on neural networks, such as convolutional neural networks (CNN) or recurrent neural networks, showed good potential and some studies found increased performance compared to previously mentioned, non-deep classifiers (Zhang et al., 2020a, Zhang et al., 2020b.; Thorp and Drajat 2021). The majority of these approaches utilized high-resolution data and some studies state that traditional methods such as RF or SVM show similar performance to CNNs with medium resolution sensors (Li et al., 2020). Respective research indicates that the RF algorithm is still widely used, robust and among the best performing techniques among recent remote sensing approaches using medium resolution imagery. Therefore, we apply this method for both classification and cover modeling of vegetation to provide insights on satellite based monitoring approaches in cold grasslands.
2 MATERIALS AND METHODS
2.1 Study Area
Our research focusses on the Eastern Wakhan in Afghanistan, a 200 km long and about 65 km broad area sharing international borders with China, Pakistan and Tajikistan (Figure 1), which was formally designated as a national park in 2014. This resulted in financial support to management by the government, instigated the development of a management plan and the implementation of regulations. Main measures were a ban on hunting and that several areas and zones benefitted from additional preservation activities including reduced livestock grazing. Illegal hunting was also increasingly monitored and anti-poaching actions were implemented.
[image: Figure 1]FIGURE 1 | Overview of the research area and field plots used for this study. The panel on the right shows the location of the region in Eastern Afghanistan. DEM: NASA (2013), borders: GADM (2018).
This area, located at altitudes between 2,900 m and 6,300 m, is at the junction of the Pamir, Hindukush and Karakoram mountain ranges and is characterized by an arid to semi-arid cold climate. Yearly average temperatures range between −1°C and −3°C, and precipitation sums are around 200 mm in the valleys (Pohl et al., 2015; Zandler et al., 2019). Winter temperatures are cold with subzero temperatures from October until March, with averages around −15°C to −5°C and absolute extremes reaching down to −60°C, whereas in summer, averages are around 10°C and mean maxima reaching about 26°C (State Administration for Hydrometeorology of the Republic of Tajikistan 2013; Metrak et al., 2015; Zandler et al., 2019). Summerly frost and snow events occur repeatedly. Due to the location at a climatological divide, precipitation spatially varies and originates both from the Westerlies with maxima in spring and from the Indian Summer Monsoon with maxima in summer. Zonal climate conditions and local water availability influence vegetation communities that comprise riparian grasslands, Salix riparian communities, salt grass communities, dwarf-shrub deserts and steppes, alpine grasslands and nival scree vegetation communities (Figure 2). Average vegetation cover shows large differences, with values mostly below 20% in steppe communities and above 20% in riparian or alpine grasslands. The region is characterized as one of the few global “essential water towers” with superior importance for the population and ecosystems in the watershed (Viviroli et al., 2007; Smith and Bookhagen 2020). It forms the headwaters of the Amu-Darya, a river that provides water for millions of people downstream (Unger-Shayesteh et al., 2013). The biological significance of the area is illustrated by high diversity of the flora, with about 20% of endemic species (Soelberg and Jäger 2016) such as the extremely rare Epilobium thermophilum Paulsen, Astragalus bahrakianus, Hymenolaena badachshanica, Holosteum kobresietorum K.H. Rechinger, and several endemic Nepeta or Cousinia spp. (Breckle et al., 2013), and fauna, with several rare or vulnerable species such as the snow leopard (Panthera uncia), the Marco Polo sheep (Ovis ammon polii), Siberian ibex (Capra sibirica), urial (Ovis vignei), and large-billed reed warbler (Acrocephalus orinus) (Smallwood and Shank 2019). Similar to large parts of other Asian grasslands and rangelands (Zou et al., 2019), livestock husbandry is the most important economic activity in the region.
[image: Figure 2]FIGURE 2 | Vegetation communities and land cover classes of this study: (A) Riparian grasslands (72 plots), (B) Salix riparian communities (18 plots), (C) salt grass communities (22 plots), (D) dwarf-shrub deserts and steppes (125 plots), (E) alpine grasslands (58 plots), (F) water surfaces (51 plots), (G) snow and ice (30 plots), (H) dark rocks and scree (32 plots), (I) bright rocks and scree (15 plots).
2.2 General Approach and Field Data
To cover the different remote sensing fields relevant for conservation in cold grasslands, our study is structurally divided in three parts: The modeling of vegetation communities, the quantification of foliar vegetation cover and the analysis of temporal snow and vegetation anomalies.
The majority of field data to train and evaluate the models was acquired during the years 2016 and 2018. Fifty meter transects were used for vegetation cover measurements. Transect locations were selected to match long term monitoring locations that were originally established in 2006 and 2007 (Bedunah 2006, Bedunah 2008) to generate temporally consistent values. Additional sampling followed a two-step, stratified random sampling approach to consider ecological and statistical representativeness, as well as resource constraints (Roleček et al., 2007 cf.; Zandler et al., 2015b). First, vegetation stands were preferentially selected to achieve sufficient spatial coverage and distribution among all vegetation communities. Transects were then established using probability sampling with an adapted random walk approach. Foliar cover of living vegetation in percent was measured using the line and point intercept techniques and averaged per transect (Mueller-Dombois and Ellenberg 1974). In total, 93 transects were mapped (cf. Figure 1). Transect ends were used as spatial reference for field mapped vegetation cover. Thereby, point estimates of 186 vegetation cover plots were derived. Information from these transects was also used to create a spatial field dataset for vegetation communities and other land cover classes. Delimitation of vegetation communities followed Vanselow (2011), who created a sophisticated vegetation classification in a similar region of the adjacent Tajik Pamirs using hierarchical cluster analysis. To increase information for mostly unvegetated land cover classes (bright and dark rock and scree areas) and extend data for some undersampled classes, additional plots where mapped in the field. Water and snow or ice plots were included by digitizing respective land classes using a satellite image (n = 81). In total, 423 land cover plots that covered nine different land cover classes were mapped (cf. Figure 2). Furthermore, a small number of previously mapped field plots from 2006 to 2007 (n = 76) was additionally used for temporal anomaly evaluation (Bedunah 2009).
2.3 Satellite Images and Preprocessing
We utilized Level-1C satellite images of the Sentinel-2 sensor (ESA 2020a), acquired on 20th of July 2016 and 15th of July 2018, for land cover classification and vegetation cover modeling (Figure 3). Respective dates were chosen based on minimum cloud cover and as it corresponds to the peak of the regional vegetation period during July and August (Zandler et al., 2020). Calculation of Bottom-Of-Atmosphere reflectance was performed using the Sen2Cor software (ESA 2020b). Bands with 10 m and 20 m resolution were selected for the final analysis. For calculation of Sentinel-2 snow data, we used all available images from March to May, resulting in a total of 37 images, and applied a dense cloud masking approach. To derive elevation information for the land cover classification, the SRTM dataset with a resolution of 30 m was utilized (NASA 2013). MODIS indices of the products MOD13Q1 (Didan 2015) and MOD10A1 V6 (Hall and Riggs 2016) were applied to derive vegetation and snow long-term anomalies for 2001-2020, respectively. The MOD13Q1 data has a spatial resolution of 250 m and delivers Normalized Difference Vegetation Index (NDVI) data at a 16-days interval. Thereby, the product is generated based on best values of a daily NDVI series, i.e. including low cloud coverage and high NDVI values (Didan 2015). The MOD10A1 V6 dataset is based on the Normalized Difference Snow Index (NDSI, Table 1).
[image: Figure 3]FIGURE 3 | Comparison of false color composites (Bands 8-4-3) of (A) 20th of July 2016 and (B) 15th of July 2018 using Bottom-Of-Atmosphere reflectance derived from the Sentinel-2 Level-1C product with the Sen2Cor software.
TABLE 1 | Overview of utilized vegetation indices. Band designations refer to bands of the Sentinel-2 sensor as outlined in ESA (2015) if not stated otherwise.
[image: Table 1]The product has a nominal spatial resolution of 500 m and contains NDSI, missing data, water and cloud values on a daily basis (Hall and Riggs 2016). To generate a continuous daily NDSI time series, cloud and other invalid pixels where removed using a simple gap-filling algorithm (cf. Zandler et al., 2020). All pixels with more than 60% missing data, which corresponded to approximately 5% of the research area, were masked for the analysis. Gaps in the NDSI time series were linearly interpolated. For the beginning and the end of the time series, the relevant closest value was used. This simple approach was selected as it is considered as effective, reproducible, transferable and independent (cf. Salomonson and Appel 2006). Finally, both MODIS products were averaged to monthly values.
2.4 Remote Sensing Variables
For Sentinel based applications, we used all 10 m and 20 m bands and a number of vegetation indices as potential predictors in both of our modeling approaches (Table 1). We included the NDVI as one of the most frequently used variables for remote sensing studies in our analysis (Bannari et al., 1995). As red-edge bands were found to greatly improve remote sensing based analysis in drylands (Ren et al., 2011; Schumacher et al., 2016; Li et al., 2017) and the Sentinel-2 sensor offers several bands in this region, we also included two versions of a Normalized Difference Red Edge Index (NDRE) in our analysis. Additionally, the MERIS Terrestrial Chlorophyll Index (MTCI) was included as a red edge based index. Similarly, the Modified Chlorophyll Absorption Index (MCARI) was calculated as it performed well in biomass modeling in a comparable region (Zandler et al., 2015b) and because it covers the non-green or structural parts of vegetation (Ren et al., 2018).
Soil adapted indices, either based on fixed adjustment parameters or on the soil line concept (Qi et al., 1994; Bannari et al., 1995), are considered to be particularly suitable for low vegetation cover conditions. Therefore, several such indices, such as the Weighted Difference Vegetation Index (WDVI) or the Perpendicular Vegetation Index (PVI), were used for modeling and classification in this approach. Further indices that where designed to be robust against soil brightness variations and may be advantageous in cold drylands are the Soil-Adjusted Vegetation Index (SAVI, Huete 1988) and the Transformed SAVI (TSAVI, Qi et al., 1994). We included two additional indices that showed reasonable performance for detecting dry vegetation matter in other environments: the Soil-Adjusted Corn Residue Index (SACRI) and the Modified Soil-Adjusted Crop Residue Index (MSACRI) (Li and Guo 2018; Ren et al., 2018). Finally, we calculated Modified SAVI (MSAVI), as recent research showed that this index may provide an improved vegetation signal compared to traditional indices as it is more robust to soil noise (Vanselow and Samimi 2014; Vanselow et al., 2018; Wu et al., 2019).
Sentinel NDSI was calculated in analogy to the MODIS products. As the majority of snowfall in the region occurs in spring and respective season showed to be particularly important for vegetation in existing research (Pohl et al., 2015; Zandler et al., 2020), we averaged snow related metrics of Sentinel and MODIS for the months of March, April and May. For MODIS, we calculated anomalies as the deviation from the 2001–2020 mean. For Sentinel, we calculated the average NDSI for 2018 only, as almost no satellite images were available in 2016 during the relevant period. Topography is important for the water budget. Therefore, it influences the distribution of vegetation communities in arid regions (Sternberg and Shoshany 2001; Vanselow and Samimi 2014). Accordingly, we included the variables elevation in meters, slope in degrees, cosine and sine of aspect in radians (referred to as “northerness” and “eastness” respectively, ranging e.g., from −1 for southern orientation to +1 for northern orientation) for the land cover classification using the SRTM data.
2.5 Models and Statistical Analysis
The generated products were combined in different ways for modeling approaches and anomaly calculations (Figure 4). For remote sensing based vegetation mapping with many possible predictor variables, a large number of potentially useful models exist (Zandler et al., 2015b; Verrelst et al., 2019). In cold drylands, existing studies showed good performance of LASSO for vegetation quantification (Zandler et al., 2015b), whereas the RF approach (Breiman 2001) was frequently and successfully used for vegetation quantification (Vanselow and Samimi 2014; Schumacher et al., 2016) and classification (Kraudzun et al., 2014; Hu and Hu 2019; Zhang et al., 2019). To allow for good comparability between modeling of vegetation quantities and vegetation classes, as well as with other research approaches, we selected the RF approach for multivariate models in this study (Breiman 2001; James et al., 2013). We used the standard definition of model parameters because other studies indicate very limited impact of parameter tuning on model performance (Diesing 2020). An evaluation of the performance and the modeling errors needs to consider spatial dependence of samples and independence of training and test data (Brenning 2012). Existing research showed that single splits into training and test datasets have high variance and do not provide robust accuracy assessments (Lyons et al., 2018). Furthermore, the spatial structure that is characteristic for data of drylands and other environments requires a spatial validation approach. Therefore, we performed a spatial, 100-repeated 10-fold cross-validation with k-means clustering (Ruß and Brenning 2010) using the R-package sperrorest (Brenning 2012) for land cover modeling and classification, as respective technique resulted in robust accuracy metrics in existing research (Zandler et al., 2015b; Lyons et al., 2018). To compare results to simple non-spatial cross-validation, a methodology still frequently applied in grassland studies, we also ran the models without the spatial validation approach. Variable importance assessment was performed using the Boruta algorithm as existing research provides evidence that it is the most powerful method with large sets of predictor variables (Degenhardt et al., 2019). Thereby, we applied the Boruta R-package (Kursa and Rudnicki 2010) with a p value of 0.05 and 500 importance source runs and repeated the whole calculation 500 times to account for stochastic variability due to the random forest classifier (cf. Zandler et al., 2020). Finally, we derived the importance scores averaged over all importance source runs and repetitions. For vegetation cover modeling, we also tested single predictor variable models to compare the snow variable with the commonly used NDVI in regions with very low vegetation cover (<20%). For this approach, we selected an ordinary least squares approach with the same cross-validation procedure.
[image: Figure 4]FIGURE 4 | Methodological overview of the utilized products, processing and outputs.
For the temporal analysis of snow and NDVI anomalies, we used Pearson’s correlation to compare the time series anomalies as we expect linear relations between respective variables (Wang et al., 2018; Chen et al., 2020). Thereby, MODIS NDSI anomalies were calculated for spring and MODIS NDVI anomalies were averaged over the peak of the vegetation period (July, August). The latter period was used to maximize the vegetation signal (cf. Zandler et al., 2020). Furthermore, we correlated respective satellite based anomalies with field data measurements. All temporal analysis and the vegetation cover model were restricted to vegetated areas as given by the land cover classification. To convert the high-resolution Sentinel-2 classification to the coarser MODIS dataset, we applied a majority-resampling method, i.e. we assigned those classes to the MODIS pixels that showed the maximum number of pixels in the original classification. It is important to state that different resampling approaches may lead to small variations in the results, but we selected this method as other studies showed small variations of about one percentage point across their tested resolutions with this approach (Oyana et al., 2014). For temporal anomalies, the land cover classes riparian grasslands, Salix riparian communities and salt grass communities were summarized to one class riparian areas due to their ecological dependencies of azonal ground or surface water.
3 RESULTS
3.1 Land Cover Classification
The land cover classification showed well-defined vegetation communities and partly zonal distributions of vegetation classes (Figure 5).
[image: Figure 5]FIGURE 5 | Overview of modeled vegetation classes for the year 2018 including NDSI as a snow variable (A), with details of the lower regions in the South-West with Salix riparian communities (B) and the lakes in the East with adjacent Salt grass communities (C).
The overall cross-validated accuracy of the models ranged between 80% in 2018 and 81% in 2016 and was highly significant (Table 2). There was no difference in performance measures with our without snow variables. If spatial cross-validation was ignored, accuracy measures were about ten percentage points higher. Accuracy measures showed some variations between classes. Dwarf-shrub deserts and steppes, water, snow and dark rock and scree classes had highest accuracies in both years with balanced values above 85% (Table 3, Table 4). Riparian grasslands and alpine grasslands resulted in relatively high performances with minimum balanced accuracy of 69%. Salix riparian communities and salt grass communities showed higher errors and minima of balanced accuracies around 40%. Salix riparian communities were mainly confused with riparian grasslands, and salt grass communities with dwarf-shrub steppes and deserts. These classes performed much better in 2018, whereas the bright rocks and scree class performed worse in 2018. However, alpine meadows, riparian grasslands and dwarf-shrub deserts performed better in 2016. In summary, yearly differences were small with slightly better performance of the vegetation classes in 2016.
TABLE 2 | Overall performance of the land cover classification and comparison to performance assessment without spatial cross-validation. Models without snow variables are labeled with “no NDSI.” All p-values were very highly significant.
[image: Table 2]TABLE 3 | Confusion matrix of test data summed over all repetitions and folds for the 2016 model including snow variables.
[image: Table 3]TABLE 4 | Confusion matrix of test data summed over all repetitions and folds for the 2018 model including snow variables.
[image: Table 4]Elevation, MSACRI, SACRI and slope were among the five most important variables according to the repeated Boruta algorithm in both years (Figure 6). No variable was considered as unimportant in both years, but the variable “northerness” was relatively close to the maximum of the randomly shuffled shadow variables. The NDVI and the snow variable NDSI were also among the ten most important variables, whereby the latter ranked higher in both years. Sentinel-2 Band 12 and MSAVI also showed high importance scores. All other predictors showed larger variability between the years.
[image: Figure 6]FIGURE 6 | Variable importance for the land cover classification derived from a 500-repeated Boruta algorithm in 2016 (A) and 2018 (B).
3.2 Foliar Vegetation Cover Model
Cross-validated R2 values of multivariate models ranged between 0.77 (2016) to 0.80 (2018) and showed RMSE values of 11.23 percentage points in 2018, compared to a standard deviation of measured cover of 24.81%, and 12.85 percentage points in 2016, compared to a standard deviation of measured cover of 27.03% (Table 5). All multivariate models showed a small negative bias. Performance differences between models with snow variables and models without snow variables were minimal for multivariate models. If spatial cross-validation was not performed, performance measures increased by about 0.1 in R2 and three cover percentage points in RMSE due to positive spatial evaluation bias. Models with only one predictor and limited to low vegetation cover regions (<20%) showed better performance of NDSI compared to NDVI by about 0.3 in R2 and 0.6 in RMSE. Furthermore, single NDVI models did not result in suitable models if compared to the field-measured standard deviation. Maps of modeled foliar vegetation cover showed larger values near rivers or lakes and in higher elevations (Figure 7).
TABLE 5 | Performance measures of the foliar vegetation cover models with data from the years 2016 and 2018 and comparison to performance assessment without spatial cross-validation (labeled “No SCV”). Standard models are models without snow variables in contrast to models that include NDSI as a predictor.
[image: Table 5][image: Figure 7]FIGURE 7 | Overview of modeled foliar vegetation cover for the year 2018 (A), with details of parts of the Big Pamir wildlife reserve in the West (B) and the Teggermansu wildlife reserve in the East of the research area (C).
MSACRI was the most important variable in both years according to the 500-repeated variable importance assessment (Figure 8). Generally, almost all variables were considered important for the cover model, with the exception of NDRE 2 in 2016, which did not result in higher importance scores than randomly shuffled shadow variables. Importance of other variables was comparable between the years with some differences. Generally, Band 2, 4 and 12, TSAVI, NDVI, MTCI and MSAVI were among the ten most important predictors in both years. Other variables showed higher differences between the years.
[image: Figure 8]FIGURE 8 | Variable importance for the foliar vegetation model derived from a 500-repeated Boruta algorithm in 2016 (A) and 2018 (B).
3.3 Snow and Vegetation Anomalies
MODIS based snow and NDVI anomalies 2001–2020 showed largely similar variations over time (Figure 9). Median values of field-measured foliar vegetation cover anomalies had a comparable pattern to NDSI variations. MODIS based correlations were positive and highly significant with overall Pearson’s r of 0.68 (Table 6). Separate analysis of different vegetation communities showed that riparian areas and dwarf-shrub steppes had similar overall correlations, but alpine grasslands had much higher correlation values. The correlation of MODIS spring NDSI and field measured foliar vegetation cover anomalies was relatively high in alpine grasslands (r of 0.74), but showed much lower correlations in dwarf-shrub steppes and no significant correlation in riparian areas.
[image: Figure 9]FIGURE 9 | Standardized anomaly time series of MODIS NDVI during the peak of the vegetation period (July, August) and MODIS NDSI in spring (March-May) compared to field-measured foliar vegetation cover in July and August.
TABLE 6 | Results of Pearson correlation analysis of MODIS time series raster anomalies 2001-2020 averaged over the whole area (MODIS) and correlation between MODIS NDSI anomalies and field-measured foliar vegetation anomalies for the years 2006,2007,2016 and 2018 (measured cover). Asterisks indicate significant correlations.
[image: Table 6]4 DISCUSSION
4.1 Performance of Models
To our knowledge, this research study is the first that systematically evaluates remote sensing variables for both vegetation classification and vegetation quantification in Asia’s cold drylands and during different years. The general performance of the models was good for the 2 years with similar or better accuracies if compared to other dryland studies (Vanselow and Samimi 2014; Wang et al., 2019; Zhang et al., 2019). However, direct quantitative comparisons between studies from different regions and with different research designs are generally problematic (Zandler et al., 2015b).
Regarding the vegetation classification, a notable difference in accuracies between different classes was visible. It showed highest errors in some ground water influenced classes such as Salix riparian communities, which were confused with riparian meadows, and salt grass communities, which were often classified as dwarf shrub steppes. This may be mainly caused by the fact that respective classes frequently form a small-scale mosaic with various transitions depending on the water table and micro relief (Mętrak et al., 2017), which makes accurate classification difficult due to the spatial resolution and spectral ambiguousness (Smith et al., 2019). Similarly, related spectral signals of alpine grasslands and riparian grasslands due to conformity of a number of plant genera most likely increased errors in respective classes. Nevertheless, the predominant vegetation communities showed good performance measures with very high accuracies of dwarf-shrub steppes compared to existing research (Vanselow and Samimi 2014; Hu and Hu 2019). Future approaches may further benefit from combining respective non-deep learning techniques with neural network based approaches and high-resolution imagery (Li et al., 2020; Thorp and Drajat 2021).
The temporal evaluation showed that yearly performance differences were small in total, but some classes, such as Salix riparian communities, salt grass communities and bright rocks and scree showed stronger variations in performance between the years. This may be explained by different weather patterns, whereby 2016 was relatively wet and 2018 a much drier year in comparison (Figure 9). High water availability in 2016, also due to meltwater, may have led to increased plant vigor and greenness in shallower rooted riparian grasslands, which increased spectral similarity to the deep rooted Salix riparian communities, characterized by dense vegetation and very high greenness. In the case of salt grass communities, which were increasingly confused with dwarf shrub deserts and steppes in 2016, the higher water availability may have disproportionally enhanced greenness in the steppe communities due to higher forb cover, also increasing spectral similarity. However, the greener conditions in dwarf shrub steppes in 2016 may have contributed to the separation to bright rocks, which was worse in 2018. Finally, drier conditions may have led to more confusion between the rock classes in 2018, as soil moisture increases the effectiveness of the infrared reflectance region and has various impacts on vegetation indices (Tucker and Miller 1977; Todd and Hoffer 1998).
Our comparison of the spatial cross-validation approach with ordinary, non-spatial cross-validation underlined the need to consider spatial auto-correlation in evaluation approaches with clustered data in general, but especially in Asia’s cold grasslands. Our analysis shows that ignoring spatial effects in the evaluation may lead to positive evaluation bias of around 0.1 in R2 and an underestimation of 25% in RMSE and over 30% in MAE. Respective results are supported by remote sensing studies of other regions (Mayr et al., 2018; Meyer et al., 2019; Fauvel et al., 2020). This reinforces that remote sensing studies without spatial validation approaches have to be treated with caution in case of clustered field data.
4.2 Importance of Predictor Variables
Importance assessment showed a noticeable emphasis on indices including background information as the most relevant predictors but covered different wavelengths. In all years and models, MSACRI was among the most important variables. The reasons for the relevance of this predictor may be a result of the incorporated soil correction (Fern et al., 2018) and the coverage of non-photosynthetic vegetation signals with the index (Ren et al., 2018). Influence of soil is considered as a main obstacle in remote sensing of drylands and specific methods are necessary to account for the background influence on the spectrum (Eisfelder et al., 2012; Smith et al., 2019). Although living vegetation was the dependent variable, the coverage of senescent vegetation, litter and woody vegetation parts, which are captured by MSACRI (via the inclusion of SWIR spectral bands), contributed to the total vegetation signal and was highly important for vegetation modeling in this environment (Zandler et al., 2015a; Ren et al., 2018). Other predictors that showed high importance in all assessments were the MSAVI, Band 12 and the NDVI. The SWIR Band 12 further supports the relevance of covering vegetation signals of lignin or cellulose. The prominence of the SWIR for vegetation analysis in drylands, and the better ability to capture vegetation cover differences compared to traditional indices is also supported by research on drylands from other continents (Poitras et al., 2018). Therefore, our results propose that including SWIR bands and indices in remote sensing based research studies is of high relevance to Asia’s grasslands. The importance of MSAVI is additional evidence that the incorporation of soil-adjusted indices greatly improves vegetation models (Svinurai et al., 2018). However, also the commonly used index NDVI was highly important in all approaches. Both MSAVI and NDVI include red and infrared bands, which shows that this spectral region is continuously essential for remote sensing-based vegetation analysis in cold grasslands. These results also raise expectations of new index adjustment methods for dryland research such as soil adapted indices that combine near infrared and SWIR bands (Chen X. et al., 2019).
Although medium-resolution studies analyzed vegetation-snow relationships in the past (Wang et al., 2013, 2018), this is the first study that tests higher-resolution snow variables for vegetation modeling and classification in cold grasslands. It is noteworthy that although snow variables were considered as important for vegetation models and were frequently found in the top ten regarding median importance scores, their removal did not lead to lower performance of the multivariate models. Therefore, other indices or bands may substitute respective snow information for spatial modeling of vegetation. However, the importance assessment shows the high relevance of snow variables for vegetation communities and vegetation cover in cold drylands, and provides evidence that temporal anomalies of higher-resolution snow variables may serve as important climate proxies in the future. The relatively low temporal resolution of Sentinel-2 imagery prior to the year 2018, which was greatly improved with the launch of the Sentinel-2B satellite in 2017 (ESA 2020a), prevented temporal analysis of this variable in this study. Linear, single variable models had a very low performance in general, but showed that in regions with very low cover values (<20% cover), NDSI was a better proxy of vegetation cover than the NDVI. This may be explained by strong soil background reflectance, resulting in a greater impact on NDVI variability than the marginal vegetation signal of scarce vegetation (Smith et al., 2019). This shows the importance of snow cover algorithms for products with high spatial and temporal resolutions (Piazzi et al., 2019). However, it is important to consider that snow variables are not directly related to vegetation properties and hence, their application for vegetation modeling is generally limited.
Most red-edge based indices were situated at the lower end of the median importance range in this study. This is in contrast to existing research approaches that reported good performance of this spectral region in grassland modeling (Sibanda et al., 2017; Lin et al., 2019; Filho et al., 2020), although some studies only stated insignificant contribution of red-edge bands (Cai et al., 2020). However, the MTCI, which uses the two lower wavelength red-edge bands, was among the ten best variables in almost all models. Therefore, the selection of the appropriate red-edge bands may be crucial in modeling vegetation of different grasslands. The lower resolution of the red-edge bands (20 m) compared to infrared and red bands (10 m) may also be a reason for the lower importance of red-edge indices in this region with high spatial heterogeneity and small-scale vegetation patterns (cf. Zarco-Tejada et al., 2018).
4.3 Temporal Correlation of Vegetation and Snow Anomalies
Existing research showed a positive relationship between vegetation and snow cover derived from MODIS in cold drylands of other regions (Wang et al., 2013, Wang et al., 2018), which is in agreement with this study. Regarding different land cover classes, our results also confirm that the strongest coupling of snow to vegetation occurs in alpine grasslands. In contrast to existing research, which reported no correlation between snow variables and vegetation proxies in shrub steppes (Wang et al., 2018), the satellite based analysis showed a strong positive correlation in our research area.
In addition to satellite based NDVI data, we also analyzed the correlation of snow variables with field-measured vegetation anomalies, a subject hitherto rarely studied. Respective results confirmed the satellite based analysis, providing valuable field evidence for the applicability of snow variables in assessing vegetation dynamics. The main reason for stronger coupling of snow and vegetation in alpine grasslands may be found in the species composition, with larger shares of grasses that show faster reaction times to water variability in the upper soil layer than woody vegetation with deeper rooting plants (Li et al., 2013). Furthermore, snow cover may also have a positive effect on plants due to an insulation effect during the cold season in higher altitudes (Wang et al., 2013, Wang et al., 2018) and some studies also stated increased climate sensitivity of vegetation in higher elevations (Li et al., 2019). Dwarf-shrub steppes also showed correlations with snow but the strength of the correlation was lower. A main reason for this is the longer response times of woody vegetation to weather variability and the relative drought tolerance of dwarf-shrubs (Zhu et al., 2019). Finally, field based anomalies in riparian areas showed no correlation with NDSI variations and the lowest correlations for the NDVI time series. This may be caused by lower direct coupling to atmospheric water amounts and higher influence of ground water, glacial melt water variations or other hydrological impacts in other parts of the watershed (cf. Zandler et al., 2020).
Our results thereby show that although snow variables are not applicable to model vegetation communities that are influenced by surface or ground water, they serve as important indirect climate proxies for vegetation monitoring. The main advantage of this variable compared to other climate elements is that snow is detectable using high-resolution remote sensing methods. This may provide a new spatial level of vegetation monitoring in Asia’s cold drylands with Sentinel-2 or even higher resolution data such as PlanetScope or SkySat. The presented snow-vegetation relationship may also be of high relevance for grassland management and premature determination of livestock stocking rates based on spring snow conditions.
4.4 Remote Sensing and Mitigation of Infrastructure Encroachment and Land-Use Impacts in Cold Drylands
Remote sensing is one of the main tools available for mapping and monitoring vegetation, land cover and associated patterns of biodiversity across large landscape scales (Wang and Gamon 2019). Data derived from the present study support that remote sensing could provide accurate qualitative and quantitative information on the land cover of cold drylands. In Asia, these ecosystems are currently exposed to an unprecedented level of human-induced vegetation change and various disturbances resulting from the Belt and Road Initiative (BRI), potentially the largest infrastructure development once in a lifetime (Ascensão et al., 2018; Lechner et al., 2018). The expansion of land transportation infrastructure from China to Europe across the cold drylands of Central Asia and the induced land disturbance, including raw material extraction and the associated fragmentation of surrounding landscapes, will degrade ecosystem services in one of the main “water towers” of Asia. These impacts will potentially push some fragilized ecosystems to abrupt changes in quality and functionality (Leadley et al., 2014), resulting in unknown consequences for the populations in the watershed. Stakeholders must therefore carefully consider trade-offs between economic gains and ecosystem loss and plan effects mitigation or alternative solutions that minimize impacts (Hughes 2019).
The first step to reduce impacts associated with transportation infrastructure development is to determine where they are likely to occur, and to which extent they may affect the functionality of the landscape. Remote sensing tools assessed in the present paper offer the capability and spatial accuracy necessary to meaningfully model impact on cold drylands and associated biodiversity, and support the development of mitigation strategies. These remote sensing tools are also available to help BRI developers integrate the cumulative effects of climate change and ecological interactions (e.g., livestock grazing) into the needed risk assessment matrix. They help strengthen and lend credibility to the use of best practices such as strategic environmental and social assessments (Ascensão et al., 2018), and science-based pre-assessment of land cover and biodiversity impacts, even before investments are made for environmental impact assessment studies. Furthermore, respective tools may contribute to disentangle effects of climate change and human induced activities which had severe impacts on cold drylands in the past decades (Wu et al., 2014; Mirzabaev et al., 2016; Chen T. et al., 2019).
The comparison of remote sensing based environmental variables to usage intensity indicators such as livestock grazing density may provide important insights and support development of sustainable and biodiversity-inclusive grazing schemes. Satellite based models can also help characterize pasture quality, livestock and wildlife carrying capacity, seasonal forage distributions, optimal timing for grazing and serve as valuable foundation for decision makers in respective environments (Egeru et al., 2015).
5 CONCLUSION
This study showed that in addition to variables covering the near infrared wavelengths, soil adjustment methods and the SWIR spectral regions are particularly important for land cover classification and vegetation quantification in cold grassland environments. High-resolution snow variables were considered important in all models, which illustrates the relevance of snow for vegetation of respective ecosystems. The comparison of spatial cross-validation compared to ordinary cross-validation provided further evidence for the necessity of validation approaches that consider spatial patterns in respective ecosystems with clustered data. Temporarily, snow anomalies were highly and positively correlated to NDVI and field measured vegetation anomalies. Respective insights contribute to the understanding of grasslands by highlighting important variables and remotely sensed climate proxies. The relevance of snow variables also indicates that future research may greatly benefit from longer time series of high spatiotemporal-resolution satellite data in understanding grassland dynamics in Asia’s cold drylands. The results of presented research supports that remote-sensing models can accurately predict the qualitative and quantitative features of vegetation in cold drylands.
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Enhanced atmospheric nitrogen (N) deposition is threating species diversity in the desert steppe ecoregions. Needlegrass (Stipa breviflora) is the dominant specie in the desert steppe grasslands of China and southern Mongolia, and the response of S. brevifolia to N deposition is not well known. In this study, we conducted an experiment to determine the growth and N uptake of S. breviflora in response to several N addition rates. The results showed that N addition did not change plant growth, emergence rate, plant height, or biomass of S. breviflora, even at a N addition rate of 50 kg N ha−1 yr.−1 with sufficient soil moisture during a 120-day growth period. The absence of a N effect was due to the fact that N uptake in S. breviflora was not improved by N addition. These results indicated that S. breviflora is very conservative with respect to N utilization, which could possibly help it resist enhanced atmospheric N deposition. Moreover, conservative N utilization also enables S. breviflora to survive in N-limiting soils.
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1. Introduction

Atmospheric nitrogen (N) deposition has become an important driving factor in grassland ecological systems, and is due mainly to the excessive use of fossil fuels and N fertilizer in the past century (Fowler et al., 2013; IPCC, 2013; Gao et al., 2014). N deposition increases from 34 Tg N yr.−1 in 1860 to 109 Tg N yr.−1 in 2010 globally and is expected to reach 270 Tg N yr.−1 in 2050 (Galloway et al., 2004; Fowler et al., 2013). In China, atmospheric N deposition increases from 13.2 Tg N in 1980 to 21.1 Tg N in 2010 with a rate of increase of 8 Tg N yr.−1 (Liu et al., 2013). Although N deposition generally promotes plant growth (Liu et al., 2010, 2011), many studies have shown that it also has a significant negative impact on grassland ecosystems, in that it reduces species diversity (Bobbink et al., 2010; Duprè et al., 2010; Lan and Bai, 2012) and accelerates soil acidification (Richter and Markewitz, 2001). Researchers (Bobbink, 2004; Bai et al., 2010; Liu et al., 2011) defined the threshold of N deposition to grasslands, which is the value above which aboveground biomass and species diversity significantly decrease (Wang et al., 2019). The thresholds are 4.6 N·m−2 yr.−1 for alpine grasslands in the United States and 7.8 g N·m−2 yr.−1 for acid grassland in England (Bowman et al., 2012; Tipping et al., 2013). The study showed that each 2.5 kg N ha−1 yr.−1 of N deposition results in the loss of one specie per 4 m2 quadrat (Stevens et al., 2004). In China, the thresholds are higher, 9.17 g N·m−2 yr.−1 for semi-arid grasslands and 10.5 g N·m−2 yr.−1 for typical steppe (Bai et al., 2015; Chen et al., 2016). N deposition affects plant communities through direct toxicity, soil acidification, nutrient imbalance and altered interspecific competition (Clark and Tilman, 2008; Bobbink et al., 2010; Tian et al., 2016; Payne et al., 2017). For example, N deposition reduces species richness in acid grasslands as a result of soil acidification (Stevens et al., 2010). In addition, the accumulation of deposited N changes the interspecific relationships of plants, resulting in the gradual elimination of less competitive species (Clark and Tilman, 2008; Bai et al., 2010).

In China, 25% of grasslands are desert steppe (Kang et al., 2007), which are more vulnerable than other grasslands. The current annual N deposition in desert steppe reaches to 14.7 kg N ha−1 yr.−1 (Zhang et al., 2017). Previous studies have found that N deposition increases the aboveground biomass in desert steppe during wet years and reduces the species richness and stability of communities (Su et al., 2012; Wu et al., 2020; Yu et al., 2021). However, most of these studies focus on the effects of N deposition on grassland ecosystem and plant communities. Very few studies have investigated the response of individual plants to N deposition.

Specie in the genus Stipa (Poaceae) are widely distributed across Eurasia (Coupland, 1993) and many are xerophytes (Lu and Wu, 1996). S. breviflora Griseb. (needlegrass) is a common species that is mainly found in the dry regions of China, especially in Inner Mongolia, Xinjiang, and Ningxia as the dominant species of desert steppe grassland. S. breviflora is an excellent pasture grass in the desert steppe that produces early green shoots with fine palatability and other advantages (Yan et al., 2020). A long-term experiment in the desert steppe showed that S. breviflora biomass production do not respond to N deposition (Wu et al., 2020). This is consistent with a previous study showing that C4 plants are almost insensitive to N addition, while C3 plants are highly sensitive (Zhong et al., 2019). However, the reason for this have yet to be clarified. It could be due to a N-soil moisture interaction or conservative N utilization. Drought is the main climatic factor that limits plant growth and distribution in arid regions of the world (Knapp et al., 2017). If drought intensity exceeded N deposition, plants would not respond to N deposition. Conservative N utilization could also make plants insensitive to N deposition.

Because S. breviflora cannot respond to additional N even in wet years, we assumed that soil moisture should not be involved in the interaction between S. breviflora and added N. Therefore, we hypothesized that S. breviflora can resist atmospheric N deposition through conservative N utilization. To test this hypothesis, we investigated growth and N uptake in S. breviflora plants at several different level of added N. In order to avoid interference from soil moisture levels, plants were well irrigated during the entire growth period.



2. Materials and methods


2.1. Study site and experimental design

The experiment was conducted in a phytotron at Inner Mongolia Agricultural University, Hohhot, China, with the following controlled climatic conditions: 12 h light/12 h dark photoperiod, 40% day/40% night relative humidity and 25°C average indoor temperature. The seeds of S. breviflora were collected from the desert steppe located in Siziwang Banner, Wulanchabu city, Inner Mongolia autonomous region, China (41°46′43.6″N, 111°53′41.7″E). In order to eliminate errors caused by seed size, uniform seeds were selected by weighing based on the average size of each batch (0.31 g per 100 seeds). The studied soil was the topsoil (0–20 cm) collected from the same site. After air-drying, soil properties were determined. The soil type was chestnut soil, with a pH of 8.29 and a field capacity of 23%, Other soil properties were shown in Supplementary Table S1. The soil was passed through a 2 mm sieve and used to fill pots of 15 cm in diameter and 12 cm in height that can hold 1.5 kg of soil. The seeds were sterilized in 10% H2O2 for 30 min and germinated in Petri dishes (120 mm in diameter) on wet filter papers.

Five N addition treatments (0, 7.69, 15.38, 23.08, and 38.46 mg N kg−1 soil) with four replicates each were used in this study. The rates were calculated to equal atmospheric N deposition rates of 0, 10, 20, 30, and 50 kg N ha−1 yr.−1, respectively (Supplementary Figure S1). Based on the ratios of organic N:inorganic N of deposition (30%:70%) and NH4+-N:NO3−-N (1.63:1.00) in desert steppe (data from our N deposition monitor net), we designed the N fertilizer mixture to be CO(NH2)2:NH4HCO3:Ca(NO3)2 = 7.41:27.73:17.96 in order to accurately mimic the N forms in deposited N.

All of the N fertilizers were dissolved in deionized and were then added to the 1.5 kg of soil in the pot. After air-drying, the N and soil were mixed thoroughly. Germinated seeds were sown in the pots at a rate of 11 seeds per pot. Soil moisture in each pot was maintained at 70% of field capacity by weighing every 2 days. When the plants were 5–6 cm high, they were thinned to three plants per pot.



2.2. Plants, soil sampling, and analysis

The number of seeds emerging is recorded at 5 days after sowing (DAS) to calculate the emergence rate. The height of S. breviflora was measured with a standard ruler at 30, 60, 90, and 120 DAS. The number of S. breviflora leaves was also counted by forceps at the same time. At harvest, shoots were cut at soil surface. Roots were lifted out of soil and washed by deionized water carefully. All the plant materials were dried at 70°C for 3 days and weighed.

The fresh soil in the pots was collected and separated into two parts, one for soil total N analysis and the other for soil inorganic N measurement. The NH4+-N and NO3−-N in the fresh soil were extracted using KCl solution and the concentrations were determined using a continuous flow analyzer (SEAL, Germany). The soil inorganic N concentration (SIN)was the sum of the ammonium and nitrate concentrations. Plant materials were ground with a ball mill (Retsch MM 400, Germany) and air-dried soil samples were digested in a mixture of concentrated H2SO4 and H2O2, and the N concentration was then determined using the micro-Kjeldahl procedure (Gallaher et al., 1976). The N content was calculated by multiplying plant N concentration and biomass (Li et al., 2010). Soil pH was measured with a pH meter (Leici, China) at a soil:water ratio of 1:2.5. The equations for calculating plant N uptake rate and soil residual N rate were listed as follows:
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2.3. Statistical analysis

SPSS software version 24.0 (IBM, US) was used for one-way analysis of variance (ANOVA) to determine the significance of plant height, leaf number, biomass, soil inorganic N concentration, soil pH, plant and soil total N, and N content of the plants (LSD, α = 0.05). Average values are reported as the arithmetic mean. Origin 2021 software (OrginLab, United States) was used to create the figures.




3. Results


3.1. Plant growth

Compared with the control without N addition, N addition did not increase the emergence rate and plant height of S. breviflora plants during 120 days of growth irrespective of the amount of N added (Figure 1; Supplementary Figure S1). The average plant height was 18.1 cm at 30 DAS. Plant height increased by 45.4% at 60 DAS compared with the height at 30 DAS. After 60 DAS, the plants cannot grow higher any more, and maintained at 26.5 cm on average.

[image: Figure 1]

FIGURE 1
 Plant heights in Stipa breviflora plants grown under different N addition rates at 30 days after sowing (DAS) (A), 60 DAS (B), 90 DAS (C), and 120 DAS (D). Each value is the mean of four replicates (+SD). Different lowercase letters indicate significant differences among the treatments at p < 0.05.


Added N significantly suppressed leaf emergence when N addition rates were 30 and 50 kg ha−1 yr.−1 at 30 DAS compared with the control (Supplementary Figure S2). There were six leaves on the S. breviflora plants on average in these two treatments, and this was 27.1% lower than the number in the other treatments. This discrepancy was amplified at 60 DAS when the average leaf number was nine. However, leaf numbers in all the treatments were similar at 90 and 120 DAS. From 90 to 120 DAS, leaf number increased by 42.4%, and reached to 99 leaves (including growing leaves). The leaf emergence rate was much higher from 90 to 120 DAS compared to the other growth periods.

Similar to the situation with plant height, N addition also did not change plant biomass including shoot and root biomass (Figure 2). The shoot and root biomass of each pot averaged 2.04 g pot−1 and 2.40 g pot−1 at 120 DAS, respectively. The ratio of root:shoot biomass of the plants was ~1.

[image: Figure 2]

FIGURE 2
 Shoot biomass (A), root biomass (B), plant biomass (C), and root-shoot ratios (D) in Stipa breviflora plants grown under different N addition rates at120 DAS. Each value is the mean of four replicates (+SD). Different lowercase letters indicate significant differences among the treatments at p < 0.05.




3.2. N uptake

Added N did not significantly improve shoot and root N concentrations relative to the control at harvest. Shoot N concentration was 2.33%, and was 2.01 times higher than the average root N concentration of 1.16% (Supplementary Figure S3). The shoot N contents were similar among all treatments, which were 47.3 mg pot−1 on average. The same trend was found in root N content and plant total N content, which averaged 30.6 and 77.8 mg pot−1, respectively. Shoot N content was 54.6% higher than root N content (Figure 3).

[image: Figure 3]

FIGURE 3
 N content of the shoots (A), roots (B), and whole plants (C) in Stipa breviflora plants grown under different N addition rates at 120 DAS. Each value is the mean of four replicates (+SD). Different lowercase letters indicate significant differences among the treatments at p < 0.05.




3.3. Soil N and soil pH

At harvest, no significant changes were found for soil NH4+ concentration in any of the N addition treatments relative to the control (Figure 4). However, N addition increased soil NO3− concentration by 380.2% compared with the control when the addition rate was 50 kg ha−1 yr.−1 (Figure 4). In contrast, soil NO3− concentration in the other treatments with relatively low N addition rates were not significantly different than the control. No significant changes in soil total N were measured for the different N addition rates (Figure 4). Compared to the control, the soil pH decreased significantly by 0.15 pH units only when the N addition rate reach to 50 kg ha−1 yr.−1, and there were no significant differences in the other treatments (Supplementary Figure S4).

[image: Figure 4]

FIGURE 4
 NH4+(A), NO3−(B), inorganic N (C), and total N (D) concentration of pot soils in which Stipa breviflora plants were grown under different N addition rates at 120 DAS. Each value is the mean of four replicates (+SD). Different lowercase letters indicate significant differences among the treatments at p < 0.05.





4. Discussion


4.1. Plant growth

Added N did not change plant height, leaf number, and biomass, although there were changes in leaf number before 60 DAS at N addition rates of 30 and 50 kg ha−1 yr.−1. This indicates that the growth of S. breviflora plants did not respond to N addition, as we hypothesized, and is consistent with the result of Wu et al.,who show that continuous N addition did not change the growth of S. breviflora in natural system, even at 100 kg ha−1 yr.−1 in an experiment spanning 16 years (Wu et al., 2020). In many studies, N addition rate can be as high as 200 kg N ha−1 yr.−1,which results in a change in the growth of some plants (Kazanski et al., 2019). It is possible that the same things could occur in S. breviflora if the plants were exposed to a much higher N addition rate than we used. However, it is difficult to achieve such high N deposition rates in the desert steppe.

In a previous study conducted in the desert steppe, N addition also fails to increase the plant height and biomass in Alhagi sparsifolia and Lycium ruthenicum (Li et al., 2022). In contrast, Wan et al. (2019) and Ren et al. (2020) found that N addition promotes plant height and biomass accumulation in Solidago canadensis, Artemesia argyi, and Pterocypsela laciniata. Furthermore, the sensitivities of plants to N addition in the same grassland system can be different. The two dominant species in the desert steppe have obvious differences in sensitivity to added N; a positive effect is observed in Artemisia capillaris but not in Stipa tianschanica when the N addition rate is 100 kg N ha−1 yr.−1. The results of our study leave no doubt that S. breviflora is insensitive to N addition. In terms of individual plants, N addition is beneficial to nitrophilic species (Bobbink et al., 1998), but not to plants with a conservative N use strategy (Suding et al., 2005; Bobbink et al., 2010; Lü et al., 2020).



4.2. N uptake

In plants that grows in the desert steppe, leaf N concentration stay between 19.0 and 30.0 mg g−1, while root N concentration is lower, and ranges from 7.0 to19.0 mg g−1 (Li, 2014); this includes S. breviflora, Cleistogenes songorica, Convolvulus argenteum, Artemisia frigida, and Kochia prostrata. The ranges are stable even though the geographical locations are different (Ma et al., 2019; Li et al., 2022; Liu et al., 2022). Leaf and root N concentrations in S. breviflora in the desert steppe are determined to be 19.6 and 7.2 mg g−1, respectively, in a previous study conducted in natural conditions (Li, 2018). In this study, the leaf and root N concentration of S. breviflora plants were 23.3 and 11.6 mg g−1 respectively, which were slightly higher than the result of the previous study. This discrepancy could be due to the better growth condition in our study. Compared with the other plant species that grow in the desert steppe, S. breviflora has the highest biomass with the lowest N concentration (Li, 2018). Therefore, the efficient N utilization of S. breviflora is one of the reasons that it became a constructive species.

In two previous studies, N addition increases the N concentration of plants (Yuan and Chen, 2015; Huang et al., 2018), however, the N concentration of S. breviflora plants was not affected by added N in our study. Similar results are found in the desert steppes for Lycium ruthenicum Murr and Alhagi sparsifolia Shap as constructive species. Plants that adopt a conservative strategy for N utilization can provide a guarantee for maintaining ecosystem stability and effectively reduce the disturbance caused by N addition to grassland ecosystems.



4.3. Soil N concentration

At N addition rates equaled to or less than 30 kg N ha−1 yr.−1, SIN did not show a significant change. The budget between input and output determines the change in soil inorganic N concentration. Added N was the only source of input N in this study because the effects of N deposition can be ignored. Although 30% of the N added to the soil is urea, it is unlikely to maintain this form at harvest because urea is converted into NO3−-N in calcareous soil within 1 week after addition (Tong et al., 1992). N output occurs through plant uptake, NO3− leaching, and NH3 emission. In the N addition treatments, the uptake of S. breviflora plants was not greater than in the control, which was due to the same root N uptake rate (Supplementary Figure S6A). Also, no N leaching occurred during plant growth due to the use of weighing irrigation. The NH3 emission were not measured, but it can be assumed to be <20% according to a previous study (Stumpe et al., 1984). Therefore, this suggests that most N added to the soil is absorbed by soil microorganisms. The study in the desert steppe also showed that N addition significantly increased the amount of microbial biomass N in soil when there was sufficient water (Zhu et al., 2022). It is also confirmed by a mate-analysis that N addition leads to a 10% increase of soil microbial N (Zhou et al., 2017). Soil inorganic N concentration in the 50 kg N ha−1 yr.−1 treatment was higher than that in the 30 kg N ha−1 treatment yr.−1 by 19.67 mg kg−1, which is close to the difference in N addition rate between the two treatments. Soil residual N rate was 58.9% in the 50 kg N ha−1 yr.−1 treatment, suggesting 29.5 kg N ha−1 yr.−1 cannot be used by plants and soil microorganisms during growth period (Supplementary Figure S6B). This indicates that the soil is N-limiting, and 30 kg N ha−1 yr.−1 is a key change-point between N-limiting and non-limiting. However, it should be clarified that a short-term pot experiment cannot fully mimic natural conditions for soil microorganisms. This value can only be a reference which could possibly be modified under natural conditions.




5. Conclusion

The growth of S. breviflora plants did not respond to N addition, even when the rate was 50 kg N ha−1 yr.−1 and the soil moisture level was sufficient. This was due to the fact that additional N cannot increase N uptake in S. breviflora. The results of our study indicate that S. breviflora is very conservative with respect to N utilization, which can help the plants to resist the effects of increased atmospheric N deposition. Moreover, conservative N utilization also allow S. breviflora to survive in N-limiting soils.
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including
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grassland,
waterbody,
construction
land, and bare
land
Grazing intensity Number of http: kg hm—2 2015
(Sunetal.,, 2020a) livestock //www.dx.doi.
grazing in a org/10.11922/
given period of  sciencedb.
time per 00171
grassland area
Motor way Ahighway used https: — 2015
exclusively for  //download.
motoring at geofabrik.de/
high speed index.html
National way Main trunk https: = 2015
roads //download.
geofabrik.de/
index.html
Provincial way Provincial trunk  https: = 2015
highway //download.
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index.html
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used by trains  //download.
and other geofabrik.de/
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distribution resdc.cn/ square
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population
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Precipitation Annual mean https: mm 2015
precipitation //catalogue.
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Temperature Annual mean https: °C 2015
temperature //catalogue.
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Slope Degree of http://www. ° -
steepness gscloud.cn/
Elevation Average http:/Avww. m -
elevation gscloud.cn/
Mammal richness The species http: 2013
numbers of //sedac.ciesin.
mammal columbia.edu/
richness in a
particular
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Bird species The species http: 2013
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birds in a columbia.edu/
particular
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Fl 0.783**
Tl —-0.871**
Fl trend —0.701**
Tl trend 0.092

**Correlation coefficient at the 0.01 level.
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2017 Total Proportion
Seasonally frozen ground  Discontinuous permafrost  Continuous permafrost
1978 Seasonally frozen ground 294732.94 (25.67 %) / / 294732.94 25.67%
Discontinuous permafrost 265899.84 (23.16%) 425253.53 (37.04%) / 691153.38 60.20%
Continuous permafrost / 93834.22 (8.17%) 68389.71 (5.96%) 162223.93 14.13%
Total 560632.78 519087.75 68389.71 114.81 x 10*
Proportion 48.83% 45.21% 5.96% 100%
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Factor F-value

W 2,653.147
T 402.0377
FTCs 192.810
W xT 404.293
W x FTCs 178.947
T x FTCs 80.402

W x T x FTCs 81.691

P

< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01

P < 0.01 means that the factor has a significant main effect or interaction

effect on flux.
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<0.001
<0.001
<0.001
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Index

MODIS NDSI
Sentinel NDVI
Sentinel NDRE 1
Sentinel NDRE 2
Sentinel MTCI
Sentinel MCARI
Sentinel WDVI
Sentinel PVI
Sentinel SAVI
Sentinel TSAVI
Sentinel SACRI
Sentinel MSACRI
Sentinel MSAVI
Sentinel NDSI

Formula

(Band 4-Band 6)/(Band 4 + Band 6)

(Band 8-Band 4)(Band 8 + Band 4)

(Band 8-Band 7)/(Band 8 + Band 7)

(Band 8-Band 8a)/(Band 8 + Band 82)

(Band 6-Band 5)/(Band 5 + Band 4)

((Band 5-Band 4)-0.2"(Band 5 -Band 3))" (Band 5)(Band 4)
Band 8-(a"Band 4)

(Band 8-a* Band 4- B)/y/(1+a?)

(Band 8-Band 4)/(Band 8 + Band 4 + 1.5)"(1 + 0.5)

(a*(Band 8-1.147"Band 4-B)/(a*Band 8 + Band 4-a"p+0.08"(1+a%)

(«(Band 8-Band 11-B)/(a’Band 8 + Band 11-a'p)
5'(a(Band 11-a’Band 12-B)/(a'Band 11 + Band 12+a°)
(Band 8-Band 4)/(Band 8 + Band 4+(1-2'a"NDVI'WDVI))
(Band 3-Band 11)/(Band 3 + Band 11)

References

Tran et al. (2019)
Rouse, (1973)

Eitel et al. (2009)

Eitel et al. (2009)
Ramoelo et al. (2012)
Ramoelo et al. (2012)
Qietal. (1994)

Elvidge and Chen (1995)
Giet al (1994)

Qietal. (1994)

Ren et al. (2012)

Ren et al. (2012)
Qietal. (1994)

Schmitt et al. (2019)

Respective central wavelengths are 490 nm (Band 2), 560 nm (Band 3), 665 nm (Band 4), 705 nm (Band 5), 740 nm (Band 6), 783 nm (Band 7), 865 nm (Band 8a), 842 nm (Band 8),
1,610 nm (Band 11)and 2,190 nm (Band 12). With the MODIS dataset, Band 4 covers the spectral range between 545 and 565 nm and Band 6 between 1,628 nm and 1,652 nm (NASA,
2013). Soil adapted indlices include soil line coefficients, whereby a corresponds to the slope of the soilline, f is the intercept of the soil line. These variables were derived from a studyy of
another high-elevation region in Central Asia (Zandler et al,, 2015b).
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Description of plant morphology

A plant that grows normally, the main vein of the leaf is spreading, the tip and edge of the leaf do not roll inward, and there are no obvious symptoms of
drought stress.

Slightly wilted, the main vein of the leaf bent downward, approximately 10% of the leaves wilted and drooping, and the tip and margin of the leaf have
turned yellow.

Moderate wilting, the main vein of the leaf bends downward, approximately 50% of the leaf tips and margins have turned yellow, and the leaves are curly
and dry.

Severe wilting showing that the main leaf veins of the seedling leaves are bent downward, and approximately 70% of the leaves are curled and withered.
Extreme wilting, characterized by yellowing and curling of a large number of leaves, withering of leaves and stems, and the death of the whole plant in
severe cases.

Score
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Index Principal component

PC1 PC2 PC3
DDI —0.391 0.241 —0.224
RWC 0.408 —-0.192 0.241
Fv/Fm 0.169 0.309 0.687
Chl 0.251 0.413 —0.041
REC —0.372 —0.027 0.363
MDA —0.247 —0.335 0.183
SP 0.366 0.186 0.018
SSC 0.106 0.383 —0.422
SOD 0.283 0.155 0.082
POD 0.269 —0.427 —0.068
CAT 0.310 —0.371 —0.250
Characteristic root 4.720 2.566 1.125
Cumulative contribution rate (%) 42912 66.239 76.463

DDI, drought damage index; RWC, relative water content; Fv/Fm, photochemical
efficiency; Chl, chlorophyll; REC, relative electrical conductivity; MDA, malondialde-
hyde; SF, soluble protein; SSC, soluble sugar; SOD, superoxide dismutase; POD,
peroxidase; CAT, catalase.
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Variety Subordinate function value D value Rank
i n2 w3

JM 0.060 0.620 0.719 0.244 14
BF 0.254 0.533 0.440 0.278 12
LX 0.559 0.571 1.000 0.476 5
BL 0.337 0.696 0.142 0.322 11
MW 0.000 0.428 0.468 0.148 15
TY2 0.590 0.596 0.808 0.475 6
TY1 0.357 0.676 0.923 0.405 7
Jy2 0.355 0.711 0.766 0.397 9
QH444 0.736 0.251 0.121 0.387 10
Qi 0.517 0.000 0.418 0.264 13
QY1 0.398 1.000 0.000 0.404 8
LN 0.709 0.550 0.558 0.490 3
Q2 0.508 0.953 0.369 0.478 4
BY14 0.665 0.880 0.642 0.557 2
DY2 1.000 0.682 0.580 0.647 1
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Index X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11
DDI RWC Fv/Fm Chl REC MDA SP SSC SOoD POD CAT

Correlation 0.839 0.885 0.843 0.791 0.829 0.865 0.660 0.666 0.603 0.591 0.627

degree

Correlation 4 1 2 6 5 2 8 7 10 11 9

order

DDI, drought damage index; RWC, relative water content; Fv/Fm, photochemical efficiency; Chl, chlorophyil, REC, relative electrical conductivity; MDA, malondialdehyde;

SR, soluble protein; SSC, soluble sugar; SOD, superoxide dismutase; POD, peroxidase; CAT, catalase.
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Variety

Latin name

Avena sativa L. cv. Cayuse
A. sativa L. cv. Winger
A. sativa L. cv. Souris
A. sativa L. cv. Baler
A. sativa L. cv. Haymaker
A. sativa L. cv. Sweet yan No.2
A. sativa L. cv. Sweet yan No.1
A. sativa L. cv. Jiayan No.2
A. sativa L. cv. Qinghai No.444
A. sativa L. cv. Qingyin No.1
A. sativa L. cv. Qingyan No.1
A. sativa L. cv. Linna
A. sativa L. cv. Qingyin No.2
A. sativa L. cv. Baiyan No.14
A. sativa L. cv. Dingyan No.2

Geographical origin

America
America
Canada
Canada
Canada
Canada
Canada
Canada
China
China
China
China
China
China
China
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MODIS NDV! - vegetated areas
MODIS NDVI - riparian areas

MODIS NDV! - dwarf-shrub steppes
MODIS NDV! - alpine grasslands
Measured cover - all plots.

Measured cover - riparian areas
Measured cover - dwarf-shrub steppes
Measured cover - alpine grassiands

0.68
0.62
0.65
0.72
0.30
0.28
0.36
0.74

p-value

0001+
0004
0002
<0001"
<0.001*
0,088
<0.001°"
<0.001*
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Standard Model 2018

NDSI Model 2018

Standard Model 2018 - no SCV
NDSI Model 2018 - no SCV
NDVI Single-Model 2018

NDSI Single-Model 2018
Standard Model 2016

NDSI Model 2016

Standard Mode! 2016 - no SCV
NDSI Model 2016 - no SCV
NDVI Single-Model 2016

NDSI Single-Model 2016

Models for regions with low cover values and a single predictor are labeled as “Single-Model".

R2

0.79
08
0.88
0.88
-0.08
0.23
0.77
0.78
0.87
0.87
0.14
0.39

RMSE

11.28
11.23
8.63
8.59
4.43
3.74
12.85
1278
9.71
973
3.56
299

RMSE-rel

46.6
46.42
35.67
35.51
59.23
50.01
44.06
4382
33.31
33.37
36.31
30.52

MAE

7.43
7.35
5.06
4.98
3.52
292
9.22
9.23
6.17
6.18
2.82
234

MAE-rel

30.72
30.38
209
20.57
47.07
39.08
31.63
31.66
21.15
21.19
28.76
23.87

BIAS

-058
-055
028
0.31
015
-0.24
-02
-04
019
018
001
-0.18

BIAS-rel

-24
-229
1.16
1.29
2.04
-3.18
-0.68
-1.87
0.66
0.63
0.09
-179

SD field

2481
2481
24.81
2481
425
425
27.03
27.03
27.03
27.03
383
383
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0
0
116
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5
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0
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294
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coooo

37
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0
2,999
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0
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166
3,001

0
0
2
0
0

392
38
202
562
1,196

Row Totals

7,200
1800
2,200
12,500
5,800
5,100
3,000
3,200
1,500
42,300

Sensitivity

70
53
58
98
65
90
-]
82
37

Specificity

5288328883

Balanced
-Accuracy

69
57
75
91
69
90
99
85
42

Reference classes are on rows, predicted classes in columns. Class numbers refer to 1) Riparian grassiands, 2) Salix riparian communities, 3) salt grass communities, 4) dwarf-shrub

deserts and steppes, 5) alpine grasslands, 6) water surfaces, 7) snow and ice, 8) dark rocks and scree, 9) bright rocks and scree.
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Variables Ts SM T VPD NH;*-N NO--N AP pH

pBray 0.67** 0.40* 0.41* 0.04 0.32 0.23 -0.07 0.61**
BMNTD 0.33 -0.06 0.36 0.18 -0.21 0.28 0.18 0.03

The concerned variables included species p-diversity (i.e., BBray), phylogenetic B-diversity (BMINTD) and the Bray-Curtis dissimilarity index of environmental variables (Ts,
soil temperature; SM, soil moisture; T,, air temperature; VPD, vapor pressure deficit; NH4*-N, ammonium nitrogen; NOs~-N, nitrate nitrogen; AR, available phosphorus;
and soil pH) among sites. *, **, and ** indicated the correlations were significant at p < 0.05, p < 0.01, and p < 0.001, respectively. The bold values indicated significant
correlations.





OPS/images/fevo-09-757943/fevo-09-757943-t002.jpg
Species p-diversity Phylogenetic g-diversity

F p F p
C4300 vs. W4500  42.54 < 0.001 28.20 < 0.001
Year 9.13 < 0.001 5.15 < 0.001
Interaction 3.10 < 0.001 2.83 < 0.001
C4300vs. W4700  69.33 < 0.001 74.85 < 0.001
Year 6.55 < 0.001 4.50 < 0.001
Interaction 6.20 < 0.001 414 < 0.001
C4500 vs. W4700  50.34 < 0.001 60.70 < 0.001
Year 5.40 < 0.001 4.51 < 0.001

Interaction 5.21 < 0.001 4.08 < 0.001
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Group

C4300 vs.

W4500

C4300 vs.

W4700

C4500 vs.

W4700

Site Treatment

A

C

Control

Warming
Control

Warming
Control

Warming

Ts

14.62 +£ 0.12b

15.01 £ 0.14a
14.62+ 0.12a

13.13+0.10b
13.69 £ 0.14a

13.13+£0.10b

SM

0.15+£0.02 a

0.15+£0.00 a
0.15+0.02b

0.19+0.01a
0.18 £0.01 a

0.19+0.01a

Ta

11.39 £0.38 a

11.87 £0.26 a
11.39+0.38 a

10.56 &+ 0.08 b
10.51 £0.09a

10.56 £ 0.08 a

The bold values indicated significant differences between treatments.

VPD

0.51+0.03a

0583+ 0.01a
0.51 £0.03a

0.45+0.02b
042 +£0.01a

0.45+0.02a

NH;*+-N

9.86 £1.05b

13.50 +£ 0.66 a
9.86 £1.05b

2418 £ 3.42a
11,12+ 1.66 b

2418 £3.42a

NO;~-N

10.25+ 3.07 b

16.38 £ 1.10a
10.256 £3.07 a

16.68 £6.27 a
1191 £1.93a

16.68 £6.27 a

AP

5.66+£0.94a

6.52 +1.41a
5.66 + 0.94 a

723+233a
477+£045a

723+233a

pH

6.79+0.11a

6.30 £ 0.11b
6.79+0.11a

574 £0.11b
6.40 £ 0.02a

574 £0.11b
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Taxonomic group
Plant functional group

Plant life form
Seed maturation time
Seed mass

Seed volume
Seed coat color

Seed dispersal mode

Kind of seed dormancy

Source of variation

Eudicot
Grass
Asteraceae
Forb
Annual
Biennial

Yellow
Light-brown
Black
Anemochorous
Ombrohydrochorous
Autochorous
PY
MPD
ND

GP GT
Estimate SE z-Value P-value Estimate SE z-Value P-value
0.7699 0.7067 1.089 0.2759 —0.9076 0.2920 —3.109 0.0019*
1.7267 1.2811 1.348 01777 —1.5043 0.5019 —2.997 0.0027*
0.7564 1.3114 0.577 0.5641 —0.3737 0.4906 —0.762 0.4463
0.2922 0.9777 0.299 0.7650 —0.3794 0.3750 —1.012 0.3117
—1.6101 0.4521 —3.562 0.0003* 0.3227 0.1804 1.789 0.0736
0.1935 0.7176 0.270 0.7874 —0.5969 0.2855 —2.091 0.0365*
0.0225 0.0117 1.925 0.0542 —0.0070 0.0047 —1.508 0.1314
—0.0087 0.0326 —0.265 0.7907 0.0209 0.0125 1.670 0.0950
0.0337 0.0165 2.044 0.0409* —0.0109 0.0067 —1.612 0.1070
0.1880 0.6586 0.285 0.7753 0.3416 0.2904 1.176 0.2396
0.0469 0.4654 0.101 0.9197 —0.0240 0.1966 -0.122 0.9029
1.3434 0.5085 2.638 0.0084* —0.3833 0.2113 —1.814 0.0696
0.1171 0.6856 0.171 0.8644 0.1960 0.3018 0.650 0.5160
0.1336 1.1464 0.117 0.9072 0.0914 0.4487 0.204 0.8386
—0.0279 0.4510 —0.062 0.9506 0.1050 0.2015 0.521 0.6023
—0.0480 0.7562 —0.063 0.9494 —0.5026 0.3189 —1.576 0.1150
0.0474 0.7590 0.062 0.9502 1.0441 0.3528 2.960 0.0031*
4.0994 0.6024 6.806 <0.0001* —0.4515 0.1801 —2.507 0.0122*

PY, physical dormancy,; MPD, morpho-physiological dormancy; ND, non-dormancy.
P-values in bold with asterisk mean significant at 0.05 level.
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Treatment Functional groups

Gramineae Cyperaceae Leguminosae Forbs
Grazing 0.101 & 0.008Ac 0.522 + 0.012ABa 0.042 + 0.005ABd 0.251 & 0.009ABb
GEB5 0.103 + 0.010Ac 0.443 + 0.040BCa 0.058 + 0.009ABc 0.300 + 0.018Ab
GEB 0.116 % 0.022Abc 0.476 + 0.041Ba 0.026 + 0.004Bc 0.188 + 0.013Bb
GE7 0.089 + 0.013Ac 0.352 + 0.027Ca 0.099 + 0.039Ac 0.248 + 0.015ABb
GEO7 0.106 + 0.021Ac 0.598 + 0.034Aa 0.038 + 0.012Bc 0.208 + 0.022Bb

Different lowercase letters among functional groups in each treatment (i.e., each row) means significant difference; different uppercase letters among treatments for each
functional group (i.e., each column) means significant difference (a = 0.05). Grazing exclusion below 5 years, GEB5; Grazing exclusion 5 years, GE5; Grazing exclusion 7
years, GE7; Grazing exclusion over 7 years, GEO?.
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Indexes

Node degree*

Average connectivity*

Hub value’

Clustering coefficient*

Average clustering coefficient*

Formula or explanation

k= Zj#, a; , where g; = 1 if i connects with j;
aj = 0 if / does not connect with J.

n

ki ; "
ac = % , where k; is degree of node i. nis
the number of nodes.

The hub value of node i is calculated by an
iterative algorithm based on the in-degree of /.

cec; , where /; is the number of links

= —2h_

K (K —1)
between neighbors of node 1. k,f is the number
of neighbors of node /.

n
acc = @ , where cc; is the clustering
coefficient of node /.

*Formula is cited from Deng et al. (2012). SMore details please refer to

Kleinberg (1999).
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Site, Province Vegetation type Indicator Years Fence effect

Tuvshruulekh, Arkhangai Mountain steppe AGB 5 +*

Hustai NP#, Tuv Mountain steppe. AGB, VC 3 + for AGB, VG; + or ~for R
Mungunmorit, Tuv® Mountain steppe VC, SR 4 + or—for VC, -SR

Mungunmorit, Tuv Meadow steppe AGB & o

Ikh Nart, Dornogovi Desert steppe AGB, VC, SR 3 + for AGB, VC; + or no change for SR

Only one study (Tuvshruulekh, Arkhangai, Banzrageh and Chognii, 1975) was tested by two-way repeated measures of ANOVA, others were without repetitions and thus did not qualify
for statistical testing. +/~ indicates positive/negative effects on indicators when fenced condition is compared to grazed condition.

“Hustai NP, Hustei National Park.

B the data from the 4 study years are considered as repetitions, paired t-test showed no significant fence effects on VG and SR.

“indicates the significance level of the statistical test at p < 0.05 level.
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Treatments

Grazing
GEB5
GE5
GE7
GEO7
Total

Number of
sampled pastures
12
3
3
3
3
24

Number of 1
m x 1 m samples
64
13
15
15
15
122

More details

No fencing
Fenced since 2011
Fenced since 2009
Fenced since 2007
Fenced since 2004
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Vegetation indicators Environmental variables retained Estimate Std. error t-value

HG AGB MAP 0.25 0.1 26
VG Elevation 0.13 0.04 32
MG VG MAP 0.16 0.04 4.4

The abbreviations for vegetation indicators are the same as in Table 2. HG, heavy grazing; MG, moderate grazing: MAR, mean annual precipitation.
\dicate the significance level of p < 0.05, p < 0.01, p < 0.001 respectively.

p-value

0.01
0.004
0.0003
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Steppe types

Desert steppe

Dry steppe

Meadow steppe

Mountain steppe

High mountain steppe

Grazing intensity

Light
Moderate
Heavy
Light
Moderate
Heavy
Light
Moderate
Heavy
Light
Moderate
Heavy
Light
Moderate
Heavy

SR

22 (18-27)
23(18-28)
13 (10-16)
34 (25-44)
35 (22-47)
28 (19-36)
37 (23-52)
47 (31-62)
52 (48-55)
40 (31-50)
34 (14-55)
41 (32-51)
11(10-13)
10 (7-13)
6(5-8)

=

w oo Nd N e~

Y

s~ oo

AGB (g/m?)

38(16-62)
29 (6-52)

239 (168-310)
90 (87-93)
84 (42-126)
156 (113-199)
165 (95-235)
194 (142-247)
238 (174-302)
137 (96-177)
154 (115-194)
140 (118-162)
72 (60-84)
41(33-50)

N

~ o

200 0NN

Go3

s~ o0 o

VC (%)

28 (18-38)
21 (16-26)
9(6-12)
56 (50-62)
30 (30-31)
47 (33-61)
87 (85-88)
79 (76-82)
70 (67-73)
64 (59-70)
53 (41-64)
62 (53-71)
68 (64-73)
66 (64-68)
72 (44-99)

2

N o oo FN N~

>

s o o

SR, species richness; AGB, aboveground biomass; VC, vegetation cover; N, sample size. Sample sizes are not equal among three grazing intensities within certain steppe types because
some studies investigated three levels of grazing intensity at the same time, some studies compared only light vs. moderate grazing, while the rest compared only moderate vs. heavy
grazing. Ungrazed condition is not considered here.
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Steppe type

1 Desert steppe

2 Drysteppe

3 Meadow steppe

4 Mountain steppe

5 High mountain steppe

MAP, mm

120-200

200-270

296-315

130-370

320-330

MAT, °C

0653

(-26)-12

(-3.9-2.0)

(-43)-36

(-6.2H-5.5)

VP, %

19.7 -22.6

189 -22.0

166 -17.8

154 -235

132187

Elevation, m

940-1,500

750-1,760

1,090-1,600

930-1,940

1,650-1,690

Dominant species

Stipa caucasica subsp. glareosa
(PA. Smim) Tzvelev.,

S. tianshanica subsp. gobica
(Roshev) D.F. Cui, Alium
polyrhizum Turcz. ex Regel.,

A. mongolicum Turcz. ex Regel.,
Caragana pygmaea (L) DC.,

C. leuocophloea Pojark

Stipa krylovii Roshev., S. grandis
PA. Smim., Ceistogenes
squarrosa (Trin) Keng., Leymus
chinensis (Trin.) Tzvelev.,
Caragana microphylla Lam.,

C. stenophylla Pojark.

Stipa baicalensis Roshev., Carex
pediformis C.A. Mey., Galium
verum L., Potentila tanacetitolia
Willd. Ex Schlecht., Carex
duriuscula C.A. Mey.

Poa attenuata Trin., Festuca
lenensis Drobow., Koeleria
macrantha (Ledeb.) Schut.,
Agropyron cristatum (L)
Gaertner,, Stipa sibirica (L) Lam.,
Thymus gobicus Czern.
Helictotrichon desertorum (Less.)
Plg., Poa attenuata Trin.,
Artemisia rupestris L., Stellaria
pubinata Grubov.

Dominant
grazers

Gamel, horse,
sheep, goat

Cattle, horse,
sheep, goat

Cattle, horse,
sheep, goat

Cattle, horse,
sheep, goat, yak

Cattle, sheep,
goat, yak

Climate data are summarized based on the reviewed publications, dominant species and grazers are primarely based on the publications used! in the review, as well as former lterature
(Pleiffer et al,, 2020). MAR, mean annual precipitation; MAT, mean annual temperature. Values for cvP are obtained from WorldClim V2.1 and are lower than conventional values, see

main text.
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Treatments TN (9/kg)

Grazing 4.11 £0.52a
GEB5 4.04 £0.19a
GE5 5.41 + 0.66a
GE7 5.30 £ 0.43a
GEO7 4.40 +£1.70a

AN (mg/kg)

164.65 £+ 23.12a
160.65 £+ 8.31a
197.02 £+ 44.87a
253.82 + 14.5a

172.27 £ 0.63.44a

TOC (g/kg)

31.09 + 0.4.01a
29.69 + 2.97a
41.04 £ 4.74a
42.70 + 5.64a
36.78 + 156.02a

AP (mg/kg)

5.76 £0.57¢c
6.96 + 1.18bc
7.00 £ 0.85bc
9.39 +£0.32b
15.30 £+ 1.99a

AK (mg/kg)

108.77 £ 11.82a
129.70 £ 23.83a
106.07 £ 8.14a
147.75 £+ 14.66a
103.53 £ 33.49a

BD (g/cm3)

1.00 £ 0.03a
1.06 £0.03a
0.93 + 0.03ab
0.79 &+ 0.02b
0.76 + 0.01b

GEBS, Grazing exclusion below 5 years; GE5, Grazing exclusion 5 years; GE7, Grazing exclusion 7 years; GEO7, Grazing exclusion over 7 years; TN, Total nitrogen; AN,
available nitrogen; TOC, total organic carbon; AR, available phosphorus; AK, available potassium; BD, bulk density. Different letters indicate significant variation at the level

ofa =0.05.
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Name Sources Resolution Temporal resolution

AGE MODIS MCD12Q1 V6 500 m? 1 year
LST MODIS MOD11A2 V6 1,000 m? 16 days
EVI MODIS MOD13A2 V6 1,000 m? 8 days
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Russia
China
Kazakhstan
Mongolia
Turkey
India
Indonesia
Iran
Afghanistan
Uzbekistan

Area of grassland ecosystem (million km?2)

10.95
4.42
2.84
1.28
0.49
0.47
0.38
0.34
0.24
0.19
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Dimension Ecological factors

Factors included Livestock breeding
Season
Planting
Nutrition
Cropland
Rangland
Food security
Food quality
Residence
Cimate
Production®
Fertiizers

Total 12

Social factors

Infrastructure

Policy

Festival

Culture and customs
Vehicle

Education

6

Economic factors

Income

Local economic development
Food price

Market®

Cost

5

Personal factors

Consunption habit®
Age

Family size

Health

Vocation
Consurnption pattern
Awareness®
Conformity”

Living habits®
Nationaity

1

"Notes: Production, food production supplied by lands; Market, food market matunty; Awareness, awareness of health, nuttition and market; Conformity, Conformity with neighbors or
cultural traditions: Living habits, way of i of Brmer or herdsrman: Coneumation habit. personal praferences (.0, the husband prefare meat, the wil prefers vegatabiss).
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Treatment Plant richness Height Coverage Productivity socC STN STP

(n) (cm) (%) (gm~2) (%) (9/kg) (9/kg)
CK. 29.50 + 1.32 7.60 £ 0.15 62.67 + 1.17 206.34 + 18.34 3.93 +0.09 3.67 +£0.02 0.77 £ 0.04
M.G. 26.50 + 2.87 7.05+0.14 67.15 + 1.26 130.27 + 12.58 448 +0.14 3.69 + 0.03 0.74 + 0.04
H.G. 25.5+1.32 573+0.13 53.39 + 1.49 78.87 £ 7.26 3.94 +0.12 3.43+0.05 0.68 + 0.04

All data are measured in the field and lab, and the values are average of multiple years, which are expressed as mean + standard error. C.K., grazing exclusion; M.G.,
moderate grazing; H.G., heavy grazing. Soil nutrients include the contents of soil organic carbon (SOC), total soil nitrogen (STN), and total soil phosphorus (STP).





OPS/images/fenvs-09-704149/fenvs-09-704149-t001.jpg
Direct impact factors (no. for the 4 dimensions)
Intermediate factors (no. for the 4 dimensions)
Rangeland size (ha)

Cropland size (ha)

Family size (no. of people)

Education (no. of year)

Cow breeding scale (no)

Sheep breeding scale (n0)

Household income (x10° yuan per year)
Subsidies (x10° yuan per year)

p-value

0.617"
0.095%
<0.001°
0.009°
0.010°
0.003°
<0.000°
<0.000°
<0.000°
0.039°

West Ujimgin (n = 21)
X+ SE

6.95+2.18

343 +234
167.71 + 108.37

00

3.62 + 0.20

7.71£070

34.57 +9.28
317.14 + 49.81
181.49 + 101.67

802 + 652

Zhenglan (n = 21)

X+SE

6.9 243
5.33 +4.34
79.75 + 5019
00
362 +0.29
9.00 + 0.69
41.80 + 7.04
34.90 £ 11.92
138.43 + 90.21
8.00 + 11.06

Data source: Resuilts from our 2019 field survey and developed from our previous study (Yang and Zhen, 2020). Values are means + SE.

"No significant; tested using ANOVA.
“Significant at 10% level.

“Significant at 1% level.

eSignificant at 5% level.

Taibus (n = 25)
X+ SE

7.44 +1.56
4+£1.35
0.26 + 0.46
2.88 +5.83
272+ 022
5.4 +0.79
2.44 + 0.74
5.84 + 3.02
24,05 + 1622
3.15+2.65
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Seed germination percentage was recorded as (4/C) x 100
Recovery germination percentage was recorded as (B/C) x 100
Total germination percentage was recorded as

[(A + B)/C] x 100
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Traits Abbreviation Units Definition [from Cornelissen
et al. (2003); Leoni et al.
(2009)]

Vegetative height VH cm Vegetative plant height

Stem: leaf ratio SLR gg™’ Ratio of stem biomass to leaf
biomass

Leaf dry matter LDMC mgg~' Ratio of leaf dry mass to

content saturated fresh mass

Root: shoot ratio RSR gg! Ratio of root biomass to
aboveground biomass

Specific leaf area SLA cm? g~'  Ratio of leaf area to leaf dry
mass

Root nitrogen RNC mg g*1 Nitrogen mass per unit root dry

concentration mass

Root phosphorus RPC mgg~' Phosphorus mass per unit root

concentration dry mass

Root nitrogen: RNPR Ratio of root nitrogen to

phosphorus ratio phosphorus

Stem nitrogen SNC mgg~' Nitrogen mass per unit stem

concentration dry mass

Stem phosphorus SPC mgg~' Phosphorus mass per unit

concentration stem dry mass

Stem nitrogen: SNPR Ratio of stem nitrogen to

phosphorus ratio phosphorus

Leaf nitrogen LNC mgg~'  Nitrogen mass per unit leaf dry

concentration mass

Leaf phosphorus LPC mgg~' Phosphorus mass per unit leaf

concentration dry mass

Leaf nitrogen: LNPR Ratio of leaf nitrogen to

phosphorus ratio

phosphorus
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germination

Total
germination

MGT

The number of
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Initial raclical
length

Initial shoot
length

Factor

ecotype
NaCl

ecotype x NaCl
ecotype

NaCl

ecotype x NaCl
ecotype

NaCl

ecotype x NaCl
ecotype

NaCl

ecotype x NaCl
ecotype

NaCl

ecotype x NaCl
ecotype

NaCl

ecotype x NaCl
ecotype

NaCl

ecotype x NaCl

[ R N O G T S S U GO G QUG N

Pr (>Chi)

<0.001
<0.001
0.05

<0.001
<0.001
<0.001

<0.001
0.30
0.16

<0.001
0.88
0.92

<0.001
0.30
0.43

<0.05
<0.001
0.91

<0.001
0.26
0.73
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Species Mean =+ Std. Error

P-Value
NG SG caG MG
Leymus chinensis 46.00 & 7.002 8.10 + 2.60° 22.00 =+ 4.00° 6.40 + 1.40° <0.001
Stipa grandiis 9.50 + 1.90° 50.40 + 9.00° 44.50 + 7.00° 70.20 + 3.6 <0.001
Cleistogenes squarrosa 5.30 + 1.20P 13.30 =+ 4.202 7.50 + 2.408 8.60 + 1.60%° 0.189

NG, no grazing; SG, sheep grazing; CG, cattle grazing; MG, mixed grazing by sheep and cattle. Within rows, means followed by the same letter are not significantly

different (P > 0.05, one-way ANOVA,).
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Ecotype SL(mm) SW(mm) TKW(g) SpL (em) Spi Sps Ep (%)

YG 924 +0.22* 1.32 £0.02* 2.06 £ 0.04* 16.93 + 0.36% 22.14£0563 161.1 £7.26* 5868 +2.512
GG 891 £0.16* 12940012 2.46 £0.04* 12.77 £0.52° 17.3 £ 0.76° 103.1 + 8.36° 64.51£1.91

SL represents the length of the seeds; SW represents the width of the seedis; TKW represents the thousand-grain weight of seeds; SpL. represents the length of the spike; Spi represents
the number of spikelets in each spike; Sps represents the number of seedis in the spike; and Ep represents the percentage of empty seeds. Different lowercase letters indicate significant
differences between different ecotypes under the same seed trait (p < 0.05).
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Treatments

Grazing
GEB5
GE5
GE7
GEO7

Different letters indicate significant variation at the level of a = 0.05.

Potentilla multifida

0.060 + 0.004ab
0.042 £ 0.003b
0.044 + 0.006b
0.075 £0.011a
0.037 £ 0.006b

Kobresia pygmaea

0.086 + 0.008a
0.122 4+ 0.007a
0.153 £ 0.032a
0.092 £ 0.015a
0.126 £ 0.036a

Kobresia humilis

0.412 £0.012a
0.381 + 0.036ab
0.348 + 0.022b
0.326 + 0.026b
0.386 + 0.032ab

Lancea tibetica

0.039 + 0.006a
0.039 £ 0.021a
0.027 £ 0.010a
0.019 £ 0.005a
0.048 + 0.006a
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AGBp = ANPPp/0.45
ANPP, = NPP%(1 —R)
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@ Sample sites
Bl Alpine meadow
1 Alpine steppe

1 Alpine desert steppe
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Grassland type Shannon index Simpsonindex Chao1index Ace index

NG 4.31 £1.02
SG 4.90 &+ 0.84
LDG 4.62 + 0.49
SDG 5.02 +£0.75

0.83+0.16
0.90 £0.10
0.90 £0.07
0.93 £0.06

117 £38.7
111 +£27.0
107 £ 211
131 £31.9

123 £ 33.7
118 £27.9
120+ 17.0
132 £29.4

NG, natural grassland; SG, sown grassland; LDG, lightly degraded grassland; SDG,

severely degraded grassland.





OPS/images/fenvs-09-748734/fenvs-09-748734-t004.jpg
Sheep

Goat

Parameter (random
effect)

Scale parameter
Spatial variance
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natural grassland 9 Plants of Cyperaceae represented >94
(NG) by Carex moorcrofti and Carex

alatauensis.
sown grassland 15 Plants of Gramineae represented 40-100
(SG) by Elymus nutans and Poa

crymophila Keng.
lightly degraded 7 Miscellaneous grasses appeared 0-90

grassland (LDG)

severely degraded
grassland (SDG)

on the meadow, the dominant plant
is still Carex moorcroftii.

Ligularia virgaurea, Aconitum <60 (Parts
szechenyianum, Saussurea up to 75)
Japonica and other miscellaneous

grasses.
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M-1 Natural grassland =

M-2 Natural grassland 117.6

M-3 Lightly degraded grassland 114.3

M-4 Lightly degraded grassland mainly consists of 41.0
Potentilla chinensis

M-5 Lightly degraded grassland mainly consists of 124.9
Ligularia virgaurea

M-6 Natural grassland 117.3

M-7 Sown grassland with Elymus nutans and Poa 105.6
crymophila Keng

M-8 Natural grassland -

M-9 Natural grassland 137.9

M-10 Severely degraded grassland 119.6

M-11 Severely degraded grassland 69.6

M-12 Sown grassland with Elymus nutans, as the 385.6
restoration of sample M-11

M-13 Natural grassland compared with sample 47.9
M-14

M-14 Lightly degraded grassland accompanied by 31.0
soil desertification

G-1 Severely degraded grassland 68.6

G-2 Natural grassland 24.7

G-3 Sown grassland with Elymus nutans 35.0
established for 10 years

G-4 Sown grassland with Elymus nutans 45.0
established for 5 years

G-5 Sown grassland with Avena sativaand L 337.9
established for 3 years

G-6 Sown grassland with Elymus nutans 102.9
established for 3 years

G-7 Severely degraded grassland mainly consists 179.6
of Ligularia virgaurea and Morina kokonorica

G-8 Sown grassland with Elymus nutans 319.6
established for 2 years

69 Severely degraded grassland after tillage 2228
mainly consists of Aconitum szechenyianum

G-10 Sown grassland with Poa crymophila Keng 85.9
established for 6 years

G-11 Severely degraded grassland 102.9

G-12 Sown grassland with Elymus nutans 87.9
established for 14 years

G-13 Natural grassland 164.6

G-14 Sown grassland with Elymus nutans 176.3
established for 10 years

G-15 Severely degraded grassland 132.9

G-16 Sown grassland with Elymus nutans 96.3

G-17 Lightly degraded grassland 116.3

G-18 Natural grassland 197.9

G-19 Sown grassland with Poa crymophila Keng 99.6
established for 2 years

G-20 Sown grassland with Festuca sinensis 102.9

G-21 Severely degraded grassland 67.3

G-22 Lightly degraded grassland mainly consists of 107.9
Potentilla chinensis

G-23 Sown grassland with Elymus nutans 54.6

G-24 Sown grassland with Elymus nutans 236.3
established for 2 years

G-25 Lightly degraded grassland 89.6
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Per sheep in 100 km?
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All altitude ranges 2,950-3,300 m 3,300-3,650 m
d.f. F value P d.f. F value P d.f. F value P
Petal H (°) 4 8.302 0.000 2 16.205 0.000 2 3.285 0.041
Petal L (%) 4 21.787 0.000 2 23.504 0.000 2 0.478 0.621
Petal S (%) 4 4.069 0.003 2 7.302 0.028 2 2.530 0.084
IFDA (cm?) 4 3.872 0.007 2 1.335 0.275 2 8.403 0.001
TFDA (cm?) 4 7.509 0.000 2 7.419 0.002 2 11.548 0.000
ILA (cm?) 4 3.136 0.020 2 3.503 0.040 2 4.691 0.015
TLA (cm?) 4 5.993 0.000 2 6.16 0.005 2 5.685 0.007
IFFM (mg) 4 8.995 0.000 2 10.320 0.000 2 7.346 0.002
TFFM (mg) 4 11.676 0.000 2 17.093 0.000 2 10.821 0.000
IFDM (mg) 4 25.032 0.000 2 45.744 0.000 2 27.962 0.000
TFDM (mg) 4 30.161 0.000 2 44.669 0.000 2 32.702 0.000
FN 4 3.693 0.009 2 5.599 0.007 2 6.503 0.004
FWC (%) 4 10.614 0.000 2 15.682 0.000 2 18.562 0.000
TFDM/TLDM 4 2.477 0.052 2 21883 0.132 2 3.748 0.033
TFDA/TLA 4 1.786 0.141 2 0.026 0.974 2 1.578 0.220

F value = a ratio of variance of different group for the data, P = the P-value associated with the regression coefficient.
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Treatment DOC DON NH4*-N NO;~-N MBC MBN
(mg Ckg™") (mg Nkg™") (mg N kg™") (mg Nkg™") (mg C kg™") (mg N kg™")
Before FTCs Enclosed 163.02 £ 3.79 35.03 + 1.45 3.156 £ 0.28 4.40 £ 0.31 549.34 £+ 18.94 39.87 + 2.41
After FTCs Enclosed 205.9 + 3.45 83.53 + 3.60 494 +£0.22 9.69 + 0.31 659.85 + 18.38 46.00 £+ 2.81
P-values (FTCs) < 0.001 <0.001 < 0.001 <0.001 0.001 0.138
Before FTCs Grazing 148.43 £ 3.83 28.81 + 1.50 3:05+0:25 4.57 £ 0.31 494.61 £ 23.15 37.21 £ 3.00
After FTCs Grazing 197.22 £ 4.27 57.02 +£ 2.65 425+ 0.22 8.15+0.42 574.84 £ 29.16 42.33 +£2.98
P-values (FTCs) < 0.001 <0.001 0.004 < 0.001 0.059 0.271

DOC, dissolved organic carbon;, DON, dissolved organic nitrogen; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen. Values are the mean of 9 soil

cores.
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Taibus  Zhenglan  West Ujimain

Ecological factor 8 9 9
Frequency Economic factor 5 4 5
Sodial factor 3 5 4
Personal factor 7 10 9
Ecological factor 9.5 97 74
Cumulative score  Economic factor 7.6 57 67
Social factor 18 33 25
Personal factor  10.2 77 6.1

Data source: Results from our 2019 field survey.
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Factor X Xz Xa Xs Xs

X2 0.507* ol - - W
Xa -0.166 -0.427 - - -
Xa 0.335 -0.065 -0.053 - -
Xs 0.137 -0.273 0.143 0.583" -
. 2 0.566* 0.594” -0.267 0701 0.192

Xy, Tiller number; X, Heading number; Xs, Spike length; X, Grain number/spike; Xs,
Thousand seed weight; ¥, Seed yield. Correfation coefficients calculated by the Pearson
two-tailed test; *and " indicate significant correlation at the 0.05 and 0.01 levels,
respectively.
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Groups

Total Soil Nutrition

Available Soil Nutrition

Plant

Variables

NOsN
NH4N
pH
SM
TC
AP
AK
PlantSW
AGB

P

0.790
0.415
0.504
0.375
0.139
0.065
0.754
0.375
0.037

Values are the P-values of the Mantel test.
indicated in bold.

Significant correlations (P < 0.05) are
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Pielou’s evenness

Beta diversity

Variables

Plant SW
AGB
TC

Plant SW
AGB

Plant SW
AGB

AGB
NO3z-N
AK
AP

Beta

—-1.320
—1.393
0.913

—1.293
—1.399

—1.246
—1.367

1.443
0.701
—0.924
-0.797

0.01
0.04
0.06

0.02
0.06

0.03
0.08

< 0.01
0.03
0.02
0.05

Adjusted R2

0.49

0.36

0.26

0.65

The beta value is a standardized regression coefficient, which indicates the rate of
change in the dependent variable brought about by each independent variable.
Bold values represent a significant correlation (P < 0.05).
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Shannon-Wiener index
Species richness

Pielou’s evenness
B-diversity

Overall bacterial composition
Rare species composition
Actinobacteria
Proteobacteria
Alphaproteobacteria
Betaproteobacteria
Deltaproteobacteria
Gammaproteobacteria
Acidobacteria
Gemmatimonadetes
Nitrospirae

Bacteroidetes

Chloroflexi
Planctomycetes

N

0.921
0.714
0.983
0.223
0.865
0.749
0.839
0.891
0.841
0.838
0.474
0.838
0.492
0.845
0.832
0.473
0.828
0.883

w

0.244
0.192
0.283
0.221
0.046
0.006
0.591
0.776
0.361
0.992
0.001
0.075
0.613
0.249
0.626
0.438
0.225
0.038

N&W

0.641
0.435
0.753
0.018
0.690
0.745
0.864
0.732
0.739
0.940
0.119
0.514
0.745
0.143
0.518
0.624
0.742
0.958

Only phylum groups with relative abundance greater than 0.01 are shown. P
values indicate the statistical significance. Bold values represent significant effects

(P < 0.05) of treatments.
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GLM for Predicators Df SS MS F P %SS R?2

ANPP MAT 1 143 143 1.06 036 17.89 0.32
(2000-2008)

AP 1 085 085 063 047 1068

AR 1 027 027 020 068 343

Gl 1 002 002 0.01 091 024
ANPP MAT 1 090 090 1.64 027 1122 0.73
(2009-2017)

AP 1 480 480 8.78 0.04 60.01

AR 1 001 001 0.02 089 0.14

Gl 1 010 010 0.19 069 1.28

Df, degree of freedom; SS, sum squares; MS, mean squares; F, variance ratio; R
significance; %SS, percentage of the total sum of squares explained.
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Type Soil layer (cm)

ADS 0-10
10-20
20-30

0-30

ATS 0-10
10-20

20-30

0-30

AMS 0-10
10-20

0-20

MN

202 + 62a
201 & 56a
134 + 35a
537 + 137a
541 £ 176b
363 + 65a
116 £ 67a
1020 £ 100b
531 + 82b
394 + 136a
925 + 189%b

MV (mm?3)

4.67 £+ 0.26a
6.57 + 0.58a
7.63 + 1.62a
6.12 £ 0.47a
4.50 +£0.17a
5.52 + 0.32a
21.03 £ 8.51b
6.75 &+ 0.98a
6.74 + 0.74b
6.36 & 0.44a
6.58 + 0.46a

Md, (mm)

1.87 £ 0.02ab
1.98 £0.03a
1.96 £ 0.04a
1.983 £0.02a
1.83 £0.02a
1.90 £0.02b
2.14 +0.08b
1.89 £0.01a
1.90 £0.02b
1.91+£0.02b
1.90 £ 0.02a

MSA (mm?)

16.27 £ 0.72a
21.97 + 1.46a
23.89 + 3.49a
20.30 + 1.06a
16.89 £ 0.47a
19.14 £ 0.91a
54.41 + 18.69b
21.43 £ 2.37a
20.59 + 1.54b
20.96 + 1.14a
20.75 £ 1.01a

MSF

2.20 £ 0.07a
3.06 £0.13a
3.02 +£0.17a
2.73 £ 0.07a
2.19 & 0.05a
2.51 &+ 0.09b
4.46 £+ 0.85a
2.56 £ 0.11a
2.26 &+ 0.08a
2.45 £ 0.08b
2.34 & 0.06b

MP

0.0018 £ 0.0002a
0.0024 £ 0.0002a
0.0015 £0.0001a
0.0019 £ 0.0005a
0.0051 £ 0.0005b
0.0039 =+ 0.0005b
0.0015 £ 0.0002a
0.0035 £ 0.0010b
0.0050 =+ 0.0005b
0.0044 £ 0.0009b
0.0047 £0.0014b

All data are expressed as the mean =+ standard error (SE) of the mean. MIN, mean number; MSA, mean surface area of all macropores; MSF, mean shape factor; MV,
mean macropore volume; Mde, mean equivalent diameter; MF, mean macroporosity. Different lowercase letters within a column indicate significant differences among
the three grassland types in the same soil layer (P < 0.05).
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Type Depth Bulk density Total porosity Field capacity SOC TN N- NH4* N-NO3z~ TP AP TK AK
(cm) (gem~3) cm®cm=3) (%) (gkg™") (gkg™") (gkg™") (gkg™) (gkg™") (gkg™) (gkg™") (gkg™)

ADS  0-10 1183+£0.02a 52124+ 5.42a 4218+ 047a 2259+087a 2.27+0.12a 0.0054 &+ 0.00a 0.0077 % 0.00a 0.59 + 0.052 0.0015 +£0.00a 5.43 +0.15a 0.09 + 0.00ab
10-20 111 4+£0.04a 5552+ 14532 42.80+6.73a 1851 +1.738a 2.10+£0.17a 0.0035 &+ 0.00a 0.0039 + 0.00a 0.62 +0.02a 0.0009 +£0.00a 5.57 £0.20ab  0.08 & 0.00a
20-30 1.00+0.01a 52.87+£8.34a 52.16+3.30a 156.32+243a 2.00+0.21a 0.0022 4+ 0.00a 0.0041 % 0.00a 0.63 +0.032 0.0007 £0.00a 5.65+0.19a 0.08 + 0.00a
0-30 1.08 £0.02a 5350 +6.93a 4571 +286a 1881+231a 2.12+0.14a 0.0037 £0.00a 0.0234 + 0.00a 0.61 £0.03a 0.0010 £0.00a  5.55+0.18a 0.08 + 0.00a

ATS 0-10 1.05+£0.08a 43.09+£7.13b 47.39+481a 31.12+045b  3.43+0.09 0.0074 £0.00a 0.0129 £ 0.00b 0.59 + 0.01a 0.0032 +0.0a 5.98 + 0.08b 0.10 + 0.00a
10-20 1.07 £0.08ab 42.94 £9.52b 46.60+796a 22.36+0.64a 3.30+0.04b 0.0068 +0.00a 0.0090 =+ 0.00b 0.55+0.04a 0.0022 +£0.00a 5.95+0.11a 0.09 + 0.24a
20-30 1.02 +£0.06a 54.79+2.85a 5356+3.17a 16.57+048a 297 +0.03b 0.0049 +0.00b 0.0072 =+ 0.00a 0.49 +£0.02b 0.0012 £0.00a 5.55+0.12a 0.09 + 0.00a
0-30 1.05 +£0.08a 46.94 £7.42b 49.18+433a 23.35+047a 3.23+0.03b 0.0064 + 0.00ab 0.0097 + 0.00b 0.55 +0.02a 0.0022 +£0.00a 5.83+0.12a 0.09 + 0.00a

AM 0-10 0.97 £0.092 50.85+2.78a 50.54 + 7.28a 69.1 +14.52c 5.67 £ 0.54c 0.0200 + 0.00a 0.0113 £ 0.00b 1.46£0.02b 0.0159 £0.00b 5.19+0.14a 0.08 + 0.00b
10-20 091 +£0.06b 57.90+4.20a 58.28+3.80b 53.67+9.150 5.101 £0.52c 0.0044 + 0.00a 0.0104 + 0.00b 1.44 £0.08b 0.0071 £0.00b  5.35 4 0.06b 0.08 + 0.00a
20-30 0.95+0.092 56.09 +6.80a 60.49+12.84b 38.74+251b  4.57 £0.24c 0.0028 + 0.00ab 0.0070 + 0.00a 1.44 £ 0.06c 0.0056 +0.00b  5.48 &+ 0.05a 0.09 + 0.00a
0-30 0.94 £0.06b 54.95+4.31a 56.44+344b 53.85+567b 511+0.39¢c 0.0091 +0.00b 0.0096 + 0.00b 1.45+0.04b 0.0095 +0.00b 5.34 +0.07a 0.08 + 0.00a

All data are expressed as the mean 4

Different lowercase letters indicate significant differences among the three grassland types in the same solil layer (P < 0.05).

t standard error (SE) of the mean. SOC, soil organic carbon; TN, total nitrogen; TR total phosphorus; AF, available phosphorus; TK, total potassium; AK, available potassium.
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Type Latitude°N Longitude°E Elevationm Soil layercm Slope position

ADS 37.08 103.43 2675 0-30 Middle
ATS 37.20 102.78 2868 0-30 Middle
AMS 37.29 102.43 3641 0-20 Middle

Slope aspect

Southeast
Southeast
Southeast

Slope®

ADS denotes alpine degraded steppe, ATS denotes alpine typical steppe, and AMS denotes alpine meadow steppe.
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Variable Mean
Temperature (°C) —2.82
Precipitation (mm) 507.69
Rainfall erosivity (MJ-mmhm=2.h~1.a=T) 621.33
Wind velocity (m-s—1) 2.63
Soil pH 5.64
Soil carbonate content (%) 0.18
Soil sand content (%) 48.85
Soil silt content (%) 39.24
Soil clay content (%) 11.91
Soil erodibility 0.26
Frozen earth period (day) 1497
Elevation (m) 4582.7
Slope (°) 3.59
Slope length 168.3
LS factor 4.14
NDVI 0.53
EVI 0.39
Vegetation cover (%) 0.57
Vegetation management factor 0.15

SD

2.2
137.67
186.46

0.79

1.3

0.96
1212
6.35
9.02
0.03

443

416.72
3.17
104.7
5.56
0.23
0.18
0.33
0.23

Min

—-12.92
196.28

1.07

Max

6.17
1163.7
1752.4

4.06

15
97
54
67
0.38
2550
6284
27.56
359.96
29
0.99

LS factor, slope length and slope factor; NDVI, normalized difference vegetation index; EVI, enhanced vegetation index.

Skewness

0.56
0.31
—0.44
0.15
—0.56
7.69
—0.38
-1.93
1.98
—2.21
0.22
—0.71
1.62
0.1
2.35
—0.19
0.1
—0.24
242

cv

—0.78
0.27
0.3
0.3
0.23
5.33
0.25
0.16
0.76
0.12
0.3
0.09
1.3
0.62
1.34
0.43
0.46
0.58
1.53
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Index

Individual leaf mass

Individual leaf area

Specific leaf area

Leaf carbon content

Leaf nitrogen content

Leaf phosphorus content

Leaf carbon content/leaf nitrogen content
Leaf carbon content/leaf phosphorus content
leaf nitrogen content/leaf phosphorus content
Leaf traits plasticity index

LB/AGB

NBB/AGB

ABB/AGB

LBA

NBBA

ABBA

RBA

IgR/IgS

Biomass allocation plasticity index

Total plasticity index

Salix etosia

0.143
0.010
0.024
0.180
0.315
0.364
0.301
0.350
0.399
0.231
0.058
0.24
0.218
0.031
0.294
0.074
0.379
0.083
0.172
0.202

Rubus setchuenensis

0.136
0.118
0.252
0.133
0.398
0.445
0.420
0.424
0.661
0.332
0.003
0.531
0.221
0.022
0.588
0.187
0.743
0.045
0.293
0.313

Hydrangea aspera

0.063
0.458
0.632
0.124
0.258
0.449
0.234
0.431
0.260
0.312
0.45
0.318
0.065
0.124
0.528
0.352
0.485
0.283
0.326
0.319

The bold values indicate significance at P = 0.05 level.
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Leaf traits df Means squares F P
Shrub species LA 2 513.632 13.675 0.001
DW 2 0.008 7.199 0.013
SLA 2 35,004.32 37.768 <0.001
LCC 2 90.499 0.149 0.862
LNC 2 40.329 10.707 <0.001
LPC 2 0.001 0.401 0.674
Habitat types LA 1 28,184.21 750.391 <0.001
DW 1 1.318 1,169.432 <0.001
SLA 1 34,380.45 37.095 <0.001
LCC 1 1,391.107 2.297 0.143
LNC 1 11.929 3.167 0.088
LPC 1 0.0000747 0.047 0.831
Habitats types x Species LA 2 4,609.832 122.735 <0.001
DW 2 0.319 283.064 <0.001
SLA 2 18,071.5 19.498 <0.001
LCC 2 1,044.072 1.724 0.200
LNC 2 9.628 2.556 0.099
LPC 2 0.006 3.5 0.046

LA, leaf area; DW, dry weight; SLA, specific leaf area; LCC, leaf carbon content; LNC, leaf nitrogen content; LPC, leaf phosphorus content. The bold values indicate
significance at P = 0.05 level.
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C:N:P stoichiometry

Shrub species C/N
N/P
C/P
Habitat types C/N
N/P
C/P
Species x Habitat types C/N
N/P
C/P

<3

DD N = = =4 NN

Means squares

194.255
943.224
25,706.977
49.009
373.554
58,217.594
37.593
313.72
220,643.529

10.781
7.351
0.31
2.72
2.911
0.71
2.086
2.445
2.68

<0.001
0.003
0.735
0.112
0.101
0.409
0.146
0.108
0.089

The bold values indicate significance at P = 0.05 level.
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Index

Leaf biomass to aboveground biomass LB/AGB (%)

New branch biomass to aboveground biomass NBB/AGB (%)

Aged branch biomass to aboveground biomass ABB/AGB (%)

Leaf biomass allocation LBA (%)

New branch biomass allocation NBBA (%)

Aged branch biomass allocation ABBA (%)

Root biomass allocation RBA (%)

Log root to shoot (IgR/IgS)

Habitat types

Outside the forests
Inside the forests
Outside the forests
Inside the forests
Outside the forests
Inside the forests
Outside the forests
Inside the forests
Outside the forests
Inside the forests
Outside the forests
Inside the forests
Outside the forests
Inside the forests
Outside the forests
Inside the forests

Salix etosia

37.95 + 2.53aAB
35.73 + 6.48aA
29.52 +1.97aA
38.82 + 6.32aA
32.53 +2.51aB
25.45 +5.13aB
23.96 + 1.54aA
24.73 + 3.60aA
19.32 £ 1.68aA
27.37 £ 4.11aA
20.64 +1.70aA
19.11 £ 4.69aB
5.99 + 1.09aA
3.72 +0.83aB
0.84 4+ 0.03aB
0.77 4+ 0.05aA

Rubus setchuenensis

41.67 + 1.36aA
41.78 + 5.67aA
20.49 + 1.93aB
9.61 & 4.40bB
37.84 + 2.33aAB
48.60 =+ 4.65aA
26.07 + 1.26aA
26.66 &+ 5.91aA
13.60 + 1.72aB
5.61 +2.27aB
23.98 + 1.88aA
29.50 + 3.12aAB
12.36 £ 5.77bA
48.18 + 20.30aA
0.88 £ 0.03aB
0.84 £ 0.092A

Hydrangea aspera

33.20 + 2.40Ab
18.27 + 1.36bB
25.87 + 2.65aAB
37.94 + 3.11aA
40.98 + 2.62aA
43.79 4 3.33aA
16.49 £ 0.92aB
14.45 £ 0.95aA
14.24 £ 1.91bB
30.17 & 2.59aA
22.56 + 2.01bA
34.81 &+ 2.82aA
5104 2.71aA
9.91 + 4.57aB
0.99 + 0.032A
0.71 & 0.02bA

Different lowercase letters in the same column indicate significant differences between two heterogeneous environments at P = 0.05 levels, and different capital letters
in the same row show significant differences among the three shrubs under the same environmental conditions at P = 0.05 levels. LB, leaf biomass; AGB, aboveground
biomass; NBB, new branch biomass to aboveground biomass; ABB, aged branch biomass; LBA, leaf biomass allocation; NBBA, new branch biomass allocation; ABBA,

aged branch biomass allocation; and RBA, root biomass allocation, the same as below.
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Species Dependent variable Independent variable Intercept R2 P
zZ1i z2 Z3

Salix etosia SLA -0.310 —4.529 —2.724 132.786 0.117 0.849
R/S 0.014 0.070 —0.078 0.351 0.662 0.073
B —27.676 —35.657 —34.802 192.723 0.745 0.033
C/N —0.068 —0.382 0.813 29.776 0.088 0.898
N/P 0.826 6.652 —0.149 72.166 0.604 0.114
C/P 13.684 173.293 70.475 2,122.001 0.812 0.014

Rubus setchuenensis SLA 8.164 —7.982 —3.895 130.344 0.636 0.090
R/S 0.047 0.181 0.017 0.643 0.665 0.071
B —11.791 4.481 19.107 123.864 0.301 0.510
C/N -0.752 2.744 —1.576 37.005 0.568 0.145
N/P 1.801 —6.224 4.218 58.408 0.480 0.239
C/P 15.332 —82.727 27.499 2,080.882 0.162 0.767

Hydrangea aspera SLA 30.291 —24.829 9.273 234.019 0.894 0.003
R/S —0.041 0.034 —0.036 0.362 0.608 0.111
B —58.157 59.343 —66.007 311.165 0.807 0.015
C/N —0.251 0.405 —1.365 37.759 0.287 0.535
N/P —0.586 1.315 0.557 53.413 0.248 0.606
C/P —34.408 70.658 —39.476 2,021.172 0.266 0.574

SLA, specific leaf area; R/S, root to shoot. The bold values indicate significance at P = 0.05 level.
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