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Abstract

:

Changes in global precipitation patterns have had important impacts on terrestrial ecosystems. However, the relationship between alpine vegetation species composition and precipitation patterns remained uncertain. Based on in situ observations, long-term datasets of monthly aboveground biomass (AGB) and daily precipitation were applied in an alpine grassland on the Qinghai–Tibet Plateau (QTP), in order to characterize the responses of multi-species biomass to changing rainfall patterns. In this study, vegetation species composition exhibited obvious variations during 1997–2011 in alpine grasslands on the Qinghai–Tibet Plateau. Rapid increases in weed, Kobresia humilis, and Poa crymophila Keng squeezed the living space of the dominant species, Stipa sareptana var. krylovii. Meanwhile, effective precipitation had stronger effects on vegetation biomass, which were heterogeneous in different precipitation periods. Therefore, the crucial effective precipitation, accounting the effective precipitation in crucial periods, could better explain vegetation biomass variations, which could be a new representative climatic indicator to accurately describe vegetation change in alpine grasslands. In addition, crucial periods of effective precipitation appeared to influence heterogeneity for different vegetation species, which showed the heterogeneous adaptability of species to the changes in precipitation patterns. Precipitation patterns during 1997–2011 were more conducive to the growth of Poa crymophila Keng and Kobresia humilis, thereby changing the species composition in alpine grasslands. The coupling of biological environmental adaptability and abiotic crucial effective precipitation determined the variations of vegetation species composition. The new indicator of crucial effective precipitation could provide a new perspective for studying and predicting the species dynamics of alpine grassland.
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1. Introduction


Vegetation forms a main component of the terrestrial biosphere and shows obvious response to climate change [1,2,3,4,5]. Grassland is one of the most important and largest terrestrial ecosystems, covering 30% of the land surface in the world [6,7]. Aboveground biomass (AGB), a key element of grassland ecosystems [8,9,10], is highly temporally variable compared to forest and cropland ecosystems [11,12,13]. Variations in grassland biomass have impacted the carbon balance, ecosystem service, profitability of pastoral livelihoods, and the sustainability of grassland resources as a whole [14,15,16,17]. Thus, vegetation variations of grassland and their responses to climate change have received wide attention in global ecological research programs.



Global climate change has greatly affected grasslands in alpine ecosystems, which are considered more sensitive to climate change than other regions [18,19]. In particular, as the third pole of the world, the Qinghai–Tibet Plateau (QTP) is one of typical alpine regions where vegetation is highly sensitive to climate variations [20,21,22,23]. Numerous previous research concluded that temperature was more important as a driving factor in vegetation growth on the QTP [22,24,25,26,27,28]. However, since the 21st century, global warming slowdown and frequent precipitation extremes caused by atmospheric circulation made the impacts of precipitation on vegetation more concerned [29,30,31]. According to recent studies, changing precipitation patterns showed more significant effects on vegetation than annual and seasonal precipitation [32,33,34,35,36,37]. Nevertheless, very few researchers gave attention to effects of precipitation patterns on alpine vegetation, in contrast to previous numerous reports in the alpine grasslands on the QTP. Therefore, further study is necessary to explore the responses of vegetation biomass to precipitation patterns in alpine ecosystems.



Global circulation models have predicted a shift in precipitation patterns to growing season rainfall events that were larger in size but fewer in frequency [38,39]. Precipitation patterns have complex impacts on vegetation, which have received wide attention in explaining vegetation dynamics, especially in arid and semi-arid regions. In this research, precipitation intensity has been a key element in driving vegetation change [40,41]. Many studies concluded that large precipitation events increased soil water content (SWC), which promoted plant photosynthesis and enhanced vegetation productivity, while light precipitation was more likely to evaporate from surface before soaking into the ground [32,33,34,42]. However, temporal distribution of precipitation in a year might show more important effects on vegetation growth. In addition, accelerated climate variations have changed the adaptability and competitiveness of different species in the alpine ecosystem [43]. Yet the variations of grassland species composition still remained unclear with regard to their relationship with climate change. Lack of study in alpine ecosystems causes uncertainty in the effects of precipitation, which confirms the urgent demand to explore responses of grassland vegetation to precipitation in alpine regions.



The Qinghai–Tibet Plateau is one of the most important pastoral regions in China. Livestock grazing intensity depends on grassland vegetation variations in alpine regions. Grassland biomass dynamics are determined by climate variations. In the present research, long term observations of multi-species aboveground biomass (AGB) were applied to measure the trends of vegetation variations and species composition dynamics from 1997 to 2011 in the alpine grassland. Then, based on daily precipitation, we analyzed the relationships between grassland AGB and precipitation in different periods to ascertain the impacts of changing precipitation patterns on alpine vegetation species composition. This study aims to reveal the characteristics of multi-species biomass variations in response to multi-period precipitation, explore impacts of precipitation patterns on species composition and ecosystem function, and provide scientific support for future grassland and grazing management in alpine areas.




2. Materials and Methods


2.1. Site Description


This research is conducted based on observed vegetation and climate datasets at the Haibei Station (red triangle in Figure 1, covering an area of about 27 hectares, 36.98° N, 100.98° E, and 3160 m), located on a typical alpine grassland of the QTP (Figure 1). The station was founded in 1976 and joined the Chinese Ecosystem Research Network (CERN) in 1989, which had been one of the most important ecological research platforms for alpine ecosystems in the QTP. Long term continuous observation has enabled the station to accumulate the most comprehensive monitoring data in the QTP. Haibei Station represents the special ecological environment of the QTP, which is cold, anoxic, and strongly ultraviolet. At the same time, the sample plot of the station includes the main plant types of the QTP, which can represent the species composition characteristics of the alpine grassland of the QTP. With a typical plateau continental monsoon climate, the region is characterized by severe and long winters, and short and cool summers with long insolation duration and large temperature differences between day and night [44]. The mean annual temperature during 1997~2011 is around 1.4 °C, with monthly average temperature extremes of −12.3 °C in January and 13 °C in July. Annual precipitation averages 403.3 mm over the 15 studied years, concentrated in the plant growing season from May to September. Annual evaporation is 1400 mm and the frost-free season is 48 days on average. The soil is classified as sandy loam. The plant species mainly include Stipa sareptana var. krylovii (Roshev.) P.C. Kuo & Y.H. Sun, Koeleria cristata (Linn.) Pers, Kobresia humilis (C. A. Mey ex Trauvt.) Sergievskaya, Poa crymophila Keng, and Artemisia scoparia Waldst. et Kit.




2.2. Data Collection


In situ aboveground biomass and daily precipitation observed at the Haibei station were used in this research. Six 60 m × 30 m blocks were selected to observe the aboveground biomass. Six 0.5 m × 0.5 m quadrats in each blocks were randomly selected for clipping plants, classification by species, washing, and oven drying at 65 °C for 72 h, and then weighting dry plant material. The aboveground biomass of different species was investigated every month during the growing season (May–September). The grassland biomes consisted of five types of forage grasses (Stipa sareptana var. krylovii, Koeleria cristata, Kobresia humilis, Poa crymophila Keng, and Artemisia scoparia) and weeds. We selected the aboveground biomass in the vigorous growth period (From June to August) to analyze vegetation variations and their responses to precipitation patterns during 1997~2011 on the QTP. In order to study the impacts of precipitation patterns on vegetation, daily precipitation events measured by rain gauge were divided into effective precipitation events (more than 5 mm) and ineffective precipitation events (less than 5 mm), based on previous research [45]. In order to fully understand the time lag effect and cumulative effect of precipitation on vegetation, multi-period precipitations were calculated to explore the effects on vegetation in different time scales, including current month, previous month, the month before last, previous September, last 2 months, last 3 months, and previous September to current month. Furthermore, daily effective precipitation events were used to recognize response patterns between precipitation and vegetation biomass in daily scales.




2.3. Statistical Analysis


In this study, regular approaches, such as least squares regression, Pearson correlation, and independent-sample t-test, were used to analyze responses of AGB in the vigorous growth period (June, July, and August) to precipitation in different periods. Then we used Partial Least Squares (PLS) analysis to reveal the correlation between AGB and precipitation at daily scale.



Previous research has shown that PLS analysis can work effectively in relating vegetation to climate records at daily resolution [46,47,48]. With PLS regression, we focused on the responses of AGB to daily precipitation during all 365 days of the year, based on data during 1997~2011. The main outputs of PLS analysis were the variable importance in the projection (VIP), standardized model coefficients, and root mean squared errors (RMSE). The VIP value reflected the importance of the climate factors to interpret the vegetation growth, and the commonly held threshold was 0.8. The standardized model coefficient indicated the strength and direction of the impacts of daily precipitation on vegetation biomass. Centering and scaling of daily precipitation and AGB is necessary to allow comparisons between different variables. The root mean squared errors (RMSE) of the regression analyses are calculated to determine the accuracy of the PLS model.



In our research, AGB datasets were observed in June, July, and August during 1997~2011, while precipitation was daily precipitation for 365 days preceding the peak biomass (i.e., running from the 1st of the previous July, August and September to the end of June, July and August of each year, since the periods of aboveground biomass are June, July and August; in leap years, the last day of this interval has been excluded). In the PLS analysis, periods with VIP greater than 0.8 and high absolute values of model coefficients represented the relevant stages in precipitation significantly influencing grassland AGB. Positive model coefficients indicated that increasing precipitation benefited increases in AGB, while negative model coefficients implied negative impacts on AGB. All analyses were implemented in the R 3.2.0 programming language. PLS analysis was mainly based on the ‘pls’ package and used within procedures implemented in the ‘chillR’ package [49].




2.4. Random Forest


Random Forest can work well in nonlinear regression analysis by creating a collection of classification trees with binary divisions [50]. To further quantify contributions of precipitation in different periods on vegetation change, the random forest algorithm was used to rank the importance of the influencing factors and to quantify the contribution of each factor. The main evaluation metrics of variable importance in the RF model are IncMSE and IncNodePurity. In this paper, IncNodePurity was used as the evaluation index of variable importance. Random Forest analysis was implemented in the Python 3.8.1.





3. Results


3.1. Variations in Aboveground Biomass of Different Species in Alpine Grassland


Based on observed AGB of different species, we analyzed trend variations of AGB during vigorous growth period (June, July, and August). In Figure 2, total aboveground biomass increased significantly in June (2.1 g·m−2·a−1, R = 0.55, p < 0.05), July (3.8 g·m−2·a−1, R = 0.62, p < 0.05), and August (3.8 g·m−2·a−1, R = 0.63, p < 0.05) during 1997–2011. Then, weed biomass showed more significant increases than grass biomass in Figure 2d-2f. Weed biomass significantly increased by 1.06 g·m−2·a−1 (R = 0.48, p < 0.1) in June, 2.15 g·m−2·a−1 (R = 0.55, p < 0.05) in July, and 2.40 g·m−2·a−1 (R = 0.63, p < 0.05) in August, while grass biomass showed a lower increased trend over three months. Furthermore, different species showed various trends. The percentages of Kobresia humilis and Poa crymophila Keng indicated an obvious increase, while Artemisia scoparia decreased, which were shown in the changes in vegetation species composition during 1997–2011. In general, aboveground biomass increased significantly in alpine grassland. Weed biomass indicated faster growth rates than grass. In addition, the vegetation species composition was changing during 1997–2011.



Furthermore, trends of AGB in different species were calculated to indicate the dynamic of vegetation species composition in Figure 3. Biomass of Kobresia humilis and Poa crymophila Keng indicated faster increase rates in three months. Kobresia humilis significantly increased by 0.58 g·m−2·a−1 (R = 0.57, p < 0.05) in June, 0.90 g·m−2·a−1 (R = 0.72, p < 0.01) in July, and 0.84 g·m−2·a−1 (R = 0.57, p < 0.05) in August. In addition, Poa crymophila Keng also showed significant increases with the rates of 0.39 g·m−2·a−1 (R = 0.54, p < 0.05) in June, 0.62 g·m−2·a−1 (R = 0.51, p < 0.05) in July, and 0.46 g·m−2·a−1 (R = 0.48, p < 0.1) in August. However, Stipa sareptana var. krylovii and Koeleria cristata with higher proportion (about 30% and 10%) showed weak increases in three months. Koeleria cristata weakly increased by 0.11 g·m−2·a−1 (R = 0.09) in June, 0.37 g·m−2·a−1 (R = 0.24) in July, and 0.08 g·m−2·a−1 (R = 0.09) in August. In addition, Stipa sareptana var. krylovii weakly increased by 0.15 g·m−2·a−1 (R = 0.12) in June, 0.07 g·m−2·a−1 (R = 0.04) in July, and 0.75 g·m−2·a−1 (R = 0.30) in August. In addition, Artemisia scoparia decreased significantly during the vigorous growth period. Above all, alpine vegetation species composition was obviously changing with rapid increases in Kobresia humilis and Poa crymophila Keng and decreases in Artemisia scoparia.




3.2. Response of Vegetation Biomass to Precipitation in Different Periods


3.2.1. Correlation between Vegetation Biomass and Multi-Period Precipitation


In order to analyze the effects of precipitation patterns on vegetation biomass, we calculated the correlation coefficient between multi-species biomass and multi-period precipitation (shown in the Figure A1 and Figure A2 in the Appendix A). According to statistics in Figure 4, effective precipitation indicated stronger correlations with vegetation biomass than total precipitation generally. Grass biomass showed higher correlation coefficients with multi-period precipitation than weed biomass. In addition, precipitation had time-lag and cumulative effects on grass biomass. In detail, June grass biomass was significantly positively correlated with PPT_A_Sep, PPT_A_Sep_v, and PPT_p_Sep, accounting for 0.60 (p < 0.05), 0.55 (p < 0.05), and 0.50 (p < 0.05) during 1997–2011, respectively. July grass biomass was significantly positively correlated with PPT_ A2_v, PPT_ A3_v, and PPT_ A_Sep_v, accounting for 0.50 (p < 0.05), 0.50 (p < 0.05), 0.50 (p < 0.05), respectively. August grass biomass showed significantly positively correlations with PPT_ p1_v (0.55, p < 0.05) and PPT_ p1 (0.52, p < 0.05).



Furthermore, responses of biomass to multi-period precipitation factors were heterogeneous in different species. In June, Stipa sareptana var. krylovii was significantly positively correlated with PPT_p1 (0.51, p < 0.05). In addition, Poa crymophila Keng was significantly positively correlated with PPT_A_Sep_v (0.57, p < 0.05), PPT_A2_v (0.51, p < 0.05), PPT_p_Sep_v (0.58, p < 0.05), PPT_A_Sep (0.53, p < 0.05), and PPT_p_Sep (0.61, p < 0.05). Koeleria cristata was significantly positively correlated with PPT_A_Sep_v (0.50, p < 0.05) and PPT_A_Sep (0.59, p < 0.05). However, Kobresia humilis and Artemisia scoparia show weak correlation with all the precipitation factors. In July, Stipa sareptana var. krylovii and Artemisia scoparia did not show significant correlation with all the multi-period precipitation factors. On the contrary, Poa crymophila Keng was significantly positively (p < 0.05) correlated with all the multi-period effective precipitation factors except PPT_p1_v. Koeleria cristata was significantly positively correlated with PPT_A_Sep_v (0.56, p < 0.05), PPT_A3_v (0.54, p < 0.05), PPT_A2_v (0.55, p < 0.05), PPT_c_v (0.52, p < 0.05), PPT_A_Sep (0.56, p < 0.05), and PPT_A2 (0.56, p < 0.05). Kobresia humilis was significantly positively correlated with PPT_A3_v (0.51, p < 0.05) and PPT_c_v (0.50, p < 0.05). As for the statistics in August, Stipa sareptana var. krylovii and Kobresia humilis did not show significant correlation with all the multi-period precipitation factors. Poa crymophila Keng was significantly positively correlated with PPT_A_Sep_v (0.61, p < 0.05), PPT_A3_v (0.53, p < 0.05), PPT_A2_v (0.54, p < 0.05), PPT_p1_v (0.60, p < 0.05), PPT_A_Sep (0.52, p < 0.05), PPT_p_Sep (0.51, p < 0.05), and PPT_p1 (0.50, p < 0.05). In addition, Koeleria cristata was significantly positively correlated with most factors. In general, Poa crymophila Keng, Koeleria cristata, and Kobresia humilis showed stronger correlations with multi-period precipitation factors than Stipa sareptana var. krylovii and Artemisia scoparia. Precipitation in different periods had different effects on grass biomass.




3.2.2. Contributions of Precipitation in Different Periods on Vegetation Biomass


To further quantify contributions of multi-period precipitation on grass biomass, the random forest algorithm was used to rank the importance of the influencing factors and to quantify the contribution of each precipitation factor. According to Random Forest feature, importance based on three-month datasets (Figure 5) of effective precipitation could explain 54.2% of grass biomass change, 47.0% of biomass change in Stipa sareptana var. krylovii, 67.3% of biomass change in Poa crymophila Keng, and 50.2% of biomass change in Koeleria cristata, which indicated that effective precipitation played more important roles in controlling the grass biomass change. On the one hand, precipitation in different periods had different contributions on grass biomass. For example, effective precipitation in previous and current month (PPT_p1_v and PPT_c_v) showed obviously higher contributions on grass biomass than that in the month before last (PPT_p2_v). On the other hand, precipitation in specific period showed different effects on biomass of different species. In detail, precipitation in current month dominated the biomass change in Poa crymophila Keng, but showed low contribution on the Stipa sareptana var. krylovii, and Koeleria cristata. In general, results of random forest analysis demonstrated the importance of effective precipitation on grass biomass and temporal heterogeneity of precipitation effects on vegetation.





3.3. Crucial Periods of Effective Precipitation for Aboveground Biomass


In the above content, the effective precipitation in different periods of the year showed different effects on grass biomass. However, monthly or annual total precipitation were too coarse to use to study the responses of biomass to precipitation in different periods [49]. In order to deeply understand influence mechanism of altered precipitation patterns, we focused on response of multi-species biomass in the three months (June, July and August) to daily variations of effective precipitation during 1997–2011.



The 365 daily effective precipitation values were used as independent variables in the PLS regression. Low root mean squared error (RMSE) of 3.43 g·m−2 (June), 3.66 g·m−2 (July), and 2.47 g·m−2 (August) for the resulting PLS model indicated that the model was a good fit for the biomass data. Based on the VIP and standardized model coefficients of the PLS analysis, we found that effective precipitation in different periods had varied impacts on grass biomass (Figure 6). During 1 September to 14 October in the prior year, model coefficients for June biomass analysis (Figure 6a) were always positive and VIP values mostly exceeded 0.8, which showed that increase in precipitation in prior senescence period benefited variations of grass biomass in June. Between 7 May and 13 June, model coefficients were consistently positive, and VIP values were mostly important, which meant PPT in the early growing season indicated positive effects on grass biomass in the alpine grassland. As for July biomass (Figure 6b), model coefficients were mostly positive, and VIP values exceeded 0.8 during the prior 17 September to 16 October, 3 May to 17 May, 7 June to 19 June, and 1 July to 11 July, implying that increases in precipitation in these time periods benefited variations of grass biomass in July. In the analysis for August biomass (Figure 6c), we also found several periods, 19 September–16 October, 7 May–21 May, 29 June–24 July, and 9 August–25 August, when the model coefficients were mostly positive and VIP values exceeded 0.8. Moreover, very little precipitation between November and March indicated precipitation during the dormancy phase seemed to be of little importance for determining grassland AGB. Comparison of PLS analysis of effective precipitation and grass biomass in three months implied that prior senescence period and current growing season were generally two crucial periods of precipitation for vegetation growth in alpine grasslands.



In order to further understand temporal heterogeneity of precipitation effects on different species, PLS regression was used to analyze the crucial periods of precipitation for aboveground biomass of different species. Figure 7 showed the periods with positive model coefficients and VIP exceed 0.8. Based on the PLS analysis, we found that effective precipitation had different crucial periods (statistics from prior September to current month) for different species. In June, length of crucial periods of precipitation were 85 days for Stipa sareptana var. krylovii, 97 days for Poa crymophila Keng, 94 days for Koeleria cristata, 59 days for Kobresia humilis, and 46 days for Artemisia scoparia. For July biomass, the crucial periods accounted for 36 days for Stipa sareptana var. krylovii, 103 days for Poa crymophila Keng, 97 days for Koeleria cristata, 78 days for Kobresia humilis, and 63 days for Artemisia scoparia. The crucial periods of precipitation for August biomass accounted for 90 days for Stipa sareptana var. krylovii, 116 days for Poa crymophila Keng, 115 days for Koeleria cristata, 81 days for Kobresia humilis, and 34 days for Artemisia scoparia. In general, precipitation crucial periods for Poa crymophila Keng, Koeleria cristata, and Kobresia humilis were longer than other species. In addition, the current crucial period for Kobresia humilis started in May, relatively later than other species. In other words, crucial periods of effective precipitation appeared heterogeneous for different species, which meant that changes in precipitation patterns indicated varied influences on the grass biomass of different species.



Based on PLS analysis, we found the crucial periods of effective precipitation, when the daily precipitation significantly influenced grass biomass. Therefore, the crucial effective precipitation, cumulative amount of effective precipitation in crucial periods (shown in the Figure A3), could be a new precipitation indicator to explain the grass biomass variations well. In Figure 8, correlations between crucial effective precipitation and multi-species biomass in the three months were calculated to show the significant effects of the precipitation indicator on vegetation variations in alpine grasslands. For the total grass biomass, crucial effective precipitation was significantly positively correlated with grass biomass, accounting for 0.57 (p < 0.05) in June, 0.76 (p < 0.01) in July, and 0.58 (p < 0.05) in August. For different species, biomass of Poa crymophila Keng, Koeleria cristata, and Kobresia humilis showed stronger correlations with crucial effective precipitation than other species. Compared with the effects of effective precipitation in Figure 4, crucial effective precipitation exhibited significantly upgraded influences on the biomass. In general, the crucial effective precipitation could be a good climate indicator to explain vegetation variations in alpine grasslands.





4. Discussion


Under the influence of climate change and land use change, species composition in the alpine regions exhibited significant changes during past decades, such as shrub invasion in Aisa [51], dwarf pine colonization of alpine grasslands in central European mountains [52], grass species colonization of snowbed communities in the Swiss Alps [53], and increased species diversity in northeastern Iberian Peninsula [54]. In this research, vegetation species composition exhibited obvious variations during 1997–2011 in alpine grasslands. In Haibei station, the grassland biomes mainly contained five types of forage grasses and weeds, among which Stipa sareptana var. krylovii was the dominant species, accounting for 30% of biomass. However, the dominant species indicated weak change in biomass, leading to a significant decline, from 37% in the first three years to 27% in the last 3 years, in the proportion of total biomass. On the one hand, the weeds increased significantly, with faster growth rates than grass. The proportion of weeds increased from 35% in the first 3 years to 43% in the last 3 years. On the other hand, biomass of Kobresia humilis and Poa crymophila Keng indicated faster increase rates than other forages. Therefore, rapid increases in weeds, Kobresia humilis, and Poa crymophila Keng squeezed the living space of the dominant species, Stipa sareptana var. krylovii.



Effective precipitation had more important effects on vegetation than total precipitation in alpine grasslands. Numerous previous studies concluded that daily precipitation < 5 mm would not be considered effective in arid environments, as this amount precipitation would likely evaporate from surface before soaking into the ground [45]. In the present research, effective precipitation (>5 mm) indicated stronger correlations with multi-species biomass than total precipitation, which suggested that light precipitation (<5 mm) had no contribution to the increases in soil water content and vegetation biomass. For different species, Poa crymophila Keng, Koeleria cristata, and Kobresia humilis showed stronger relationships with effective precipitation than Stipa sareptana var. krylovii and Artemisia scoparia.



Environmental adaptation determined the vegetation species composition in alpine grasslands under climate change. In recent decades, climate change increased the frequency of extreme events [29,30,31]. As the main factor to determine the distribution of biological communities, accelerated climate variations had changed the adaptability and competitiveness of different species in the ecosystem [43]. Under the influences of climate change, longer growing seasons made grass species more competitive to invade the snowbeds in the Swiss Alps [53]. Accelerated snow melt and drier soil led to obvious changes in vegetation structure in Asian alpine regions [51]. According to the investigations on the growth characteristics of different species on the QTP, weeds, Kobresia humilis, and Poa crymophila Keng had stronger adaptability to climate change. In the present research, precipitation showed different trends in different months (Figure 9). May and July precipitation increased significantly, while April, June, and August precipitation decreased weakly during 1997–2011. Changing precipitation patterns had different effects on different species. Therefore, under the altered precipitation patterns, the forage species with strong adaptability to precipitation variations increased significantly, while the biomass of species with poor ecological adaptability changed weakly. With the intensification of climate variations, species with strong ecological adaptability would occupy more living space in the grassland ecosystem.



Precipitation had time-lag and cumulative effects on grass biomass. According to correlation analysis, grass biomass was significantly positively correlated with effective precipitation in two periods, the prior senescence period (September–October) and the previous month. In the prior senescence period, when the air temperature was always below freezing in alpine region after September, precipitation was frozen in soil, rather than taken up by dormant vegetation. After the dormancy period, when the temperature rose above zero degrees Celsius, frozen soil water thawed into liquid, which provided enough water content for vegetation growth in following growing season. An increase in precipitation during the prior senescence period meant more then enough soil water content, which could be made use of by vegetation in the following growing season. In addition, accumulations of effective precipitation in months always indicated stronger positive effects on biomass than that in a single month, which meant accumulative effective precipitation could better represent the soil water content and further affect the vegetation growth in the periods. Furthermore, effective precipitation in different months showed various contributions on grass biomass. The variations of biomass were mainly influenced by precipitation in previous September, May, July, while precipitation during the dormancy phase (previous November to March) seemed to be of little importance for determining grassland AGB. This was in line with the hypothesis that the impacts of precipitation variations on plant productivity might occur via variability in precipitation patterns [55,56,57,58]. In a word, effective precipitation in crucial periods could better explain vegetation variations in the alpine grasslands.



The crucial effective precipitation, the effective precipitation amounts in the crucial period, could be a new representative climatic indicator to explain vegetation variations in alpine grasslands. With the obvious change of precipitation patterns, the annual or monthly precipitation could no longer accurately describe the roles of precipitation on vegetation variations [49]. The distribution of effective precipitation within a year was critical to vegetation growth. Crucial effective precipitation, the effective precipitation amounts in the crucial periods, dominated the biomass change in the grassland. Furthermore, precipitation patterns indicated varied influences on grass biomass of different species in different aspects. First, Poa crymophila Keng, Koeleria cristata, and Kobresia humilis showed stronger relationships with precipitation amounts than Stipa sareptana var. krylovii and Artemisia scoparia. Then, crucial periods of effective precipitation appeared to influence heterogeneity for different species. In detail, precipitation crucial periods for Poa crymophila Keng, and Kobresia humilis were longer than other species. Therefore, biomass of Poa crymophila Keng, and Kobresia humilis showed stronger relationships with crucial effective precipitation than other species, which meant the three forages could better adapt to the changes of precipitation patterns. In general, crucial effective precipitation reflected the adaptability of species to the change of precipitation patterns. Precipitation patterns during 1997–2011 were more conducive to the growth of Poa crymophila Keng and Kobresia humilis, thereby changing the species composition in alpine grasslands. The new indicator of crucial effective precipitation could provide a new perspective for studying and predicting the species dynamics of alpine grassland.




5. Conclusions


Vegetation species composition exhibited obvious variations during 1997–2011 in the alpine grassland on the Qinghai–Tibet Plateau. Indeed, rapid increases in weeds, Kobresia humilis, and Poa crymophila Keng, with stronger environmental adaptability, squeezed the living space of the dominant species, Stipa sareptana var. krylovii. Meanwhile, effective precipitation had more important effects on vegetation biomass than total precipitation in alpine grasslands, which were heterogeneous in different precipitation periods. Therefore, the crucial effective precipitation, accounting the effective precipitation in crucial periods, could better explain vegetation biomass variations, which could be a new representative climatic indicator to accurately describe vegetation variations in alpine grasslands. In addition, crucial periods of effective precipitation appeared to influence heterogeneity for different vegetation species, which suggested the heterogeneous adaptability of species to the change of precipitation patterns. Precipitation patterns during 1997–2011 were more conducive to the growth of Poa crymophila Keng and Kobresia humilis, thereby changing the species composition in alpine grasslands. The coupling of biological environmental adaptability and abiotic crucial effective precipitation determined the variations of vegetation species composition. The new indicator of crucial effective precipitation could provide a new perspective for studying and predicting the species dynamics of alpine grasslands.
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Figure A1. Trends of annual and monthly precipitation during 1997–2011. (a) Annual precipitation; (b) previous September precipitation; (c) April precipitation; (d) May precipitation; (e) June precipitation; (f) July precipitation; (g) August precipitation. 
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Figure A2. Trends of annual and monthly effective precipitation during 1997–2011. (a) Annual precipitation; (b) previous September precipitation; (c) April precipitation; (d) May precipitation; (e) June precipitation; (f) July precipitation; (g) August precipitation. 






Figure A2. Trends of annual and monthly effective precipitation during 1997–2011. (a) Annual precipitation; (b) previous September precipitation; (c) April precipitation; (d) May precipitation; (e) June precipitation; (f) July precipitation; (g) August precipitation.



[image: Forests 14 00047 g0a2a][image: Forests 14 00047 g0a2b]







[image: Forests 14 00047 g0a3 550] 





Figure A3. Variations of effective precipitation in crucial periods of different species during 1997–2011. (a) Poa crymophila Keng; (b) Koeleria cristata; (c) Kobresia humilis. 
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Figure 1. Study area and the location of grassland experimental station. 
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Figure 2. Variations of AGB in June, July, and August during 1997~2011, (a–c): total biomass; (d–f): grass and weed; (g–i): percentage of different species. Trends estimated by the least-squares linear regression are shown in the graphs. 






Figure 2. Variations of AGB in June, July, and August during 1997~2011, (a–c): total biomass; (d–f): grass and weed; (g–i): percentage of different species. Trends estimated by the least-squares linear regression are shown in the graphs.



[image: Forests 14 00047 g002]







[image: Forests 14 00047 g003 550] 





Figure 3. Statistics of AGB variations in different species in different months during 1997–2011. (A) shows slope, while (B) shows R for AGB variations. 
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Figure 4. Correlations between multi-species AGB ((a): June AGB; (b): July AGB; (c): August AGB) and multi-period precipitation in Qinghai Lake region during 1997–2011. Multi-period precipitation factors: PPT_C/PPT_C_v: precipitation/effective precipitation in current month; PPT_p1/PPT_p1_v: precipitation/effective precipitation in previous month; PPT_p2/PPT_p2_v: precipitation/effective precipitation in the month before last; PPT_p_Sep/PPT_ p_Sep_v: precipitation/effective precipitation in previous September; PPT_A2/PPT_ A2_v: accumulation of precipitation/effective precipitation in last 2 months; PPT_A3/PPT_ A3_v: accumulation of precipitation/effective precipitation in last 3 months; PPT_A_Sep/PPT_A_Sep_v: accumulation of precipitation/effective precipitation from previous September to current month. 
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Figure 5. Random Forest Feature importance for Multi-species biomass ((a): Grass; (b): Stipa sareptana var. krylovii; (c): Poa crymophila Keng; (d): Koeleria cristata) during 1997–2011. 
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Figure 6. Results of Partial Least Squares (PLS) regression correlating grass biomass in 1997–2011 with 15-day running means of daily effective precipitation during (a) July–June, (b) August–July and (c) September–August. Blue bars indicate that VIP values are greater than 0.8, the threshold for variable importance. Red color means model coefficients are negative and important, while green color indicates important positive relationships between aboveground biomass and precipitation. 
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Figure 7. Results of Partial Least Squares (PLS) regression correlating biomass with daily effective precipitation during (a) July–June, (b) August–July and (c) September–August for different species. Gray bars show significant positive relationships between aboveground biomass and precipitation. 
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Figure 8. Correlations between multi-species AGB and effective precipitation during crucial periods. The *, **, and *** denote correlation required for significance at the 90%, 95%, and 99% levels, respectively. 
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Figure 9. Trends of precipitation (PPT) in different months during 1997–2011. * means significant change (p < 0.1), ** means significant change (p < 0.05). 
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