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Context: Climate change and human activities have significant impacts on the Qinghai–Tibetan Plateau; the alpine ecosystem in this region has been degraded. A decline in forage yield reduces the livestock carrying capacity, but an unmitigated increase may lead to overfeeding and damage to vegetation. These changes have eventually led to grassland degradation and a series of ecological problems. Therefore, it is essential to examine bioclimatic factors that affect forage growth in grasslands.

Objective: To identify bioclimatic factors associated with forage growth and coverage in the Qinghai–Tibetan Plateau.

Methods: We examined how forage growth and coverage are affected by 35 bioclimatic indicators published in a global database (CMCC-BioClimInd).

Results and conclusions: We comprehensively considered the relationship between 35 indicators and forage yield and coverage and found that the combination of temperature and precipitation indicators had a very high correlation with yield and coverage. When we evaluated the relationship between each index and forage yield, forage yield was found to be significantly correlated with 16 bioclimatic indices. Forage yield was positively correlated with yearly positive precipitation (R2 = 0.49, p < 0.05), annual precipitation (R2 = 0.48, p < 0.05), and precipitation of driest quarter (R2 = 0.47, p < 0.05), and negatively correlated with temperature seasonality (R2 = 0.52, p < 0.05), precipitation seasonality (R2 = 0.39, p < 0.05), and simplified continentality index (R2 = 0.48). Forage coverage was significantly correlated with 15 bioclimatic indicators. It showed positive correlations with precipitation of driest quarter (R2 = 0.36, p < 0.05), precipitation of driest month (R2 = 0.33, p < 0.05), and annual precipitation (R2 = 0.31, p < 0.05), and negative correlations with temperature seasonality (R2 = 0.415, p < 0.05), annual temperature range, precipitation seasonality, and simplified continentality index (R2 = 0.37, p < 0.05).

Significance: We identified bioclimatic indicators that affect forage growth in the northeastern Qinghai–Tibetan Plateau, and explored the physiological and ecological mechanisms underlying forage growth. Our results provide a scientific basis for future forage management, early determination of livestock carrying capacity, rational management of animal husbandry practices, and ecological protection and restoration efforts.
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1. Introduction

Rangelands account for more than 30% of global land area and provide biodiversity and wildlife habitats as well as a broad range of ecosystem services, including production of food and forage material and protection of soil and water resources (Parton et al., 2012; Schohr, 2014; Liu et al., 2021). However, climate change has had a considerable impact on global water and heat resources, resulting in significant changes in forage yield and coverage (Walther et al., 2002; Parmesan, 2006; Chen et al., 2011). Growing-season precipitation is generally recognized as the primary factor driving annual grassland forage production (Le Houérou, 1984). Accordingly, several studies have developed regression models linking precipitation and temperature to peak annual forage production (Murphy, 1970; Pitt and Heady, 1978; Chaplin-Kramer and George, 2013). These studies have reported a positive relationship between peak forage production, precipitation, and air temperature (Liu et al., 2021). A recent study on the link between microclimate and forage growth found that wetter topographic locations were more productive in a dry year (water limitation), whereas warmer topographic locations were more productive in a wet year (energy limitation; Devine et al., 2019). Guo et al. (2010) found that the combination of precipitation and temperature was the main factor affecting forage yield. Li (2014) showed that the forage growth period was accompanied by a prominent discrepancy between heat and water conditions; low levels of precipitation and higher temperatures led to higher levels of evapotranspiration, resulting in low forage yield.

The Qinghai–Tibetan Plateau has a unique climate, hydrological features, and soil development background, and hosts a typical alpine ecosystem. Alpine ecosystems are fragile and exhibit complex and sensitive responses to global climate change (Yao et al., 2017). Climate change directly affects the spatiotemporal patterns of environmental factors, such as light, temperature, and water, all of which are highly predictive of forage yield and coverage (Qin et al., 2014). Under conditions of relatively stable forage distribution and crop rotation, warmer temperatures may cause early flowering, change crop phenology, shorten the maturity, and growth periods of crops, affect the accumulation of dry matter, and reduce crop yield (Zhang, 2016). Climate change affects forage yields in alpine ecosystems, forcing farmers and herders to change crop planting structures, grazing intensity, and rotational grazing modes (Ding et al., 2013). As alpine ecosystems are more sensitive to global climate change than other ecosystems (Grabherr et al., 1994), it is important to identify the main climatic factors that affect alpine pastures.

The Qinghai Province is a typical alpine pasture region in China. Grasslands account for 47% of the land area in this region and are mainly concentrated in the southern region of the Qinghai Plateau, Qilian Mountains, and mountains on the southeast edge of the Qaidam Basin. There has been little research regarding the impact of climatic factors on forage in the northeastern Qinghai–Tibetan Plateau (Wang et al., 2013; Shen et al., 2015). Current research on the impact of climate on forage yield, coverage, and height mainly focuses on using annual or seasonal indices such as precipitation or temperature. These indices are used to express the characteristics of climate, examine its variations, and predict future changes in climate and its effects on forage yield. However, recent research suggests that it is important to utilize additional bioclimatic indicators with clearer ecological significance, such as factors related to seasonal precipitation in the wettest and coldest seasons. Utilizing more comprehensive climatic indicators that integrate hydrothermal conditions can improve our understanding of the relationship between forage availability and climate. Vegetation-climate relationships determined using simple climatic indices have some significance; however, it is important to comprehensively evaluate the responses of vegetation to climatic and other environmental factors (Ni, 1998).

With increasing availability of climate information, several global datasets of bioclimatic indicators have become popular scientific references. These include WorldClim (Hijmans et al., 2010; Fick and Hijmans, 2017), CHELSA (Karger et al., 2017), CliMond (Kriticos et al., 2012, 2014), EcoClimate (Matheus and Lima-Ribeiro, 2015), ENVIREM (Title and Bemmels, 2018), and MERRAclim (Vega et al., 2018). Among these datasets, WorldClim was the most frequently cited. The recently updated version 2.1 (January, 2020) provides 19 bioclimatic indicators. Recently, Noce et al. (2020) presented CMCC-BioClimInd, a global gridded dataset that provides 35 bioclimatic indicators (Noce et al., 2020; including 16 indicators added on the basis of the WorldClim dataset).

In the present study, we used 35 bioclimatic indicators to investigate how bioclimatic factors affect forage output and cover. We screened out the bioclimatic indicators that have significant impacts on forage grass growth, clarified how these indicators affected growth, and accounted for the vacancy by only including precipitation and temperature in the forage grass growth analysis in the northeastern Qinghai–Tibetan Plateau. In addition, we clarified the ecological significance of the latest bioclimatic indicators for forage grass growth in the northeast of the Qinghai–Tibetan plateau. Our results are useful for future forage management, early determination of livestock carrying capacity, rational arrangement of animal husbandry, and implementation of ecological protection and restoration actions.



2. Materials and methods


2.1. Study area

The study area was located in Qinghai Province, China (Figure 1), which occupies the northeast region of the Qinghai–Tibetan Plateau (geographical location 31°9′–39°9’ N and 89°35′–103°04′ E). The total land area is 7.2 × 105 km2, and most of the area lies at an elevation of 3,000–5,000 m above sea level. The higher elevations lie to the west and northwest, and the lower elevations lie in the east and center of the region. Qinghai Province is connected to Gansu Province in the north and east, and lies adjacent to the Xinjiang Uygur Autonomous Region in the northwest, Tibet Autonomous Region in the south and southwest, and Sichuan Province in the southeast. The plateau has a continental climate characterized by low temperatures, large temperature differences between day and night, low levels of concentrated precipitation, high numbers of sunshine hours, and strong solar radiation.
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FIGURE 1
 Geographical location and distribution of 20 ecological stations in the northeast region of the Qinghai–Tibetan Plateau.


The natural grassland in the northeastern region of the Qinghai–Tibetan Plateau covers a large land area, has a wide distribution, exhibits significant differences in natural conditions, and hosts rich and diverse grassland types. These include mountain dry grasslands, alpine dry grasslands, mountain meadows, alpine meadows, mountains, plains, deserts, alpine deserts, humid swamp meadows, moist shrubs, and sparse forests. Alpine meadows and alpine grasslands account for 44.2224 million mu, which is 80.88% of the total grassland area in the province.



2.2. Bioclimatic indices

The complete CMCC-BioClimInd dataset is available from PANGAEA.1 It consists of 805 files in NetCDF4 format with a 0.5 × 0.5°grid resolution and global coverage (except Antarctica) (Noce et al., 2020). We used the spatial analysis function in ArcGIS 10.2 to extract the simulated values of 35 bioclimatic indicators from 20 stations in the northeast region of the Qinghai–Tibetan Plateau (Table 1). Based on these data, we calculated the average values for each station; we propose that the bioclimate index data are based on the fitted value of climate data from historical periods. In future work, we will use the definitions and calculation methods to calculate the bioclimatic indicators with the measured meteorological data. Grass growth is affected by a variety of bioclimatic indicators; a single indicator cannot describe the overall situation. First, we defined the contribution percentage of each indicator through principal component analysis. It can be seen from Table 1 that the contribution of the first principal component (F1) is 58.45%, and factors such as mean temperature of the cold quarter (Bio11) and annual mean temperature (Bio1) also play a major role, mainly reflecting the role of heat on pasture growth. The second principal component (F2) mainly reflects the effect of the combination of precipitation and temperature, such as the Ellenberg quotien (Bio20) and Omboremic index (Bio23), on forage growth. The load values of Bio20 and Bio23 were 0.907 and − 0.943, respectively, including 29% of the contribution percentage.



TABLE 1 Principal component analysis of 35 bioclimatic indexes.
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2.3. Forage output and coverage

Forage data and basic meteorological variables were obtained from the ecological meteorological station built by the Qinghai Meteorological Bureau in 2002, which has recorded observations since 2003 with high-level management. Most grasslands in the study area are alpine meadows. The grasslands around Tianjun, Tongde, Tuole, and Tuotuohe stations are alpine grasslands, and those around Gangcha and Xinghai stations are temperate grasslands. Representative vegetation, terrain, soil types, and microclimatic factors were considered when selecting study sites for measuring forage cover. The observation sites covered an area of no more than 10 × 10 km2 and were located on pastures with flat terrain, no more than 20 km away from the meteorological station. The sites were enclosed by a net fence and surrounded by pile driving (height, 50 cm above the ground; the top 10 cm was painted red). A 50 × 50 m2 area in the observation field was surrounded by a 1.5-m-tall fence, and the local maximum forage yield was measured through continuous monitoring. During the forage growth period, foraging by herd animals is prohibited in this area. The parameters measured included forage growth period, yield, height, and coverage. Data collected between 2003 and 2019 were used in this study. Observations were recorded in strict accordance with the guidelines for agrometeorological observations, and data were recorded continuously.



2.4. Data analysis

To extract the simulated values of the 35 bioclimatic indicators, we used the spatial analysis function in ArcGIS 10.2. We then used simple regression models and Pearson’s correlation analyses to explore the relationships between forage output and bioclimatic indices. Finally, we selected the indicators that were significantly related to forage yield and coverage (p < 0.05) for analysis, which was performed using SigmaPlot 12.5 (Systat Software, United States) and SPSS (version 22, IBM Corp., United States).




3. Results


3.1. Relationship between forage output and bioclimatic indices

First, we analyzed the correlation between the three principal components and forage yield from an overall perspective. The correlations between principal components 1 and 3 and forage yield were not significant (p > 0.05). As shown in Figure 2, there was a strong positive correlation between forage yield and principal component 2, the combined indicators of precipitation and temperature (R2 = 0.40; p < 0.001).
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FIGURE 2
 Relationships between forage output and Principal component 2.


We analyzed the correlation between forage yield and 35 bioclimatic indicators (Figure 3) and found significant correlations between forage yield and 16 bioclimatic indicators. Bio3 (isothermality), Bio9 (mean temperature of the driest quarter), Bio11 (mean temperature of the cold quarter), Bio12 (annual precipitation), Bio13 (precipitation in the wettest month), Bio14 (precipitation in the driest month), Bio16 (precipitation in the wettest quarter), Bio17 (precipitation in the driest quarter), Bio18 (precipitation in the winter quarter), Bio19 (precipitation in the cold quarter), Bio24 (annual positive precipitation), Bio29 (mean temperature of the coldest month), and Bio33 (ombrothermic indices of summer and the previous month) were positively correlated with forage yield, with correlation coefficients (R2) ranging from 0.23 0.49 (Figure 2). The magnitude of the correlation was in the following order: Bio24, Bio12, Bio17, Bio16, Bio33, Bio13, Bio18, Bio14, Bio19, Bio11, Bio3, and Bio9. The forage yield was most highly correlated with Bio24 (R2 = 0.49), Bio12 (R2 = 0.48), and Bio17 (R2 = 0.47). Yield was negatively correlated with Bio4 (temperature seasonality), Bio15 (precipitation seasonality), and Bio27 (simplified continuity index), with R2 values of 0.39–0.52. The forage yield was most strongly negatively correlated with Bio4 (R2 = 0.52), followed by Bio27 (R2 = 0.48).
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FIGURE 3
 Relationships between forage output and 16 bioclimatic indices.




3.1. Relationship between forage cover and bioclimatic indices

First, we conducted a correlation analysis of the three principal components and grass coverage from an overall perspective. The correlation between principal components 1 and 3 and grass coverage was not significant (p > 0.05). As shown in Figure 4, there was a strong positive correlation between grass coverage and principal component 2, the combined index of precipitation and temperature (R2 = 0.30, p < 0.001).
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FIGURE 4
 Relationships between forage cover and Principal component 2.


We analyzed the correlation between forage cover and 35 bioclimatic indicators (Figure 5) and found that coverage was significantly correlated with 15 bioclimatic indicators. Bio11 (mean temperature of the cold quarter), Bio12 (annual precipitation), Bio13 (precipitation in the wettest month), Bio14 (precipitation in the driest month), Bio16 (precipitation in the wettest quarter), Bio17 (precipitation in the driest quarter), Bio18 (precipitation in the winter quarter), Bio19 (precipitation in the cold quarter), Bio24 (annual positive precipitation), Bio29 (mean temperature of the cold month), and Bio33 (ombrothermic index of summer and previous month) were positively correlated with forage output, with R2 values between 0.20 and 0.36. The magnitude of the correlation was in the following order: Bio17, Bio14, Bio12, Bio24, Bio18, Bio16, Bio19, Bio33, Bio13, Bio29, and Bio11. Forage cover was most highly correlated with Bio17 (R2 = 0.36), Bio14 (R2 = 0.33), and Bio12 (R2 = 0.31). Coverage was negatively correlated with Bio4 (temperature seasonality), Bio7 (annual temperature range), Bio15 (precipitation seasonality), and Bio27 (simplified continuity index), with R2 values of 0.25–0.415. The coverage showed the highest correlation with Bio4 (R2 = 0.415), followed by Bio27 (R2 = 0.37).
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FIGURE 5
 Relationship between forage coverage and 15 bioclimatic indices.





4. Discussion


4.1. Relationship between forage output and bioclimatic indices

We found that forage yield was significantly correlated with 16 bioclimatic indicators, and had the strongest correlations with Bio24, Bio12, and Bio17. Thus, forage yield is closely associated with annual precipitation, followed by temperature. This is consistent with the findings of previous studies (Bai et al., 2008). However, unlike previous studies, we performed a more detailed analysis and found that forage yield was more closely related to annual positive precipitation than to annual precipitation. Annual positive precipitation reflects the summed long-term averages of total precipitation (cumulative daily precipitation) for months with long-term average daily temperatures (Tg) exceeding 0°C (Rivas-Martínez et al., 2011); therefore, annual positive precipitation incorporates temperature data to some extent. The growth potential of plants is highest when favorable precipitation and temperature conditions coincide (Liu et al., 2021), and this may explain why forage yield was more closely related to positive annual precipitation in this study.

Our results also revealed a strong correlation between forage yield and precipitation during the driest season. During the driest seasons in the study region, autumn and winter, soil movement, and snow formation caused by precipitation increase the soil water content, which is conducive to plant re-emergence in spring and growth in summer (Nandintsetseg and Shinoda, 2011; Richardson et al., 2013). Schenk and Jackson (2010) analyzed plant root systems on a global scale and found that higher precipitation in winter led to deeper plant roots. This improves the water absorption capacity of roots, allowing them to meet the transpiration needs of plants.

In the present study, forage yield was negatively correlated with Bio4 (temperature seasonality), Bio15 (precipitation seasonality), and Bio27 (simplified continuity index). The high values of Bio4 and Bio27 indicated a large range of temperature variations in this region. The northeast region of the Qinghai–Tibetan Plateau is an arid area; some studies have shown that under drought conditions, exposure to intense cold and heat can aggravate water stress in plants, which depletes the available energy reserves required for rooting, transpiration, and defense responses (Harper et al., 2009). The precipitation seasonality index, which reflects the degree of change in precipitation over a given period, was negatively correlated with forage yield, indicating that greater degrees of change in precipitation were associated with lower forage yields. This is consistent with the findings of previous studies that showed that low but continuous precipitation is favorable for forage growth, while uneven precipitation is unfavorable (Liu et al., 2021). Under global change, the frequency of observed and predicted extreme weather events (temperature and precipitation) increases. Extreme temperature and extreme precipitation can indicate an increase in the temperature seasonal, precipitation seasonal, and simplified continuity indices. The results of this study showed that higher indicator values are associated with greater adverse impacts on pasture growth. In future pasture management, we can take preventive measures using extreme predictions.

According to the relationship between bioclimatic indicators and forage yield, we suggest that during the drought period, artificial rainfall and other methods should be used to supplement water availability, taking temperature into account, to achieve matching between precipitation and temperature and increase the forage yield. In addition, cold- and drought-resistant and high-yield grass species should be selected to improve grass yield and achieve a balance between grass and livestock; this would promote modernization of animal husbandry and achieve sustainable grassland ecological protection.



4.2. Relationship between forage cover and bioclimatic indices

Forage coverage was significantly correlated with 15 bioclimatic indicators and was most highly correlated with Bio17 (precipitation in the driest quarter), Bio14 (precipitation in the driest month), and Bio12 (annual precipitation). Forage coverage reflects the proportion of the study area covered by vertically projected vegetation and is the most direct representation of biomass (Wang, 2020). Several studies have reported a positive correlation between annual precipitation and aboveground biomass (Ma et al., 2008; Hu, 2010; Guo et al., 2012). In this study, forage cover was closely related to precipitation of driest month and driest quarter. This may be because precipitation during these seasons increases soil water content, which promotes plant growth in spring and summer (Nandintsetseg and Shinoda, 2011; Richardson et al., 2013). Moreover, adequate water storage before germination is beneficial for early forage growth and can increase the surface area of roots and leaves. When external temperatures become more favorable in later growth stages, plants with larger leaves, and roots can capture solar radiation and soil water more effectively (Becchetti et al., 2016). Good growth and development during the early stages also increase grass coverage, which may promote the infiltration of rainfall into the soil and increase soil water storage for subsequent use. We found a relatively weak correlation between forage cover and indicators of adequate precipitation (precipitation during the wettest season and wettest month).

Forage coverage was negatively correlated with Bio4, Bio7, Bio15, and Bio27. The magnitude of the correlation was highest for Bio4, followed by Bio27, which is consistent with the results for forage yield. This is likely because the seasonal index of temperature, annual range of temperature, and simplified continental index indicate the degree of change in temperature. Higher indices represent greater changes in temperature. When the severity of temperature change exceeds the adaptability of plants to new environmental conditions, the internal balance and stability of plants may decline, leading to serious, and irreparable damage (Siegmund et al., 2016).

The seasonal precipitation index reflects the change in precipitation within a given period. This index was negatively correlated with forage cover, indicating that a greater degree of change in precipitation is associated with lower forage cover. Duncan and Woodmansee (1975) showed that low but continuous precipitation occurs throughout the growing season and is conducive to forage growth (Duncan and Woodmansee, 1975). Liu et al. (2021) showed that in dry years, uniform rainfall promotes forage growth. In contrast, when the soil moisture is sufficient (as in wet years), areas with uniform precipitation are less favorable to forage growth than those with variable precipitation (Liu et al., 2021). These reports confirm the findings of the present study. The northeast region of the Qinghai–Tibetan Plateau experiences low precipitation; our results indicate that low levels of continuous precipitation promote forage growth, whereas uneven distribution of precipitation reduces forage growth.

Based on the relationship between bioclimatic indicators and coverage, we suggest increasing the diversity of pastures. Pasture diversity increases coverage and prevents soil erosion. When encountering extreme precipitation, the soil maintains its water storage capacity; however, herbage maintains diversity. Under certain conditions, the relationship between temperature and water can be adjusted to achieve the maximum growth rate and increase coverage through adaptation to the local environment. According to the prediction of extreme weather conditions, we also suggest changing the community structure of pastures. Some studies have found that extreme drought significantly inhibits the growth of perennial plants, but promotes the growth of annual plants.




5. Conclusion

We comprehensively considered the relationship between 35 bioclimatic indicators and forage yield and coverage, and found that the combination of temperature and precipitation indicators had a very high correlation with yield and coverage. Forage yield was significantly correlated with 16 bioclimatic indices; yearly positive precipitation, annual precipitation, and precipitation in the driest quarter showed the highest positive correlations with forage yield. Temperature seasonality, precipitation seasonality, and the simplified continentality index were negatively correlated with forage yield; temperature seasonality had the greatest negative correlation. Forage cover was correlated with 15 bioclimatic indicators, including positive correlations with precipitation in the driest quarter, precipitation in the driest month, and annual precipitation, and negative correlations with temperature seasonality, temperature annual range, precipitation seasonality, and the simplified continentality index. Temperature seasonality had the highest negative correlation with forage cover, followed by the simplified continentality index. These results reflect the complex responses of forage growth to multiple climatic and environmental factors. By establishing the relationships between 35 bioclimatic indicators and forage yield and coverage, this study screened the bioclimatic indicators that are important for forage growth in the northeast region of the Qinghai–Tibetan Plateau. We discuss the physiological and ecological mechanisms underlying the response of forage growth to the latest bioclimatic indicators. In future studies, we will build a bioclimatic index system specifically for forage growth, detail the associated principles and calculation methods, and establish a climate model for pasture growth in the northeast region of the Qinghai–Tibetan Plateau. This will provide a scientific basis for the early determination of livestock carrying capacity and reasonable animal husbandry. These results may contribute to the ecological protection and restoration of this region.
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