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Abstract: Drought-prone grasslands provide a critical resource for the millions of  people who are 

dependent on livestock for food security. However, this ecosystem is potentially vulnerable to climate 

change (e.g., precipitation) and human activity (e.g., grazing). Despite this, the influences of  precipitation 

and grazing on ecological functions of  drought-prone grasslands in the Tianshan Mountains remain 

relatively unexplored. Therefore, we conducted a systematic field investigation and a clipping experiment 

(simulating different intensities of  grazing) in a drought-prone grassland on the northern slopes of  the 

Tianshan Mountains in China to examine the influences of  precipitation and grazing on aboveground 

biomass (AGB), soil volumetric water content (SVWC), and precipitation use efficiency (PUE) during the 

period of  2014–2017. We obtained the meteorological and SVWC data using an HL20 Bowen ratio system 

and a PR2 soil profile hydrometer, respectively. We found that AGB was clearly affected by both the 

amount and seasonal pattern of  precipitation, and that PUE may be relatively low in years with either low 

or excessive precipitation. The PUE values were generally higher in the rapid growing season (April–July) 

than in the entire growing season (April–October). Overall, moderate grazing can promote plant growth 

under water stress conditions. The SVWC value was higher in the clipped plots than in the unclipped plots 

in the rapid growing season (April–July), but it was lower in the clipped plots than in the unclipped plots 

in the slow growing season (August–October). Our findings can enhance the understanding of  the 

ecological effects of  precipitation and grazing in drought-prone grasslands and provide data that will 

support the effective local grassland management. 
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1  Introduction 

Grassland ecosystems are widely distributed on the global land surface and are important in terms 

of both their economic and ecological value (Leroy et al., 2018; Yang et al., 2019). However, 

overexploitation of grasslands has led to their degradation becoming increasingly widespread in 

recent decades (Zhang et al., 2018; Yang et al., 2019). Grazing is one of the most common uses of 

grasslands and interacts with changing climate conditions to drive changes in plant growth (Bai et 

al., 2012; Guo et al., 2018). Significant differences in the natural environment, types, and grazing 

management of grasslands, and in the research methods applied to their study, have resulted in 

broad controversies concerning whether or not grazing improves grassland productivity (Xu et al., 

2013; Huang et al., 2018; Zhang et al., 2018). In addition, the natural environmental conditions 

and grazing management techniques with potential to improve grassland production are poorly 

understood, which is not conducive to grassland management. Studying the ecological effects of 

precipitation and grazing in drought-prone grasslands is, therefore, increasingly important and of 

practical relevance. Such research will contribute to improvements in forecasting the responses of 

terrestrial vegetation to climate change and human activity, and in adopting effective adaptive 

strategies. 

Research into the primary productivity of grassland ecosystems is generally based on 

aboveground biomass (AGB), which is defined as the yield of aboveground fresh grass or hay 

harvested at a certain time (Ren et al., 2018). It is an important indicator in evaluating ecosystem 

structure and function, and the most important parameter used in determining the sensitivity of 

grasslands to climate change and human activity (Zhang et al., 2018). Soil volumetric water 

content (SVWC) is the most important factor restricting plant growth in arid regions. The 

dynamic of SVWC is influenced by various factors, such as precipitation, evapotranspiration, and 

human activity (Zhang et al., 2016; Huang et al., 2018). Precipitation use efficiency (PUE) allows 

the coupling between precipitation and terrestrial ecosystem carbon cycles to be understood. It 

also indicates the efficiency with which plants use precipitation to produce biomass; a high PUE 

value indicates that vegetation can produce sufficient photosynthates despite limited water 

resources (Moreno-de las Heras et al., 2018; Ojeda et al., 2018). These three parameters, namely, 

AGB, SVWC, and PUE, are therefore the subject of substantial attention among scientists and 

grassland managers. 

In this context, the dynamics of AGB, SVWC, and PUE are important for determining the most 

efficient use of grassland resources; additionally, an understanding of their dynamics would assist 

in achieving sustainable utilization of grassland resources, particularly in drought-prone regions. 

Grasslands are fragile under drought conditions due to the shortage of water resources and 

become highly sensitive in response to climate change and human activity (Ren et al., 2018; Zhou 

et al., 2018). Under drought conditions, precipitation is considered a limiting factor significantly 

affecting SVWC and plant growth (Luo et al., 2012; Stuart-Haëntjens et al., 2018). Some studies 

have shown that the high precipitation corresponds to a high SVWC, which in turn corresponds to 

a high AGB in drought-prone grasslands (Heisler-White et al., 2008; Mueller et al., 2016). 

Gherardi and Sala (2019), however, reached a different conclusion, finding that precipitation 

variability has a negative effect on aboveground net primary production (ANPP). Some studies 

have shown that ecosystem PUE increases with increasing precipitation (Jiang et al., 2017; Sun et 

al., 2017), however, some revealed that ecosystem PUE decreases with increasing precipitation 

(Xu et al., 2013). Therefore, it is still uncertain how precipitation influences plant growth. 

The Tianshan Mountains are located in the hinterland of Eurasia; arid grasslands are widely 

distributed in this region (Luo et al., 2012; Huang et al., 2017a; Zhang et al., 2018) and are an 

important base for animal husbandry production (Liu et al., 2016). They also provide a natural 

laboratory for studying how precipitation influences the ecological functioning of drought-prone 

grasslands (Luo et al., 2012). Identifying the impacts of precipitation and grazing on the dynamics 

of AGB, SVWC, and PUE would be conducive to both quantifying plant growth and providing a 

scientific foundation for planning appropriate scales of livestock farming in the region. However, 

studies on this topic remain limited. Luo et al. (2012) used model simulations to show that 
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moderate grazing can increase the ANPP of grasslands under water stress conditions, but their 

results have not been verified by experimental data. There has been no systematic and explicit 

investigation into how precipitation and grazing influence AGB, SVWC, and PUE in the Tianshan 

Mountains, although it is known that precipitation is the most significant factor limiting plant 

growth in the region (Huang et al., 2017a; Gherardi and Sala, 2019). Moreover, the relatively 

large interannual variation in precipitation observed in the Tianshan Mountains (Xu et al., 2018) 

may result in interannual differences in plant growth. The increase in grazing intensity has led to 

serious degradation of grasslands in this region (Huang et al., 2017a, 2018). Thus, there is an 

urgent need to understand how both precipitation and grazing affect interannual plant growth in 

drought-prone grasslands of the Tianshan Mountains. 

Technological advances have led to major improvements in the availability and precision of 

experimental instruments. Field observations are more accurate than remote sensing and modelling 

(Huang et al., 2017b; Martínez-García et al., 2017; Marshall et al., 2018). Therefore, we used field 

observations of AGB, SVWC, and precipitation data during the period of 2014–2017 to identify 

how precipitation and grazing influence the ecological functions of a drought-prone grassland on 

the northern slopes of the Tianshan Mountains. Our study objectives are to examine the influences 

of precipitation and grazing on AGB and SVWC, and the influence of precipitation on PUE, in this 

drought-prone grassland. 

2  Materials and methods 

2.1  Study site 

The experimental site (43°33′N, 87°12′E; 1648 m a.s.l.) is located in a typical drought-prone 

grassland on the northern slopes of the Tianshan Mountains in Xinjiang Uygur Autonomous 

Region (with the capital city of Urumqi), China. The terrain of the selected area is relatively flat 

and the vegetation, mostly composed of Gramineae, grows uniformly (Fig. 1). Typical chestnut 

soil occurs with silt as the main component of soil particles; grass roots are mainly distributed at 

soil depths of 0–40 cm, particularly 0–15 cm. The growing season extends from the beginning of 

April to the beginning of October. The average wind speed is approximately 2 m/s. The annual 

average air temperature is approximately 8°C (Huang et al., 2018). The average air temperature in  

 

Fig. 1  Location of the study site (a) and demostration of the field experiments (b and c) 
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summer is about 18°C, and it rises rapidly in spring and decreases rapidly in autumn (Liu et al., 

2016; Huang et al., 2017b). The land surface is covered by snow throughout winter; in spring, 

snowmelt has a positive role in promoting plant growth. Precipitation is relatively low and 

concentrated in spring and summer (Huang et al., 2017b). This arid climate causes water stress, 

and plants at this location enter dormancy in summer (primarily in August) (Huang et al., 2017b). 

Precipitation is considered the only source of water available for grass growth in this region, 

exerting significant influence on plant growth. The grassland provides important pasture, but it 

has become increasingly degraded due to overgrazing (Luo et al., 2012; Huang et al., 2017a, b). 

2.2  Experimental design 

In 2012, a 100 m×100 m fenced enclosure was set up at the experimental site. An HL20 Bowen 

ratio system (Jauntering International Corporation, Taiwan of China) was installed inside the 

enclosure to obtain daily meteorological data. Bowen ratio measurements are widely used 

because of their high accuracy and relatively low cost. We established eight groups (each 

comprised six 0.5 m×0.5 m plots (plot #1 to plot #6)) within the 100 m×100 m fenced enclosure 

to record AGB under different treatments during the period of 2014–2017. The distance between 

groups was over 3 m, and the distance between plots within each group was 1 m. Plant growth 

was uniform in the plots. Different intensities of clipping were conducted in plots #1 to #5 within 

each group, to simulate different intensities of grazing, and AGB was recorded for each plot. In 

each year, clipping experiments were conducted on 15 May, 6 June, 10 July, 10 August, and 3 

October. The SVWC data from plots #1 and #5 were measured at 0–10, 10–20, and 20–30 cm 

depth using a PR2 soil profile hydrometer (DELTA-T, Cambridge, UK) (Fig. 2). SVWC at these 

depths might clearly be influenced by precipitation and human activity. During the growing 

season, when clipping was conducted, plants in plot #1 were cut to ground level, and plants in 

plots #2, #3, and #4 were cut to a stubble height of 3, 5, and 8 cm, respectively. Plot #5 was 

unclipped and used as the control. To obtain AGB during the rapid growing season (April–July) 

of each year, we conducted clipping experiments in plot #6 on 31 July. Plants in all plots were cut 

to ground level at the end of the growing season (October), and the plant material was transferred 

to the laboratory. The plant material was oven-dried at 65°C for 24 h in preparation for 

determining AGB values. We performed identical treatments in the same plots during the period 

of 2014–2017.  

 

Fig. 2  Experimental layout 
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2.3  Statistical analysis 

We calculated the arithmetic means acquired from the plots subject to the same treatment 

conditions to determine the AGB and SVWC values for each treatment. PUE value was calculated 

as the ratio of ANPP value to precipitation; ANPP value was calculated as: ANPP=AGB×0.45 

(Luo et al., 2012). All data were calculated and analyzed in Microsoft Excel 2010 (Microsoft 

Corporation, USA). 

3  Results 

3.1  Precipitation, AGB, and PUE in the rapid and entire growing seasons 

According to the data collected in the rapid (April to July) and entire (April to October) growing 

seasons during the period of 2014–2017, precipitation was the highest in 2015 compared with the 

other years; however, the AGB was not the highest in 2015 (Table 1). In this year (2015), 

precipitation was concentrated in August, when vegetation had entered its aestivation period; 

abundant and high-intensity precipitation caused an increase in runoff. The intense precipitation 

in August would therefore not have had a significant impact on the AGB values in the rapid and 

entire growing seasons, as it was not available during the active growing period. In contrast, the 

AGB values were high in 2016, which was due to the high available precipitation in this year 

(Table 1). 

Table 1  Precipitation (P), aboveground biomass (AGB), and precipitation use efficiency (PUE) in the rapid 

(April to July) and entire (April to October) growing seasons during the period of 2014–2017 

 

 

2014 2015 2016 2017 

Apr–Jul Apr–Oct Apr–Jul Apr–Oct Apr–Jul Apr–Oct Apr–Jul Apr–Oct 

P (mm) 162.0 212.8 221.8 402.8 195.8 206.0 160.0 206.0 

AGB (g C/m2) 114.1 132.1 118.4 151.2 216.7 241.0 118.9 119.1 

PUE (g C/(m2
•mm)) 0.32 0.28 0.24 0.17 0.50 0.53 0.33 0.26 

 

Values of AGB and PUE fluctuated widely in the study site during the period of 2014–2017 

(Table 1). The highest AGB value in the entire growing season occurred in 2016 (49.83% higher 

than the average AGB value of 2014–2017), followed by the AGB value in 2015 (6.00% lower 

than the average AGB value of 2014–2017). The lowest AGB value in the entire growing season 

occurred in 2017, when there was low precipitation, severe drought, and poor vegetation growth. 

The values of AGB in the rapid growing season (April–July) accounted for the majority of the 

AGB values in the entire growing season during the period of 2014–2017. The field survey 

indicated that vegetation grew most rapidly in April–July, and most plants began to wilt or 

entered aestivation in August. Some plants ended aestivation in autumn and continued to grow 

slowly. In the rapid growing season, the AGB value was higher in 2017 than in 2014. However, in 

the entire growing season, the AGB value was lower in 2017 than in 2014. The PUE values were 

generally higher in the rapid growing season (April–July) than in the entire growing season 

(April–October). In 2016, the PUE values were markedly higher than those in 2014, 2015, and 

2017. In particular, in the entire growing season, the PUE value in 2016 was 70.97% higher than 

the average value of 2014–2017, and in the rapid growing season, the PUE value in 2016 was 

43.88% higher than the average value of 2014–2017. In 2015, the PUE values were markedly 

lower than those in 2014, 2016, and 2017. In the entire growing season, the PUE value in 2015 

was 45.16% lower than the average value of 2014–2017, and in the rapid growing season, the 

PUE value in 2015 was 30.94% lower than the average value of 2014–2017 (Table 1). 

3.2  AGB values in plots with different stubble heights 

In 2014, plots with plants clipped to ground level showed an ultra-compensatory growth, while 

plots with a remaining stubble height of 3, 5, and 8 cm showed a less compensatory growth (Fig. 3). 

This seemed to indicate that heavy grazing promotes plant growth. However, heavy clipping in 
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2014 resulted in the degradation of grassland, and plots with plants clipped to ground level during 

the period of 2015–2017 showed a reduced compensatory growth. In contrast, ultra-compensatory 

growth was observed during the period of 2015–2017 in plots with a stubble height of 8 cm. This 

indicated that moderate grazing can promote plant growth in the longer term. 

 

Fig. 3  Aboveground biomass (AGB) values in plots with different stubble heights (0, 3, 5, and 8 cm, and 

unclipped) in the study site during the period of 2014–2017. The error bar represents the fluctuation range of the 

observed value. 

3.3  SVWC values in the entire growing season 

In the rapid growing season (April–July) of vegetation, the SVWC values decreased more rapidly 

in the unclipped plots than in the clipped plots (Fig. 4), indicating that the SVWC values were 

higher in the clipped plots than in the unclipped plots for a certain period. In the slow growing  

 

Fig. 4  Soil volumetric water content (SVWC) values in the clipped and unclipped plots at different soil depths 

(0–10, 10–20, and 20–30 cm) in the study site in the entire growing season during the period of 2014–2017. The 

error bar represents the fluctuation range of the observed value. 
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season (August–October), clipping led to a lower SVWC value in the clipped plots than in the 

unclipped plots. Overall, the SVWC value was highest in spring in the entire growing season; it 

fluctuated more widely in the upper soil than in the underlying soil (Fig. 4). 

4  Discussion 

4.1  Influences of precipitation on AGB, SVWC, and PUE 

Precipitation is a critical determinant of AGB in drought-prone grasslands (Huang et al., 2017a; 

Ming et al., 2018). Our results showed that the AGB is affected not only by the amount of 

precipitation but also by the seasonal pattern of precipitation, which is consistent with the 

findings of Peng et al. (2013). This hinders the ability to determine the contribution of 

precipitation to AGB in drought-prone grasslands on the northern slopes of the Tianshan 

Mountains; although precipitation is the dominant factor determining variation of AGB values in 

the region, precipitation itself varies considerably (Table 1; Fig. 3). Thus, there is substantial 

uncertainty regarding forage availability for livestock in the region.  

The highest SVWC value observed in spring was due to the appearance of snowmelt, but the 

value decreased rapidly in summer because of the high evapotranspiration levels. In fact, due to 

the lack of water, plants entered aestivation and stopped growing in August 2015 even when there 

was a high summer precipitation. However, some of the vegetation continued to grow slowly in 

autumn, except when precipitation was low. These features reveal the specific physiological and 

ecological processes that have evolved as long-term adaptations to the arid environment. 

However, such adaptations have been poorly reported. 

Our study shows that the PUE is not correlated with precipitation (Table 1). The PUE values 

may be low in years with either low or excessive precipitation; in the latter case, the increased 

precipitation may be unavailable to plants. Our results are similar to the findings of Paruelo et al. 

(1999), who found that the PUE value of grasslands is high under moderate water stress but low 

under both severe water stress and wet conditions. In this study, the PUE values were generally 

higher in the rapid growing season (April–July) than in the entire growing season; this could be a 

result of optimal hydrothermal conditions occurring during this period (Huang et al., 2017a, b). 

4.2  Influences of grazing on AGB and SVWC 

Substantial differences in the natural environment, grassland types, and research methods used in 

previous studies have led to broad controversies on whether grazing improves grassland 

productivity. Derner et al. (2006) suggested that grazing reduces grassland net primary 

productivity (NPP) in the Great Plains of North America, in contrast to observations made in 

some European grasslands (Milchunas and Lauenroth, 1993), where NPP increases under grazing. 

Luo et al. (2012) used model simulation and found that moderate grazing could promote ANPP 

under water stress, but their results have not been verified by field observation. Our study was 

based on experimental data provided by simulating grazing through clipping, and the results 

supported the hypothesis that moderate grazing can stimulate plant growth in drought-prone 

grasslands (Shi et al., 2017). Heavy clipping does not contribute to the conservation of SVWC in 

dry grasslands, and it can reduce the photosynthetic area of plants; these effects are not conducive 

to plant growth (Huang et al., 2017b; Ren et al., 2017). In contrast, tiller growth is promoted by 

moderate clipping, thus increasing the AGB (White et al., 2014). Grazing affects NPP by 

removing and trampling vegetation, and adding comprehensive nutrients to the soil in the form of 

faeces (Luo et al., 2012; Huang et al., 2018). Our clipping method simulated the removal of 

vegetation by livestock feeding, but did not simulate the influences of faeces and trampling on 

vegetation, which could not reasonably be controlled in the experiment. Nonetheless, our 

experimental data supported the hypothesis that moderate grazing can promote grassland 

productivity under water stress. In an actual grazing scenario, faeces can change soil properties, 

in particular water retention capacity, and could act as a fertiliser by promoting growth; 

additionally, moderate trampling can loosen the soil, exerting further positive effects on plant 

growth (Wittmer et al., 2010; Luo et al., 2012). However, heavy trampling has a negative effect 
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on plant growth by increasing soil compaction (Pickering and Growcock, 2009; Striker et al., 

2011). Thus, if experimental observations account for the effects of faeces and trampling, 

super-compensatory growth will be more evident under a moderate grazing scenario. In our study 

site, the SVWC values in the clipped plots were higher than those in the unclipped plots in the 

rapid growing season (April–July) of vegetation, which was due to the higher transpiration in the 

unclipped plots (Hu et al., 2009; Huang et al., 2017b). Thus, SVWC might explain why moderate 

grazing can improve grassland productivity under water stress conditions. 

5  Conclusions 

We conducted a systematic investigation into the influences of precipitation and grazing on AGB, 

SVWC, and PUE, based on experimental data collected in a drought-prone grassland on the 

northern slopes of the Tianshan Mountains during the period of 2014–2017. As the AGB was 

influenced by both the amount and seasonal pattern of precipitation, it was difficult to clarify the 

contribution of precipitation to AGB. The PUE value may be low in years with low precipitation, 

but it may also be low in years with excessive precipitation because of the large amount of 

unavailable precipitation. The PUE value was generally higher in the rapid growing season 

(April–July) than in the entire growing season (April–October). Our study verified experimentally 

that moderate grazing can promote grassland productivity under water stress conditions. In the 

rapid growing season (April–July), the SVWC values were higher in the clipped plots than in the 

unclipped plots; however, in the slow growing season (August–October), the SVWC values were 

lower in the clipped plots than in the unclipped plots. In theory, this study enhances our 

knowledge of the ecological effects of precipitation and grazing in drought-prone grasslands. In 

particular, it deepens our understanding of whether grazing improves grassland productivity. In 

practice, our findings help in determining how to balance forage supply and livestock forage 

requirements in order to avoid the risks of over-exploitation, thereby promoting sustainable 

development of drought-prone grasslands. 
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