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Abstract

:

Light use efficiency (LUE) is a crucial indicator used to reflect the ability of terrestrial ecosystems to transform light energy. Understanding the long-term trends in LUE and its influencing factors are essential for determining the future carbon sink and carbon sequestration potential of terrestrial ecosystems. However, the long-term interannual variability of LUE in grasslands in northern China at the ecosystem scale is poorly understood due to the limitations of the year length and the coverage of the site data. In this study, we assessed the long-term LUE trends in the grasslands of northern China from 1982 to 2018 and then revealed the relationships between interannual variability in LUE and climate factors. Our study showed a substantial rising trend for LUE from 1982 to 2018 in the grasslands of northern China (3.42 × 10−3 g C/MJ/yr). Regarding the different grassland types, alpine meadow had the highest growth rate (4.85 × 10−3 g C/MJ/yr), while temperate steppe had the lowest growth rate (1.58 × 10−3 g C/MJ/yr). The climate factors driving LUE dynamics were spatially heterogeneous in grasslands. Increasing precipitation accelerated the interannual growth rate of LUE in temperate steppe, and increasing temperature accelerated the interannual growth rate of LUE in other types. In addition, the temporal dynamic of LUE showed different trends in relation to time scales, and the growth trend slowed down after 1998. Our results should be considered in developing future grassland management measures and predicting carbon cycle–climate interactions.
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1. Introduction


Grasslands play a crucial role in food security and ecological functions [1]. China has an abundance of grassland resources, accounting for 41% of its terrestrial surface and covering about 400 million ha [2]. Climate changes and a series of ecological protection and restoration projects have considerably increased the carbon sink function of grassland ecosystems in China [3]. At present, grassland ecosystems play a large part in the terrestrial carbon sink function [4]. The productivity of grassland ecosystems will undergo drastic changes as global drought expands and intensifies [5,6]. There is great uncertainty about whether the carbon sink capacity of vegetation will continue to rise in the future. Light use efficiency (LUE) is the underlying basis for estimating carbon sink capacity in many existing up-scaled models [7,8]. LUE can be used to describe changes in the function traits and physiological processes of plants, and reflect the carbon sink capacity of grasslands [8,9,10]. Therefore, revealing the interannual dynamic of LUE and its climatic drivers is critical for accurately evaluating and predicting the future carbon sink capacity and potential of grassland ecosystems.



LUE is an attribute parameter that measures the ability of vegetation to transform organic matter using radiant energy, CO2, water, and soil nutrients [11]. Long-term LUE patterns may reflect the process of ecosystem function in response to climate change [11,12]. The LUE calculation methods are often diverse [13]. LUE is generally defined as the ratio of carbon flux (such as Gross Primary Production (GPP) and Net Primary Production (NPP), etc.) to light energy (such as Incoming Shortwave Radiation (SW), Photosynthetically Active Radiation (PAR), Absorbed Photosynthetically Active Radiation (APAR), etc.). LUE can indicate the ability of plants to use PAR absorbed by vegetation during photosynthesis and define the efficiency of carbon sequestration at the ecosystem level. As a key parameter regulating the absorption of carbon from the atmosphere into the biosphere [9,12], revealing the interannual dynamics of LUE and its driving factors is crucial [8,14]. Previous studies on LUE concentrated on the estimation model of productivity at the leaf and canopy scales, based on a limited amount of site data. Nevertheless, in these studies, little attention is devoted to the interannual variability and long-term trends of LUE.



On different time scales, LUE has exhibited diverse trends (significant increase, significant decrease, and no significance) in various terrestrial ecosystems around the world. For instance, the LUE trend in the central African forest varied between 2% and 5% every decade from 1982 to 2010, whereas the LUE trend in the African northern savannahs stayed consistent [15]. LUE demonstrated significant year-to-year variation in a peatland pasture in Canada during 2014–2015 [16]. LUE increased and decreased in the opposite direction on two different grassland types in Inner Mongolia, China [17]. Temperature, precipitation, radiation, soil moisture, and nutrients are key factors limiting the photosynthetic processes of grassland ecosystems in different regions [14,15,17,18,19,20]. According to global studies, temperature and light are the major limits to LUE in alpine regions, whereas water stress is the main factor affecting the interannual dynamics of LUE in arid and semi-arid regions. In the Tibetan Plateau, Inner Mongolia, and Loess Plateau grasslands in northern China, temperature, light conditions, precipitation, and soil nutrients are limiting variables for plant growth [21,22,23,24]. However, while most studies on spatial and temporal variation in LUE have focused on seasonal variation at the station scale [8,17,25], there have been relatively few studies on long-term and large-scale LUE and its influencing factors.



Our study sought to develop a dataset of LUE for grasslands in northern China from 1982 to 2018 based on Global Land Surface Satellite (GLASS) products GPP data, GLASS Fraction of Photosynthetically Active Radiation (FPAR) data, and Climate Research Unit (CRU) SW data. The study’s main objectives were to (1) clarify the interannual dynamics of LUE in grasslands and different grassland types in northern China; (2) reveal the contributions of different climate factors to the interannual LUE variability in grasslands in northern China; and (3) clarify the main driving factors of the interannual dynamics of LUE in grasslands in northern China.




2. Materials and Methods


2.1. Study Area


Grasslands span a longitudinal range of 73.48°E to 124.34°E and a latitudinal range of 26.99°N to 51.10°N in northern China, covering alpine meadow (AM), alpine steppe (AS), temperate meadow (TM), temperate steppe (TS), sparse grassland (SG), and sparse shrubland (SS) (Figure 1). The mean annual temperature (MAT) ranges from −3.1 to 8.9 °C, while the mean annual precipitation (MAP) ranges between 62.7 mm and 694 mm [26,27]. AM and AS are most common in the Tibetan Plateau at altitudes above 3200 m. The dominant species in AM are primarily neutral perennials such as Kobresia pygmaea, Festuca ovina, and Deschampsia cespitosa, whereas AS is dominated by cold-resistant Stipa purpurea and Carex moorcroftii. TS is distributed throughout the Inner Mongolia Plateau, and the dominant species include Stipa baicalensis, Leymus chinensi and Cleistogenes squarrosa. TM is concentrated in the mountains of northern Xinjiang, where Agropyron cristatum, Artemisia frigida, and Bromus inermis grow. SG is the transition zone from grassland to desert, found in the arid zone between the TS and the Qinghai–Tibet Plateau (QTP). Stipa tianschanica, Caragana stenophylla, and Artemisia frigida are among the most prominent species [2,28].




2.2. Datasets


2.2.1. GLASS GPP and FPAR


GPP is defined as the total amount of CO2 fixed by vegetation through photosynthesis over a period, which determines the initial chemical energy and the total amounts of chemicals entering the terrestrial ecosystem. As a crucial parameter of vegetation photosynthesis, it plays a vital role in maintaining carbon balance, reducing CO2 concentration, and mitigating global climate change [29]. The GPP and FPAR data are derived from GLASS products, and they are available online at http://www.glass.umd.edu/, accessed on 5 December 2021. GLASS GPP used the latest version of the Eddy Covariance–Light Use Efficiency model, which combines the effects of various environmental factors, including carbon dioxide, radiation components and vapor pressure deficit (VPD) [30,31,32]. In this study, yearly 0.05° GPP data based on Advanced Very-High-Resolution Radiometer (AVHRR) with a temporal resolution of 8 days, and a period of 1982–2018 were used. This approach has been proven to reveal spatial variation, interannual variability, and long-term trends [33].



The FPAR parameter describes the proportion of sunlight absorbed by vegetation during the canopy’s radiative transmission process. GLASS FPAR is a 0.05° global-scale data set with a temporal resolution of 8 days and a period of 1982–2018. GLASS FPAR was calculated from GLASS Leaf Area Index (LAI) data, using a lookup table method to estimate a relationship model from LAI to FPAR [34], with a long-term series and high precision (RMSE = 0.13, R2 = 0.80) [35].




2.2.2. Meteorological Data


Temperature, precipitation, actual vapor pressure, and solar radiation (Incoming Shortwave Radiation) statistics are available from 1982 to 2018. All meteorological data are available online at https://vesg.ipsl.upmc.fr/thredds/catalog/work/p529viov/cruncep/V9_1901_2020/catalog.html, accessed on 1 December 2021.



In this study, VPD was calculated as [31,36]:


VPD = SVP − AVP



(1)






  SVP = 0.6112 ×  e    16.67   ×   T   T   +   243.5      



(2)




where SVP is saturated vapor pressure (kPa), AVP is actual vapor pressure (kPa), and T is the temperature (°C).





2.3. Data Analysis


2.3.1. The Calculation of LUE


We calculated LUE via the ratio of AGPP to APAR in this study [12,14]:


  LUE =   AGPP   APAR   =   AGPP   SW × 0.45 × FPAR    



(3)




where AGPP is Annual Gross Primary Production (g C/m2), APAR is Absorbed Photosynthetically Active Radiation (MJ/m2), FPAR is Fraction of Photosynthetically Active Radiation, SW is Incoming Shortwave Radiation (MJ/m2). SW × 0.45 is a suitable substitute for PAR [12,37].



We estimated 136 tower-based LUE readings using tower-based AGPP, tower-based PAR and the GLASS FPAR. Tower-based AGPP and tower-based PAR data were acquired from Chen et al. [38] (http://www.cnern.org.cn, accessed on 1 December 2022). The LUE data set’s accuracy verification was verified through the linear fitting of GLASS-based LUE and tower-based LUE. RMSE (Root Mean Squared Error) and R2 (R-squared) are used as the accuracy evaluation indices. Figure S1 illustrates the linear relationship between the GLASS-based LUE and the tower-based LUE. The results show that the data were highly reliable (R2 = 0.53, RMSE = 0.19) (Figure 2).




2.3.2. Trend Analysis


In this study, the trends of LUE and climate factors from 1982 to 2018 are described by the slope of a simple linear regression model [39],


  Y = α + β × X + ε  



(4)




where Y is the time series of LUE (or climate factors), X is the time series, α is the intercept term, ε is the residual term, and β is the slope, which is calculated as:


  β =   n ×   ∑  j = 1  n   ( j ×  Y j  ) −   ∑  j = 1  n   j   ∑  j = 1  n    Y j    n ×   ∑  j = 1  n    j 2  −       ∑  j = 1  n   j    2     



(5)




where n is the gross length of the LUE (or climate factors) series, Yj denotes LUE (or climate factors) for the jth year, β > 0 signifies the LUE (or climate factors) series with an increasing trend on the examined grasslands, and β < 0 signifies those with a decreasing trend. The significance of β was determined using the t-statistic test with a significance level of 0.05.



We also used the Mann-Kendall test (a nonparametric trend test technique), which does not require a specific sample distribution and is free from the interference of outliers [40], to evaluate trends in annual average LUE at the pixel level during the period of 1982–2018. The Mann–Kendall trend test was performed using the function “zyp.trend.vector” with the Yue–Pilon prewhitening method provided by the R package “zyp” [40]. Trends with p < 0.05 are considered to be statistically significant in this study.




2.3.3. The Partial Correlation Analysis


In this study, partial correlation analysis was used to examine the relationships between annual LUE and four climate factors, including MAT, MAP, annual solar radiation, and VPD [39]. Using the first-order partial correlation coefficient as an example, the partial correlation coefficient was calculated as:


   r  XY ⋅ Z   =    r  XY   −  r  XZ   ×  r  YZ       1 −  r  XZ  2      1 −  r  YZ  2       



(6)




where     r    XY · Z      is the partial correlation coefficient between Y and X under the premise of controlling the influence of Z. Similarly,     r   YZ     and     r   XZ     are the correlation coefficients between the two related variables indicated by the subscripts, and the calculation of the n-order partial correlation coefficient is done in a similar way. The significance of the partial correlation coefficient was determined using the t-statistic test with a significance level of 0.05.






3. Results


3.1. Interannual Dynamic Characteristics of LUE


The interannual LUE variability in the grasslands in northern China increased (3.42 × 10−3 g C/MJ/yr) during 1982–2018, and the multi-year mean LUE was 0.88 ± 0.047 g C/MJ (Figure 3a). Around 1998, the LUE’s multi-year mean and trends altered. After 1998, the upward trend in LUE slowed and the mean LUE significantly increased (Figure 3a). The Mann–Kendall test was used to further determine the abrupt change point to verify the accuracy of the changes in LUE trends (Figure 3d). The results show that the period from 1997 to 1998 saw significant changes in LUE (Figure 3d). During 1982–1997, the mean LUE was 0.84 ± 0.030 g C/MJ, and the annual rate of increase in LUE was 2.75 × 10−3 g C/MJ/yr. From 1998 to 2018, the mean LUE was 0.91 ± 0.029 g C/MJ, and the yearly rate of increase in LUE was 1.63 × 10−3 g C/MJ/yr (Figure 3a).



In the past 40 years or so, the growth rate of AGPP has been greater than that of APAR (Figure 3b,c). Compared with 1982–1997, the average AGPP and APAR values for 1998 to 2018 increased significantly, and the growth rate of AGPP and APAR also increased during 1998–2018. It is noteworthy that the change in the growth rate of APAR is much greater than that for AGPP (Figure 3b,c).



We found that 42.16% of grassland areas in northern China experienced significant (p < 0.05) changes in LUE between 1982 and 2018, of which 40.43% showed an upward trend, and 1.73% a downward trend (Figure 4a). The interannual variability in the LUE of all grassland types presented significantly increasing trends (Figure 4a and Figure S1). AM showed the fastest rate of LUE growth, increasing at a rate of 4.85 × 10−3 g C/MJ/yr (p < 0.05) (Figure S1a). TS had the slowest upward trends of LUE, with a rate of 1.58 × 10−3 g C/MJ/yr (p < 0.05) (Figure S1e). TM’s LUE presented a significantly increasing trend from 1982 to 1997 (p < 0.05), but the growth trends of other grassland types were not significant (Figure 4b). Contrarily, from 1998 to 2018, the interannual LUE of all grassland types tended to be stable, except for SG (p < 0.05) (Figure 4c). Additionally, all grassland types’ average LUE increased significantly after 1998 (p < 0.05), except for TS (Figure S2).




3.2. Interannual Dynamic Characteristics of Climate Factors


In the grasslands of northern China, precipitation, temperature, and VPD have all increased over the past 40 years at rates of 0.594 mm/yr (p > 0.05), 0.034 °C/yr (p < 0.05), and 1.7 Pa/yr (p < 0.05), respectively (Figure 5a,b). Solar radiation has been trending downward (−1.675 MJ/yr, p < 0.05) (Figure 5b). Climate factors have shown varying degrees of change during the two time periods of 1982–1997 and 1998–2018. The precipitation trend has shifted from increasing to decreasing, and the trend for VPD is the opposite. The temperature’s trend of increasing has slowed down, while the increasing trend of radiation has sped up (Figure 5a,b).



The interannual trends of climate factors in grasslands show spatial heterogeneity over time. AM, SG, and SS have shown significant increasing trends in terms of precipitation, temperature, and VPD from 1982 to2018, while SG showed a decreasing trend in solar radiation. The temperature, precipitation and solar radiation of all grassland types showed no significant change from 1982 to 1997, while VPD in AM and AS exhibited a markedly declining trend (p < 0.05). In contrast, there were no discernible trends in precipitation and temperature in all grassland types from 1998 to 2018. Solar radiation increased significantly in TM, TS, and SS, while VPD increased notably in AM, AS, TS, and SG (Table 1).




3.3. Impact of Climate Factors on the Interannual Dynamic of LUE


The results of partial correlation analyses between LUE and the four climate factors show the following: From 1982 to 2018, the positive correlation between temperature and LUE accounted for 31%, and the negative correlation accounted for 1% of the grassland area in northern China, while AS and AM were the most representative. The positive correlation between precipitation and LUE accounted for 26%, and the negative correlation accounted for 4% of the grassland area in northern China. TS’s LUE was greatly affected by precipitation, and the positive correlation area accounted for 62% of TS. The correlation between VPD and solar radiation and LUE was weak, except for in TS which had a large area of negative correlation with solar radiation (Figure 6).



From 1982 to 1997, the LUE in most grassland areas of northern China was positively correlated with temperature and precipitation, while it was negatively correlated with VPD and solar radiation. Of all grassland types, TS and SS were greatly affected by climate factors. For 1998 to 2018, the results of the partial correlation analysis between LUE and climate factors in the grasslands of northern China was relatively complex. LUE in the eastern study area, where TS was distributed, was positively correlated with precipitation and negatively correlated with VPD. The southwestern study area was shown to be negatively correlated with VPD. Furthermore, our results show that temperature and solar radiation had a weak correlation with LUE from 1998 to 2018 (Figure 6).



We further demonstrate the relative contributions of different driving factors to interannual dynamic changes in LUE in the grasslands of northern China. As shown in Figure 7a, temperature changes had the greatest impact on interannual LUE variability in the past 40 years, accounting for 41% of the study area, followed by precipitation (36%), VPD (13%), and solar radiation (11%). The main climate factors driving LUE dynamics in the grasslands of northern China are spatially heterogeneous. The interannual dynamics of LUE in the western study area are mainly driven by temperature, while the eastern study area is mainly affected by precipitation (Figure 7a). Additionally, this study found that most of the significant trends in LUE between 1982 and 1997 were predominantly caused by temperature (38%) (Figure 7b). However, the driving factor of interannual LUE variability changed to precipitation (39%) and VPD (26%) after 1998 (Figure 7c).





4. Discussion


4.1. Altered Temporal Trends in LUE


In this study, we found that the multiyear mean LUE in grasslands of northern China was 0.88 ± 0.047 g C/MJ, which is comparable with the findings of previous similar studies [12,14,41], indicating that the assessed LUE in grasslands of northern China is reliable. From 1982 to 2018, the LUE in the grasslands of northern China increased at an annual rate of 3.42 × 10−3 g C/MJ. Additionally, there was a difference between two stages (Figure 3a,d), 1982–1997 and 1998–2018, in terms of the mean values and trends of increase in LUE. In accordance with earlier research, the LUE in the northern African savannahs stabilized between 1982 and 2010 as a result of simultaneous and roughly similar increases in both APAR and AGPP [15]. In the grasslands of northern China, however, the rate of increase in AGPP was higher than the increase rate of APAR (Figure 3b,c), leading to imbalances in the growth of AGPP and APAR and a sharp rise in LUE. Chen et al. [42] and Zheng et al. [24] showed that climate change and frequent human activities are important reasons for the rapid growth in AGPP and APAR. Our study has confirmed the above, as we found that 1998 represents an abrupt change point (Figure 3d). The slowdown in the growth rate of the interannual LUE variability after 1998 might be related to the ecological protection and restoration initiatives promoted by the Chinese government. The substantial increase in the annual growth rate of APAR after 1998 statistically explains the differences in the interannual LUE variability, judging from the parameters of the LUE estimation model. And the increase in LAI caused by ecological protection and restoration initiatives might be the reason for the substantial increase in APAR growth rate—the mean annual rate of increase in LAI since the implementation of the ecological protection and restoration initiatives is nearly 8 times the former rate [39]. Therefore, in the past 40 years or so, the variability in LUE has generally shown a significant increasing trend due to the influence of climate change and human activities in the grasslands of northern China.



Our results also show that the interannual dynamics of LUE in all grassland ecosystem types have undergone a significant increasing trend over the past 40 years. The highest rate of increase was in AM (4.85 × 10−3 g C/MJ/yr), and the lowest increase rate was in TS (1.58 × 10−3 g C/MJ/yr). QTP grassland is one of the most sensitive ecosystems to global climate change [43]. Changes in temperature and precipitation have been suggested as a dominant driver of change in QTP grasslands [44]. QTP grasslands respond strongly to warming, and are also limited by precipitation [45]. AM is mainly distributed in the eastern region of QTP, and is affected by climate factors. Over the past 40 years, the temperature and precipitation in AM regions have increased significantly (Table 1), which is responsible for the highest LUE growth rate being seen in AM. In the case of TS, water availability was identified as the primary limiting factor of LUE. TS is mainly distributed in China’s arid and semi-arid climate zones, where moisture is the most basic and important resource for vegetation growth [46]. Grasslands in semi-arid climate zones are mainly limited by water resources [17,22,33]. The lack of water will inhibit the photosynthesis and respiration processes of the grassland ecosystem [47], thereby affecting their ecological functions. Therefore, water availability is critical to the LUE of TS. In addition, the increased temperature has indirectly reduced the carbon sink capacity by weakening the soil nutrient status in TS [48,49]. According to Table 1, the lowest rate of precipitation increase and the significant increase in temperature in TS are the main reasons why the slowest LUE growth rate was recorded here. Notably, TM’s LUE presented a discernible rising trend between 1982 and 1997 (Figure 4b and Figure S1b). In contrast, the interannual variation of TM tended to be stable, and even exhibited a decreasing trend, in the northern Tianshan Mountains in Xinjiang from 1998 to 2018 (Figure 4c). It is therefore consistent with the changes in LUE over this time period that the vegetative greenness on Tianshan Mountain exhibited a significant increase before 1998, and a reversal of this trend after 1998, when vegetation browning began [50]. Li et al. [50] further showed that moisture deficit played a great role in the recent browning of vegetation on Tianshan Mountain. As shown in Table 1, there was no significant change in precipitation in TM. As a result, we have concluded that the climate factors driving LUE dynamics are spatially heterogeneous in the grasslands of northern China.




4.2. Driving Factors of Interannual Dynamics of LUE


This study found a strong relationship between the interannual dynamics of LUE and climate factors. LUE is positively correlated with precipitation, temperature and VPD, and negatively correlated with solar radiation (Figure 6). These results agree with those of previously published studies [8,9,14]. In the middle and high Northern Hemisphere, the interannual LUE variability was found to be positively influenced by temperature in a recent study [14]. As temperature increased, vegetation photosynthesis and water use efficiency were improved. The effects of precipitation on LUE might be driven by grassland plants’ physiological changes. Changes in precipitation have a direct impact on the availability of water, which controls plant water uptake [6]. More precipitation will result in larger plant leaves [51]. Indirect mechanisms such as changing atmospheric water demand that may control stomatal conductance may also have an impact on LUE [52]. These would have an impact on evapotranspiration and photosynthesis. As a primary catalyst for plant photosynthesis, solar radiation is also not negligible [53]. With high solar radiation levels, vegetation may be light-saturated, and photosynthesis may even be suppressed by excessive light, resulting in low LUE [14,54]. Fei et al. [8] showed that there is a negative correlation between savanna LUE and VPD in Yunnan Province, China. Tang et al. [14] also showed that LUE was negatively correlated with VPD in global grasslands. Our results are inconsistent with the former, whereby LUE is positively correlated with VPD in all grassland types, except for AS. We speculate that the inconsistent results may be related to the threshold of regional VPD [41].



According to this study, temperature and precipitation are the dominant factors affecting the interannual LUE variability in the grasslands of northern China in the past 40 years. The interannual dynamics of LUE in the western study area are mainly driven by temperature, while the eastern study area is mainly affected by precipitation (Figure 7a). AM, AS, SG, SS and TM are distributed the western region. This area is generally higher in altitude and more sensitive to temperature than in the east. Previous studies on the QTP and areas surrounding it found that the temperature sensitivity index increases significantly along an elevational gradient [55,56]. Accelerated warming at high elevations could stimulate vegetation growth by alleviating the restriction of the vegetation growth rate [57]. In addition, subfreezing temperatures can halt photosynthesis, and freezing can directly harm leaves or the hydraulic system that supplies them with water and nutrients [9,58]. The eastern study area is a typical arid and semi-arid climate area, where TS is mainly distributed. Carbon sink capacity in arid and semi-arid grasslands is water-limited and sensitive to precipitation change [59]. Precipitation can affect grasslands’ carbon sink capacity not only through effects on soil moisture and temperature, but also through the regulation of species composition, soil nutrient availability, and plant biomass [60,61,62]. Therefore, the LUE of TS was mainly driven by precipitation, and other grassland types were mainly affected by temperature in northern China (Figure 7a).



Additionally, the relative contribution of drivers changes over time (Figure 7b,c), which may be related to global climate change. The sensitivity of vegetation to temperature change weakened in the Northern Hemisphere, and there was a significant decline in the strength of the relationship between interannual NDVI variability and temperature during the growing season from 1982 to 2011 [63]. Meanwhile, persistent warming may increase evaporation, thus leading to drought [50]. Consequently, we predict that the impact of changes in water status variables on interannual LUE variability will gradually became larger as temperatures continue to increase.




4.3. Limitations and Future Work


Based on GLASS GPP, GLASS FPAR, and CRU SW, this study simulated and analyzed the interannual LUE variability characteristics in the grasslands of northern China from 1982 to 2018. Finally, it was concluded that the annual LUE of grasslands in northern China increased year-to-year, and climate change was the dominant factor affecting the interannual LUE variability. However, many studies in recent years have shown that human activities and animal disturbance can also cause changes in vegetation LUE [64]. In addition, across a long time scale, using climatic variability alone is not adequate to fully explain vegetation variability, because of the lag effects of climatic factors [20,65]. Tang et al. [66] quantified the lagged effects of climate factors on vegetation growth in 32 major cities of China. We did not adequately consider time lags and human activities due to data limitations. This will be the focus of future ecological research. However, our research would be valuable for maintaining the ecological balance and sustainable utilization of grassland ecosystems, as well as addressing important issues such as climate change.





5. Conclusions


From 1982 to 2018, the interannual LUE variability in the grasslands of northern China increased at a rate of 3.42 × 10−3 g C/MJ/yr, with the largest upward rate for AM (4.85 × 10−3 g C/MJ/yr) and the smallest upward rate for TS (1.58 × 10−3 g C/MJ/yr). We found that temperature and precipitation were the dominant factors affecting the interannual LUE variability in the grasslands of northern China. Increasing precipitation accelerated the interannual growth rate of LUE in TS. Increasing temperature accelerated the interannual growth rate of LUE in AM, AS, SG, SS and TM. An interesting finding was that 1998 represents an abrupt change point in the dynamics of the interannual rate of change in LUE. After 1998, the growth rate of LUE slowed down, which may be related to the large-scale ecological protection and restoration initiatives implemented by the Chinese government in the 1990s. However, this could not be effectively verified due to the limited data. Thus, by combining data on human activity factors related to vegetation restoration, we can better understand the interannual dynamic process of LUE. Nonetheless, our results provide a reference for forming better responses to climate changes, as well as predicting future carbon cycle–climate interactions in grasslands.
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Figure 1. Location of study area (a) and spatial distribution of grassland types (b). 
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Figure 2. Relationship between tower-based LUE and GLASS-based LUE. The dashed black line represented the 1:1 line (y = x), while the solid red line was derived from the linear regression between GLASS-based LUE and Tower-based LUE. 
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Figure 3. Interannual dynamics of LUE (a), AGPP (b), APAR (c) and the results of the Mann–Kendall test for LUE (d), AGPP (e), APAR (f) in northern China grassland from 1982 to 2018. The dashed lines and shaded areas indicate the trends and 95% confidence intervals obtained by the simple linear regression model, respectively, where black dashed lines indicate the trends during 1982–2018, and red and blue indicate the trends during 1982–1997 and 1998–2018, respectively. The multi-year means from 1982 to 1997 and 1998 to 2018 are shown in insets. The letters in the insets indicate the results of non-parametric test interval differences. Data with the same letter are not significantly different (p > 0.05). UF depicts the positive sequence statistics; UB depicts the inverse sequence statistics. 
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Figure 4. The spatial patterns of significant (p < 0.05) changes in LUE during 1982–2018 (a), 1982–1997 (b) and 1998–2018 (c). The insets depict the interannual variation trends of the six grassland types, * indicates a significant trend (p < 0.05). AM, alpine meadow; AS, alpine steppe; TM, temperate meadow; TS, temperate steppe; SG, sparse grassland; SS, sparse shrubland. 
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Figure 5. Anomalies of mean annual precipitation and mean annual temperature (a), annual solar radiation and mean annual VPD (b) in grasslands of northern China from 1982 to 2018. “*” indicates a significant trend (p < 0.05). 
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Figure 6. Partial correlation coefficients between LUE and climate factors. Partial correlation coefficients between LUE and temperature (a,e,i), precipitation (b,f,j), VPD (c,g,k), and solar radiation (d,h,l) during 1982–2018 (first column), 1982–1997 (second column), and 1998–2018 (third column). The insets represent the percentages of significantly correlated (p < 0.05) areas in the grasslands of northern China and the six grassland types, while blue and pink represent positive and negative correlations, respectively. Gross, grasslands of northern China; AM, alpine meadow; AS, alpine steppe; TM, temperate meadow; TS, temperate steppe; SG, sparse grassland; SS, sparse shrubland. 
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Figure 7. The driving factor that contributes the most to an increase (or decrease) in LUE indicated for each grid cell in 1982–2018 (a), 1982–1997 (b) and 1998–2018 (c). The insets show the area fractions of land dominated by each factor in different grassland types. Gross, grasslands of northern China; AM, alpine meadow; AS, alpine steppe; TM, temperate meadow; TS, temperate steppe; SG, sparse grassland; SS, sparse shrubland. 
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Table 1. Interannual climate dynamics in different grassland types over time.
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AM

	
AS

	
TM

	
TS

	
SG

	
SS






	
1982–2018

	
Precipitation

	
0.990 *

	
1.006

	
0.629

	
0.065

	
0.669 *

	
0.515 *




	
Solar radiation

	
−1.111

	
−1.777 *

	
0.072

	
−2.159 *

	
−1.736 *

	
−0.581




	
Temperature

	
0.029 *

	
0.032 *

	
0.033 *

	
0.034 *

	
0.036 *

	
0.039 *




	
VPD (1 × 10−3)

	
0.536 *

	
0.111

	
1.630 *

	
3.370 *

	
1.330 *

	
4.020 *




	
1982–1997

	
Precipitation

	
−0.229

	
0.549

	
0.208

	
0.557

	
0.516

	
0.612




	
Solar radiation

	
−0.922

	
−0.027

	
−1.750

	
0.568

	
0.961

	
0.934




	
Temperature

	
−0.006

	
−0.0003

	
0.041

	
0.043

	
0.020

	
0.036




	
VPD (1 × 10−3)

	
−1.190 *

	
−1.010 *

	
−0.302

	
0.543

	
−0.178

	
0.979




	
1998–2018

	
Precipitation

	
−0.464

	
−1.552

	
0.123

	
1.336

	
−0.198

	
0.464




	
Solar radiation

	
0.327

	
−0.431

	
4.372 *

	
4.335 *

	
0.558

	
2.766 *




	
Temperature

	
0.015

	
0.015

	
0.005

	
0.009

	
0.011

	
0.004




	
VPD (1 × 10−3)

	
1.290 *

	
0.925 *

	
1.630

	
2.500 *

	
1.290 *

	
2.480








“*” indicates a significant trend (p < 0.05). AM, alpine meadow; AS, alpine steppe; TM, temperate meadow; TS, temperate steppe; SG, sparse grassland; SS, sparse shrubland.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
(a) 19822018

GrossAM AS TM TS SG_S§

(b) 1982-1997

GrossAM AS TM TS SG S8

(c) 19982018

GrossAM AS TM TS SG_S§

[ | Precipitation [ Temperature
[0 Solar radiation Il VPD






media/file4.png
—
o)

° -~
o -~
g : e _%
Cioft
>
=
=
- 0.8F
g - v = 0.65x + 0.41
5 oql > . p<0.05
z ol B R? = 0.53
T )‘v RMSE = 0.19

00 | 1 1

0.0 0.4 0.8 1.2 1.6

Tower-based LUE (g C/MJ)





nav.xhtml


  remotesensing-15-05275


  
    		
      remotesensing-15-05275
    


  




  





media/file2.png
S50°N

40°N

50°N 20°N 30°N

40°N

30°N

20°N

80°E 90°E 100°E 110°E

120°E

130°E

140°E

()

1_| Study area

0 500 1000
B Km )

(b)

% Temperate steppe
Bl Alpine steppe
B Temperate meadow

I Bl Alpine meadow
0 500 10012m " Sparse grassland
[ —
I Sparse shrubland
80°E 90°E 100°E 110°E 120°E 130°E

20°N

40°N 50°N 20°N 30°N 40°N 50°N

30°N





media/file5.jpg
100 | =<~ Slope = 3.42 x 10
- = -Slope =275 x 10
—-—-Slope=1.63 x 107

LUE (g.C/MJ)
2

% 005 Significance lev

=

MK test for LUE

H

AGPP (g C/m’ /yr)

g

MK test for AGPP.

2

-Slope = 1.813
-Slope = 0.055
~Slope = 1.441

H

H

APAR (MJ/m? /yr)

P

2

Annual men APAR

MK test for APAR

B
05 Significance el

S

&

FETFS

SR S
SFOFSE S S





media/file3.jpg
o

GLASS-based LUE (g C/MJ)
e e Lo
= % i

0.4 0.8 1.2
Tower-based LUE (g C/MJ)





media/file1.jpg
30°N 40°N 50

S50°N 20°N

40°N

30°N

20°N

80°E 90°E 100°E 110°E

120°E 130°E 140°E

H__] Study area

0 500 1000
- Km

0 500 1000
1 Km

[ Temperate steppe
B Alpine steppe

B Temperate meadow
I Alpine meadow
00 Sparse grassland
B Sparse shrubland

80°E 90°E 100°E

110°E 120°E 130°E

40°N 50°N 20°N 30°N 40°N 50°N

30°N

20°N





media/file7.jpg
(a) Trends in LUE during 1982-2018

cmwwam
*
*

AM AS TM TS SG SS

(b) Trends in LUE during 1982-1997,

AM AS TM TS SG SS

(c¢) Trends in LUE during 1998-2018,

AM AS TM TS SG SS

g C/MJ/yr (1x107)

54 -3-2-1012 345






media/file10.png
(a) Precipitation
Slope = 0.594 =
E 60— - -Slope = 0.444 11 O
E  [---—Slope=-0§023 E
= 30F g
)
E A :
= 1 " <
§ 0 [ 0 o
" P
: V]
=30 =7 { £
-‘é; Slope = 0.034 *| &
T ol - = -Slope=0.021 | _ £
s —--—-Slope=0.011 | F
—— l'emperature
(b)0-06 i VPD 4200
_ Slope = 0.0017 * =
— — -Slope =—0.0002 %
=0.03}—--—"Slope 5.0.0016 = dioo =
A p\f = 100 __“'
= b M Al E
= 7AVAH\ 1 LA A =
= 0.00(+ = A y 0 =
z \I | AR 2
< -T - qa)
= s Y M =
§-0.03 - - Slope = —1.675 ¥ _1002
— — -Slope = 0.349 =
—--—-Slope = 1.688 7
~0.06F — . — Sf:ar ll'adialt;on 1500
Q Q Q Q Q
O O N DN NN
PSR I MR





media/file15.png





media/file12.png
1982-2018

1982—-1997

1998-2018

<P)
1
=]
~N
2]
S
<P]
£|
<P)
= o o 1% 40/, 2%
3% <y, %204, 1 704%
0 (]
GrossAM AS TM TS SG SS GrossAM AS TM TS SG SS GrossAM AS TM TS SG SS
=
(=]
o
~N
<
~N—
©
=1
o pul
&
[<P)
R
=5
o
4/070/07%3"/0
GrossAM AS TM TS SG SS GrossAM AS TM TS SG SS GrossAM AS TM TS SG SS
(k)
a
=
15% : 15% 16%
10¢ ) 0
10‘70A) 8% 10%
a 7%
o ()
GrossAM AS TM TS SG SS GrossAM AS TM TS SG SS GrossAM AS TM TS SG SS
(d) )
=
=)
©
~N)
<
©
=
2]
S
=
- 17%
— 11% °
) 25% e 12%  13%  10% 9% 10% |
17% 25% 17% 9% i  §
0/ 230/.90/ 10/ 10/ 70/.90, 0
GrossAM AS TM TS SG SS GrossAM AS TM TS SG SS GrossAM AS TM TS SG SS

Partial correlation coefficient

-0.2 0 0.2

0.4 0.6 0.8 1.0





media/file9.jpg
(a) Precipitation
Slope = 0.594 _
2 601~ - -Slope = 0.444 119
E  [---—Slope=—0i023 o
It 4
%. 30 g
:
§0 03
g B
<30t g
E Slope=0.034% &
T ol -~ -Slope=0.021 | | E
£ —--—-Slope=0.011 | &
—— Temperature
0.06F 2200
b VPD
®) Slope = 0.0017 * =
— — -Slope =-0.0002 %
50.03 100 2
& 2
z H
= =
- <
g 0.00) o F
ki =
2 =
£.0.03 Slop