Improved planting managements may increase vegetation carbon sequestration of an artificial grassland on the Qinghai-Tibetan Plateau
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Abstract
The cultivation of artificial grassland, which requires regular sowing and harvesting, is an important and common practice in grassland management and restoration on the Qinghai-Tibetan Plateau (QTP). However, the key factors and successional processes that determine its interannual variability of net ecosystem exchange (NEE) remains unclear. In this study, we analyzed 6 years of eddy covariance observations, quantified seasonal and annual NEE, net carbon uptake period length (CUP), two largest carbon emission periods length (CEPs), and daily minimum and maximum NEE (NEEmin, NEEmax) responses to management measures in an alley silvopasture system with planted Elymus nutans on the QTP. We examined NEE variations before and after sowing and harvesting and investigated how sowing and harvesting managements affect NEE. The five-year life cycle study revealed that this artificial perennial grassland was a weak net carbon sink with an uptake of -180 g C m–2 per plant cycle (2012–2016). Inter-annual variations in NEE was determined by CUP and the first largest carbon emission periods (CEP1). Sowing delayed the beginning of CUP (BCUP) by about 42 days and caused spring C uptake to decline by -36 g C m–2. In contrast, harvesting caused the ending of CUP (ECUP) to advance about 25 days, and caused a decease of autumn C uptake about -33 g C m–2. Sowing and harvesting shortened the CUP and extended the CEP1, which reduces the carbon sequestration potential of the artificial grassland. Based on our results, we recommend that policy makers and authorities consider the effect of timing of sowing and harvesting on C sequestration. Our results provide a new insight for grassland management and the inter-annual variability of NEE on climate mitigation and regional sustainability.
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1 INTRODUCTION
Land use and management contribute to seasonal changes in the CO2 exchange between the biosphere and the atmosphere (Zeng et al., 2014), grassland management activities greatly impact the uptake or emission of CO2 (Tubiello et al., 2015; Wollenberg et al., 2016). Improved management of poorly managed grasslands can enhance the carbon (C)-sink capacity, although the annual increments decrease over time (Hortnagl et al., 2018; Smith, 2014).Wang et al (2011) suggested that fertilization can increase soil C content by 5%, exclosure from grazing by 6.3%, conversion of cropland to cultivated pasture by 6.4%, and restoration of degraded grassland by 42.8% in northern China’s grasslands. In recent years, in order to restore the degraded grassland in Sanjiangyuan region on the Qinghai-Tibetan Plateau (QTP), the area of artificial grassland has been expanding, currently about 67,000 hm2 (Zhao et al., 2018). Li et al. (2005) reported that soil C storage also declined after 20 years of artificial grassland construction, however, recent studies focused on shorter time series showed that the artificial grassland was a weak C sink in Sanjiangyuan (Wu et al., 2010; Zhao et al., 2008). 
Over the past 50 years, because of the abrupt climate change and increasing anthropogenic activities, more than 50% of the QTP grasslands have become degraded or desertified (Harris, 2010; Qin, Zhao, & Zhou, 2014), which will significantly affect not only the grassland ecosystem productivity and services, but also the livestock production, local economics and regional sustainability (Zhao et al., 2018). Livestock husbandry is the dominant form of land use on almost 52% of the QTP, which provides livelihoods for approximately 5 million pastoralists (Qin et al., 2014). Extensive cultivation of artificial grassland greatly mitigates grazing pressure and reduces the degradation of natural grasslands, by providing substantial supplemental forage for livestock during cold season (Zhao et al., 2018). It is feasible to build artificial grassland on extremely degraded "black soil type" degraded grassland, and it is also the main way to quickly restore its vegetation (Ma, Lang, Li, Shi, & Dong, 2002). In addition, the "Grain for Green" program implemented in China requires a large number of suitable grass species. Therefore, in order to ensure the implementation of the program, the grass breeding industry is developed in the farming-pastoral ecotone of eastern Sanjiangyuan. In order to ensure the yield of grass species, the artificial grassland of alley silvopasture system was planted in a cycle of 4-5 years. Luyssaert et al (2007) showed that the net primary productivity of ecosystems was mainly determined by the type of management measures applied at the scale of individuals plots, and by climatic factors at the global scale. Therefore, it is necessary to study the relationship between the single-site management measures of perennial artificial grassland and the interannual variability of C budgets in the farming-pastoral ecotone of the eastern QTP. 

At present, long-term research has been conducted on the NEE of different natural vegetation types on the QTP (Chai et al., 2018; Kato et al., 2006; Kato et al., 2004; Li et al., 2019; Zhang et al., 2007; Zhao et al., 2010; Zhao et al., 2006; Zhao et al., 2005). Previously studies suggested that the source and sink functions of the ecosystem are greatly affected by the precipitation, intensity and distribution in the growing season (Kato et al, 2006; Zhao et al., 2006). Zhao et al. (2007) compared the NEE of different natural vegetation types on the QTP, and considered that the NEE was from bottom-up climate factors (temperature, precipitation) and top-down biological factors (community structure, leaf area index and grazing). Annual NEE is more strongly correlated to C uptake period length (CUP, a phenological index based on C flux phenology technology and defined as the length of the C uptake period in days (White & Nemani, 2003)) than to growing season length(Piao, Friedlingstein, Ciais, Viovy, & Demarty, 2007; White & Nemani, 2003). A complete growth cycle consists of the CUP and the longer C emissions periods length (CEPs) (Figure 1). On the QTP, the CUP is extremely short while the CEP is particularly long (Zhang Qiang, Kong, Shi, Singh, & Sun, 2018; Zhao & Zhou, 1999).To date, the difference in C exchange between the CUP and CEP has been overlooked, and the offsetting effects of the net CEPs during the early and late growing season on the annual NEE may have been underestimated. In this study, we analyzed CO2 flux during a planting cycle of an artificial grassland in “Grain for Green” alley silvopasture system, taking sowing and harvesting affects NEE. CO2 flux was measured from eddy covariance (EC) data. Specifically, we asked the following questions: (a) how does the NEE of an artificial grassland vary seasonally and interannually, (b) how sowing and harvesting affects NEE, and (c) the potential for C sequestration through improved planting management of grasslands in China. 
2 MATERIALS AND METHODS

2.1 Site descriptions

The research site was located in the eastern QTP (35°15′11″ N, 100°41′57″ E, 3305 m above sea level). For 2010–2016, the annual average temperature and precipitation were 3.7 °C and 427.2 mm, respectively.
The perennial artificial grassland belts in the “Grain for Green” alley silvopasture system was planted with Elymus nutans every 5 years (2012: 2nd, 2013: 3rd, 2014: 4th, 2015: 5th, 2016: 1st). Planting typically occurred in early June, and the harvesting of forage and seeds began at the end of August. The grassland belts without tillage were dominated by Lancea tibetica, Medicago ruthenica, Artemisia frigida, and E. breviaristatus. We collected and analyzed data for all 6 years. Our eddy covariance observation tower (“flux tower”) was positioned at the center of the grassland, within an area of approximately 1 km² (Figure 2). 
2.2 Eddy covariance and micrometeorological measurements

Eddy covariance fluxes of CO2, water vapor, sensible heat, and latent heat were measured from January 2010 to December 2016 using the open-path EC method. CO2 and H2O vapor concentrations were measured at 2.2 m above ground using an open-path infrared gas analyzer (LI7500, Li-Cor Inc., Lincoln, NE, USA). All signals were sampled at 10 Hz. CO2 and H2O fluxes were calculated and recorded at 30 min intervals, using a CR3000 datalogger (Campbell Scientific, Logan, UT, USA). Observing the various elements and their instrumentation and observation height (Table 1). The LI7500 gas analyzer was calibrated at the end of July each year. Zero points, CO2 span, and water span were established using dry N2 gas (99.999% pure, National Institute of Metrology, China), standard CO2 gas (500 ppm, National Institute of Metrology, China) and a dew-point generator (LI-610, LI-Cor, USA), respectively.
2.3 Data quality and gap filling

All flux and meteorological data were checked for quality after data collection. To ensure reliable processing of flux data, standard methodologies for flux data processing recommended by ChinaFLUX were applied (Yu et al., 2008). These included three-dimensional coordinate rotation (Zhu et al., 2005), WPL correction (Webb, Pearman, & Leuning, 1980), storage flux calculation, outlier filter, night-time CO2 flux (Reichstein et al., 2005), gap filling (Falge et al., 2001), and NEE flux partitioning (Reichstein et al., 2005). The missing CO2 flux data were estimated using a non-linear function of environmental variables and valid flux data. Night-time flux gaps were filled using the enhanced Van’t Hoff equation (Eq. 1) (Yu et al., 2008):
Reconight = Recoref eln(Q10) (Ts − Tref) / 10;
Q10 = a – b × Ts + c × Sw + d × Sw2,   (1)
where Recoref is the reference ecosystem respiration rate when soil temperature is 10 °C, Q10 is the temperature sensitivity of respiration, Ts is the soil temperature at 5 cm depth, Sw is the soil water content in m3 m–3 at 5 cm depth, and a, b, c, and d are site-specific parameters fitted to the data for the whole year, with b > 0 and d ≤ 0. Missing daytime flux data were estimated using a 7-day moving window. Raw high frequency (10 Hz) wind, CO2, water vapor, and sonic temperature data were processed using the MATLAB2016a software (Mathworks Inc., USA).

Ground heat flux (G) was calculated as the average of readings from two soil heat flux plates and was corrected for heat storage above the plates. Sensible heat (Hs) and latent heat (LE) in the air column below the EC sensors were recorded. We ignored storage flux and errors related to the precision of the instrument. There was a good correlation between the values of turbulent (Hs + LE) and radiative flux (radiation flux − ground flux) recorded every 30 min. The slopes of the regression lines were 0.75 (2010), 0.76 (2012), 0.76 (2013), 0.73 (2014), 0.72 (2015), and 0.89 (2016). The available data for 2010 2012, 2013, 2014, 2016 approximately 75% of 2015 only 70%.
Net ecosystem exchange (NEE) of CO2 is an ecosystem process that reflects the balance of gross primary productivity (GPP) and ecosystem respiration (Reco), and is often used to approximate net ecosystem productivity (NEP), such that NEP = - NEE (Chapin et al., 2006).
Recodiurnal was defined as follows:

Recodiurnal = Reconight + Recoday     (Dengler et al.)[image: image2.png]


 QUOTE 
 
GPP was estimated as follows:

GPP = NEP + Reco     (3)
2.4 Definitions and analysis

We defined the net CEPs as the periods with a daily NEE that is higher than the average NEE in the non-growing season (Figure 1). We used a 5-day moving average of daily NEE to determine the beginning of CUP (BCUP) and ending of CUP (ECUP) days of the C uptake period in each year (where NEE < 0). From the 5-day moving average, we also identified the two periods in which NEE was greater than NEEmean and reached a peak (that is, during the non-growing season), before and after the C uptake period, and refer to these as CEP1 and CEP2. For each of these periods we identified the beginning of CEP (BCEP1, BCEP2) and ending of CEP (ECEP1, ECEP2) (Figure 1). Minimum daily NEE (NEEmin) was defined as the minimum value of the 5-day moving average of NEE, and maximum daily NEE values (NEEmax1 and NEEmax2) were defined as the maxima of the moving average of NEE in each CEP (Figure 1). Our observations indicate that the growing season started in early-April to May, ended in September to mid-October. The growing season is defined as the period when GPP > 1 g C m−2, and is measured in days. The non-growing season is defined as the period when GPP <1 g C m−2. During the non-growing season, the artificial grassland ecosystem undergoes no photosynthesis, only respiration, and NEE reflects only the CO2 released by the ecosystem. The year was divided into winter (November–March), spring (April–May), summer (June–August), and autumn (September–October) based on the seasonal variation in NEE (Kato et al., 2006). Day of year (DOY) is reported using 1 January as DOY 1.
In years with missing climatic data, gaps were filled using observations from the climate database of a local meteorological station (Tongde Meteorological Station, TMS). This was justified because the monthly air temperature and monthly precipitation from the TMS database over the 6-year(2010, 2012-2016) study period were highly correlated with monthly air temperature (y = 2.08 x + 0.98, r2= 0.98) and monthly precipitation (y = 1.5 x + 2.05, r2= 0.87,) measured at the flux tower site. A structure equation model was developed to relate the variations of NEE to the variations of CUP, CEP1, NEEmax and NEEmin. The model was fitted using the ‘lavaan’ package (Rosseel, 2012) in R 3.4.1 for Windows.
3 RESULTS

3.1 Seasonal and inter-annual variability of environment factors

Based on 6 years of TMS observational data, the average annual temperature and annual precipitation were estimated to be 3.9 °C and 471 mm, respectively. Over the 6-year study period, 88% of the annual precipitation occurred between May and September (Figure 3). Compared to the regional average precipitation (471 ± 117mm) from 2010 to 2016, the annual average temperature and annual precipitation are not significantly different within 7 years.The artificial grassland was found to be a weak C sink, although it was a C source during the first planting year. The total cumulative CO2 uptake was -180 g C m−2 during the plant cycle (2012–2016) (Table 2). The distribution of GPP, Reco, and NEE values by plant age shows that plants of 3 years of age (2013) had the highest NEE (Table 2). The NEE values of these plants reached -128.52 g C m–2 y–1, which were significantly larger than those of plants in other years (Table 2). The GPP was greater than Reco in all other years, except the first planting year (Table 2).
3.2 Seasonal and inter-annual dynamics of CO2 flux

Seasonal variation in CO2 flux can be inferred from daily average CO2 fluxes over different growing stages (Figure 4). CO2 uptake was greatest in mid-July on DOY 209 ± 16.86, ranging from -2.57 to -4.56 g C m–2 d–1 (Figure 4; Table 3). CO2 release peaked during the growing season, first in early April to middle May, on DOY 92 ± 8.32 to DOY 413 ± 9.77, ranging from 0.66 to 1.75 g C m–2 d–1; the second peak was in early October to November, on DOY 288 ± 12.19 to DOY 329 ± 17.46, ranging from 0.71 to 1.21 g C m–2 d–1 (Figure 4; Table 3). 

3.3 CUP and CEP1 in controlling NEE

Annual NEE was negatively correlated with CUP (r2 = 0.73, p = 0.02, Figure 5a), but not significantly correlated with NEEmin (p = 0.12, Figure 5b). Annual NEE was positively correlated with CEP1 and NEEmax1 (CEP1:r2= 0.73, p = 0.02, Figure 5c; NEEmax1: r2= 0.75, p = 0.02, Figure 5d) in the artificial grassland ecosystem. Annual NEE was not significantly correlated with CEP2, or NEEmax2 (p > 0.05, Figure 5c and d). Together, CUP, CEP1, NEEmin and NEEmax1 explained 95% of the variance in annual NEE, according to the structural equation models (Figure 6).
3.4 Management measures and CUP and CEP1

BCUP was positively correlated with spring NEE (r2= 0.74, p = 0.02) and annual NEE (r2= 0.87, p = 0.004, Figure 7a). NEEmin variations were positively correlated with summer NEE (r2= 0.68, p = 0.03, Figure 7b). ECUP variations were negatively correlated with autumn NEE (r2 = 0.71, p = 0.02), but not with annual NEE (p = 0.52, Figure 7c). ECEP1 variations were positively correlated with spring NEE (r2 = 0.73, p = 0.02) and annual NEE variations (r2 = 0.79, p = 0.01, Figure 7d). For each day that the BCUP advanced, spring NEE increased by 0.85 g C m–2 and annual NEE increased by 2.89 g C m–2 (Figure 7a). Summer NEE increased by 50.16 g C m–2 per unit increase in NEEmin (Figure 7b). For each day that the ECUP was delayed, autumn NEE increased by 1.31 g C m–2 (Figure 7c), For each day that the end of CEP1 advanced, spring NEE and annual NEE increased by 0.84 and 2.77 g C m–2, respectively (Figure 7d). 

Compared to not harvesting, harvesting caused the ECUP to advance about 25 days earlier (Table 3; Figure8), and caused autumn C uptake absorbed less about 33 g C m–2. Sowing delayed the BCUP by about 42 days, and caused spring C uptake to decline by 36 g C m–2. The first year of CUP planting was shortened by 17 days compared to other years, while the CEP1 was extended by 43 days (Table 3).

4 DISCUSSION 
Artificial grasslands have an important role in C cycles. Our aims here were to understand how the NEE of an artificial grassland varies seasonally and interannually, how the timing of the C cycle affects net ecosystem exchange, and to analyze seasonal variation in NEE. 
4.1 Artificial grassland and C sinks

Our finding that the artificial grassland was a weak C sink is consistent with that of Wu et al (2010), who reported that the perennial artificial grasslands of the QTP have an uptake of -30.3 g C m–2. The C uptake of the artificial grassland that we studied was less than that of Potentilla fruticosa shrubland meadow (-74.4 ± 12.7 g C m–2) (Li et al., 2016) and Kobresia humilis (-76.9-120.9g C m–2) in the eastern QTP (Zhao et al., 2005; Kato et al., 2006), but greater than that of bunchgrass or rhizanthous Carex alpine grassland (5 g C m–2) in the central QTP (Chai et al., 2018). Degraded K. humilis meadow was a C source (11.6 g C m–2) in the central QTP (Wang Bin, Li, Jiang, Zhao, & Gu, 2012). Zhao et al.(2018) also showed that the artificial grassland was able to provide substantial quantities of high-quality forage for livestock during the winter. Therefore, the planting of artificial grassland on degraded grassland can increase C sequestration potential, provide sufficient quantities of forage, help to alleviate the conflict between grassland forage supply and livestock requirements, and relieve the grazing pressure on natural grassland.
4.2 The joint roles of CUP and CEP in regulating NEE
Our findings suggest that CUP and CEP1 are more important NEEmin and NEEmax1 in regulating the variability of annual NEE in artificial alpine grasslands.

Inter-annual variations in CUP, NEEmin, NEEmean, and GSL contribute to the inter-annual variation in NEE in different ecosystems (Niu et al., 2017; Piao et al., 2007; White & Nemani, 2003; Wu et al., 2013). Consistent with this, we found that inter-annual variation in NEE was attributed to yearly variation in CUP and CEP1, which in combination explained 95% of changes in annual NEP in artificial grassland. In contrast, in a recent study using atmospheric inversion, the C-uptake amplitude (the maximal C uptake rate) played a much stronger role than CUP in determining the inter-annual variations in land C uptake in deciduous tropical forests, grasslands, croplands, and semi-arid ecosystems (Fu, Dong, Zhou, Stoy, & Niu, 2017). 
4.3 The relationship between management measures and the CUP and CEP1

Compared to natural grasslands, the mean duration of CUP of the artificial grassland that we studied (101 d) was significantly shorter than that of the P. fruticosa shrubland (108 d), bunchgrass Carex alpine grassland (115 d) (Chai et al., 2018), and K. humilis meadow (133 d) (Zhao et al., 2005), but longer than that of the K. tibetica swamp meadow (74 d) in the eastern QTP (Zhao et al., 2005) (Table 4 ). There is a long period of net C emissions on the QTP (Zhang et al., 2018; Zhao et al., 2006; Zhao et al., 2005). We can clearly find that sowing and harvesting significantly shortened the CUP and extended CEP1(Table 3 ). Management measures directly reduced the C absorption of artificial grassland. Future research should consider not only the effect of climate variation on photosynthesis and respiration , but also the effect of management measures on the C uptake and emission periods in causing the inter-annual variability in NEE.
5 CONCLUSION 
We analyzed eddy covariance CO2 flux over 6 years to examine how a perennial Elymus breviaristatus artificial grassland with weak seasonality on the QTP responded to planting management measures. This grassland was a weak C sink. Importantly, the inter-annual variation in NEE was mostly explained by the phenology of the CUP and the CEP1. Harvesting and sowing shortened the CUP and extended the CEP1. This led to large C emissions in the CEP1, which would have offset the net C uptake of the CEP1 and weakened the C sequestration potential of the artificial grassland. Artificall grassland NEE can be strongly influenced by planting management. A greater understanding of how the C uptake and emission periods regulate the inter-annual variability in NEE is crucial for better predicting changes in the C cycle under future land-use and global warming scenarios. Artificial grassland has great C sequestration potential, and improved planting management measures may increase this potential.
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