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Abstract
[bookmark: _Hlk40530660][bookmark: _Hlk29287078][bookmark: _Hlk40545178]The long-term planting of alfalfa (Medicago sativa L.) gradually reduces the yield and causes severe soil desiccation in semiarid areas. Converting alfalfa pasture into cropland (rotation cropland, RC) is a common way of land use to restore soil moisture. However, it is a challenge for RC to achieve high productivity and maintain high soil organic carbon (SOC) achieved by previous alfalfa. Here, we conducted a nine-year field experiment, with continuous cropland (CC) under plastic film mulching as reference, to evaluate soil moisture restoration, crop productivity, and SOC in RC also under plastic film mulching, in the case of fertilization and non-fertilization, respectively. After the long-term alfalfa pasture was converted to RC, Soil moisture at the upper 2 m profile, especially the upper 0.6 m, restored rapidly to the levels like the CC. The crop yield and biomass were not significant between RC and CC following the second year of conversion in both fertilization and without fertilization cases. The SOC content in RC without fertilization decreased gradually with the conversion years. However, it had no significant difference in RC with fertilization with the previous alfalfa pasture throughout the nine-year experiment. These findings imply that fertilization allowed the RC under plastic film mulching to keep similar productivity to CC and maintain SOC continuously the same as the previous alfalfa pasture while gradually restore soil moisture. This study provided promising adaptive management for increasing agricultural carbon sequestration and crop productivity in semi-arid Loess Plateau and other similar areas.
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Introduction
Alfalfa (Medicago sativa L.) is the most crucial forage legume produced for the high-quality pasture, hay, and silage for livestock and reducing soil erosion in semi-arid areas of the world (Bhandari, West, Acosta-Martinez, Cotton, & Cano, 2018; Gu, Han, Fan, et al., 2018). It is also efficient in stimulating soil health indicators including soil organic carbon (SOC), total soil nitrogen, and soil aggregates in arable land (Bhandari et al., 2018; Guidi, Vittori Antisari, Marè, Vianello, & Falsone, 2017). These are beneficial to restoring degraded land, enhancing biomass production, and reducing the rate of enrichment of atmospheric carbon dioxide by offsetting emissions due to fossil fuel (Lal, 2004, 2006).
[bookmark: _Hlk12313333]Despite the above benefits, there are a few critical issues associated with alfalfa pasture. The actual evapotranspiration of alfalfa pasture is usually far greater than rainfall during the growing season. The growth of perennial alfalfa can lead to severe desiccation of deep soil layers (Gu, Han, Fan, et al., 2018; B. Su & Shangguan, 2019). Alfalfa plant communities generally reach maximum biomass during the first 10 years, after which they degrade gradually and almost revert to natural grassland because of excessive consumption of soil water and intense competition from native grasses (Jia et al., 2009; Torok et al., 2011). Furthermore, because the high vegetation coverage is required to control soil erosion (Huang et al., 2006), alfalfa pasture degradation generally leads to increased soil erosion (Lal, 2004; McHunu & Chaplot, 2012). To make the degraded alfalfa pasture can be better re-useful, farmers usually plow the alfalfa pasture, then leave it fallow for several years to restore soil moisture, and finally cultivate annual crops (X. L. Wang, Sun, Jia, Li, & Xu, 2008). However, some studies indicated that immediately converting alfalfa pasture into annual cropland was a more effective choice for deep soil moisture restoration, avoiding evaporation inefficiently, than that in the fallow field (Jia et al., 2009; X. L. Wang et al., 2008). 
[bookmark: OLE_LINK3]As we know, SOC decreases gradually after natural grassland reclaimed as cropland (Guan, Li, Wang, Mou, & Kuzyakov, 2018; Lobe, Amelung, & Du Preez, 2001). In contrast, the SOC generally improved after cropland converted to grassland (Cui, Liu, Huang, He, & Wu, 2019; Yuan et al., 2016). Especially for the introduction of alfalfa retained for about 10 years, although the composition of the vegetation community has begun to degrade, the SOC is still higher than for cropland and even natural grassland (Saliendra, Liebig, & Kronberg, 2018; Y. Su, 2007; Yuan et al., 2016). 
However, when alfalfa pasture degraded and converted to cropland, the SOC generally decreases significantly, to levels even lower than of natural grassland within a few years (Jia et al., 2009; J. Wang, Li, & Jia, 2006). Also, for the reason that severe desiccation in deep soil allows more precipitation to infiltration into the deep soil, rather than for crop growth, the productivity of the cropland converted from alfalfa pasture remains limited as a result of the low availability of soil moisture (W. Chen, Shen, Robertson, Probert, & Bellotti, 2008). Moreover, the input of organic matter in soils through crop roots or litter is also meager in cropland converted from alfalfa (Erice, Louahlia, Irigoyen, Sanchez-Diaz, & Avice, 2010), which may further accelerate the reduction of soil organic carbon. This change will seriously damage the sustainability of the agroecosystem and is the main cause of dryland degradation (Lal, 2004, 2006). 
Given the above, after alfalfa pasture is converted to cropland, achieving high productivity, and maintaining high soil organic carbon (SOC) as achieved by previous alfalfa is a challenge, but the key to reducing land degradation and maintaining sustainability in dryland areas. In the past two decades, plastic film mulching has widely applied for greatly improving crop productivity in dryland farming systems in semiarid areas (Gu, Han, Fan, et al., 2018; Liu, Li, Hai, Wang, & Li, 2014). Many previous studies demonstrated that plastic film mulching maintains or improves the SOC level via high root biomass or litter input in soils as the crop productivity increases (Y. P. Wang, Li, Fu, et al., 2016; F. Zhang, Zhang, Li, Yang, & Li, 2017). 
Therefore, this paper compares the (Ⅰ) crop productivity, (Ⅱ) SOC, and (Ⅲ) soil moisture between the alfalfa converted cropland and continuous cropland both under plastic film mulching, in the case of fertilization and non-fertilization respectively in semiarid Loess Plateau for 9 years. The objectives were to explore the possible field management solution, which could make alfalfa converted cropland achieving high productivity and maintaining high SOC as achieved by previous alfalfa. 
Materials and methods
2.1. Study site
[bookmark: _Hlk40562566]The study was conducted from April 2010 to October 2018 at the Dryland Agro-Ecology Observation and Research Station on the Loess Plateau, Gansu Province, China (104°24′E, 36°02′N; 2400 m above sea level). The area has a moderate semiarid climate, with a mean annual temperature of 6.5 °C, ranging from −8.0 °C in January to 19 °C in July. The mean annual precipitation for 2010–2018 was 350 mm, of which 87.7% fell between mid-April and mid-October (Fig. 1). The long-term average annual free water evaporation is 1326 mm. The local soil is classiﬁed as Calcic Kastanozem (Siltic) or rusty dark loess soil according to the Chinese Soil Taxonomy, and the texture of the soil is silt clay loam with 12.3% sand, 66.9% silt, and 20.8% clay. The soil is with ﬁeld water-holding capacity of 22.9% and a permanent wilting point of 6.2% gravimetrically (Jia, Li, Wang, & Yang, 2006).
2.2. Experimental design and field management
[bookmark: _Hlk40557177][bookmark: _Hlk40557227][bookmark: _Hlk27910349][bookmark: OLE_LINK10][bookmark: OLE_LINK9]Four treatments with three replicates were imposed in April 2010: (Ⅰ) alfalfa rotation cropland (without fertilization), RC; (Ⅱ) alfalfa rotation cropland with fertilization, RCF; (Ⅲ) continuous cropland (without fertilization), CC; and (Ⅳ) continuous cropland with fertilization, CCF. The fertilization treatments were applied before mulching plastic film and sowing each year at rates of 138 kg N ha-1 and 45 kg P ha-1, using urea and calcium superphosphate, respectively. They were sprinkled on the surface of fertilization plots soil before plowing every year. All plots were shaped with ridge–furrow and plastic film mulching was applied by covering the entire soil surface with transparent, 0.008 mm thick polyethylene ﬁlm before sowing every year. All treatments were planted with maize in 2010, 2011, 2013, 2015 and 2017, and potato in 2012, 2014, 2016, and 2018. After maize harvest, the plastic film was left in the cropland until plowing and sowing in the next year. The plastic film was removed after the potato was harvested. In April 2010, the soil bulk density in the top 15-cm soil was 1.18 and 1.20 g cm-3, with pH values (water/soil = 2.5:1) of 8.35 and 8.48 in CC and RC, respectively. The total SOC, total P, and total N levels were 8.06, 0.75, and 0.82 g kg-1 in CC and 9.02, 0.63, and 0.88 g kg-1 in RC. The soils had inorganic-N and Available P concentrations of 49 and 24 mg kg-1 in CC and 15 and 10 mg kg-1 in RC, respectively.
2.3. Sampling and measurements
Two randomly-selected rows of maize or potato within the sampling area in each plot were harvested to determine crop yields and biomasses (maize is above-ground biomass; potato is the sum of above-ground biomass and tuber biomass). All plant parts were oven-dried at 60 °C to constant weight.
In each plot, three samples from ridge soils and three from furrow soils (each 4 cm in diameter and 15 cm in depth) were taken randomly and bulked to form a composite soil sample. Root fragments and plant debris were removed from the soil samples before screening with a 2-mm sieve. Sampling times were at sowing (end of April) and at harvest (early October) each year. A part of each fresh sample was used to measure inorganic N, and the remainder air-dried and sieved to determine SOC, total soil N, and available P. The SOC was determined by the Walkley and Black dichromate oxidation method, using a factor of 1.3 (Hai, Li, Li, Suo, & Guggenberger, 2010). Total soil N was determined by the semimicro-Kjeldahl digestion, followed by titration with a diluted solution of sulfuric acid. Inorganic-N was measured using an auto-ﬂow injection system (Skalar, Breda, Netherlands) after soil samples were soaked in 2 mol L–1 KCl and shaken at 200 rpm for 1 h (Gu, Han, Kong, et al., 2018). Available P was extracted by the Olsen method (Olsen, 1954).
Soil water content (SWC) was determined gravimetrically at 20 cm increments (one core took per plot) at the beginning and end of each growing season using a soil auger (diameter 4 cm, height 20 cm). Each fresh soil sample was weighed and then oven-dried at 105 °C to constant weight. Soil water storage (SWS) was calculated as the sum of the product of SWC and the bulk density of each soil layer (Liu et al., 2014). Water use was calculated as the sum of total rainfall during the crop growing season and the difference in SWS during the same period in the soil proﬁle, using the upper 5 m for 2010–2018 in RC and the upper 2 m for 2010–2013 and upper 5 m for 2014–2018 in CC. Water use efficiency was calculated as the ratio of annual total crop yield to water use.
To estimate the process and degree of soil moisture restoration in RC, the ratio of SWS in RC to CC (RSWS, %) was calculated. The formula follows:
RSWS = SWSRC/SWSCC × 100
Where SWSRC and SWSCC respectively represent SWS in RC and CC in the case of fertilization or non-fertilization.
2.4. Statistical analyses 
Using GenStat 18th Edition (VSN International Ltd., Rothamsted, UK), ANOVA was performed. The factor “Land” had two levels (RC and CC) and the factor “Fert” also had two levels (fertilization and without fertilization). Diﬀerences in the crop yield and biomass, water use and water use efficiency, SOC, total soil N, inorganic-N, available P, and RSWS were assessed using two-way analyses of variance with “Land” and “Fert” as fixed effects. Differences for all tests were assessed for signiﬁcance at P ≤ 0.05; signiﬁcant differences (P ≤ 0.05) between means were identiﬁed using Fisher’s Least Signiﬁcant Difference (LSD) test. Figures were drawn using Origin 9 software (OriginLab OriginPro 2015, Northampton, USA).
Results
3.1. Soil moisture restoration
Proﬁle soil water content change with conversion years
[bookmark: _Hlk21356232][bookmark: _Hlk40551943][bookmark: _Hlk40786430]The average SWC in the soil profile down to 5 m for the RC was only 7.6% in April 2010 and gradually increased with the years after conversion (Fig. 2). The depth of soil moisture restoration in RC also gradually increased with the years of conversion (Fig. 2). The soil moisture restoration in RC had a more robust spatiotemporal heterogeneity. The SWC in RC at 0–0.6, 0.6-2, and 2-3 m profile began to restore from April 2010, April 2012, and April 2015, respectively. The 3–5 m profile SWC in RC was basically not restored. Fertilization weakened the soil moisture restoration in RC only in the wet year of 2014 (Fig. 2).
The ratio of soil water storage in RC to CC
In the non-fertilization treatment, the ratio of SWS in RC to CC (RSWS) in the 0–0.6 m soil profile increased from 76.1% to 96.7% after conversion for one year. Then it remained stable at about 100%. The RSWS in the 0.6–2 m profile increased gradually with conversion years, from 77.6% in 2010 to 95.3% in 2018 at the end of the experiment. However, the RSWS in the 2–5 m profile only changed from 56.2% in 2014 to 69.2% in 2018 (Fig. 3). Fertilization significantly increased the RSWS in the 0–0.6, 0.6–2 and 3–5 m profiles (Fig. 3). 
3.2. Crop yield and biomass
[bookmark: _Hlk16193720]In the first two years (2010 and 2011) after conversion, the crop yield and biomass in the RC were significantly lower than in CC in both fertilization and without fertilization treatments (Fig. 4). From the third year of conversion to the end of the experiment, the crop yield and biomass were not significant between RC and CC in both fertilization and without fertilization treatments (P>0.05). Fertilization significantly increased crop yield and biomass in the RC except in 2011 and significantly increased those in CC during 2012–2018. There was no interaction between cropland type and fertilization on crop yield and biomass except for 2010 (Fig. 4).
3.3. Water use and water use efficiency
[bookmark: _Hlk40546310]Water use in RC was significantly lower than CC in both fertilization and without fertilization treatments in 2010 and 2011. Water use was not significant between RC and CC since the third year after conversion in the case of without fertilization. Fertilization significantly increased water use in CC during 2014–2018, but significantly increase the water use in RC only in the dry year of 2015 (Fig. 5). The water use efficiency in RC was significantly lower than CC in 2010 and 2011 in the case of without fertilization, but it was not significant during 2012–2018 (Fig. 5). Fertilization significantly improved the water use efficiency in RC except in 2011, and significantly improved the water use efficiency in CC during 2012–2018 (Fig. 5).
3.4. Soil organic carbon
[bookmark: _Hlk13515210]The SOC in RC was significantly higher than that of CC in April 2010 (Fig. 6). The SOC both in RC and CC decreased significantly with the conversion years in the case without fertilization. However, the SOC was continually and significantly higher for the RC without fertilization than CC without fertilization throughout (Fig. 6). Fertilization significantly increased the SOC of the RC in 2016, 2017 and 2018, but did not increase the SOC of the CC. The SOC of the RC with fertilization did not significantly differ among 2010, 2016, 2017, and 2018.
3.5. Soil total nitrogen, inorganic nitrogen, and available phosphorus 
[bookmark: _Hlk40555312]Compared with the CC, RC had higher total soil N, but lower inorganic-N and available P in the surface soil (0–15 cm), which were only 25% and 39% of the CC, respectively, in April 2010 (Fig. 7). The total soil N of the RC and CC both decreased gradually in the first four years of the experiment and then remained relatively stable in the case of without fertilization. Fertilization significantly increased total soil N in RC during 2012–2018 except for 2015 and total soil N in CC in 2013, 2014, 2016, and 2018 (Fig. 7). The inorganic-N in the CC without fertilization in April 2011 decreased significantly compared with April 2010 and then remained relatively stable. Fertilization significantly increased inorganic-N of both the RC and CC during 2012–2018, and inorganic-N in RC was higher than CC in fertilization treatment in 2012, 2013, 2015, 2017, and 2018 (Fig. 7). The available P in the CC without fertilization decreased significantly from April 2010 to April 2013 and then remained relatively stable. The available P was significantly lower in RC than in CC except for 2015 and 2016 in the case without fertilization. Fertilization significantly increased available P of both the RC and CC during 2013–2018 except for 2016 (Fig. 7).
[bookmark: _Hlk17312485][bookmark: _Hlk40630985]Discussion
[bookmark: _Hlk17112902][bookmark: _Hlk41895325][bookmark: _Hlk17313122][bookmark: _Hlk17319226][bookmark: OLE_LINK2][bookmark: OLE_LINK1]Consistent with the previous results of soil moisture dynamics in RC without plastic film mulching (Jia et al., 2009; X. L. Wang et al., 2008), soil moisture in the upper 5-m profile of the RC under plastic film mulching gradually restored with the conversion years in the present study. Soil moisture restoration in the upper 5-m soil profile in RC without plastic film mulching all have occurred in the first year after conversion, although the degree of water restoration was different (Jia et al., 2009; X. L. Wang et al., 2008). However, the soil moisture restoration in RC under plastic film mulching had a more robust spatiotemporal heterogeneity. The depth of soil moisture restoration increased with conversion years. Also, soil moisture at the upper 2 m profile, especially the upper 0.6 m, in RC restored rapidly to the levels like the CC after conversion. However, soil moisture restoration at 2–5 m in RC was extremely slower than in the upper soil layer. 
[bookmark: _Hlk17313488]Usually, the wet soil moisture in the upper 0.6 m and warm temperature in topsoil under plastic film mulching promote crop transpiration, growth, and yields (Gu, Han, Fan, et al., 2018; Y. P. Wang, Li, Zhu, et al., 2016). These will reduce the amount of water infiltration from the upper soil layer to the deeper soil layer after precipitation. Moreover, the higher capacity of the soil water for capillary rise under plastic film mulching could not only bring water from the lower to the upper soil layers but could also prevent the infiltration of soil water from upper to lower soil (Gu, Han, Fan, et al., 2018; R. Li, Hou, Jia, Han, & Yang, 2012). These might be the reasons for the more robust spatiotemporal heterogeneity of soil moisture restoration.
Long-term alfalfa grew fields had better soil-water holding capacity than annual cropland due to fewer soil disturbances by tillage practices (Dong, Zhang, Rao, & Liu, 2016; Min, Islam, Vough, & Weil, 2011). Our current result of the decrease degree of soil moisture by fertilization in CC was greater than in RC, evidenced by the ratio of SWS in RC to CC in fertilization treatments was significantly higher than non-fertilization treatments, agree with these results.
As a crucial factor affecting crop productivity (Y. Zhang et al., 2019), evapotranspiration is very sensitive to surface soil moisture in the Loess Plateau (X. Y. Li, Liu, Duan, and Wang (2014). Our results showed that the soil moisture at 0-2 m and water use in RC were significantly lower than in CC in 2010 and 2011. These could partly explain why the crop yield and biomass in RC were significantly lower than in CC in both fertilization and without fertilization treatments in the first two years (2010 and 2011) after the conversion. Another reason was that the inorganic-N and available P contents in RC were significantly lower than CC in both the years as found in similar situations by Fan, Stewart, Yong, Luo, and Zhou (2005). 
[bookmark: _Hlk16188285][bookmark: _Hlk17312752][bookmark: _Hlk17312816][bookmark: _Hlk17312888]Plastic film mulching conserves soil moisture by collecting rainfall and reduce soil water evaporation (Gu, Han, Fan, et al., 2018; Jiang, Liu, Wang, Zhou, & Xin, 2017; Y. P. Wang, Li, Zhu, et al., 2016). We found that no matter how serious the soil moisture shortage below 0.6 m is, the soil moisture at the upper 0.6 m soil profile in RC was always adequate and equivalent to the level of CC since the third year of the conversion as found in similar situations by Gu, Han, Fan, et al. (2018) and Liu et al. (2014). Qin et al. (2018) also showed that under sufficient soil water conditions, the central soil depth for crop water extraction was above 0.6 m soil profile for maize plants due to the shallow zone had the largest root density and water extraction by maize plants. Consequently, our results showed that from the third year of conversion to the end of the experiment, the crop yield and biomass were not significant between RC and CC in both fertilization and without fertilization treatments. It is partly because no significant difference in water use thanking the sufficient soil moisture in RC under plastic film mulching since the third year of the conversion. The similar inorganic-N, available P, and water use efficiency from the third year to the end of the experiment is another reason as soil fertility is the crucial factor to determine water use efficiency and productivity in cropland (Gu, Han, Fan, et al., 2018; Y. Zhang et al., 2019). 
[bookmark: _Hlk30013092][bookmark: _Hlk17316370][bookmark: _Hlk17313980]Usually, it is not necessary to apply N fertilizer in RC because it is generally with a high soil total N after alfalfa pasture conversion to annual crops (J. Wang et al., 2006; X. L. Wang et al., 2008). However, the present study showed that although total soil N was higher in RC than in CC, the inorganic-N was not significant between RC and CC in the without fertilization treatments. Previous studies found that soil available P content in alfalfa pasture was often low in the surface soil due to the lower P-fertilizer application, and much more available P being absorbed by alfalfa and removed from the system through forage harvesting (Haas, Grunes, & Reichmann, 1961). The ratio of SOC to available P in RC exceeded 300 in the present study, suggesting that more P was immobilized than mineralized, resulting in competition between plants and soil microorganisms for P and the further reduced available P (Spohn & Kuzyakov, 2013; L. Zhang et al., 2014). The significantly lower of available P content in RC than in the CC in the without fertilization treatments could be due to the lower soil total P and the higher ratio of SOC to available P. Thus, the N fertilizer and P fertilizer additions are both necessary in RC. 
The physical protection of soil aggregation is an essential factor for slowing down carbon mineralization in soils by decreasing SOC accessibility to microorganisms (Chevallier, Blanchart, Albrecht, & Feller, 2004; L. Wang et al., 2017). However, necessary tillage for the cultivation of annual crops would generally decrease the formation and stability of soil macroaggregates (>0.25 mm) in the continuously cropped fields (Six, Elliott, Paustian, & Doran, 1998). Guan et al. (2018) also showed that conversion of grassland to cropland strongly decreased microbial transformation of plant residues and accumulation of the resulting microbial compounds in soil (i.e., reduction of microbial input to stable soil organic matter). Our current result of the SOC in RC without fertilization decreased significantly with the conversion years agree with these results. 
Our results showed that the crop biomass (excluding roots) in RC with fertilization was significantly higher than in RC without fertilization from the third year to the end of the experiment. These meant that the root-derived C input in RC with fertilization was higher than in RC without fertilization at the whole experimental period (Ye et al., 2018). X. G. Li et al. (2017) found that, under low soil inorganic-N levels, microbes would meet their N demand by increasing an acquisition from the accelerated decomposition of organic sources, thus increasing inorganic-N could decrease the decomposition of soil organic matter and plant residues in planted soils. Additionally, high total soil N has been well documented to lower the decomposition of soil C (R. Chen et al., 2014; Yuan et al., 2016). Our result of the SOC in RC with fertilization continuously maintained the same level to the previous alfalfa pasture throughout the experiment could be due to high root-derived C input as a result of better crop productivity and the lower SOC mineralization caused by the higher inorganic-N and total soil N. 
1. Conclusion
[bookmark: OLE_LINK7][bookmark: _Hlk41300692]The present study demonstrated that converting alfalfa pasture into annual cropland achieved high productivity and zero loss of SOC, in the case of mulching with plastic film and applying fertilizer in a semiarid area. The high productivity was associated with the increased available P and inorganic-N, and a rapid and sufficient soil moisture restoration in the 0-0.6 m soil profile due to better rainwater collection, infiltration and moisture retention capacity caused by plastic film mulching. The high root-derived C input as a result of better crop productivity and the lower SOC mineralization caused by the higher inorganic-N and total soil N supported the zero loss of SOC in the RC system.
[bookmark: OLE_LINK11][bookmark: OLE_LINK8]In the long-term, we envision a rotation of alfalfa and annual crops, although, in the present study, it was just one cropping phase after alfalfa pasture. The present results laid a good foundation for this assumption. This study provides a successful case for the dryland agroecosystem to maintain both sustainability in high productivity and SOC, showing a potentially sustainable approach for dryland areas. 
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