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Abstract

:

Crop reduction caused by cryogenesis and drought is a serious and global problem. The environmental stress caused by low temperature and drought during the overwintering stage of forage is the key factor leading to this low yield. In cold and arid grassland, winter irrigation can effectively alleviate the stress of alfalfa during overwintering, improve the survival rate of alfalfa, and significantly increase the yield. However, the water uptake patterns of alfalfa under winter irrigation are not clear, which are important to explore the mechanism of alleviating environmental stress by winter irrigation. In this research, the stable isotope compositions of all probable water sources and alfalfa xylem water were measured after winter irrigation. A graphical method was applied to identify the main soil layers with water uptake by the alfalfa roots. The contribution rate of available water sources to alfalfa xylem water was quantified by the MixSIAR (Bayesian isotope analysis mixing model in R) model. The results indicated that alfalfa absorbed soil water when the soil water content was high enough in the root layer when under high water volume freezing irrigation (irrigation in early winter when soil is freezing) but not under low and medium water volume freezing irrigation. Alfalfa gradually began to absorb soil water on the third day after thawing irrigation (irrigation in late winter when the soil is thawing) and showed different water uptake characteristics under low, medium, and high water volume. Thawing irrigation also accelerated the regeneration of alfalfa.
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1. Introduction


Water is becoming increasingly scarce all over the world, particularly in arid and semi-arid districts. Abundant use of irrigation water promotes the development and application of efficient and water-saving irrigation systems [1]. Drip irrigation is a typical application of micro-irrigation technology and one of the common water-saving irrigation systems [2]. Drip irrigation systems deliver water to the entire field with almost no terrain impact [3,4], and reduce water loss caused by evaporation and leakage. In addition, the impact of drip irrigation on soil structure is minimal while eliminating surface runoff. These advantages make irrigation water use more efficient and promote sustainable agricultural development and soil and water conservation [5]. Therefore, drip irrigation has also been widely used in agriculture [6,7]. As the king of forage, alfalfa not only has abundant nutrients such as protein, energy, minerals, vitamins and other nutrients needed by livestock, but also has various economic and ecological functions such as soil and water conservation, vegetation restoration and soil fertility improvement [8]. About 70% of Inner Mongolia is covered by grasslands [9], which is the largest grassland area in China and one of the most important animal husbandry provinces in China. The development of animal husbandry has accelerated the construction of cultivated grassland in Inner Mongolia. The area of grassland used for alfalfa cultivation is expanding. It is estimated that the area of forage grassland under water-saving irrigation will reach 453,000 hm2 by 2020 [10]. At the same time, because Inner Mongolia is located just north of China, and the winter climate is cold and dry, people are constantly exploring how to effectively improve the overwintering rate of alfalfa and then promote a high yield of forage [11]. The practice has proved that winter irrigation can effectively alleviate cryogenic and drought stress on forage during winter. Judging from the water absorption of alfalfa in different root zones and soil layers under winter irrigation, this paper explores the mechanism of winter irrigation.



It is quite difficult, time-consuming, and impractical to determine the water sources and utilization strategies of plants using traditional methods (such as root excavation) [12]. The development of determination techniques enabled scientists to use stable isotopes as tracers to identify plant water sources [13]. However, these methods require two conditions to be met. Firstly, there must be significant differences in the isotopic composition of the various water sources [14,15]. Secondly, there must be no isotope fractionation in the process by which plant roots absorb and transport water [16]. Different hydrogen and oxygen isotopes combine to form water of different molecular weights. Because the thermodynamic properties of water molecules are related to the mass of its oxygen and hydrogen atoms, water has fractionated isotopes during processes including evaporation and coagulation. This results in significant differences in stable isotope contents in soil water at different depths, precipitation, groundwater, and xylem water [13]; therefore, the first condition is met. Many studies have proved that most plants do not undergo isotope fractionation when they uptake water from the roots and lift water from the roots [17,18]. Although some exceptions such as halophytic and xerophytic plants have challenged this assumption [19], there are no studies that show isotope fractionation in leguminous forage plants yet. Furthermore, it was also concluded that when oxygen and hydrogen isotopes are combined in the Bayesian inference method, the results are less sensitive to the fractionation of deuterium [20]. This satisfied the second condition. Therefore, by analyzing stable oxygen and hydrogen isotopes in plant xylem water and soil water from different depths, the proportion of plants using different water sources [21] and plant water use strategies can be determined [22].



Since the 1980s, with the improvement in mass spectrometry technology, stable isotope analysis techniques have been continuously applied and developed in plant water research [23,24,25,26,27]. Many applications of stable isotopes in plant water use models and strategies have been studied [22]. For example, the water use strategy of trees and shrubs in different habitats is as follows: if precipitation is the environmental water resource that is more important than stable deep soil water, the best plant phenotype will tend to maximize the use of precipitation. In contrast, if deep soil water matters more, the fittest plant phenotypes will tend to maximize their usage of this resource [26,28,29,30,31]. Researchers have verified that different functional plants use water in different ways by using stable oxygen and hydrogen isotopes [27,28,32,33,34,35,36,37]. The isotope tracer method is used to quantify the amount of plant water redistribution [25,37,38,39,40]. There are many applications in other studies and directions. Using stable oxygen and hydrogen isotopes for intensive studies of crop water uptake has a solid theoretical basis and is widely applied as a scientific tool.



The environmental stress caused by low temperature and drought during the overwintering of forage is the key factor leading to low yield from pasture [41]. Good water conditions in winter are conducive to the safe overwintering of forage [42]. When the soil water content is high, the surface temperature changes gradually; soil freezing and thawing is not very intense, and encountering sudden temperature rises and cooling or cryogenic stress is relatively light for alfalfa, and thus the overwinter survival rate is high [43]. The loss of agricultural and livestock production caused by cryogenic and drought disasters is a global problem. Low-temperature damage in the northern United States and western Canada, where alfalfa is planted in large areas, has led to severe losses in yield [44]. The northern China area has cold winters, with a dry and windy climate, which causes some crops to suffer from cryogenic and drought stress from winter to early spring. Mild cases include damaged branches and leaves, while the severe cases cause the death of the entire plant. Environmental stresses in early winter (including cold and dryness) and the following spring (including drought and cold damage caused by drastic changes in temperature) are the factors causing the death of winter crops [45]. In 2002, nearly 10,000 hm2 of alfalfa in northern China suffered varying degrees of damage due to low temperatures [43]. In areas where the soil is often frozen in winter, watering before the soil freezes is called ‘freezing irrigation’. After freezing, a frozen soil layer forms around the root system to keep the temperature in the root zone relatively stable and prevent sudden changes in the outside temperature from harming the plants. After thawing in early spring, timely watering is known as ‘thawing irrigation’, which can also play the same protective role of meeting crop needs for water in the turning green period [46], thereby improving the rate of returning green [47].



According to the literature, there are many studies on crop water uptake by using isotope analysis. Studies have mainly focused on water uptake during the growth and development of crops, but the water uptake of crops during the wintering period under winter irrigation, especially the water uptake patterns of perennial forage alfalfa, are very few, which is especially important to study the mechanism of winter irrigation to alleviate the cryogenic and drought stress of forage during wintering period. We use the MixSIAR (Bayesian isotope analysis mixing model in R) model, which explicitly considers the uncertainty in source values to estimate the water uptake of alfalfa in different root zones and soil layers under winter irrigation [48,49,50,51]. The purpose of this study is to: (1) identify whether freezing irrigation water is absorbed when alfalfa is about to enter the overwintering period after harvesting, and thawing irrigation water is absorbed before alfalfa returns to green in the next year; (2) quantify the water uptake ratio of alfalfa under different water volumes of winter irrigation; and (3) analyze alfalfa water uptake patterns under winter irrigation to provide a scientific basis for understanding the water use mechanism.




2. Materials and Methods


2.1. Study Area


This research was conducted in the Xilamuren grassland, 100 km north of Hohhot, China (111°12′36″ E, 41°21′00″ N, elevation 1600 m) from 2016 to 2017. The study area was strongly influenced by the continental monsoon climate. It has cold and long winters, warm and short summers, strong variation between the two, and a large difference in day and night temperature. The average annual precipitation is 284 mm, mostly concentrated from July to September. The average annual evaporation, annual average temperature, annual average sunshine hours, frost-free period, and annual average wind speed are 2305 mm, 2.5 °C, 3100 h, 83 days, and 4.5 m/s, respectively. The depth of groundwater was 15 m. The root layer of alfalfa in the test area was concentrated at the depth of the 0–60 cm in the soil. The gravel content was more than 50% in the 60–100 cm soil layer. This layer of gravel restricted root growth in the study area to a depth of 60 cm, which was verified by digging the root system. Table 1 shows the soil texture of the study area.




2.2. Experimental Design and Sample Collection


The alfalfa variety used in the experiment was ‘Zhungeer’. The planting was completed in the spring of 2014; 15 kg/ha was sown in rows spaced at 30 cm, at a sowing depth of 3 cm. Many studies have shown that the most suitable cropping period of alfalfa in northern China is 6 years, and not more than 8 years [52,53,54]. After 6 years of alfalfa growth, the rotation of cereal and forage should be implemented to restore soil moisture and nutrients to ensure the sustainable use of land productivity [55]. Damage to the alfalfa plants by the natural environment and human factors cannot be avoided during alfalfa cropping years. Accumulation of damage to a certain extent results in a decline in alfalfa cropping years and alfalfa yield [56]. During the entire growth period, alfalfa that has been grown for 3 years exhibits rapid growth and strong regeneration ability. During the whole growth period, three-year alfalfa is fast-growing, has strong regeneration ability, and huge yield improving potential [52]. Therefore, the third year is the key year to ensure the success of alfalfa planting. In this study, alfalfa that was grown for 3 years was chosen as the research object to explore the water transport characteristics and application effects of the alfalfa field under winter irrigation.



The drip irrigation system used drip tubes spaced at 0.6 m with an outer diameter of 16 mm, and the emitters spaced at 0.3 m with a flow rate of 2.5 L/h (Figure 1). There were two winter irrigations. One was before the overwintering period, after alfalfa harvest when the soil underwent freezing and thawing during the nights and days, and alfalfa gradually entered a stable freezing period. This is the irrigation referred to as freezing irrigation. The other irrigation was carried out before the wintering period ended and before the plants entered the reviving stage. During this time, the soil was gradually thawing from the stable freezing period and this irrigation is called thawing irrigation. The specific time for the winter irrigation of alfalfa was based on t he results of previous studies [45,57]. In this study, winter irrigation dates were determined to be 10 October 2016, and 7 May 2017, given the climatic conditions and field management experience. The irrigation level was controlled to low, medium, and high levels, which corresponded to 70–75%, 80–85% and 90–95% of field capacity (Table 2). The plot in which no winter irrigation was carried out was set as the control. A traditional field management technique was used to irrigate and fertilize alfalfa in the growing period, with the irrigation amount of 240 mm, and the fertilizer application amount for compound fertilizer of 1.2 kg/m2.



Because of the soil texture, the root layer of alfalfa in the study area is restricted at the depth of 60 cm. So, the irrigation depth is determined to be 60 cm. We measure the soil moisture in different layers between 0–60 cm before irrigation to calculate the irrigation amount. It is generally believed that soil moisture tends to stabilize within 5 days after winter irrigation under drip irrigation [58,59]. Therefore, the sampling times were the first, second, third, and fifth days after winter irrigation. Drip irrigation has a unique way of diffusing water, and soil water in the field will also show the characteristics of strip distribution after winter irrigation. Therefore, soil samples were collected at three locations: in the drip tape irrigation zone, in the alfalfa zone, and from the bare ground between alfalfa strips. The three locations are shown in Figure 1.




2.3. Sample Collection and Isotopic Analyses


After freezing and thawing irrigation, the oxygen and hydrogen isotopic abundances of all probable water sources and alfalfa xylem water were measured. A graphical method was applied to preliminarily judge the water uptake of the alfalfa root and its main soil layers. The contribution rate of the considered water sources to alfalfa xylem water was quantified by the MixSIAR model.



The xylem water and soil water extracted by the traditional method of cryogenic vacuum distillation can contain organic contamination [60], which may interfere with the iris’s spectral signal and cause errors in oxygen and hydrogen isotope measurements [61]. There were two sample treatment methods and a software detection method used to eliminate the impact of organic contamination on the results. Each water sample was filtered by a needle filter with a diameter of 0.22 μm before being tested by the instrument to remove impurities and large particles of organic matter in the water sample. Secondly, the Micro-Combustion ModuleTM of the system was opened when the instrument measured the soil water and alfalfa xylem water, which can effectively eliminate the spectral interference of common organic contamination, including alcohols, terpenes, and volatiles. Finally, proprietary software, called ChemCorrectTM, was used to carry out spectral analysis on the isotopic test results of water samples, mark the content of organic pollutants in water samples, and mark different pollution levels, which helped us judge whether the data was reliable before proceeding to a full analytical method. In this way, the reliability of the data quality can be guaranteed.



2.3.1. Alfalfa Xylem Water


According to the steady-state hypothesis, samples were taken at noon on sunny days to prevent isotope fractionation due to transpiration. Healthy and mature alfalfa plants were cut using scissors, and sampling occurred three times per plant. The stalks of plants without chlorophyll were cut at a depth of 5 cm from the surface and immediately placed into clean glass bottles (20 mL), sealed, frozen and stored at −4 °C until xylem water was extracted with a vacuum extraction system (SW-VE, Techno solutions, China). The pressure was set to 1.0 kPa, the extraction temperature was set to 95 °C, the cooling method was liquid nitrogen cooling, and the extraction time was 3 h.




2.3.2. Soil Water


The soil samples were collected simultaneously with alfalfa samples; the sampling positions are shown in Figure 1. Soil samples were collected with a soil auger (the length and diameter are 100 cm and 10 cm, respectively) per 10 cm within 60 cm depth in each point, and every soil layer was repeated three times. Soil samples were placed and sealed into glass bottles and stored at −4 °C until isotopic analysis was performed. The soil water was extracted by the vacuum extraction method, the vacuum pressure was set to 1.0 kPa, the extraction temperature was set to 95 °C, the extraction time was 2.5 h, and the cooling method was liquid nitrogen cooling.




2.3.3. Irrigation Water and Precipitation


Precipitation and irrigation water were collected and filtered off impurities using 0.22 μm filter paper. To avoid evaporation fractionation, the water samples were wrapped with parafilm and frozen until the isotopic analysis was performed. The stable isotopes of water samples were analyzed using an analyzer called L2014-I (Picarro, Inc. Santa Clara, CA, USA), and the typical accuracy of oxygen isotopes (δ18O) is 0.011‰, and hydrogen isotopes (δD) is 0.038‰. The composition of δ18O and δD were calculated according to the Vienna Standard Mean Ocean Water guidelines.





2.4. Overwintering Rate and Forage Yield


Winter irrigation is helpful for alfalfa to survive safely during the wintering period. The intuitive data should be expressed in the overwintering rate and yield of alfalfa. The overwintering rates of alfalfa under different winter irrigation treatments were sampled and calculated as follows. Three 1 m2 plots were randomly selected for each treatment, and the number of alfalfa plants in the plot was counted before and after overwintering. The soil around the plant was removed with a spade to expose the root and stem, and the plants were separated from each other for easy counting. After identifying the number of plants, markers were placed. In the following year, the number of surviving plants was determined and the rate of overwintering was calculated. The calculation formula is as follows:


  S =  (   F / Y   )  × 100  



(1)




where S is the overwintering rate of alfalfa (%), F is the number of alfalfa survivors, and Y is the number of alfalfa plants before overwintering.



The experimental field adopted the local alfalfa mowing system, and harvested twice a year in early July and mid-September. During each harvest season, plant samples were randomly selected from a single row in a 3 m area and repeated three times for each plot. The fresh weight and dry-to-fresh ratio of each sample were measured.




2.5. Data Analysis


The groundwater table is below 15 m, which is deep enough that alfalfa cannot directly absorb groundwater. Therefore, groundwater cannot be considered as one of the potential water sources. Moreover, there was no surface runoff due to the use of the efficient and water-saving drip irrigation. The water absorbed by alfalfa mainly comes from soil water at different depths, which is a mixture of irrigation water, previous soil water, and precipitation. Thus, the main potential source for alfalfa water uptake was soil water from different depths.



The water uptake depths of alfalfa were preliminarily judged by a graphical method. The graphical method used determines the main water-absorbing layer by comparing the stable isotope distributions of xylem water and soil water. According to the output of the graphical method, the stable isotope of xylem water is a vertical line, while the stable isotope distribution of soil water is a curve. The depths at which the two intersect are considered to be the main water-absorbing layers of the alfalfa root system [62,63].



The uptake proportions of water sources were estimated by the Bayesian isotope mixing model (MixSIAR v3.1) [64]. The uncertainty in sources and discrimination factors are explicitly considered in MixSIAR to ameliorate simpler linear mixing models [51,64]. In this study, the mean and standard deviations (SD) of isotope values from various soil horizons (0–10 cm, 10–20 cm, 20–30 cm, 30–40 cm, 40–50 cm, 50–60 cm) and corresponding xylem water were used as inputs for MixSIAR. The discrimination factor between sources and xylem water are usually set to zero when MixSIAR is applied, and this study did the same [19,20,65]. The model predictions were presented as mean values. In order to facilitate subsequent comparison and analysis, three larger layers (0–20 cm, 20–40 cm, 40–60 cm) were combined from 6 different depth of soil layers [66].




2.6. Statistical Analysis


Microsoft Excel 2013 and SPSS 19.0 were used to sort and analyze the research data, and to compile the figures and tables of this paper.





3. Results


3.1. Oxygen and Hydrogen Isotopic Values of Water Samples


There were highly linear relationships between δ18O and δD in water samples, as shown in Figure 2. For local precipitation, the linear relationship between δ18O and δD is δD = 7.21δ18O + 9.14, which is close to the global atmospheric precipitation line (δD = 8δ18O + 10) [67]. The δ18O and δD values of stem water ranged from −12.94 to 5.73‰ and −102.49 to −20.41‰, respectively. The δ18O and δD values in xylem water were −11.00‰ and −92.37‰. The δ18O and δD values of groundwater ranged from −13.56 to −6.68‰ and −106.57 to −62.02‰, respectively. Oxygen and hydrogen isotopes have a significant linear correlation in all water samples, and the linear expressions of oxygen and hydrogen isotopes of different water samples are labeled in Figure 2.




3.2. Distribution of Stable Isotopes in the Root Zone after Freezing Irrigation


The graphical method was applied to preliminarily estimate the depths of water uptake [14]. If the soil water and xylem water have isotopic intersections at some depths, it indicates that the main source of water is from the particular soil water layer [68]. The dynamic distribution and intersection of stable isotopes of soil water and xylem water after freezing irrigation are shown in Figure 3.



Figure 3 reflects the variation and distribution profile of the δ18O and δD values of xylem water and soil water in the root layer after freezing irrigation. Soil water δ18O and δD underwent pronounced changes after freezing irrigation. Although the stable oxygen and hydrogen isotopes are distributed in different regions, there was a very high similarity in how regular their variations were due to the high linear correlation between them. Figure 3 shows that on the third day after freezing irrigation, the distribution of the δ18O and δD profiles of soil water at T, A, and B tends to be uniform (Figure 3g,k,o), indicating that the soil water underwent a series of transport process, and that drip irrigation water evenly wetted the root layer of the alfalfa and was distributed therein.




3.3. Distribution of Stable Isotopes in the Root Zone after Thawing Irrigation


The thawing irrigation time is before greening at the end of winter. By this time, the freezing irrigation from the previous year has passed a long wintering period of up to seven months. The root layer soil was quite dry; therefore, the thawing irrigation alleviated the low temperature and drought stress faced by alfalfa and thereby improved the overwinter survival rate. Thawing irrigation was also carried out at low, medium and high irrigation levels, and the natural condition was taken as a control check. The variation and distribution profile for the δ18O and δD of soil water, and intersections with xylem water after thawing irrigation, are shown in Figure 4.




3.4. Overwintering Rate and Forage Yield under Winter Irrigation


The alfalfa overwintering rate and hay yield under different winter irrigation treatments were measured, and the results are listed in Table 3.



Under the stress of low temperature and drought in winter, the overwintering rate of alfalfa under natural conditions is less than 50%. With reasonable winter irrigation treatment, the overwintering rate of alfalfa can reach 80%. It can be seen that through rational winter irrigation, the overwintering rate of alfalfa can be increased by more than 30%. From the forage yield point of view, the hay yield of alfalfa under winter irrigation can be significantly increased compared with the control group. The results show that winter irrigation significantly increased the overwintering rate and hay yield of alfalfa. The overwintering rate and hay yield of alfalfa increased with the increase of water amount of winter irrigation.





4. Discussion


4.1. Characteristics of Water Uptake after Freezing Irrigation


According to the graphical method used, under the four irrigation treatments (natural, which refers to the control treatment without winter irrigation, low, medium, and high), there was no isotopic interaction between soil water and xylem water (except the fifth day after high water volume freezing irrigation (Figure 4p)), indicating that the alfalfa only absorbed soil water under high water volume freezing irrigation. The oxygen and hydrogen isotope values of soil water varied greatly, which was due to the enrichment caused by soil evaporation on the one hand [69], and the stable isotope of soil water decreased after the soil absorbed irrigation water on the other hand.



If the soil water and xylem water have isotopic intersections at some depths, it indicates that the main source of water is from the particular soil water layer [67]. On the fifth day after freezing irrigation at the high water volume, there were four pairs of isotopic intersections between soil water and xylem water. For vertical water uptake, soil depth was taken as a reference index. The isotopic intersections were concentrated at the depths of 10 cm and 50 cm, indicating that the soil water at these two depths was the main source of xylem water. The horizontal water uptake refers to the stem water uptake of alfalfa from different soil zones horizontally, specifically referring to positions A, T, and B. The three positions were, from left to right, the irrigation drip tube, the alfalfa rows, and the bare ground between the alfalfa rows (Figure 2, positions T, A, and B, respectively). In the main absorbent soil layers at depths of 10 cm and 50 cm, the isotopic intersections between soil water and xylem water at position A indicated that shallow and deep soil water might be taken up by alfalfa from both layers of soil in the alfalfa planting belt area. At 50 cm, xylem water intersected with the soil water at position T in the isotope curves, indicating that the deep layer of the alfalfa root also absorbed soil water from the side of the drip irrigation tube. There was no isotopic intersection between soil water and xylem water in the bare ground between alfalfa rows, which might have been due to their soil water content being relatively low.



The results showed that alfalfa could absorb soil water only when the soil water content was high enough in the root layer under high water volume freezing irrigation. Low and medium water volume freezing irrigation only caused changes in soil water content, but alfalfa does not directly absorb soil water.




4.2. Estimating the Source Contribution to Xylem Water after Freezing Irrigation


Analysis of stable isotopes has become an important tool for researchers because it can be used to answer many environmental questions, such as calculating plant water use from soil horizons, determining diet composition, and analyzing carbon sources for ecosystem respiration. MixSIAR helped us to create and run Bayesian mixing models to analyze the proportions of source contributions to alfalfa water uptake [64].



As noted above, the graphical method showed that alfalfa absorbed soil water only on the fifth day after high water volume freezing irrigation. The stable isotope profiles showed that soil water at positions T and A were absorbed by alfalfa, but that at position B was not. Therefore, the contributions of soil water to alfalfa water uptake at different depths at positions T and A were analyzed by using MixSIAR, as shown in Figure 6. The contribution rate of the soil water at a depth of 40–50 cm layer at position T to alfalfa xylem water reached 43.2 ± 5.94% (mean ± standard deviation (SD)), while the contribution rate of the other soil layers was less than 15% (Figure 5a). This is consistent with the results of the previous application of the graphical method, which showed that the 40-50 cm soil layer is the main absorbent layer for alfalfa on the side of the drip irrigation tube. At position A, alfalfa had three main water-absorbent layers: 0–10 cm, 40–50 cm, and 50–60 cm. Each of these contributes more than 20% to xylem water (Figure 5b). This was consistent with the analysis results first obtained using the previous graphical method. The contribution rates of the three main water-absorbent layers are 21 ± 5.04%, 20.9 ± 4.97%, and 27.3 ± 5.45% respectively. The three soil layers with the highest average contribution rate for xylem water, from high to low, were 40–50 cm, 50–60 cm, and 0–10 cm. The total contribution rate of these three soil layers was 70%, while the contribution rate of the other three soil layers (10–20 cm, 20–30 cm, and 30–40 cm) was each about 10% (Figure 5c).



The freezing irrigation was carried out before the overwintering stage but after the alfalfa was mowed. This research showed that alfalfa absorbed water only when freezing irrigation is at high water volumes and the main water-absorbing layers were shallow and deep soil layers of the root zone. However, the alfalfa did not absorb soil water directly under low and medium water volumes freezing irrigation conditions. The overwintering rates for alfalfa were 46.76%, 62.60%, 76.49%, and 84.64% under the natural, low, medium, and high water volumes under freezing irrigation conditions. The overwintering rates for alfalfa increased with the increase in irrigation water. The reason for this may be due to the increment of water content and heat capacity of the root layer soil caused by freezing irrigation. This prevented drastic changes in temperature in the alfalfa root zone before winter and provided good environmental conditions to acclimatize alfalfa to cold conditions, thus improving the alfalfa overwintering rate [70,71,72,73,74]. Also, repeated thawing and freezing of soil and the days and nights after freezing irrigation played a role in loosening the soil and improving alfalfa habitat conditions.




4.3. Characteristics of Water Uptake after Thawing Irrigation


After thawing irrigation, the xylem water and soil water underwent dynamic changes in δ18O and δD. In the control check, under natural treatment, there was no overlap between the δ18O and δD of soil water and xylem water (Figure 4a–d) during the observation period (8–12 May 2017). This means that the alfalfa did not take up water from soil in the natural treatment and the alfalfa still remained dormant.



From the third day after the thawing irrigation, the number of intersections between soil water and xylem water for δ18O and δD increased. With the increase of thawing irrigation quota, the number of intersections and the corresponding soil layers increased (Figure 4g,h,k,l,o,p). This indicates that thawing irrigation revived the alfalfa from a dormant state. The number of water uptake points and water uptake layers also increased with the increase in irrigation water.



Furthermore, thawing irrigation alleviated the environmental stress on the alfalfa during the turning green period and caused dormancy to end earlier. Thus, thawing irrigation can also improve the survival rate and yield of alfalfa [43]. However, in actual production conditions, alfalfa may suffer from late spring coldness if the spring temperature varies greatly and the period of returning green comes earlier. Therefore, timing is very important for thawing irrigation; it is believed that the optimum time for thawing irrigation is when the average daily minimum temperature is above −4 °C in northern China [43].




4.4. Estimating the Source Contribution to Xylem Water after Thawing Irrigation


For δ18O and δD, the soil layers have no significant differences between 0–60 cm (0–10 cm, 10–20 cm, 20–30 cm, 30–40 cm, 40–50 cm, and 50–60 cm) (p > 0.05). Therefore, the δ18O and δD values of the root zone soil were divided into three layers of 0–20 cm, 20–40 cm, and 40–60 cm, which represent the shallow, middle, and deep layers, respectively. The relative contribution of soil water from different soil layers and different points to alfalfa water uptake was estimated by MixSIAR, as shown in Figure 6.



If the proportion of alfalfa absorbing soil water at different depths is regarded as vertical analysis, then the contribution rate of different positions in a soil layer (T, A, B, Figure 1) to alfalfa water uptake can be regarded as horizontal analysis. The water uptake patterns of alfalfa after thawing irrigation showed different characteristics in both directions. When thawing irrigation had a low water volume, the main absorbent layer at positions T and B was middle soil, and their relative contribution rates were 62.5 ± 9.12% and 51.3 ± 8.49% (mean ± SD), respectively. The main uptake layer at position A is deep soil, and the relative contribution rate is 69.8 + 10.82% (Figure 6a). This indicated that alfalfa water uptake is concentrated in middle and deep soil under low water volume thawing irrigation conditions. In the case of the medium irrigation quota, the proportions of soil water contributions to alfalfa water uptake were similar for different soil layers and points (Figure 6b). The contribution rate ranged from 27.3% to 39.6% and the range in variation was only 12.3%. The results showed that alfalfa could uptake soil water at different points and depths under medium water volume thawing irrigation conditions. Under high water volume thawing irrigation conditions, soil water at intermediate depths had the highest contribution rate. The contribution rates of soil water between 20–40 cm depth at positions T, A, and B were 41.2 ± 8.91%, 57.8 ± 10.32%, and 44.5 ± 9.66%, respectively. The contribution rates of soil water to xylem water at different depths and points were all greater than 20% (Figure 6c). This indicated that the soil water was absorbed at all depths and that the middle soil layer was the main absorbent layer at high water volume thawing irrigation conditions.



Combining the results of the graphical method and the MixSIAR model produces some useful information. For example, from the third day after thawing irrigation, with the diffusion of irrigation water in the soil and the passage of time, alfalfa began to absorb soil water and absorbent soil layers gradually increased, indicating that thawing irrigation was conducive to restoring the vitality of alfalfa roots. Furthermore, thawing irrigation promoted alfalfa greening ahead of time compared to natural treatment. The water uptake patterns of alfalfa showed different characteristics when the quantities of thawing irrigation water varied. Alfalfa tends to uptake water from deep and middle soil layers mainly under thawing irrigation when the irrigation quota is low. Under medium and high water volume thawing irrigation conditions, alfalfa utilized soil water in both the horizontal and vertical directions.



According to the overwintering rate and forage yield under winter irrigation, on the one hand, winter irrigation can effectively improve the overwintering rate and vigor of alfalfa, which has a greater impact on the hay yield at the first cut of alfalfa [56]. On the other hand, three-year alfalfa is in the growth period with the most productive potential [52]. Winter irrigation undoubtedly contributed to the release of the production potential of alfalfa.





5. Conclusions


Stable isotope analysis of oxygen and hydrogen is a suitable methodology for the study of plant water use, water conversion, water availability, and water use efficiency. In plant water uptake studies, the combination of the graphical method with the MixSIAR model to analyze stable isotopes utilizes the advantages of both methods. The graphical method can intuitively represent the distribution characteristics and variation rules of isotopes, while the MixSIAR model is based on Bayesian statistical theory and considers multi-water sources mixing, which improves the accuracy of calculating the contribution ratio of soil water to xylem water at different depths. In this study, the xylem water uptake depths of alfalfa under winter irrigation were identified by the graphical method and the MixSIAR model and were found to be consistent.



After freezing irrigation, alfalfa absorbed soil water only when the soil water content in the root layers were high enough; this is caused by high water volume freezing irrigation. Soil water in soil strata at depths of 0–10 cm, 10–20 cm, 20–30 cm, 30–40 cm, 40–50 cm, and 50–60 cm contributed 17.40%, 9.55%, 9.00%, 11.75%, 32.05% and 20.20%, respectively, to alfalfa xylem water. The soil layers with the highest contribution rates were 40–50 cm, 50–60 cm, and 0–10 cm, from high to low, and their total contribution rate was 70%. Low and medium water volume freezing irrigation only caused changes in the content of soil water, but alfalfa did not directly absorb soil water. Freezing irrigation improved the habitat conditions for alfalfa before overwintering, helped it enter the overwintering period healthy, and had a significant effect on increasing its overwintering rate.



From the third day after the thawing irrigation, alfalfa gradually began to absorb soil water. It showed different characteristics of water uptake under low, medium, and high water volume thawing irrigation. Middle and deep soil strata were the main layers at which alfalfa xylem water was absorbed under low water volume thawing irrigation conditions. Alfalfa absorbed soil water at different points and depths under medium and high water volume thawing irrigation conditions. The contribution rate of soil water to alfalfa water uptake under medium water volume thawing irrigation was similar at different soil layers and points, and the middle soil layers were the main water-absorbing layer after high water volume thawing irrigation. Thawing irrigation also alleviated environmental stress during the early stage at which alfalfa were revived and promoted the early regeneration of alfalfa. However, if the spring temperature varies greatly, alfalfa may suffer from late spring coldness if it was revived earlier. The optimum time for thawing irrigation should be considered according to the experience and meteorological conditions of that year to obtain the best effect.
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Figure 1. Sketch of the drip irrigation layout. Soil sampling locations: on the drip tube (T), among the alfalfa plants (A), and from the bare ground (B). 
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Figure 2. Relationship between oxygen isotopes (δ18O) and hydrogen isotopes (δD) of different water samples. 
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Figure 3. Dynamic distribution of δ18O and δD in xylem water and soil water after freezing irrigation. T: drip tube, A: alfalfa rows, B: bare ground. The plot numbers (a–p) correspond to the sample processing and sampling time (i.e., plot (e) corresponds to day 1 after irrigation under low water volume irrigation). The sampling dates were from October 11 to 15, 2016 (early winter). Freezing irrigation was carried out on October 10, 2016, and natural, low, medium and high water volume irrigation treatments were adopted with irrigation quotas of 0.0 mm, 6.8 mm, 23.1 mm, and 39.7 mm, respectively. 
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Figure 4. Dynamic distribution of δ18O and δD in soil water and xylem water after thawing irrigation. T: drip tube, A: alfalfa rows, B: bare ground. The plot numbers (a–p) correspond to the sample processing and sampling time (i.e., plot (e) corresponds day 1 after irrigation under low water volume irrigation). The sampling dates were 8–12 May 2017 (late winter). Thawing irrigation was carried out on 7 May 7 2017, and nature, low, medium and high water volume irrigation treatments were adopted with irrigation quotas of 0.0 mm, 22.6 mm, 29 mm, 40.3 mm, and 54.2 mm, respectively. 
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Figure 5. Contributions of soil water to alfalfa water uptake on the fifth day (15 October 2016) after freezing irrigation at high water volume. (a–c) are figures in the case of T, A and average respectively. T: the position of drip tube, A: the position of alfalfa rows, Average: average contribution of soil water at T and A. 
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Figure 6. Contribution of soil water to xylem water after thawing irrigation. (a–c) are figures in the case of low irrigation quota, medium irrigation quota and high irrigation quota respectively. T: drip tube, A: alfalfa rows, B: bare ground. 
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Table 1. Soil texture in the study area.
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	Soil Depth (cm)
	Soil Texture
	Bulk Density (g/cm3)
	θFC (Field Water Capacity, %)





	0–10
	Loamy
	1.41
	32.6



	10–20
	Loamy
	1.43
	33.1



	20–30
	Sandy loam
	1.49
	31.0



	30–40
	Sandy loam
	1.55
	26.4



	40–50
	Sandy
	1.63
	24.4



	50–60
	Sandy
	1.65
	22.8



	60–100
	Gravel
	-
	-
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Table 2. Winter irrigation schedule for alfalfa.






Table 2. Winter irrigation schedule for alfalfa.





	
Winter Irrigation

	
Irrigation Date

	
Irrigation Treatment

	
Wetting Depth (cm)

	
Irrigation Amount (mm)

	
Threshold of Soil Moisture θFC(%)






	
Freezing irrigation

	
10 October 2016

	
No

	
No

	
0.0

	
Natural




	
Low water volume

	
60

	
6.8

	
70–75




	
Medium water volume

	
60

	
23.1

	
80–85




	
High water volume

	
60

	
39.7

	
90–95




	
Thawing irrigation

	
7 May 7

2017

	
No

	
No

	
0.0

	
Natural




	
Low water volume

	
60

	
22.6

	
70–75




	
Medium water volume

	
60

	
40.3

	
80–85




	
High water volume

	
60

	
54.2

	
90–95








Note: natural means alfalfa field without winter irrigation.
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Table 3. Overwintering rate and hay yield of alfalfa.






Table 3. Overwintering rate and hay yield of alfalfa.





	Winter Irrigation
	Natural
	L
	M
	H





	Overwintering rate (%)
	45.75 c
	53.24 c
	65.75 b
	80.46 a



	Yield of first harvest (hay, kg/ha)
	1875 d
	2640 c
	3345 b
	4035 a



	Yield of second harvest (hay, kg/ha)
	889 c
	1033 b
	1156 a
	1227 a







Notes: L, M, and H are the winter irrigation treatments with different water volumes. L: low water volume; M: medium water volume; H: high water volume. The different letters indicate the statistical significance of α = 0.05 in the same row among different treatments.
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