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Abstract

:

Exploring the interactive effect of water and fertilizer on yield, soil water and nitrate dynamics of young apple tree is of great importance to improve the management of irrigation and fertilization in the apple-growing region of semiarid northwest China. A two-year pot experiment was conducted in a mobile rainproof shelter of the water-saving irrigation experimental station in Northwest A&F University, and the investigation evaluated the response of soil water and fertilizer migration, crop water productivity (CWP), irrigation water use efficiency (IWUE), partial factor productivity (PFP) of young apple tree to different water and fertilizer regimes (four levels of soil water: 75%–85%, 65%–75%, 55%–65% and 45%–55% of field capacity, designated W1, W2, W3 and W4, respectively; three levels of N-P2O5-K2O fertilizer, 30-30-10, 20-20-10 and 10-10-10 g plant−1, designated F1, F2 and F3, respectively). Results showed that F1W1, F2W1 and F3W1 had the highest average soil water content at 0~90 cm compared with the other treatments. When fertilizer level was fixed, the average soil water content was gradually increased with increasing irrigation amount. For W1, W2, W3 and W4, high levels of water content were mainly distributed at 50~80 cm, 40~70 cm, 30~50 cm and 10~30 cm, respectively. There was no significant difference in soil water content at all fertilizer treatments. However, F1 and F2 significantly increased soil nitrate-N content by 146.3%~246.4% and 75.3%~151.5% compared with F3. The highest yield appeared at F1W1 treatment, but there was little difference between F1W1 and F2W2 treatment. F2W2 treatment decreased yield by 7.5%, but increased IWUE by 11.2% compared with F1W1 treatment. Meanwhile, the highest CWP appeared at F2W2 treatment in the two years. Thus, F2W2 treatment (soil moisture was controlled in 65–75% of field capacity, N-P2O5-K2O were controlled at 20-20-10 g·tree−1) reached the best water and fertilizer coupling mode and it was the optimum combinations of water and fertilizer saving.
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1. Introduction


Apple is one of the most important cash crops in China, which plays an important role in increasing farmers’ income [1]. Semiarid northwest China is currently an important apple-growing region [2], but the shortage sources of water and the low utilization of fertilizers have restricted apple production [3]. Thus, the adoption of appropriate irrigation and fertilizer strategies is important to make full use of the soil reservoir and to improve water and nutrient use efficiency (WUE and NUE) in cultivated area of apple [4].



Water stress is the main factor limiting apple growth in semi-arid areas of China [2,3,4]. In the semi-arid areas of northwest China, almost 70% of rainfall usually occurs from July to September, and much of this is lost through evaporation because of seasonal high temperatures [5]. Due to more extensive root systems and canopy of apple than annual crops, evaporation may cause soil moisture deficits of various degrees when precipitation is limited during hot summers [3]. Thereby, highly effective utilization of precipitation and water balance are crucial for increasing apple yield and WUE in this area. Soil water condition is a dynamic process involving moisture content during a certain time and space [4]. In-depth understanding of soil moisture dynamics and balance can provide insights for developing irrigation strategies and promoting sustainable development of semi-arid area agriculture [4,6].



Fertilizer is another important factor, especially nitrogen (N) that affects crop yield, WUE and NUE [7,8,9]. In semi-arid areas, N fertilization was shown to increase crop production under dry conditions with poor water supply [10,11]. However, crop yield may be decreased with the excessive application of N fertilizer [12]. In addition, N fertilizer applied more than crop need can lead to nitrate accumulation in the soil profile and degrade both surface and groundwater resources, resulting in eutrophication and non-potable water supplies [13,14]. The different response of crop yield to fertilizer application, which occurs because of variable precipitation and differences in the fertilizer rate, might lead to loss of fertilizer under traditional farming systems [15]. Thus, it is important to explore the relationship between fertilizer rate and soil N dynamic.



However, previous studies mainly focused on the effects of single factors such as water and fertilizer on apple growth [2,16]. Water and fertilizer should be studied simultaneously to ensure better crop utilization and avoid wasting water and fertilizer. What is more, very little research has been done on water-fertilizer coupling of the young apple tree, because it is difficult to reflect the economic benefits of the seedling, which is a crucial stage in the growth process of fruit trees. The management of seedling growth directly determines the number, yield and quality of fruit in the future. Thus, the aim of the study was to evaluate the effects of water-fertilizer coupling on young apple trees yield, water and nitrate dynamics in soil profile in a semi-arid region of northwest China and provide a scientific basis for the effective management of irrigation and fertilization.




2. Materials and Methods


2.1. Description of Study Site and Materials


The experiment was conducted in a mobile rainproof shelter of the water-saving irrigation experimental station in Northwest A&F University, Yangling, Shaanxi, China (latitude 34°17’ N, longitude 108°04’ E and altitude 520 m) under natural light condition from March in 2012 to October in 2013. The station is located in a region with a semi-arid climate, the annual mean temperature is 12.5 °C, the annual mean precipitation is 500 mm and the annual mean pan evaporation is 1400 mm. The total annual sunshine duration is 2164 h with more than 210 frost-free days. There is a standard weather station with data from the National Meteorological Center of China in the experimental area, and the quality control of meteorological data has been carried out as reference [17].



The soil used in this study was taken from 0–20 cm soil profile and classified as loam type. The loam soil had pH of 7.8, soil bulk density of 1.30 g cm−3, field capacity (FC) of 24% (gravimetric), soil organic matter of 6.38 g kg−1, total-N content of 0.82 g N kg−1, total-P content of 0.55 g P kg−1, total-K content of 11.2 g K kg−1, alkali-hydrolyzable nitrogen of 48.3 mg N kg−1, available phosphorus of 13.68 mg P kg−1 and available potassium of 138.47 mg K kg−1.



The evapotranspiration barrels were used as experimental pots with a depth of 100 cm and diameter of 50 cm. They were filled homogeneously with 230 kg of air-dried soil that had been sieved with 2 mm diameter mesh. A polythene mesh (1 mm diameter), with 10 kg river sand uniformly laid on top, was positioned at the bottom of each barrel to allow for free drainage. There was no leaching from the barrel during the treatment period. To provide the similar experimental conditions with field or orchard, cement pipes (60 cm diameter, 100 cm height, 5 cm thickness) were installed vertically underground and their tops were level flat with the surface of the earth. All the experimental barrels were kept in the cement pipes under a mobile rainproof shelter covering the barrels when it rained.




2.2. Experimental Design and Treatments


The experiments consisted of four irrigation amounts and three levels of fertilization. Soil water content was actually controlled at four levels: 75%–85% FC (W1, sufficient irrigation), 65%–75% FC (W2, mild water stress), 55%–65% FC (W3, moderate water stress), 45%-55% FC (W4, severe water stress). The three levels of N-P2O5-K2O fertilizer (30-30-10: higher level, 20-20-10: medium level and 10-10-10 g tree−1: lower level, designated F1, F2 and F3, respectively) were applied to barrels. The nitrogen, phosphorus and potassium fertilizers used were urea, diammonium phosphate and potassium chloride. After all the fertilizers were dissolved in water, they were applied to the soil with the first irrigation when the experimental treatments began. The twelve treatments were replicated five times (60 experimental trees) in 2012 and three times (36 experimental trees) in 2013. The final value of water applied to each treatment was shown in Table 1.



Two-year-old young apple trees (Malus domestica Borkh., cv Runtai No. 1, on Malus sieversii Roem. rootstock), which is the new and high-yield varieties of columnar apple, were used as the experimental trees. Young apple trees were transplanted to evapotranspiration barrels on 10 March in 2012. Each barrel was irrigated to FC after transplanting and covered with vermiculite granulate on the soil surface to reduce evaporation losses of water. Plants were subjected to experimental treatments on 3 May in 2012 and 18 April in 2013 and stopped that at the end of the growth period each year. The irrigation amount was mainly controlled by oven drying method as well as assistance weighting method with an electronic hoist scale (measurement range: 4~500 kg, accuracy: 25 g, Tianchen electronic crane scales Equipment Co., Ltd, Hangzhou, China). Other management activities were conducted as local practice.




2.3. Measurements and Calculations


2.3.1. Soil Water Content


Soil moisture content in different vertical and horizontal soil layers was determined by soil-drawing and drying method, the depth interval spacing was 10 cm (from 0 to 90 cm) and the horizontal interval spacing was 5 cm (from 0 to 25 cm). The samples were oven-dried at 105 °C to a constant weight to determine soil gravimetric water content (gravimetric soil moisture, kg kg−1).




2.3.2. Nitrate-N Content


The soil nitrate-N content was measured using a spectrophotometer (UV–vis 8500II, Shanghai tianmei scientific instrument Co., Ltd, Shanghai, China). First, 0.5 g of fresh soil was placed in a 100 mL triangular flask. Then, 50 mL of a 2 mol L−1 potassium chloride solution was added. The solution was shaken for half an hour until uniformity was reached. The solution was filtered, and 5mL was placed in a spectrophotometer and examined at a wavelength of 210 nm [18]. The nitrate content was determined using colorimetric analysis. In order to determine the nitrate-N content in different soil layers, soil samples were taken from the location of 15 cm away from each experimental tree, at depth of 0 to 90 cm with intervals of 10 cm.




2.3.3. Dry Matter (DM), Evapotranspiration (ET), Crop Water Productivity (CWP)


The plant samples (24 young apple trees with the 12 treatments in each year) were oven-dried at 75 °C until they reached a constant weight in order to determine the total dry matter content (DM).



Crop evapotranspiration (ET) during the growth stage was calculated according to water balance equation outlined by Oweis et al. (2011) [19] as below:


ET = P + U + I − F − R − ΔW



(1)




where P is the precipitation; U is the groundwater recharge; I is the amount of irrigation; R is the runoff; F is the deep seepage; and ΔW is the change in soil moisture from the beginning to the end of the trial. According to the actual conditions during the experiments, the contributions of precipitation, groundwater recharge, runoff and deep seepage were negligible.



Crop water productivity (CWP, kg·m−3) was calculated as below:


CWP = DM/ET



(2)








2.3.4. Yield, Irrigation Water Use Efficiency (IWUE) and Partial Factor Productivity (PEP)


Apple was selected at crop maturity on 19 September in 2013 and weighted to obtain the fresh yield (Y).



The irrigation water use efficiency (IWUE, kg·m−3) was calculated as yield divided by ET.


IWUE = Y/ET



(3)







Partial factor productivity (PFP, kg·kg−1) was calculated as Ierna et al. (2011) [20].


PFP = Y/FT



(4)




where FT is the total amount of N-P2O5-K2O applied to young apple trees.





2.4. Data Analysis


The value of each indicator was the mean of five replicates per treatment. Using SPSS software (SPSS, Chicago, IL, USA), one-way analysis of variance (ANOVA) was conducted and multiple comparisons of means were performed using Duncan test at the 0.05 probability level (p < 0.05). Correlation and regression analysis were conducted using SigmaPlot 13.0 (Systat Software, Inc., San Jose, CA, USA).





3. Results


3.1. Weather Conditions and Growing Periods of CROPs


Daily meteorological data during the two experimental seasons in 2012 and 2013 are presented in Figure 1. During the critical growing stage (15 April–10 August) of the young apple trees, 24-year average daily rainfall and percentage chance of rain falling were 0.8–2.6 mm d−1 and 18%–25%, respectively. However, the cumulative reference evapotranspiration (ETo) was 4.2–7.8 mm d−1 in this period of 2012 and 2013, which was higher than the17-year average reference evapotranspiration except for July–August. Thus, precipitation during apple critical growing stage was significantly lower than the cumulative reference evapotranspiration. The heaviest precipitation mainly occurred in fruit maturation and post-harvest period, notably, a heavy rain occurred on 20 August (3.1 mm d−1, full maturation period) in 24-year average daily rainfall.




3.2. Soil Moisture Dynamics


We focused on the 2013 year to visualize the difference of soil moisture dynamics caused by water-fertilizer coupling, as shown in Figure 2 (the average of five measurements on 14 April, 15 May, 13 June, 17 July, 25 August). The F1W1, F2W1 and F3W1 had the highest average soil water content at 0~90 cm compared with the other treatments in vertical direction. When the fertilizer level was fixed, the average soil water content was gradually increased with increasing irrigation amount. For W1, W2, W3 and W4, high levels of water content were mainly distributed at 50~80 cm, 40~70 cm, 30~50 cm and 10~30 cm, respectively. There was no significant difference in soil water content at all fertilizer treatments. For all water-fertilizer coupling treatments, soil surface (0~10 cm) had lower water content compared with the other soil layers. In particular, the soil water content in F1W1, F2W1, F3W1, F1W2, F2W2 and F3W2 was expanded from 0 to 25 cm in a horizontal direction, but that was 0~20 cm in F1W3, F2W3 and F3W3 and 0~15 cm in F1W4, F2W4 and F3W4, respectively. For all treatments, the soil water content at 0~15 cm was significantly higher than that at 15~25 cm in horizontal direction.




3.3. Soil Nitrate-N Dynamics


Irrigation and water-fertilizers coupling exhibited a significant effect on soil nitrate-N (rootzone, 40~60 cm) on 9 June (p < 0.05), 30 July (p < 0.01) and 19 September (p < 0.01) in 2012 (Figure 3), and the effect of fertilization on soil nitrate-N was very significant (p < 0.01). Under the same fertilizer level, W1, W2 and W3 significantly reduced soil nitrate-N content by 9.9%~22.5%, 12.0%~31.8% and 9.3%~35.2% compared with W4, respectively. Under the same irrigation amount, F1 and F2 significantly increased soil nitrate-N content by 167.4%~198.8% and 92.9%~132.4% compared with F3, respectively.



Irrigation exhibited a significant effect on soil nitrate-N (rootzone, 40~60 cm) on 5 June (p < 0.01), 26 July (p < 0.01) and 16 September (p < 0.05) in 2013 (Figure 4), and the effect of fertilization on soil nitrate-N was also significant on 5 June (p < 0.01), 26 July (p < 0.05) and 16 September (p < 0.01). Water-fertilizers coupling had a significant effect on soil nitrate-N on 26 July (p < 0.05), but there was no significant effect on 5 June (p > 0.05) and 16 September (p > 0.05). Under the same fertilizer level, W1, W2 and W3 significantly reduced soil nitrate-N content by 8.3%~23.3%, 12.9%~29.9% and 11.3%~41.4% compared with W4, respectively. Under the same irrigation level, F1 and F2 significantly increased soil nitrate-N content by 146.3%~246.4% and 75.3%~151.5% compared with F3, respectively. In addition, soil nitrate-N content in F1 was significantly reduced 12.3%~22.9%, 12.2%~15.3% and 10.4%~15.0% at 5 June, 26 July and 16 September in 2013 compared with that at three sampling times in 2012, respectively, and that was 11.2~18.3%, 5.1~12.8% and 3.5~22.1% in F2 and 3.3~16.3%, 3.1~21.2% and 26.5~39.7% in F3.



The dynamics of soil nitrate-N content in the root region under water-fertilizer coupling are shown in Figure 5. Under F1, W1 significantly decreased soil nitrate-N at 0~90 cm by 37.8% compared with W4 at 19 September in 2012, and that was 33.9% and 36.4% under F2 and F3, respectively. At 16 September in 2013, W1 significantly decreased soil nitrate-N at 0~90 cm by 41.0% compared with W4 under F1, and that was 36.9% and 25.2% under F2 and F3, respectively. The highest soil nitrate-N content was mainly distributed at 40~60 cm, and the nitrate-N content in F1 was significantly higher than other fertilizer treatments under the same irrigation condition. In addition, irrigation greatly reduced the topsoil nitrate-N content. A higher concentration area existed at a 40 cm and 80 cm depth in W3 and W4, but W1 and W2 had only a higher concentration at a 40 cm depth. The results indicate that the important drivers for soil mineral nitrogen migration are water movement and water vertical flow.




3.4. DM, ET, CWP (Dry Matter Accumulation, Evapotranspiration and Crop Water Productivity)


In 2012–2013, irrigation had a very significant impact on the amount of DM, ET and CWP (p < 0.01), and fertilization had a significant impact on DM and CWP (p < 0.05). Differently, the effects of the water-fertilizer interaction on the DM, ET and CWP were not significant (p > 0.05) (Table 2 and Table 3).



In 2012, under a low level of fertilizer (F2 and F3), the DM and ET increased with the increase of the irrigation amount (Table 2). Under the high level of fertilizer (F1), the DM with W1 and W2 was significantly higher than with W3 and W4, but it was not significantly different between W1 and W2. The change of ET with irrigation under F1 was similar with under F2 and F3. Under the four irrigation treatments, the DM under F3 was significantly lower than that under the other fertilizer levels (F1 and F2). Under W1, there was no significant difference in ET between F1 and F2, but those were higher than that of F3. Under W2 and W3, ET with F1 was significantly 8.6%~11.1% and 12.1%~14.4% higher than that of F2 and F3, respectively, but did not differ significantly between F2 and F3. Under W4, there was no significant difference in ET among F1, F2 and F3. Meanwhile, under F1 and F2, W2 and W3 significantly increased CWP compared with that in W4. Under F1, no significant difference between W1 and W3 was observed, but under F2, W3 significantly enhanced CWP by 7.7% compared with W1. Under F3, there was no significant difference among W1, W2 and W3, whereas W4 significantly reduced CWP.



In 2013, W1 and W2 significantly increased DM compared with W3 and W4, but no significant difference was found between W1 and W2 under the same fertilizer level (Table 3). When the irrigation amount was reduced, ET had also been significantly decreased by 8.4%~41.6%. Under F1 and F3, there was a similar trend in CWP with the irrigation amount. No significant difference in CWP was observed among W1, W2 and W3 or W1, W3 and W4. Under F2, CWP in W2 and W3 was significantly 17.2% and 13.2% higher than that in W4, respectively, but there was no significant difference between W1 and W3 or W3 and W4. When the effect of irrigation amount was fixed, the change trend of DM and ET with fertilizer level was similar with that in 2012. Under W1 and W4, there was no significant difference in CWP among F1, F2 and F3, but under W2 and W3, F2 significantly enhance CWP compared with F3, suggesting F1W2 and F2W2 can maintain higher dry matter accumulation and crop water productivity.




3.5. Yield, IWUE and PFP (Partial Factor Productivity)


Irrigation and fertilizer had a very significant impact on apple yield (p < 0.01), and the interaction of water and fertilizer was significant (p < 0.05) in 2013 (Figure 6). The yield of apple for W1, W2 and W3 was significantly higher than W4, with the order being W1 > W2 > W3 > W4. Compared with W4, W1 significantly increased apple yield by 124.4%. Moreover, the response of yield to irrigation was significantly higher than that to fertilizer, F1 merely increased yield by 8.5% compared with F3. Under the interaction effect of water and fertilizer, the yield increase was 139.1% in F1W1 compared with that in F3W4.



The effect of irrigation on IWUE was very significant in 2013 (p < 0.01), but it was not significant for the fertilizer and the interaction of water and fertilizer (p > 0.05) (Figure 7). When fertilizer levels were fixed, the order of irrigation on IWUE was W2 > W1 > W3 > W4. Mild deficit (W2) significantly increased IWUE by 6.0% and 45.9% compared with W1 and W4, respectively. Moreover, compared with F1W1, F2W2 reduced yield by 7.5%, but enhanced IWUE by 11.2%, further suggesting that F2W2 was the optimum combinations of water and fertilizer saving.



Irrigation, fertilizer and the interaction with water had a very significant impact on PFP in 2013 (p < 0.01) (Figure 8). When fertilizer levels were fixed, the increase of irrigation amount significantly enhanced PFP, with the order being (in kg kg−1) W1 > W2 > W3 > W4. PFP inW1 was 7.1%, 52.2% and 123.9% higher than that in W2, W3 and W4, respectively. When the irrigation amount was fixed, the increase of fertilizer level significantly reduced PFP, with the order being (in kg kg−1) F1 < F2 < F3. PFP in F3 was 115.0% and 57.8% higher than that in F1 and F2, respectively. In addition, F3W1 and F3W2 had the maximum and minimum PFP, and those were 14.04 kg kg−1 and 12.97 kg kg−1, respectively, suggesting that the interaction of high irrigation amount and low fertilizer level can gain higher PFP.





4. Discussion


Field management practices affect soil moisture and thermal status, which play an important role in crop yield and WUE in dryland farming [21]. This study found that the F1W1, F2W1 and F3W1 had the highest average soil water content at 0~90 cm compared with the other treatments. For W1, W2, W3 and W4, high levels of water content were mainly distributed at 50~80 cm, 40~70 cm, 30~50 cm and 10~30 cm, respectively. Moreover, the roots of young apple trees were mainly distributed in 40~60 cm, suggesting that under the moisture treatment of W1 and W2, it is more favorable to the absorption of water and nutrients by apple saplings. However, our research showed that there was no significant difference in soil water content at all fertilizer treatments (p > 0.05), which was different with previous study [11,13]. The reason needs further study.



Fertilizer utilization in crops was not only related to the amount of fertilizer applied, but also related to irrigation management measures (such as irrigation amount, irrigation time, irrigation method, etc.), and are largely influenced by climate (such as water, heat, etc.) [22,23,24,25,26]. Many studies have shown that irrigation and fertilization influence nitrate-N leaching in farmland ecosystems [27,28]. Yang and Wang (2011) [29] reported that excess N fertilizer and irrigation applied to crops caused more nitrate-N leaching. Nitrate-N mainly accumulated in the 0~60 cm soil layer, erosion as a process that frequently occurs in the semi-arid areas, and nitrates would be transported with soil particles over large distances to pollute remote ecosystems. Hence, nitrate accumulation in soils must be minimized [13]. Gärdenäs et al. (2005) [30] used a two-dimensional model to simulate nitrate-nitrogen transport in different drip irrigation fertilization strategies and showed that the appropriate frequency of water and nutrient supply for drip fertilization can provide crop water and nutrient absorption and reduce soil nitrogen. In this study, the highest soil nitrate-N content was mainly distributed at 40~60 cm, and the nitrate-N content in F1 was significantly higher than other fertilizer treatment. In addition, irrigation greatly reduced the topsoil nitrate-N content. A higher concentration area existed at the 40 cm and 80 cm depth in W3 and W4, but W1 and W2 had only a higher concentration at a 40 cm depth (W1 and W2 reduced the accumulation of nitrate in soil). These results indicated that under the condition of high fertilizer, the content of nitrate nitrogen in soil is relatively high, and the appropriate water and fertilizer ratio can not only meet the absorption and utilization of crops, but also enable the rapid transport of nitrate-N, so as to reduce the accumulation of nitrate in soil. Moreover, under the same fertilization conditions, more irrigation can promote the absorption of nitrate-N by crops and reduce the accumulation of nitrate in soil; On the contrary, less irrigation can slow the migration of nitrate in soil, which is not conducive to the growth of crops. So, the amount of irrigation is crucial to the accumulation of nitrates.



In general, crop yield and DM are greatly influenced by irrigation and fertilizer regimes as well as other agronomic measures [11,15,31,32]. This study showed that the overall DM, ET and yield of young apple tree were significantly increased with increasing irrigation amount under the same fertilization conditions for the two years, and the order was: W1 > W2 > W3 > W4 (Table 2 and Table 3; Figure 6). Apple yield and water consumption rate is directly related to the biomass at maturity (Figure 9 and Figure 10). Xue et al. (2006) [33] showed that higher biomass contributed to higher yield with different irrigation treatments. Improving biomass production is a highly promising approach to increase yield [33,34]. However, when water supply is sufficient, excessive vegetation growth may result in weaker root vigor, unhealthy canopy structure, and lower harvest ratio [35,36]. This means that high yields could be obtained by increased water, but the yield per unit crop water consumption was reduced. This study established the relationships between DM and water consumption rate (Figure 9), DM and yield (Figure 10), respectively. The correlation analysis between apple yield and dry matter content (Figure 10) showed that they presented a linear distribution rule and had a strong positive correlation and the coefficient of determination R2 = 0.9085. This suggested that the amount of dry matter could reflect apple yield during its sapling period. It also had a good correlation between DM and water consumption rate (R2 = 0.769), this indicated that the higher water consumption, the better the plant grew, and more dry matter accumulated in the end. Under the same conditions of fertilization for the two years, the overall performances of apple CWP and IWUE were as follows: W2 > W 3> W1 > W4, W2 > W1 > W3 > W4, respectively (Table 2 and Table 3; Figure 7), which was similar with previous reports [36,37]. The CWP is affected by biomass yield and total ET [36]. ET is affected by applying irrigation at different growth stage [33,37]. Appropriate irrigation can be achieved by improving the harvest index to both increase yield and IWUE [35,36].



Within a certain range of water and fertilizer inputs, the yield increased as irrigation and fertilization increased, but the yield decreased when the irrigation and fertilization exceeded a certain threshold [25]. Therefore, reasonable water and fertilizer inputs could achieve high yields [38,39]. The effect of N fertilizer on total above ground biomass depends on the availability of water in the soil [40]. The dry weight and yield of cotton has been shown to increase under high water and nitrogen conditions, but the CWP and IWUE can significantly decrease [9,25]. The greatest CWP and IWUE observed was with deficit irrigation treatments [41], which was similar to the results of this study. The two-year maximum value of CWP basically appeared in the F2W2 treatment. Compared with F1W1 in 2012 and 2013, although the DM in F2W2 was reduced by 5.2% and 2.3%, respectively, the ET was reduced by 16.4% and 16.7%, respectively, but the CWP increased by 13.4% and 17.3%, respectively. The IWUE maximum value also appeared in the F2W2 treatment. Compared with F1W1, although the yield in the F2W2 treatment was reduced by 7.5%, the ET was reduced by 16.7%, but the IWUE was increased by 11.2%. This also showed that the F1W1 treatment of high water and high fertilizer cannot be obtained by the best IWUE. F2W2 treatment achieved the most suitable coupling model of water and fertilizer saving.



PFP is an indicator that reflects the combined effects of local soil nutrient levels and fertilizer application rates. Fritschi et al. (2003) [42] believe that when the growth of vegetative growth and reproductive growth is well-balanced, the highest N use efficiency can be obtained under the condition of the highest N application rate. On the contrary, excess N application will break the vegetative and reproductive growth. The balance, which in turn leads to vegetative growth is too strong, delayed maturity and reduced production. Wu et al. (2014) [43] pointed out under field drip irrigation fertilization in Xinjiang, that fertilization and irrigation had a very significant interaction with PFP. Xing et al. (2015) [44] pointed out that PFP was significantly increased by reducing the fertilizer amount. These conclusions are basically consistent with the conclusions of this study. This study showed that PFP significantly increased with the increase of irrigation volume under the same fertilizer level and it was also increased with the decrease of fertilization amount under the same water level. Although a lower amount of fertilizer can achieve higher fertilizer efficiency, the production can also be significantly reduced. The middle fertilizer with high water treatment was more conducive to the balance between yield and fertilizer use efficiency, and it could achieve significant savings in fertilizer input while not affecting production.




5. Conclusions


Mild water deficit (W2) can store water in a 40~70 cm soil profile compared with other water treatments, but soil water content had no significant difference among all fertilizer treatments. In the F2W2 treatment, the optimum nitrate-N for apple utilization accumulated in 40~80 cm soil profile. Since the roots of the young apple trees were mainly distributed in 40~60 cm, suggesting that under the treatment F2W2, it is more favorable to the absorption of water and nutrients by apple saplings. Compared with F1W1 (apple yield reached the maximum value), although the yield in the F2W2 treatment was reduced by 7.5%, the IWUE was increased by 11.2%. Meanwhile, the highest CWP also appeared at F2W2 treatment. Thus, F2W2 treatment achieved the most suitable coupling model of water and fertilizer saving.
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Figure 1. Precipitation and evapotranspiration (ETo) at Yangling, Shaanxi, China. To eliminate extreme variations, daily values are averaged over the previous 30 days. (a) 24-year average daily rainfall and percentage chance of rain falling on that day, both expressed as 30-day running average. (b) 17-year average ETo also expressed as a 30-day running average, overlaid with 2012 and 2013. 
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Figure 2. Effects of different water and fertilizer treatments on soil water content of young apple trees. The soil water content was measured using the gravimetric method, the depth interval spacing was 10 cm (from 0 to 90 cm) and the horizontal interval spacing was 5 cm (from 0 to 25 cm). a,b,c,d = F1 (W1,W2,W3,W4); e,f,g,h = F2 (W1,W2,W3,W4); i,j,k,l = F3 (W1,W2,W3,W4). 
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Figure 3. Effects of different water and fertilizer treatments on soil NO3−-N content in rootzone (40~60 cm) of young apple trees on 9 June, 30 July and 19 September in 2012. 
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Figure 4. Effects of different water and fertilizer treatments on soil NO3−-N content in rootzone (40~60 cm) of young apple trees on 5 June, 26 July and 16 September in 2013. 
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Figure 5. Effects of different water and fertilizer treatments on soil NO3−-N content (0~90 cm) of young apple trees on 19 September in 2012 (a) and 16 September in 2013 (b). 






Figure 5. Effects of different water and fertilizer treatments on soil NO3−-N content (0~90 cm) of young apple trees on 19 September in 2012 (a) and 16 September in 2013 (b).



[image: Agronomy 09 00360 g005]







[image: Agronomy 09 00360 g006 550]





Figure 6. Effects of different water and fertilizer treatments on yields of young apple trees in 2013. Irrigation and fertilizer had a very significant impact on apple yield (p < 0.01), and the interaction of water and fertilizer was significant (p < 0.05). 
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Figure 7. Effects of different water and fertilizer treatments on irrigation water use efficiency (IWUE) of young apple trees in 2013. The effect of irrigation on IWUE was very significant in 2013 (p < 0.01), but it was not significant for fertilizer and the interaction of water and fertilizer (p > 0.05). 
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Figure 8. Effects of different water and fertilizer treatments on partial factor productivity (PFP) of young apple trees in 2013. Fertilizer and the interaction with water had a very significant impact on PFP (p < 0.01). 
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Figure 9. Relationship between water consumption rate and dry matter of young apple trees (R2 = 0.769, n = 48). 
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Figure 10. Relationship between yield and dry matterof young apple trees (R2 = 0.9085, n = 24). 
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Table 1. The final value of water applied to each treatment of young apple trees in 2012 and 2013.
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Fertilizer

Treatment

	
Water

Treatment

	
Water Applied in 2012/(L·tree−1)

	
Water Applied in 2013/(L·tree−1)






	
F1

	
W1

	
211.13 ± 6.07a

	
280.97 ± 7.32a




	
W2

	
192.16 ± 8.72b

	
254.95 ± 10.01bc




	
W3

	
171.71 ± 8.45d

	
214.51 ± 11.27d




	
W4

	
143.43 ± 3.41fgh

	
174.44 ± 7.71efg




	
F2

	
W1

	
209.70 ± 5.57a

	
271.28 ± 5.56ab




	
W2

	
176.88 ± 4.25cd

	
232.53 ± 14.62cd




	
W3

	
152.94 ± 3.22ef

	
187.23 ± 8.49e




	
W4

	
134.53 ± 4.52h

	
161.31 ± 9.96fg




	
F3

	
W1

	
188.10 ± 6.84bc

	
248.75 ± 15.03bc




	
W2

	
165.71 ± 7.78de

	
220.81 ± 11.07d




	
W3

	
150.10 ± 7.39fg

	
184.60 ± 13.11ef




	
W4

	
136.34 ± 3.94gh

	
159.21 ± 7.86g




	
Test of significance (F value)




	
Water

	
715.653**

	
913.45**




	
Fertilizer

	
10.781

	
8.803




	
Water × Fertilizer

	
1.971

	
0.851








Note: ** means a very significant difference (p < 0.01). a, b, c et al. means significant difference in Duncan (p = 0.05). 
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