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Abstract

:

Nitrogen (N) can enhance the biomass and feeding quality of forage crops and advance the growth of the herbivorous livestock industry. Investigating the N fertilizer dynamics in the soil–crop–livestock system is important for resource-use efficiency and environmental safety. By using the 15N-labeled technology and the in vitro incubation technique, an experiment was conducted in the North China Plain (NCP) in 2015–2016 to quantify the migration and distribution of N fertilizer in the soil–forage triticale (X Triticosecale Wittmack)–dairy cow system. The results showed that 34.1–37.3% of the applied N fertilizer was absorbed by forage triticale, in which 35.9–39.6% N accumulated in the stems and 60.4–64.1% accumulated in the leaves. In addition, 36.3–39.1% of the applied N fertilizer remained in the 0–100 cm soil layer, in which 81.8–91.3% was distributed in the 0–40 cm soil layer. The remaining 24.6–26.8% of the applied N fertilizer was lost in various ways and 28.1–31.3% of the N fertilizer could be utilized by dairy cows. When N fertilizer was applied between 0–225 kg N ha−1, the increased application of N fertilizer improved the biomass yield from 14.0 to 17.5 t ha−1 and enhanced the N content of the forage triticale from 1.3% to 1.4%; however, it did not significantly affect the distribution rate of N fertilizer in the soil–forage triticale–dairy cow system. The optimum N fertilizer application rate for forage triticale is less than 225 kg N ha–1 to maintain high-efficient N use in the soil–crop–livestock system and reduce the environmental risks in the NCP. Our results quantified the N fertilizer dynamics in the soil–forage triticale–dairy cow system and provided a significant reference for guiding rational strategies of forage triticale cultivation.
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1. Introduction


Nitrogen (N) is one of the most crucial macro-elements for plant growth [1]. N fertilizer has produced tremendous contributions to improve crop yield, alleviating poverty and hunger worldwide [2]. From 1961 to 2014, grain production in the world increased by 3.2 times and the amount of N fertilizer use increased by 9–fold. During the same period, China’s grain yield and N fertilizer consumption increased by 2.1 and 3.5 times, respectively [3,4]. With the increase in N fertilizer application, the problem of low nitrogen-use efficiency (NUE) has become prominent. According to Ladha et al. [5], the N-recovery efficiency of rice, wheat, and maize in the world is 46%, 57%, and 65%, respectively. In recent years, the NUE of China’s three major grain crops has greatly increased. Zhang et al. [6] documented that the NUE of rice (Oryza sativa L.), wheat (Triticum aestivum L.), and corn (Zea mays L.) in different regions of China were 28.3%, 28.2%, and 26.1%, respectively. According to 2020 statistics from the Ministry of Agriculture and Rural Affairs of the People’s Republic of China, the NUE of rice, wheat, and corn has risen to 40.2%, on average. However, the average degree of over-fertilization was close to 60%. Consequently, excessive application of N fertilizer has caused a large amount of N loss and many environmental problems, mainly consisting of soil acidification and greenhouse gases emissions [7,8,9].



N is also an important feed nutrient for animal husbandry, as it can ensure the growth and development of livestock and stabilize production. Bai et al. [10] discovered that the NUE in China’s dairy cow industry was 24.0%, which was significantly lower than that in Euro–American countries [11]. Most of the unused N was excreted with the manure and urine of the livestock. The return rate of manure and urine nutrients from livestock in China is only 30–50% [12], and large amounts of N are lost to the environment, which further exacerbates environmental pollution. Revealing the quantitative assessment of N-fertilizer migration and distribution within the soil–crop–livestock system is, thus, an urgent necessity to enhance NUE and mitigate environmental pollution arising from N loss.



Many studies investigated the N fertilizer flows in soil–crop, crop–livestock, and soil–microbe–plant systems [13,14,15], especially including the soil–cereal–rye system [16], the forage–cow system [17,18] and the forage–lamb system [19]. However, these studies mainly focused on either the soil–crop system or the crop–livestock system, and research reported on the migration and distribution of N fertilizer across the entire soil–crop–livestock system is still underrepresented.



Triticale (×Triticosecale Wittmack) is an artificially created plant species resulting from the interspecific hybrid between wheat and rye (Secale cereale L.). It has gradually gained recognition as a valuable forage crop, utilized for hay or silage production, as well as for direct grazing [20,21]. Forage triticale has been planted in more than 30 countries around the world, including the United States, Australia, and China [22]. As a new type of cool-season annual forage, forage triticale can provide forage for herbivorous livestock, such as dairy cows, during early winter and spring. This effectively solves the problem of forage shortages for herbivorous livestock in early winter and spring and has strong prospects for utilization. Some studies have estimated the spatial distribution of N fertilizer in the soil–forage triticale system. For instance, Gibson et al. [23] studied the NUE of winter triticale harvested as forage in Iowa, USA; they found that the absorption of N by winter triticale increased with the increase in N application and mainly occurred before the flowering stage. Using the 15N tracer method, Ferchaud et al. [24] determined the fertilizer NUE of triticale when harvested as an energy crop in the Esmons region of northern France and showed that 32.3–46.0% of the N fertilizer was absorbed by triticale. In northern Kazakhstan, Zavalin et al. [25] quantified the fertilizer NUE of spring triticale harvested as grain and found that the fertilizer NUE of the whole plant biomass was 19–42%, the recovery rate in the soil was 26–45%, and the loss rate was 14–50%. As a kind of forage crop, the N fertilizer absorbed by forage triticale will be utilized by livestock and then, eventually, be transformed into animal products. However, the migration and distribution of N fertilizer within the entire soil–forage triticale–dairy cow system have been scarcely documented, which greatly reflects our knowledge on the N-fertilizer flows in the soil–plant–dairy system and the high-efficient use of N resources in agroecosystems.



The migration and distribution of N fertilizer in the soil–forage triticale–dairy cow system, which greatly determines the productivity, profitability, nutrient utilization, and environmental protection of the system, are still not clear. Thus, the objectives of this study were (1) to understand the response of forage triticale biomass yield to N-fertilizer application, (2) to clarify the N-fertilizer dynamics in the soil–forage triticale–dairy cow system in the NCP, and (3) to quantify the distribution proportion of N fertilizer in the soil–forage triticale–dairy cow system.




2. Materials and Methods


2.1. Experimental Site


The experiment was conducted from October 2015 to May 2016 at the Agricultural Experimental Station of Dryland Farming and Water–saving of the Hebei Academy of Agricultural and Forestry Sciences (37°53′ N, 115°42′ E, 20 m elevation above sea level), located in Hengshui, Hebei province, China. The study site is in the NCP and has a temperate semi–humid monsoon climate. The long–term mean annual precipitation is 498.2 mm (1981 to 2010)—65% occurs in July and August. Rainfall during the forage triticale season (October to May) is 130.3 mm. The mean annual air temperature is 13.2 °C, and the duration of the frost-free period spans 206 days. The precipitation was 128.5 mm from October 2015 to May 2016, and the maximum, minimum, and mean of the air temperature were good representatives of the long-term average (1981 to 2010), effectively representing the climatic characteristics of the forage triticale growing season in the NCP. The soil texture at the experimental site is classified as silt loam. Soil samples were collected on 1 October 2015 using a soil auger at depths of 0–20 cm and 0–40 cm in order to determine the primary chemical and physical properties, respectively [26]. The initial soil properties in the 0–40 cm soil depth are presented in Table 1.




2.2. Experimental Design


2.2.1. Fertilization Experiment


Six treatments of N fertilizer were conducted, using a randomized complete-block design with 3 replications. Each of the 18 plots had an area of 7.2 m2 (3.0 m × 2.4 m). These plots were encircled by a buffer strip measuring approximately 1.5 m in width. Subsequently, experimental plots were set up in all the plots with areas of 0.4 m2 (1.0 m × 0.4 m). The experimental plots were separated from the adjoining plots by an iron frame (length × width × height = 1.0 m × 0.4 m × 1.05 m, respectively; there was no back cover), which was installed at a depth of 100 cm below the soil surface and positioned 0.05 m above the ground.



The treatments included (1) treatment N0, applying 0 kg N ha−1 and 180 kg P2O5 ha−1; (2) treatment N75, applying 75 kg N ha−1 and 180 kg P2O5 ha−1; (3) treatment N150, applying 150 kg N ha−1 and 180 kg P2O5 ha−1; (4) treatment N225, applying 225 kg N ha−1 and 180 kg P2O5 ha−1; (5) treatment N300, applying 300 kg N ha−1 and 180 kg P2O5 ha−1; and (6) control (CK), without N fertilizer and P2O5 fertilizer application. All the P2O5 fertilizer and 50% of the N fertilizer were applied as basal fertilizer before sowing. The other 50% of the N fertilizer was applied as a top application at the elongation stage. The amount and method of fertilization were as described by You et al. [27]. The available K content in this experimental site is relatively high (Table 1). In order to eliminate the impact of phosphorus deficiency on the experiment, phosphorus fertilizer was added in all six N-fertilizer treatments. The N0 and CK treatments were implemented to investigate the impact of phosphorus fertilizer application on forage triticale yield in the absence of N fertilizer.



The 15N–labeled urea (with a 15N abundance of 10.16%) was applied within the experimental plots, while ordinary urea (with an N content of 46.4%) was applied outside the experimental plots, excluding the buffer strips. The production of the 15N–labeled urea was carried out by the Shanghai Research Institute of Chemical Industry. The phosphate fertilizer used was granular superphosphate (P2O5 of 18%).



Forage triticale zhongsi No.1048 was sown in strips with a seeding density of 2,000,000 plants ha–1 on 16 October 2015, and irrigation was conducted before sowing, with irrigation amounts of 600 m3 ha−1. Fifteen rows (2.4 m long for each) were planted in every plot, and the row spacing was 20 cm. Four rows of forage triticale were sown in the experimental plots with 20 plants in each row. No pesticides were used during the growth period of forage triticale, and weeds were removed manually. Forage triticale was harvested in the stage of milk maturity on 25 May 2016.




2.2.2. In-Vitro Incubation Experiment


Three Holstein cows, aged 18 months with an average body weight of 650 ± 14 kg (mean ± SD), were utilized to assess the ruminal degradability of forage triticale labeled with 15N. The cows were equipped with permanent rumen fistula at the mid-to-late lactation stage. The animals were provided with the same feed three times a day (at 7:30, 14:30, and 18:30), while water was available ad libitum. The composition of the total mixed rations is shown in Table S1. All experimental animals in this study were ratified by the Animal Protection Committee of China Agricultural University (approval No. AW201102002–6–2). The procedures of the experiment employed in this study adhered to the university’s guidelines for animal research, aligning with the standards of academic and scientific rigor. All efforts were aimed at minimizing animal suffering and reducing the number of animals used. Before the experiment, 15N-labeled forage triticale samples were subjected to forced-air drying at 65 °C for 48 h. Subsequently, the dried plant material was finely ground to pass through a 2.5 mm sieve. Approximately 4 g of forage triticale was placed into numbered nylon bags measuring 6 cm × 10 cm with a mesh pore size of 40 μm. A polyester mesh bag (32 cm × 45 cm, fixed to the intubation with a 50 cm-long rope) was used to fix the bag in the rumen. The nylon bags containing the forage triticale samples were put into the rumen fistula of the cows one hour before morning feeding, and placed in the rumen for 48 h. Immediately after retrieval, all the bags were immersed in cold tap water to prevent microbial fermentation and, subsequently, they underwent five rounds of manual washing with cold tap water until the effluent became clear [28,29]. The residual contents were then dried at 65 °C for 48 h to determine the degradation rate.





2.3. Measurement Indices and Methods


2.3.1. The Yield and Nutrient Contents of Forage Triticale


The yields of forage triticale were assessed during the stage of milk maturity on 25 May 2016. The plant heights of ten randomly selected forage triticale plants were measured prior to harvest in each experimental plot. All forage triticale plants in each experimental plot were cut along the ground to determine the fresh yield, and then the stems and leaves (including ears) were separated. The stems and leaves were subjected to a drying process at 65 °C for 48 h in order to determine their dry weight, and the dry weights per plant were calculated by dividing the sum of the stems’ and leaves’ dry weights in the experimental plot by the number of plants. The biomass yield per hectare was calculated from the dry weight per plant and the planting density. The samples of the stem and leaf of forage triticale were finely ground to pass through a 2.5 mm sieve and the nutrient contents were determined. The neutral detergent fiber (NDF) and acid detergent fiber (ADF) were determined following the protocols established by Van Soest et al. [30]. The starch and water-soluble carbohydrate (WSC) contents were quantified using the anthrone colorimetric method [31].




2.3.2. The Distribution of N Fertilizer in Forage Triticale


A K–05 automatic N analyzer (Shanghai Shengsheng Automatic Analysis Instrument Co., Ltd., Shanghai, China) and an isotope ratio mass spectrometer (Thermo Fisher Delta V Advantage IRMS, Boston, MA, USA) were employed for the determination of total N concentration and 15N abundance. The following Equations (1)–(5)were referred to by Zhang et al. [32].



The N absorbed from the N fertilizer in a given sample (Ndff) was calculated as follows:


   N  d f f      = ( A   S  −  A 0     ) / ( A   L  −  A 0     )   ×   N   C   



(1)




where NC is the total N in a given sample, AS is the 15N atom% in the labeled sample, A0 is the 15N atom% in the control sample (which was not provided with 15N–labeled urea), and AL is the 15N atom% in the labeled fertilizer. NC was calculated as follows:


   N C   = W   ×   N %   ×   1000   



(2)




where W is the dry weight of a given sample and N% is the total N content in a given sample. The fertilizer NUE by forage triticale (FNUE) was calculated as follows:


   F  N U E      ( % ) = N     d f f         / N   F     ×   100   



(3)




where Ndff is the amount of N absorbed from the fertilizer in a given crop part and NF is the total N fertilizer applied.




2.3.3. The Distribution of N Fertilizer in the Soil


Following the harvest of forage triticale on 25 May 2016, soil samples were collected from all plots across five layers within the uppermost 100 cm of soil (0–20 cm, 20–40 cm, 40–60 cm, 60–80 cm, and 80–100 cm). Every soil sample was a mixture of three soil segments from the same depth from each experimental plot. The dried soils samples were finely ground to pass through a 2 mm sieve, and the 15N abundance was analyzed. The 15N abundance of all soil samples was determined using an isotope ratio mass spectrometer (Thermo Fisher Delta V Advantage IRMS). The soil bulk densities were measured before the start of the experiment in October 2015 (1.44, 1.54, 1.48, 1.49, and 1.48 g cm−3 for depths of 0–20 cm, 20–40 cm, 40–60 cm, 60–80 cm, and 80–100 cm, respectively) [32]. The Ndff in the soil samples was calculated using Equations (1) and (2). The N-fertilizer recovery efficiency in the 0–100 cm soil layer (FNRE) was calculated as follows:


   F  N R E    ( % )  =    N  dff      in   0 – 100   cm   soil     N F       ×   100   



(4)




where ‘Ndff in 0–100 cm soil’ is the quantity of N fertilizer recovered in the 0–100 cm soil layer and NF is the total N fertilizer applied. The N-fertilizer loss efficiency (FNLE) was calculated as follows:


   F  N L E    ( % )   = 1  −  F  N U E    ( % )  −  F  N R E    ( % )   



(5)




where FNUE is the fertilizer NUE by forage triticale and FNRE is the N fertilizer recovery efficiency in the 0–100 cm soil layer.




2.3.4. The Distribution of N Fertilizer in the Livestock


The 15N abundance in the residual contents of the forage triticale samples was determined using an isotope ratio mass spectrometer (Thermo Fisher Delta V Advantage IRMS). The Ndff in the residue was calculated using Equations (1) and (2). The N-fertilizer digestion efficiency of the dairy cow (FNDE) was calculated as follows [33]:


   F  N D E    ( % ) =     N   d f f       i n   s a m p l e  −  N   d f f       i n   r e s i d u e       N  d f f      i n   s a m p l e     × 100   



(6)




where ‘Ndff in sample’ is the initial amount of N fertilizer in a given sample placed in the rumen and ‘Ndff in residue’ is the final amount of N fertilizer in the residue after the rumen incubation. The fertilizer NUE of the dairy cow (FNDC) was calculated as follows [33]:


   F  N D C      ( % )  =    N   d f f         i n   t o t a l   f o r a g e   t r i t i c a l e   ×   F    N D E      N F       ×   100   



(7)




where ‘Ndff in total forage triticale’ is the amount of N fertilizer in the total forage triticale of all experimental plots, FNDE is the N fertilizer digestion efficiency of the dairy cow, and NF is the total N fertilizer applied.





2.4. Statistical Analysis


The recovery of N fertilizer in the soil–forage triticale–dairy cow system was determined through mass balance calculations, considering all measurements on an oven-dried basis. Additionally, N recovery calculations were conducted for forage triticale, soil samples, and residual contents of forage triticale after in vitro rumen incubation. Statistical analysis was performed using SPSS 22.0 software (SPSS Inc., Chicago, IL, USA), with ANOVA tests and Duncan’s post hoc test used to assess differences between treatments at a significance level of 0.05 (p < 0.05).





3. Results


3.1. The Growth and Development of Forage Triticale


The dry weight of the forage triticale organs (stem, leaf, and whole plant) exhibited variations in response to different levels of applied N fertilizer (Table 2). With the increase in N fertilizer application, the dry weight first increased and then decreased. The dry weights of the stem, leaf, and whole plant were the lowest in the CK treatment. However, the dry weights in the CK treatment were not significantly different from those in the N0 treatment (p > 0.05). The biomass yield of forage triticale was the highest (17.5 t ha−1) under the N225 treatment, which was 8.7–33.6% higher than that of the other treatments.




3.2. Nutritive Quality of Forage Triticale


The impacts of different N-fertilizer treatments on the nutritional contents of forage triticale are presented in Table 3. The N content in the whole plant exhibited a significant increase in response to N-fertilizer application treatments compared to the CK treatment (p < 0.05). Among these treatments, the highest N content (1.45%) was observed under the N300 treatment, representing a 9.0% increase over the N0 treatment. Moreover, the NDF content in the whole plant significantly increased under the N225, N300, and CK treatments, compared to other treatments (p < 0.05).




3.3. The Migration of N Fertilizer in the Crop


With increasing concentration of the N fertilizer application, the accumulation of N in the forage triticale organs (stem, leaf, and whole plant) first increased and then decreased (Table 4). When the forage triticale plants were harvested in the stage of milk maturity, the accumulation of N in the stem, leaves, and whole plant was highest under the N225 treatment and was significantly higher than under all the other treatments except N300 (p < 0.05). The N accumulation in the whole plant was significantly higher in N0 than in CK (p < 0.05).



The Ndff in the forage triticale organs (stem, leaf, and whole plant) gradually increased with the increase in the N-fertilizer application. The greatest Ndff was observed in the N300 treatment, and this value was significantly higher than the value in the other treatments (p < 0.05). When the N application increased from N75 to N300, the proportion of Ndff in total N of stem, leaf, and whole plant significantly increased, from 13.8% to 43.7%, from 14.0% to 44.1%, and from 13.9% to 43.9%, respectively (p < 0.05). It was found that 35.9–39.6% of the Ndff accumulated in the stems and 60.4–64.1% accumulated in the leaves. The FNUE in the whole plant ranged from 34.1% to 37.3% (Table 4), with the highest FNUE under the N225 treatment and the lowest FNUE under the N300 treatment.




3.4. The Distribution of N Fertilizer in the Soil


The amount of N fertilizer recovered in the 0–100 cm soil layer under different N fertilizer treatments was 2.7–11.7 g m–2. The amount of N fertilizer recovered increased with the increase in the N-fertilizer application rate (p < 0.05) (Table 5) and was 36.1–333.3% higher under the N300 treatment than under the other treatments. The recovered N fertilizer was mainly distributed in the surface soil layers (0–20 cm and 20–40 cm); 55.7–66.8% was distributed in the 0–20 cm soil layer and 22.7–27.0% was distributed in the 20–40 cm soil layer. The 0–40 cm soil layer accounted for 81.8–91.3% of the recovered N fertilizer.



The FNRE under different N-fertilizer treatments ranged from 36.3% to 39.1% and increased with the increase in the N-fertilizer application rate. The FNRE was significantly higher under the N225 and N300 treatments than under the N75 treatment (p < 0.05). No significant difference was observed for the FNLE among the various N-fertilizer treatments (p > 0.05).




3.5. The Utilization of N Fertilizer in the Livestock


15N–labeled forage triticale was used for the in vitro dairy cow rumen incubation to determine the FNDE in the dairy cows (Figure 1). The FNDE was 81.9–85.0% in the dairy cows; thus, 15.0–18.1% of the N was not digested and utilized by the cow. Nevertheless, there were no significant differences in FNDE among treatments (p > 0.05). The FNDC exhibited by the dairy cow was calculated using the Ndff in total forage triticale, FNDE, and NF. The results showed that the FNDC of the dairy cow in the different N-fertilizer treatments was 28.1–31.3%, with no significant differences among treatments (p > 0.05).




3.6. The Distribution of N Fertilizer in the Soil–Forage Triticale–Dairy Cow System


Overall, 34.1–37.3% of the N fertilizer was absorbed by forage triticale: 13.2–14.8% accumulated in the stems, accounting for 35.9–39.6% of the total, and 20.9–23.6% accumulated in the leaves, accounting for 60.4–64.1% of the total. Furthermore, 36.3–39.1% of the N fertilizer was recovered in the 0–100 cm soil layer; 29.7–35.2% was distributed in the 0–40 cm soil layer, accounting for 81.8–91.3% of the recovery in the 0–100 cm soil layer (Figure 2); the rest (24.6–26.8% of the N fertilizer) was lost in various ways. In addition, 28.1–31.3% of the N fertilizer was digested by the dairy cows and 15.0–18.2% of the N fertilizer in the forage triticale was not digested by the dairy cows, which accounted for 5.6–6.9% of the N fertilizer (Figure 3).





4. Discussion


4.1. Effects of N-Fertilizer Application on Growth of Forage Triticale


The impact of N fertilizer on crop biomass is influenced by soil fertility, agronomic practices, and management strategies for fertilizer applications [34]. He et al. [35] emphasized that the impact of N fertilizer on biomass yield and the N content of forage triticale was influenced not only by the quantity of applied fertilizer, but also by prevailing weather conditions. Rainfall and temperature affected the uptake of N by crops, which in turn influenced the biomass yield and N content of forage triticale. In our study, the biomass yield of forage triticale tended to increase with increasing N fertilizer rates and gained the highest biomass yield (17.5 t ha–1) when the N-fertilizer application rate was 225 kg N ha–1, while there was no significant difference in the N content of forage triticale between different N application rates (p > 0.05). However, Gibson et al. [23] showed that the maximum biomass yield of forage triticale was highest (9.2 t ha–1) under the treatment of 33 kg N ha–1 at Ames, while the maximum biomass yield was highest (10.3 t ha–1) under the treatment of no N application at Lewis. In another experiment, conducted by You et al. [27], the result indicated that there was no significant difference in the two-year average biomass yield of forage triticale (15.5 t ha–1) between the N-fertilized treatments (60–300 kg N ha–1) and CK (no N fertilizer applied). In addition, the crude protein content was significantly higher in the N–applied treatments than that in CK. The studies showed inconsistent results on the effects of N-fertilizer application on the biomass and N content of forage triticale. In addition to the inconsistencies in the years and locations of the studies, another important reason may be the initial soil N content. In our research, the initial soil N contents in 0–20 and 20–40 cm soil layers were higher (up to 68.7 mg·kg–1 and 46.6 mg·kg–1, respectively), while the initial soil N content in 0–20 cm soil layers was 62.8 mg·kg–1 in the study of You et al. [27]. Gibson et al. [23] did not provide the initial soil N content in 0–20 cm at the Ames and Lewis sites, which may be the reason why the biomass yield of forage triticale in our study was higher than that of Gibson et al. [23] and You et al. [27].




4.2. N-Fertilizer Recovery and Allocation by Forage Triticale


Regarding the migration and distribution patterns of N fertilizer, the absorption kinetics of N fertilizer by crops is particularly imperative for optimizing the efficient utilization of this nutrient [36]. In this study, 15N–labeled urea was applied to forage triticale in order to investigate the migration and distribution of N fertilizer within the soil–forage triticale–dairy cow system. The results showed that the forage triticale absorbed 34.1–37.3% of the N fertilizer when harvested in the stage of milk maturity. This result is consistent with the fertilizer NUE (32.3–46.0%) observed for forage triticale by Ferchaud et al. [24]. There was no significance observed in the fertilizer NUE of forage triticale with the increasing application rate in N fertilizer. The absorption of soil N by the forage triticale represented 56–86% of the total N absorbed, which was higher than the absorption of N fertilizer (Table 4), and it decreased gradually with the increase in N application. The results agreed well with the findings of Rimski-Korsakov et al. [14]. In our study, the maximum, minimum, and mean of the air temperature and precipitation during the experiment were good representatives of the long-term average of NCP (1981 to 2010), well representing the climatic characteristics of the forage triticale growing season in the NCP. Therefore, the results of this study can accurately express the N recovery and distribution of forage triticale in the NCP. Jenkinson et al. [37] and Rao et al. [38] proposed that the application of N fertilizer to soil could enhance the uptake of native soil N (i.e., the added–N interaction ANI). However, due to preferential fixation, 15N was found to be more tightly bound in the soil compared to 14N, resulting in limited availability of 15N for crop uptake and, consequently, reducing the recovery of N fertilizer through 15N–labeled technology. In our study, the absorption of soil N by the forage triticale reduced with increasing the N-fertilizer application rates, and no ANI were observed (Table 4). Quan et al. [13] proposed that the abundance of available N in soil inhibits the ‘pool substitution’ between N fertilizer and soil N, resulting in reduced uptake of soil N by maize under N treatment, compared to the control. Therefore, our study employed 15N–labeled technology to accurately quantify N-fertilizer recovery and allocation, ensuring reasonable and reliable results.



In this study, the fertilizer NUE of forage triticale was low, except for the factors of variety and weather conditions. This may also be attributed to the high initial soil N content (Table 1). Based on the total N uptake by forage triticale (Table 4) and its seeding density, forage triticale absorbed between 186–233 kg N ha–1 throughout the growing season, with a majority of the absorbed N (56–86%) originating from soil N. Soils with high N content are common throughout the world, which was one of the reasons why we continued to study the migration and distribution of N fertilizer with such high initial soil N content. However, in order to maintain soil N levels at an optimal range for ensuring sustainable agricultural development, the application of N-based fertilizers assumes a pivotal role in preserving soil N equilibrium while, concurrently, enhancing soil fertility and productivity. Another reason was the fertilization period under the same application rate, which was also verified in wheat. The fertilizer NUE of wheat at the tillering stage was found to be significantly lower than that at the elongation stage [39]. In the present experiment, 50% of the N fertilizer was applied as seed fertilizer during sowing, while the remaining 50% was applied at the elongation stage. The forage triticale was harvested at the milk maturity stage, which occurred approximately one month earlier than the grain stage. The high growth rates and the consequent shortened growth period may contribute to the low fertilizer NUE. In the present study, estimates of N fertilizer recovery were based solely on above-ground biomass, without considering nitrogen accumulation in roots. This is another reason explaining the low fertilizer NUE of forage triticale.



In general, during the vegetative stage, the distribution of N in each organ of the plant prioritizes meeting the growth center and young plant tissue requirements before fulfilling the reproductive organs’ growth needs [40]. Evans [41] proposed that the N distribution in the leaves prior to flowering primarily caters to plant material synthesis demands. In this study, when harvesting forage triticale at the milk stage, N-accumulation was found to be higher in the leaves than in the stems. Statistically, 35.88–39.62% of absorbed N fertilizer accumulated in stems, while 60.38–64.12% accumulated in the leaves. This result was in accordance with the findings of Liu [42], but it was incompatible with the findings of Zhang et al. [43]. When measuring N accumulation in the different organs at the heading stage of forage triticale, Zhang et al. [43] divided the plants into roots, stems, and leaves, but did not make clear whether the ears were counted with the stems or the leaves. In the present study, the ears were grouped with the leaves, and this was probably the reason for the differences between our research results and those of Zhang et al. [43].




4.3. N-Fertilizer Residue in Soil


When fertilizer N was applied to forage triticale at 75–300 kg N ha–1, the recovery rate of N fertilizer in the 0–60 cm soil was between 32.8 and 37.3% (Table 5). This recovery rate was higher than the rate of 12.9–24.4% found by Ferchaud et al. [24], who applied N fertilizer at a rate of 60–120 kg N ha−1 and took samples at a soil depth of 58 cm. The N-fertilizer application rate used by Ferchaud et al. [24] was, thus, lower than those used in our study, which may explain the lower recovery rate of N fertilizer in the soil. Meanwhile, Ma et al. [44] showed that the recovery rate of N fertilizer in wheat was 15.8–34.3% when 168 kg N ha–1 and 240 kg N ha–1 of N fertilizer were applied, which was consistent with the results of the present study.



Ferchaud et al. [24], Li et al. [45], and Macdonald et al. [46] showed that the N fertilizer was mainly distributed in the surface soil (0–20 cm). In the present study, 55.7–66.8% of the residual 15N was distributed in the 0–20 cm soil layer, and the percentage was lower than the results of Ferchaud et al. [24] (83%), Li et al. [45] (78%), and Macdonald et al. [46] (85%). Ferchaud et al. [24] considered that part of the added 15N may have downward movement in the soil, but it was not measured in their study. In our study, 81.8–91.3% of the N fertilizer was distributed in soil depths of 0–40 cm, suggesting that the N fertilizer did not move downward in the soil. The N fertilizer generally moves downward with water flows in the soil; however, the average annual rainfall provided to the forage triticale growing in the study area was 130.3 mm during the growth period, so the possibility of leaching was low. The rate of recovery of N fertilizer in the different soil layers when the forage triticale plants were harvested also showed that the possibility of leaching in the study area was low.



In the present study, the N distribution was divided into plant absorption (stems and leaves) and soil recovery, and the rest was calculated according to the loss after clarifying the migration and distribution of the N fertilizer. Plant litter and roots also absorb a large amount of N fertilizer, and this was not counted as plant absorption or soil recovery. These crop residues (litter and roots) remain in the soil and are converted into soil N via the action of microorganisms [46]. Therefore, the N-fertilizer loss rate calculated in the present study was higher than the actual loss. The results of this study showed that the FNLE under different N-fertilizer treatments was 24.6–26.8%. However, the loss route was not partitioned between volatilization and leaching. Further limitations of this study were that the existing form of N fertilizer recovered in the soil, and the absorption and utilization of N fertilizer recovered in the soil by the following crops, were not investigated.




4.4. N-Fertilizer Flows in Soil–Forage Triticale–Dairy Cow System


Quan et al. [13] investigated the dynamics of N fertilizer in the soil–maize system in China and found that maize at harvest took up 52.0% of the N fertilizer; 25% of the N fertilizer remained in the soil and 23% was lost. Thomsen and Christensen [47] studied the recovery of N fertilizer in winter wheat, spring barley (Hordeum vulgare L.), and soil in different tillage systems. They reported that 74–75% of N fertilizer was recovered in the crops and sand soil and 86–92% was recovered in the crops and loamy sand soil. Regarding the crop–livestock systems, there have been many reports on the migration and distribution of N fertilizer from crops to livestock. Powell et al. [33] used four 15N–labeled fodders to feed cows and found that the fertilizer NUE by the cow was significantly different (p < 0.05). Barros et al. [17] reported that 61% of 15N was recovered into the milk, urine, and feces of lactating dairy cows. In the soil–plant–cow system, Huang et al. [48] used 15N–labeled urea to determine the fertilizer NUE of eight types of forage, used eight types of 15N–labeled forage to feed mice, and measured the fertilizer NUE of the mice. However, in their study, the mice did not have functioning rumens and, thus, cannot reflect the digestion and utilization of N fertilizer within the forage. Therefore, as far as we know, our study could be the first to use the 15N–labeled technology to quantify the migration and distribution of N fertilizer in the soil–forage triticale–dairy cow system. Considering the high price of 15N–labeled urea, we adopted the method of in situ rumen incubation. Despite the fact that this method is different from the actual feeding effects, it can basically quantify the migration and distribution of N fertilizer in the soil–forage triticale–dairy cow system. In this study, the CP digested in the rumen was regarded as the N fertilizer utilized and recovered by animals. However, the CP digested by the small intestine and the N fertilizer excreted in the manure and urine still need further quantification. In addition, feeding cows with feed containing nitrates in quantities exceeding the maximum permissible concentration can be harmful to the health of the animals [49]. In rumen, nitrates are converted into nitrites faster than nitrites are converted into ammonia, so they accumulate and, after absorption into the blood, convert hemoglobin into methemoglobin, which leads to nutritional anemia of animals, and their productivity is significantly reduced [50]. We did not check the nitrate concentration in the forage triticale sample and the relations between the plant nitrate contents and the N application rates need further exploration in the future.





5. Conclusions


Our study used the 15N-labeled technology and the in situ rumen incubation technique to quantify the migration and distribution of N fertilizer in the soil–forage triticale–dairy cow system. The results indicated that under the N-fertilizer application rate of 75–300 kg N ha–1, 34.1–37.3% of the N fertilizer was absorbed by forage triticale, 36.3–39.1% was recovered in the 0–100 cm soil layer, and 24.6–26.8% was lost in various ways. The in situ rumen incubation technique revealed that 28.1–31.3% of the N fertilizer was digested and utilized by the dairy cows. Within the forage triticale plants, 35.9–39.6% of the N fertilizer accumulated in the stems and 60.4–64.1% accumulated in the leaves. The recovered N fertilizer in the soil was mainly distributed in the surface soil (0–40 cm), accounting for 81.8–91.3% of the recovered N fertilizer. Overall, 81.9–85.0% of the N fertilizer absorbed by the forage triticale was digested by the dairy cows, and 15.0–18.1% was lost. The amount of N fertilizer absorbed by the forage triticale, stored in the soil, and the losses to the environment increased with the increase in the N-fertilizer application rate; however, the distribution of N fertilizer in the soil–forage triticale-dairy cow system had no significant effect. Although increased N-fertilizer application improved the biomass yield and N content of forage triticale, it also increased N storage in the soil and losses to the environment. Therefore, no more than 225 kg N ha–1 is recommended as the optimal application rate to maintain high-efficient N use in the soil–forage triticale–dairy cow system, while reducing the environmental risks in the NCP.
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Figure 1. The FNDE and FNDC in dairy cows under different N-fertilizer treatments. FNDE represents the N-fertilizer digestion efficiency of the dairy cows and FNDC represents the fertilizer NUE of the dairy cows. N75, N150, N225, and N300 represent fertilizer applications of N 75, 150, 225, and 300 kg ha−1, respectively, and fertilizer applications of P2O5180, 180, 180, and 180 kg ha−1, respectively. Different lowercase letters in the different treatments represent significant differences at the 0.05 level, and the same lowercase letter in the in the different treatments represents no significance at the 0.05 level. 
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Figure 2. The distribution rate of N fertilizer in the soil–forage triticale system, including the stem and leaf of forage triticale, 0–40 cm and 40–100 cm soil layers, and loss in various ways. N75, N150, N225, and N300 represent fertilizer applications of N 75, 150, 225, and 300 kg ha−1, respectively, and fertilizer applications of P2O5180, 180, 180, and 180 kg ha−1, respectively. Different lowercase letters in the different treatments represent significant differences at the 0.05 level, and the same lowercase letter in the in the different treatments represents no significance at the 0.05 level. 
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Figure 3. The distribution rate of N fertilizer in the forage triticale–dairy cow system. N75, N150, N225, and N300 represent fertilizer applications of N 75, 150, 225, and 300 kg ha−1, respectively, and fertilizer applications of P2O5180, 180, 180, and 180 kg ha−1, respectively. Different lowercase letters in the different treatments represent significant differences at the 0.05 level, and the same lowercase letter in the in the different treatments represents no significance at the 0.05 level. Different lowercase letters in the different treatments represent significant differences at the 0.05 level, and the same lowercase letter in the in the different treatments represents no significance at the 0.05 level. 
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Table 1. Nutrient content and pH value of the 0–40 cm soil layer at the beginning of this study in October 2015.
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	Soil Layer (cm)
	Sand (%)
	Silt (%)
	Clay (%)
	Total N

g kg–1
	Total P

g kg–1
	Total K

g kg–1
	Organic Matter

g kg–1
	Available N

mg kg–1
	Available P

mg kg–1
	Available K

mg kg–1
	pH





	0–20
	35.2
	44.7
	20.1
	1.1
	1.3
	21.2
	18.0
	68.7
	22.3
	142.3
	8.5



	20–40
	33.7
	42.8
	23.5
	0.9
	0.8
	21.5
	12.2
	46.6
	6.3
	120.8
	8.5










 





Table 2. The effect of N fertilizer on the growth and development of forage triticale. N0 represents fertilizer applications of 0 kg N ha−1 and 180 kg P2O5 ha−1; N75, N150, N225, and N300 represent fertilizer applications of N 75, 150, 225, and 300 kg ha−1 and fertilizer applications of P2O5 180, 180, 180, and 180 kg ha−1; CK represents applications without N fertilizer and P2O5 fertilizer. Different lowercase letters in the same column represent significant differences at the 0.05 level, and the same lowercase letter in the same column represents no significance at the 0.05 level.
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Treatment

	
Phenological Stage

(Month–Day)

	
Plant Height (cm)

	
Stem-to-Leaf Ratio

	
Dry Weight (g Plant–1)

	
Biomass Yield Per Hectare

(t ha−1)




	
Heading

	
Flowering

	
Stem

	
Leaf

	
Whole Plant






	
N0

	
May–3

	
May–10

	
156.8 a

	
1.5 a

	
4.2 cd

	
2.8 bc

	
7.0 cd

	
14.0 c




	
N75

	
May–3

	
May–10

	
155.0 a

	
1.5 a

	
4.2 cd

	
2.9 bc

	
7.1 cd

	
14.2 bc




	
N150

	
May–3

	
May–10

	
157.4 a

	
1.5 a

	
4.5 bc

	
3.0 ab

	
7.5 bc

	
15.1 bc




	
N225

	
May–4

	
May–11

	
160.9 a

	
1.6 a

	
5.3 a

	
3.4 a

	
8.7 a

	
17.5 a




	
N300

	
May–4

	
May–11

	
157.7 a

	
1.5 a

	
4.9 b

	
3.2 ab

	
8.1 ab

	
16.1 ab




	
CK

	
May–3

	
May–10

	
163.2 a

	
1.6 a

	
4.0 d

	
2.6 c

	
6.5 d

	
13.1 c











 





Table 3. The effect of N fertilizer on the N content, water-soluble carbohydrate (WSC), starch, neutral detergent fiber (NDF), acid detergent fiber (ADF) contents of forage triticale at milk maturity stage. N0 represent fertilizer applications of 0 kg N ha−1 and 180 kg P2O5 ha−1, N75, N150, N225 and N300 represents fertilizer applications of N 75, 150, 225, and 300 kg ha−1 and fertilizer applications of P2O5 180, 180, 180, and 180 kg ha−1; CK represents applications without N fertilizer and P2O5 fertilizer. Different lowercase letters in the same column represent significant differences at the 0.05 level, and the same lowercase letter in the same column represents no significance at the 0.05 level.
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	Treatment
	N Content (%)
	WSC (%)
	Starch (%)
	NDF (%)
	ADF (%)





	N0
	1.3 bc
	24.8 ab
	6.8 ab
	50.1 b
	31.6 a



	N75
	1.4 ab
	24.8 ab
	7.7 a
	49.8 b
	31.0 a



	N150
	1.4 ab
	25.5 a
	6.0 b
	50.4 b
	31.5 a



	N225
	1.4 ab
	25.2 ab
	6.0 b
	56.6 a
	32.8 a



	N300
	1.5 a
	24.3 ab
	6.8 ab
	55.2 a
	32.3 a



	CK
	1.3 c
	22.8 b
	7.5 a
	55.4 a
	32.7 a










 





Table 4. Total N, Ndff, and FNUE in forage triticale plants under different fertilizer N treatments. ‘Ndff in forage triticale’ represents the amount of fertilizer N in forage triticale, FNUE represents fertilizer NUE by forage triticale. N0 represents fertilizer applications of 0 kg N ha−1 and 180 kg P2O5 ha−1, N75, N150, N225 and N300 represent fertilizer applications of N 75, 150, 225, and 300 kg ha−1 and fertilizer applications of P2O5 180, 180, 180, and 180 kg ha−1; CK represents applications without N fertilizer and P2O5 fertilizer. Different lowercase letters in the same column represent significant differences at the 0.05 level, and the same lowercase letter in the same column represents no significance at the 0.05 level. “--” represents no value, because no fertilizer N was applied in N0 and CK treatments.
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Treatment

	
Total N (mg Plant–1)

	
Ndff in Forage Triticale

(mg Plant–1)

	
The Proportion of Ndff in Total N of Forage Triticale (%)

	
FNUE (%)




	
Stem

	
Leaf

	
Whole Plant

	
Stem

	
Leaf

	
Whole Plant

	
Stem

	
Leaf

	
Whole Plant

	
Stem

	
Leaf

	
Whole Plant






	
N0

	
35.3 cd

	
57.7 cd

	
93.0 b

	
--

	
--

	
--

	
--

	
--

	
--

	
--

	
--

	
--




	
N75

	
36.2 cd

	
63.8 bc

	
100.0 b

	
5.0 d

	
8.9 d

	
13.8 d

	
13.8 d

	
14.0 d

	
13.9 d

	
13.3 a

	
23.6 a

	
36.9 a




	
N150

	
40.1 bc

	
63.1 bc

	
103.2 b

	
10.7 c

	
17.3 c

	
28.0 c

	
26.6 c

	
27.4 c

	
27.1 c

	
14.2 a

	
23.1 a

	
37.3 a




	
N225

	
48.0 a

	
72.9 a

	
120.9 a

	
16.6 b

	
25.3 b

	
42.0 b

	
34.6 b

	
34.7 b

	
34.7 b

	
14.8 a

	
22.5 a

	
37.3 a




	
N300

	
45.4 ab

	
71.2 ab

	
116.6 a

	
19.8 a

	
31.4 a

	
51.2 a

	
43.7 a

	
44.1 a

	
43.9 a

	
13.2 a

	
20.9 a

	
34.1 a




	
CK

	
30.7 d

	
51.1 d

	
81.8 c

	
--

	
--

	
--

	
--

	
--

	
--

	
--

	
--

	
--











 





Table 5. The Ndff and FNRE in the different soil layers and the FNLE after harvesting forage triticale plants in the stage of milk maturity. ‘Ndff in the different soil layers’ represents the amount of N fertilizer recovered in the different soil layers. ‘FNUE in the different soil layers’ represents N fertilizer recovery efficiency in the different soil layers. FNLE represents the N fertilizer loss efficiency. N75, N150, N225, and N300 represent fertilizer applications of N 75, 150, 225, and 300 kg ha−1 and fertilizer applications of P2O5 180, 180, 180, and 180 kg ha−1. Different lowercase letters in the same column represent significant differences at the 0.05 level, and the same lowercase letter in the same column represents no significance at the 0.05 level.
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Treatment

	
Ndff (g m–2) in Different Soil Layers (cm)

	
FNRE (%) in Different Soil Layers (cm)

	
FNLE (%)




	
0–20

	
20–40

	
40–60

	
60–80

	
80–100

	
0–100

	
0–20

	
20–40

	
40–60

	
60–80

	
80–100

	
0–100






	
N75

	
1.5 d

	
0.7 d

	
0.2 c

	
0.2 b

	
0.1 b

	
2.7 d

	
20.2 b

	
9.5 b

	
3.1 a

	
2.3 a

	
1.3 a

	
36.3 b

	
26.8 a




	
N150

	
3.7 c

	
1.3 c

	
0.3 bc

	
0.2 b

	
0.2 ab

	
5.7 c

	
24.6 a

	
8.6 c

	
1.9 b

	
1.3 b

	
1.3 a

	
37.8 ab

	
25.0 a




	
N225

	
5.7 b

	
2.1 b

	
0.4 b

	
0.2 b

	
0.2 ab

	
8.6 b

	
25.4 a

	
9.3 b

	
1.7 b

	
0.8 c

	
0.8 a

	
38.1 a

	
24.6 a




	
N300

	
7.3 a

	
3.2 a

	
0.7 a

	
0.3 a

	
0.3 a

	
11.7 a

	
24.5 a

	
10.6 a

	
2.2 b

	
0.9 c

	
1.0 a

	
39.1 a

	
26.8 a
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