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Abstract

:

The cultivation of tiger nut (Cyperus esculentus L.) on marginal lands is a feasible and effective way to increase food production in Northern China. However, the specific influence of nitrogen fertilizer application on the growth dynamics, tuber expansion, overall yield, and nitrogen use efficiency (NUE) of tiger nuts cultivated on these sandy lands is yet to be fully elucidated. From 2021 to 2022, we conducted a study to determine the effect of N fertilizers on the leaf function morphology, canopy apparent photosynthesis (CAP), tuber yield, and NUE of tiger nut. The results indicate that the tuber yield and NUE are closely related to the specific leaf area (SLA), leaf area index (LAI), leaf nitrogen concentration per area (NA), CAP, and tuber expansion characteristics. Notably, significant enhancements in the SLA, LAI, NA, and CAP during the tuber expansion phase ranging from the 15th to the 45th day under the 300 kg N ha−1 treatment were observed, subsequently leading to increases in both the tuber yield and NUE. Moreover, a maximum average tuber filling rate was obtained under the N300 treatment. These improvements led to substantial increases in the tuber yield (32.1–35.5%), nitrogen agronomic efficiency (NAE, 2.1–5.3%), nitrogen partial factor productivity (NPP, 4.8–8.1%), and nitrogen recovery efficiency (NRE, 3.4–5.7%). Consequently, 300 kg N ha−1 of N fertilizers is the most effective dose for optimizing both the yield of tiger nut tubers and the NUE of tiger nut plants in marginal soils. Structural equation modeling reveals that N application affects the yield and NUE through its effects on leaf functional traits, the CAP, and the tuber filling characteristics. Modeling indicates that tuber expansion characteristics primarily impact the yield, while CAP predominantly governs the NUE. Above all, this study highlights the crucial role of N fertilizer in maximizing the tiger nut tuber yield potential on marginal lands, providing valuable insights into sustainable farming in dry areas.
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1. Introduction


Tiger nut (Cyperus esculentus L.), known as chufa, is an underappreciated crop that is rich in nutrition and has been attracting increasing interest owing to the variety of beneficial substances in its tubers [1,2]. This product is transformed into cooking oil, flour, health supplements, and cosmetics to cater to a diverse range of human needs [3,4,5,6]. For instance, in Spain, it is utilized to manufacture beverages, whereas in Africa, it acts as an alternative to flour, addressing food insecurity [6,7]. Tiger nuts are predominantly cultivated in China as a strategic response to the scarcity of oil crop resources. As of 2022, this crop has been actively promoted and cultivated in the sandy regions of Northern China, covering an area of 24,000 ha [1]. In Africa, leading producers such as Nigeria, Niger, Mali, Senegal, Ghana, and Togo have dedicated a cumulative planting area of 20,000 ha to tiger nuts [5]. Spain holds the distinction of being the pioneering European nation to initiate the large-scale cultivation of tiger nuts, utilizing approximately 1000 ha of land for this purpose [6]. Owing to variations in regional climates and cultivation practices, the tuber yield of tiger nuts exhibits a wide range, spanning from 3000 to 8500 kg per ha [1,5,6,7]. Tiger nut plants have remarkable adaptability, a high yield, and reproductivity in less fertile areas, and they thrive in fertile soils and are arable in sandy soils. Therefore, the cultivation of tiger nut on marginal land characterized by non-arable property is a potential strategy to both enhance carbon sequestration and alleviate food shortage [8,9,10,11]. The cultivation of tiger nuts on marginal lands is of critical importance; however, sandy soils present a significant challenge to the growth of tiger nuts.



Generally, crop yield relies on both biomass accumulation and its allocation to reproductive organs, as well as the distribution of photosynthetic products from leaves in the reproductive growth phase [12,13]. Therefore, the use of N fertilizer to boost photosynthetic product accumulation at this stage is crucial for achieving high yields. Nevertheless, the photosynthesis process in crop production is dynamic [14,15]. Unlike individual leaf photosynthesis, the canopy apparent photosynthesis (CAP) rate, which integrates environmental, genetic, and population factors, provides a holistic perspective on the dynamics between crop growth and yield [12,16]. The specific leaf area (SLA) is acknowledged as a crucial measure of the leaf light capture efficiency and potential size. Additionally, factors like the leaf area index (LAI), leaf nitrogen content, and leaf tissue density (LTD) are linked to crop yield [3,17].



Tuber expanding as the final stage of tiger nut yield formation is crucial for determining the overall yield of tiger nuts [8,18]. The crop yield is correlated with the photosynthetic production capacity of leaves [19], the characteristics of tuber formation (sink), and the efficient transport and distribution of photosynthetic assimilates during the tuber enlargement phase (flow) [20]. Previous research suggests that N application can increase the aboveground photosynthetic production potential and belowground nutrient acquisition [1,21]. Yu et al. [13] showed that applying N fertilizer during the gestation and filling stages of wheat could improve leaf light and capacity and delay the weakening of leaf function. With increasing N fertilizer application, the LAI, leaf nitrogen content, and yield initially increase before stabilizing [18,21]. Current studies show that applying nitrogen fertilizer improves the canopy photosynthetic capacity, which positively impacts crop yield [13,19,22], while the way in which the sink interacts with flow dynamics under nitrogen-enriched conditions is yet to be determined.



Prior research has indicated that nitrogen fertilizer can boost the yield of tiger nut tubers on marginal lands [1]. Nonetheless, the effects of nitrogen fertilizer on the leaf functional morphology of tiger nuts, as well as the NUE and tuber swelling characteristics in response to the CAP rate, remain underexplored. The aims of this study were to investigate (1) the optimal N fertilizer application rate for cultivating tiger nuts on marginal land, (2) the influence of N on the tuber swelling characteristics and NUE, and (3) the key traits that can improve tuber swelling characteristics and increase the NUE. The outcomes of this study will provide valuable insights for growers to optimize tiger nut growth and fertilization practices in arid regions.




2. Materials and Methods


2.1. Site Description


This study was conducted in Xing’an County, Kashi city, Xinjiang Province (38°38′ N, 77°06′ E), which is located on the southern edge of the Taklimakan Desert, characterized by sandy soils (>99% sand) with a low nutrient content. For climate change data in the test area, refer to Figure S1. The physical and chemical properties of 0–20 cm soil are as follows: bulk density of 1.48 g cm−3; pH of 8.97; soil organic matter (SOM) value of 1.22 g kg−1; total nitrogen (TN) value of 0.24 g kg−1, total phosphorus (TP) value of 0.34 g kg−1, total potassium (TK) value of 8.13 g kg−1, available nitrogen (AN) value of 19.68 mg kg−1, available phosphorus (AP) value of 4.79 mg kg−1, and available potassium (AK) value of 50.67 mg kg−1.




2.2. Experimental Design


This study was carried out with a randomized plot design, and five treatments and three replications with respective N treatments were carried out as follows: (1) no N application (N0); (2) 50% reduction in N application (100 kg N ha−1, N100); (3) local conventional urea—N (200 kg N ha−1, N200); (4) increase of 50% in N application (300 kg N ha−1, N300); and (5) increase of 100% in N application (400 kg N ha−1, N400) (Figure S2). Tiger nuts (Zhongyousha No. 1) were cultured in plots, with each plot measuring 150 m2 (15 × 10 m) with 2 × 0.5 m guard rows set between them. The plants were spaced 20 cm apart with a row spacing of 30 cm. During the study, weeds were regularly removed (every 15 days, manual weeding was conducted). In 2021, the tiger nuts were sown on 18 April, emerged on 4 May, and harvested on 20 September. In 2022, they were sown on 2 May, emerged on 14 May, and harvested on 10 October. Urea (N ≥ 46%, HuaJing fertilizer production company of chemical fertilizers, Aksu Prefecture, Xingjiang, China) was used as the source of N, which was applied via fertilizer dripping with water. The N0 plots only received water. Irrigation was conducted 15 times over the entire reproductive period, with each tube containing two rows spaced 60 cm apart, delivering an irrigation volume of 5250 m3 ha−1. The growth and development changes of tiger nuts during the whole growth period are shown in Figure 1.




2.3. Sampling and Measurement


2.3.1. Canopy Apparent Photosynthesis Rate


The canopy apparent photosynthesis (CAP) rate was measured using the assimilation chamber method described by Yao et al. [12] and Liu et al. [16]. The assimilation box was 1.44 m3 (width 1.20 m × length 1.20 m × height 1.00 m) and made up of aluminum alloy with transparent plexiglass (transparency greater than 90%). The air in the box was blended using a 20 W electric fan. A thermometer inside the chamber was used to record the temperature.



On clear, sunny days, the CAP rates were evaluated at intervals of 0 (40 days after planting), 15 (55 days after planting), 30 (70 days after planting), 45 (85 days after planting), 60 (100 days after planting), and 70 (110 days after planting) d following the period of tuber expansion. These CAP rate evaluations were conducted from 11:00 to 13:00 under conditions where the photosynthetically active radiation above the canopy reached 1200 µmol m–2 s−1. For these measurements, an assimilation chamber was positioned over two central rows within each plot, maintaining a 30 cm gap between the rows of tiger nut. To ascertain the gas exchange rates, each plot underwent at least three measurement sessions lasting 120 s each using the LI-8100 Soil CO2 Flux System (LI-COR Inc., Lincoln, NE, USA). The measurement process commenced once a consistent decline in the CO2 levels within the chamber was observed, with concentrations varying between 400 and 430 ppm during the sampling process. The temperature inside the chamber remained within 3 °C of the external environments, and the relative humidity closely mirrored that of the ambient conditions.



Upon completing the CAP rate measurements, the plants located inside the chamber were severed at the base and extracted. Subsequently, the chamber was repositioned to its initial placement, and the assessments of gas exchange were conducted once more to ascertain the rate of soil respiration. Adjustments were made to the CAP rate readings to compensate for soil respiration.




2.3.2. Leaf Functional Traits


After determining the CAP rate, the leaves were collected from all of the plants in the chamber. Leaf thickness was measured with a vernier caliper. The upper, middle, and lower parts of each leaf were measured, and the average value was considered the leaf thickness (LF). The leaf area was measured with a leaf area meter (LI-3000C Inc., Lincoln, NE, USA). The leaves were then placed in an oven (DHG-9247A, Jing Hong, Shanghai, China) and heated at 105 °C for 120 min to eliminate any greenness, followed by baking at 85 °C for at least 48 h and weighed. The leaves were dried, ground, and then analyzed using the Kjeldahl method to determine the leaf N content [1]. The leaf functional traits were calculated using the following equations [3]:


Specific leaf area (SLA, cm2 g1) = leaf area/leaf dry weigh



(1)






Area-based N content (NA, g m−2) = leaf N content/leaf area



(2)






Leaf tissue density (LTD, g cm−3) = leaf dry weigh/(leaf area × leaf thickness)



(3)






Leaf area index (LAI) = leaf area/land area



(4)








2.3.3. Tuber Expansion


Relatively consistent plants were selected during the tuber expansion period. One hundred plants were marked with a tag in each plot, and five tagged plants were collected at 7-day intervals starting from the tuber expansion period to maturity (Figure 1e). During each sampling period, the tubers were dried and weighed. Richard’s [23] equation was used for fitting according to the methods described:


W = A/(1 + Be−kt)1/N



(5)






G = AkBe−kt/N (1 + Be)(N+1)/N



(6)




where W is the tuber weight (g); A is the final tuber weight; t is the time that the tuber expands (d); B, k, and N are the equation parameters; and G is the tuber expansion rate (g plant–1 d–1).




2.3.4. Nitrogen Content


A total of 2.00 m2 of plants in each plot was sampled at the full maturity stage. The plant samples were divided into three parts (leaves, roots, and tubers), dried to a constant weight at 80 °C, and then weighed. The samples were milled and passed through a 0.5 mm sieve. After digestion in concentrated H2SO4 with a fixed N catalyst, an automatic Kjeldahl apparatus (FOSS-8400, Hillerød, Denmark) was used to determine the leaves’, roots’, and tubers’ N contents according to the Kjeldahl method [1].




2.3.5. Yield and Yield Components


During the mature period, a 2 m2 plot was selected to represent the average yield of each plot. The tubers were manually excavated and transported to the laboratory to remove pebbles and other impurities. Subsequently, they were washed and weighed. The harvested tiger nut tubers were then placed in an oven and heated at 105 °C for 40 min to eliminate any greenness, followed by baking at 75 °C until they reached a constant weight. The theoretical yield of each community was calculated based on their areas.





2.4. Indicator Calculation


2.4.1. Nitrogen Utilization


The N harvest index (NHI), N grain production efficiency (NGPE), N agronomic efficiency (NAE), N partial factor productivity (NPP), and N recovery efficiency (NRE) were calculated according to the methods described by Sun et al. [23]:


NHI (%) = N accumulation in tuber at maturity/total N accumulation at maturity × 100



(7)






NGPE (kg kg−1) = tuber yield/total N accumulation at maturity



(8)






NAE (kg kg−1) = (tuber yield in N supply − tuber yield in zero N supply)/N supply rate



(9)






NPP (kg kg−1) = tuber yield in N supply/N supply rate



(10)






NRE (%) = (total N accumulation in N supply at maturity − total N accumulation in zero N supply at maturity)/N supply rate × 100



(11)








2.4.2. Tuber Expansion Characteristics


The initial growth potential of the tiger nut (R0), time of maximum growth rate (Tmax), maximum tuber expansion rate (Gmax), mean tuber expansion rate during the expansion stage (Gmean), and tuber expansion accumulation were calculated based on the three phases (T1, T2, and T99) after flowering, as described in Equation (5). The mean tuber expansion rate (MTR) of the three expansion periods 0–T1 (early expanding), T1–T2 (middle expanding), and T2–T99 (last expanding) was calculated based on the three phases, expanding material accumulation, and the ratio of tuber expansion contributing to the A value (RGC) in each phase was calculated according to the methods of Sun et al. [23]:


R0 = k/N



(12)






Tmax = (1nB − 1nN)/k



(13)






Gmax = AkBe−kTmax/N(1 + Be-kTmax)(N+1)/N



(14)






Gmean = Ak/2(N + 2)



(15)






   T 1  = − ln [ (   N 2     + 3 N + N   ×      N 2  + 6 N + 5   ) / 2 B ] / k  



(16)






   T 2  = − ln [ ( N  2    + 3 N   ×   N   ×      N 2  + 6 N + 5   ) / 2 B ] / k  



(17)






T99 = −ln [(100/99)N − 1]/B/k



(18)









2.5. Statistical Analysis


Data analysis and graphing were conducted using Origin 2023 (OriginLab Corp., Northampton, MA, USA). The means of the treatments were assessed for significance using the least significant difference (LSD) test (p < 0.05). Correlation heatmaps and partial least squares path modeling were performed using R 4.2.3 (R Core Team, 2022). The pheatmap package in R was used for the correlation analysis and heatmap generation, while the plspm package was used for the partial least squares path model analysis.





3. Results


3.1. Yield and Composition of Tiger Nut


The yield and composition of tubers were notably influenced by the rate of N fertilizer application; however, neither the year nor the interaction between N fertilizer and year exhibited a significant impact on tuber yield. Compared with the local conventional urea-N (N200) treatment, an increase in N fertilizer application (N300 and N400) significantly increased the tuber yield by 32.1–35.5% (p < 0.05), but there was no significant difference between the tuber yields of the N300 and N400 treatments in the years of study (Table 1). The N300 treatment significantly increased the number of tillers by 26.9–28.4% and the number of tubers by 25.3–25.6%. In the present study, the 300 kg ha−1 N application rate was the most suitable.




3.2. Leaf Functional Traits


N application had significant positive effects on key parameters, including the specific leaf area (SLA), leaf area index (LAI), area-based N content (NA), and leaf tissue density (LTD), during the tuber expansion stage of tiger nut (Figure 2). Nitrogen application exerted a substantial influence on the SLA, LAI, and NA, demonstrating a significant increase during the tuber expansion stage. Remarkably, there was no discernible distinction between the N300 and N400 treatments. As the tuber swelling progressed, the SLA for all treatments exhibited an ascending trajectory succeeded by a descending trend, peaking on the 15th day. In comparison to the N200 treatment, the SLA in the N300 and N400 treatments saw significant increases of 12.7–18.4% (2021) and 15.3–19.4% (2022), respectively. The application of nitrogen elevated the LAI during the tuber swelling stage, augmenting the photosynthetic potential. Relative to the N200 treatment, the N300 and N400 treatments displayed a substantial increase in the LAI, ranging from 16.3 to 21.4%. Conversely, the NA exhibited an increase with escalating nitrogen application. In low nitrogen treatments (N0 and N100), the NA demonstrated a decreasing trend over time, while in high nitrogen treatments (N300 and N400), it showcased an ascending and then descending pattern, reaching its zenith on the 30th day at 3.78–5.63 μg cm–2. This underscores that N application enhances the N content in the leaves during the tuber expansion stage, retards leaf senescence, and amplifies photosynthetic potential (Figure 3) and guarantees high yield (Table 1). Elevating nitrogen application significantly reduced the leaf tissue density (p < 0.05), with the LTD gradually diminishing as the growth stage progressed. Notably, during the tuber expansion stage, the N300 and N400 treatments exhibited a noteworthy decline in the LTD by 10.6–17.6% compared to the N200 treatment.




3.3. Canopy Apparent Photosynthesis Rate


N application exerted a notable impact on the CAP rate of leaves throughout the tuber expansion stage (Figure 3). This effect manifested as a discernible pattern of an initial increase followed by a subsequent decrease throughout the growth process, peaking on the 15th day of the tuber expansion stage. Remarkably, the CAP rate decreased in the N300 and N400 treatments during the 15-day to 45-day period of tuber expansion, which was markedly lower than those in the other treatments. Simultaneously, at this growth stage, the CAP rate of the overall population increased in tandem with the increasing N application rate, peaking in the N400 treatment at 14.49–19.46 μmol of CO2 m−2 s−1. In contrast to that in the N200 treatment, the CAP rate in the N300 and N400 treatments experienced a substantial increase of 17.86–16.42%. Although the advantages of the N300 and N400 treatments were evident, the differences between the two years were not statistically significant.




3.4. Tuber Expansion Characteristics


The fluctuations in the growth weight of tiger nut tubers under diverse N application rates align with those of the Richard model (Figure 4). According to the tuber expansion parameters (Table 2), the initial growth potential of the tubers (R0) exhibited a decreasing trend followed by an increasing trend. Notably, in 2021, the order was N400 > N300 > N200 > N0 > N100, while in 2022, it was N0 > N400 > N300 > N100 > N200. As the N application rate increased, the R0 of the tiger nut tubers initially decreased and subsequently increased, with the peak value being observed in the N400 treatment in 2021 and in the N0 treatment in 2022. The treatment that achieved the earliest Tmax during tuber expansion was the N0 treatment, indicating a delayed Tmax after N application. The consistent trends in the Gmax and Gmean during tuber expansion under diverse N application rates suggest that the N300 treatment resulted in optimal Gmax and Gmean values, followed by the N400 treatment. When examining the early swelling characteristics of tiger nut tubers (Table 3) in Figure 4, it becomes evident that the duration of tuber expansion substantially increased in the N treatments (N100, N200, N300, and N400) compared with that in the N0 treatment. The contribution rate of tuber formation to A (RGC) correlated with the days of tuber expansion and the MGR. Notably, during the initial filling stage, the N300 treatment resulted in the highest RGC at 0.435 g plant−1 d−1, closely followed by the N400 treatment. As illustrated in Table 3, the MGR reached its highest value during the middle stage of tuber expansion, and although the duration was short, the RGC contributions exceeded 60% across all of the treatments. Compared with those in the N200 treatment, both the N300 and N400 treatments significantly increased the MGR, ranging from 20.28 to 38.23%. Furthermore, with an increasing N fertilizer application rate, the MGR of the tubers increased and then decreased, reaching its lowest value in the N300 treatment. As the tuber expansion progressed to the late stage, the N400 treatment resulted in the highest MGR, followed by the N300 treatment. Notably, the N300 treatment resulted in a greater RGC during the early and middle stages of tuber expansion.




3.5. Nitrogen Use Efficiency


During a two-year investigation, the management of N fertilizer had a notable influence on the efficiency indicators related to its usage (Table 4). In contrast to the N200 treatment, the N100 treatment demonstrated varying degrees of reduction across all N fertilizer efficiency indicators, except for the NGPE. Notably, the NAE, NPP, and NRE decreased by 17.40–19.23%, 1.07–12.40%, and 12.34–15.40%, respectively. Compared with the N200 treatment, both the N300 and N400 treatments exhibited considerable increases, followed by subsequent decreases in the NGFE, NAE, NPP, and NRE. The N300 treatment notably showed the most substantial increases at 3.07–7.73%, 16.38–47.79%, 13.79–27.97%, and 9.58–14.94%, respectively. When the N fertilizer application rate exceeded that in the N300 treatment, the NGFE, NAE, and NRE significantly decreased by 8.86–13.55%, 8.88–13.58%, and 11.11–13.76%, respectively. The overall yield characteristics (Table 1) suggest that by increasing the N fertilizer application rate by 50% (N300), both the tuber yield and NUE of tiger nut plants can be significantly increased.




3.6. Correlations between Yield and NUE


The Pearson correlation analysis (Figure 5) revealed that the SLA, LAI, and NA exhibited positive correlations with tuber yield, the number of filled tubers per plant, and the NUE (R2 = 0.428~0.936**). Conversely, the LTD displayed a positive correlation solely with tuber yield. The number of filled tubers per plant exhibited a negative correlation with the NUE. During the tuber expansion stage from 15 to 70 days, the CAP rate was positively correlated with tuber yield, the number of filled tubers per plant, and the NUE (R2 = 0.523**~0.973**), specifically during the 15- to 45-day period, which was closely related to a synergistic increase in the yield and N use rate (R2 = 0.723**~0.973**). A significant or highly significant positive correlation was observed between the tuber expansion rate and both the yield and NUE (R2 = 0.654*~973**). Specifically, Gman, during the early and middle expansion stages, demonstrated a noteworthy positive correlation with tuber yield and the NUE (R2 = 0.765**~0.973**), underscoring the importance of the early and middle expansion stages in tuber formation.



The least squares path model revealed that N fertilizer increases tuber yield and the NUE by modulating leaf function during the tuber bulking stage and CAP rate. Overall, leaf function, the CAP, and tuber expansion accounted for 94.4% and 71.8% of the variation in tuber yield and the NUE, respectively (GOF = 0.848, Figure 6). The tuber yields primarily stemmed from the tuber expansion characteristics and CAP, with standardized direct effects of 0.531 and 0.476, respectively. Moreover, the NUE is mainly influenced by the CAP rate, with a standardized direct effect of 0.481. The total effect coefficients revealed that N fertilizer and tuber expansion had more pronounced impacts on the yield, whereas leaf function and the CAP had greater influences on the NUE. N fertilizer indirectly impacts tuber yield and the NUE by modulating the leaf function, CAP rate, and tuber expansion.





4. Discussion


4.1. Yield and Yield Formation


Numerous research efforts have consistently demonstrated that the application of N fertilizer significantly improves various critical phases of crop growth and development, leading to substantial yield increases [24,25]. The intricate process of crop yield formation is inextricably linked with several factors: population structure, photosynthetic physiology, the accumulation and transport of materials, and the components that contribute to yield [22,26]. Prior studies have established that promoting stolon tillering and shoot growth in tiger nut is essential for achieving high yields [8]. The investigations by DU et al. [4] and Asare et al. [5] revealed that for tiger nut plants to yield exceptionally high tuber yield, robust development of stolon tillering and shoots is necessary, which, in turn, facilitates the generation of a greater number of tubers within the crop population. This research highlights that the most effective N fertilizer treatment for maximizing yield primarily works by increasing the number of individual grains and stolon tillering, thereby leading to a high yield outcome (Table 1). Hence, to optimize tiger nut yield formation, a crucial strategy involves increasing the seed count per planting hole and stolon tillering while balancing the 100-seed weight of tubers [8,9]. Consequently, maintaining a steady N nutrient supply during the tuber phase and encouraging tuber formation are essential steps toward achieving a high yield.



Previous studies have demonstrated that tiger nut plants can thrive and reproduce in poor soil conditions [1,7]. Adekiya et al. [27] and Tian et al. [1] indicate that fertilization increases the aboveground biomass, tiller formation in tiger nut, the population growth rate, and dry matter accumulation. However, during tiger nut’s reproductive cycle, the tuber expansion phase is critical for tiger nut tuber yield formation. Therefore, it is essential to synchronize the development of aboveground photosynthetic substances with underground tuber formation during this phase [28]. Our study revealed that in marginal soils, the tiger nut tuber yield increases with the escalation of N application rates. Additionally, the augmentation of nitrogen fertilizer can enhance the LAI, SLA, NA, and CAP rate during the tuber expansion period (Figure 1 and Figure 2). This observation aligns with prior research, suggesting that optimal leaf function and the CAP rate are fundamental for high crop yields [22,24,29]. Furthermore, this study also demonstrated that the LAI, NA, SLA, and CAP rate during the tuber expansion period are significantly positively correlated with tiger nut yield and the number of filled tubers per plant (Figure 5). This result confirms that N fertilizer topdressing is advantageous for enhancing the photosynthetic characteristics of tiger nut plants and fostering high yields.



N fertilizer management plays a pivotal role in the formation and yield of tubers, serving as a key method for increasing the yield of tuberous crops [20,30]. Nevertheless, the effects of the timing of N fertilizer application on the yield formation process of these crops are still a matter of debate [31,32]. Various studies suggest that increasing the N and irrigation levels extends the tuber expansion period and improves stolon growth, consequently increasing tuber yield [18,21]. However, the impact of N fertilizer on the characteristics of tuber expansion has not been extensively studied. This study illustrates that, in comparison to the N200 treatment, additional N application led to an increase in R0 during the tuber expansion period, an earlier Tmax, and enhancements in Gmax and Gmean (Figure 4; Table 4). These changes facilitate tuber expansion, accelerate the accumulation of dry matter in tubers, and ultimately increase yield [18,32]. Thus, by intensifying N fertilizer application, it is possible to reconcile the discrepancies among tuber expansion parameters (R0, Tmax, Gmax, and Gmean), thereby fostering substance accumulation in tiger nut tubers and setting the stage for high yields. Faradonbeh et al. [18] and Braun et al. [21] reported that increased N fertilizer application rates increase the accumulation of substances in the tuber expansion phase, thereby increasing the yield. This study also revealed a significant positive correlation between the yield and N fertilizer application rate (Figure 5).




4.2. Relationship between NUE and Tuber Yield


Improving the nitrogen use efficiency not only has the potential to increase crop yields but also to reduce environmental pollution attributable to residual nitrogen in the soil [33,34]. Tian et al. [1] found that nitrogen fertilizer application could boost the aboveground biomass and specific leaf area, enhance nutrient absorption, and increase the count of tiger nut rhizomes. Our study shows that, in comparison to the N200 treatment, elevating the 400 kg N ha−1 markedly augmented stolon tillering and the quantity of tubers per plant (Table 1). Moreover, increment in nitrogen fertilizer input enhances nitrogen utilization efficiency metrics such as the NAE, NPP, and NRE, while it reduces four indicators, including the NHI and NGPE (Table 3). This reduction could have stemmed from the heightened nitrogen availability, which extended the tuberization phase in tuberous crops and postponed rhizome tuberization, leading to lower NHI and NGPE values [20]. Consequently, we posit that the decline in the hundred-grain weight of tiger nut is attributed to the tubers’ delayed enlargement due to an increased nitrogen fertilizer input. This suggests that a moderate increase in nitrogen fertilizer can be advantageous for boosting the nitrogen fertilizer utilization efficiency and securing high yields.



Ayyub et al. [35] demonstrated that both nitrogen uptake and the N fertilizer utilization efficiency were closely linked to tuber yield and quality in tuberous crops grown in sandy soil. Tian et al. [1] showed that N application can substantially enhance the functional attributes of tiger nut leaves in marginal soils, thus increasing tuber yield. Previous research has established a significant positive correlation between tuber yield and factors such as dry matter accumulation, leaf function, and photosynthetic capacity [22,34]. This study further confirmed the notable positive correlations between the LAI, SLA, NA, and CAP rate and the NAE, NPP, and NRE during the tuber expansion stage (Figure 5). However, this research focuses solely on the effects of leaf function and the CAP rate during the tuber expansion stage on tuber yield, which does not encompass the entire growth period. Moreover, there are significant variances in the ecological environment at each growth stage [20]. Future studies should aim to delineate population growth characteristics more precisely at different stages of growth.




4.3. Synergistically Improving the Tuber Yield and NUE


Studies have elucidated that increasing N fertilizer application during the tuber expansion stage significantly augments the CAP rate (Figure 3), elevates the photosynthetic rate and potential across the population, and promotes dry matter accumulation in the above-ground biomass, thereby facilitating tuber expansion [20,31,35]. Furthermore, an optimal N fertilizer regime can increase dry matter accumulation and increase the count of photosynthetically active leaves in tuber nut plants, increase the photosynthetic capacity, and reduce the incidence of no-tuber-producing stolons [1]. N application plays a pivotal role in harmonizing the source sink dynamics during tuber expansion, improving the assimilation of leaf-derived photosynthetic products and root N uptake, and aiding in the translocation and reallocation of carbon and N compounds to tubers [20,21]. Attaining balance between the 100-grain weight and the grain count per planting site is imperative for cultivating a high-yield population characterized by a harmoniously integrated source–sink relationship, thus increasing tuber yield and the NUE [8,36]. This methodology harbors major potential for leveraging marginal lands and achieving consistent, elevated yields of tiger nut tubers.



High photosynthetic productivity is fundamental to achieving high yield and efficient N utilization. This study revealed that N fertilizer not only markedly increased the leaf N content and LAI but also lowered the LTD (Figure 2), thus increasing the photosynthetic productivity of the crop (Figure 3). This increase could be likely attributed to N fertilizer’s role in increasing chlorophyll concentrations, expanding the photosynthetic surface area, and facilitating enhanced light penetration [19,24]. The rate at which nitrogen is translocated from leaves during the transition from the tuber enlargement stage to maturity further supports the regulatory mechanisms of tuber development, as proposed in earlier research [13,19,37]. Tuber enlargement is a crucial phase in the formation of tiger nut yield, ultimately influencing tuber quality, weight, and yield [5,8]. Currently, there is scant research on the essential pathways through which nitrogen fertilizer treatment during the tuber enlargement phase affects yield and nitrogen use efficiency, or NUE. This study indicates that leaf functional attributes during the tuber enlargement stage significantly contribute to tuber development. This study suggests that leaf functional characteristics during the tuber enlargement stage play a significant role in tuber development. Our research reveals that the tuber growth rate from days 20 to 45 of the enlargement stage accounts for more than 60% of the total enlargement period (Table 3), significantly influencing the yield and NUE. Moreover, this study demonstrates that the application of 300 kg of N ha–1 systematically enhances the functional and photosynthetic traits of tiger nut leaves, thereby boosting tuber yield and the NUE. Future investigations should probe into the distinct fertilizer requirements of tiger nut plants across various fertilizer formulations and delve more deeply into optimizing and controlling the release of N fertilizer in marginal soil.





5. Conclusions


This investigation highlights the significant influence of N application on a multitude of parameters concerning tiger nut plant cultivation in marginal soil. Specifically, N fertilizer significantly increases the LAI, SLA, NA, CAP rate, and tuber expansion parameters. Importantly, the most significant effects are observed during the early and middle expansion stages of tuber expansion, critically influencing tuber yield and the NUE (NAE, NPP, and NRE). The modulation of tiger nut tuber yield is primarily attributed to the dynamics of tuber expansion, whereas the NUE is chiefly governed by the CAP rate. Consequently, the optimization of the source–sink relationship emerges as a pivotal factor in simultaneously increasing tuber yield and the NUE. The administration of 300 kg ha–1 of N has emerged as an optimal approach for synergistically enhancing the source–sink dynamics of tiger nut plant in marginal soils and, as a result, substantially increasing both tuber yield and the NUE.
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Figure 1. Characteristics of tiger nut in different growth stages and changes in tuber expansion stage; 10 days after planting (a), 40 days after planting (b), 70 days after planting (c), 110 days after planting (d), and different growth days in tuber expansion period (e). 
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Figure 2. Effects of N addition on leaf functional traits in tiger nut tuber expansion. Note: SLA, specific leaf area (a,b); LAI, leaf area index (c,d); NA, area-based N content (e,f); LTD, leaf tissue density (g,h). Error bars indicate SD. Different lowercase letters indicate significant difference between different treatments in same period (p < 0.05). 
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Figure 3. The effects of N addition on the canopy apparent photosynthetic rate during the tuber expansion period in 2021 (a) and 2022 (b) for tiger nuts. Note: The error bars indicate the SD. Different lowercase letters indicate significant differences between different treatments in the same period (p < 0.05). 
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Figure 4. Effects of N addition on tuber expansion rate in 2021 (a) and 2022 (b) in tiger nut. 
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Figure 5. Correlation heatmap of tuber yield and NUE with leaf function, canopy apparent photosynthesis rate, and tuber-filling characteristics. Note: Coefficients of correlation between some indices (except N0) and yield and NUE (every year number of samples is 12). SLA, specific leaf area; LAI, leaf area index; NA, area-based N content; LTD, leaf tissue density, NAE, N agronomic efficiency, NPP, N partial factor productivity; NRE, N recovery efficiency. Gmean, mean expansion rate tuber expansion stage; MGR, mean tuber expansion rate at certain reproductive stage; MGR1, early expansion stage; MGR2, middle expansion stage; MGR3, late expansion stage. *, p < 0.05; **, p < 0.01. 
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Figure 6. Partial least squares path model analysis of main factors and regulatory pathways affecting yield and NUE (a) and total effect value (b) of tiger nut. Leaf functional parameters (including SLA, LAI, NA, and LTD): CAP (0 to 70 days canopy apparent photosynthesis rate) and tuber expansion (Gmean, early expanding stage, middle expanding stage and late expanding stage). Yield: tuber yield, NUE: NAE, NPP, and NRE. 
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Table 1. Effect of different fertilizer levels on yield and composition of tiger nut tuber.
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Year

	
N Treatments

	
Tillers/

Number

	
Number of Tubers per Plant

(Number)

	
100-Grain Weight/

g

	
Yield/

kg ha−1






	
2021

	
N0

	
10.3 ± 0.7 d

	
25.3 ± 1.7 d

	
64.23 ± 1.30 a

	
2162 ± 142 d




	
N100

	
16.3 ± 1.2 c

	
42.0 ± 1.5 c

	
59.84 ± 1.18 b

	
3944 ± 184 c




	
N200

	
19.7 ± 0.3 b

	
56.0 ± 4.6 b

	
54.32 ± 1.27 c

	
6026 ± 264 b




	
N300

	
24.6 ± 0.7 a

	
68.0 ± 0.6 a

	
53.63 ± 2.79 c

	
7962 ± 146 ab




	
N400

	
26.3 ± 1.2 a

	
72.3 ± 2.6 a

	
47.92 ± 1.67 d

	
8165 ± 247 a




	
2022

	
N0

	
11.3 ± 0.7 d

	
21.3 ± 1.5 d

	
61.40 ± 1.30 a

	
1987 ± 87 e




	
N100

	
18.7 ± 0.9 c

	
43.6 ± 1.2 c

	
57.70 ± 0.71 b

	
3425 ± 124 d




	
N200

	
22.3 ± 1.2 b

	
57.3 ± 2.4 b

	
52.30 ± 0.64 c

	
5856 ± 274 c




	
N300

	
28.3 ± 0.4 a

	
67.0 ± 1.5 a

	
51.49 ± 0.41 c

	
7865 ± 146 ab




	
N400

	
29.7 ± 0.8 a

	
70.0 ± 2.1 a

	
46.26 ± 0.39 d

	
8135 ± 172 a




	
Y

N

N × Y

	
0.55 ns

	
0.62 ns

	
2.27 ns

	
1.26 ns




	
179.93 **

	
242.04 **

	
357.84 **

	
186.72 **




	
0.45 ns

	
0.14 ns

	
0.69 ns

	
0.72 ns








Note: Values are shown as means ± SD. **, p < 0.01, ns, non-significant difference. Different lowercase letters indicate significant (p < 0.05) differences among treatments under same year.













 





Table 2. Effects of N addition on tuber expansion parameters of tiger nuts.
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	Year
	N Treatments
	R0
	Tmax (d)
	Gmax (g plant d–1)
	Gmean (g plant d–1)





	2021
	N0
	0.106 ± 0.02 c
	20.23 ± 1.12 c
	0.143 ± 0.03 c
	0.174 ± 0.032 d



	
	N100
	0.092 ± 0.08 d
	26.77 ± 0.78 a
	0.385 ± 0.11 c
	0.290 ± 0.011 c



	
	N200
	0.127 ± 0.012 b
	24.10 ± 1.22 b
	0.744 ± 0.12 a
	0.517 ± 0.086 b



	
	N300
	0.145 ± 0.12 a
	24.37 ± 1.26 b
	0.700 ± 0.26 a
	0.624 ± 0.057 a



	
	N400
	0.150 ± 0.08 a
	23.15 ± 0.88 b
	0.686 ± 0.21 b
	0.588 ± 0.125 a



	2022
	N0
	0.366 ± 0.012 a
	17.09 ± 1.12 c
	0.214 ± 0.033 c
	0.163 ± 0.086 d



	
	N100
	0.099 ± 0.024 d
	28.95 ± 2.12 a
	0.556 ± 0.126 b
	0.301 ± 0.118 c



	
	N200
	0.084 ± 0.013 d
	24.82 ± 1.11 b
	0.686 ± 0.138 ab
	0.477 ± 0.133 b



	
	N300
	0.190 ± 0.022 c
	23.62 ± 0.88 b
	0.742 ± 0.162 a
	0.688 ± 0.067 a



	
	N400
	0.317 ± 0.037 b
	22.61 ± 0.37 bc
	0.671 ± 0.126 ab
	0.632 ± 0.126 a







Note: Values are shown as means ± SD. R0: starting growth potential of tuber; Tmax: time of maximum growth rate; Gmax: maximum filling rate during filling stage; Gmean: mean filling rate during filling stage. Different lowercase letters indicate significant (p < 0.05) differences among treatments under same year.













 





Table 3. Effects of N addition on tuber expansion characteristics at early expansion, middle expansion, and late expansion stages of tiger nut growth.
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Year

	
N Treatment

	
Early Expansion Stage

	
Middle Expansion Stage

	
Late Expansion Stage




	
Days

(d)

	
MGR

(g·plant−1 d−1)

	
RGC

%

	
Days

(d)

	
MGR

(g·plant−1 d−1)

	
RGC

%

	
Days

(d)

	
MGR

(g·plant−1 d−1)

	
RGC

%






	
2021

	
N0

	
8.85 ± 0.62 d

	
0.15 ± 0.07 c

	
14.86 ± 1.32 d

	
23.96 ± 2.62 b

	
0.25 ± 0.11 e

	
65.27 ± 3.68 a

	
29.91 ± 2.11 c

	
0.06 ± 0.01 c

	
19.87 ± 1.42 c




	

	
N100

	
13.82 ± 0.38 b

	
0.21 ± 0.02 b

	
16.24 ± 0.66 c

	
26.21 ± 2.24 a

	
0.42 ± 0.10 d

	
62.47 ± 0.73 ab

	
36.97 ± 3.42 a

	
0.10 ± 0.02 b

	
21.29 ± 0.72 b




	

	
N200

	
11.73 ± 0.62 c

	
0.42 ± 0.11 a

	
17.64 ± 1.43 b

	
24.75 ± 1.73 ab

	
0.69 ± 0.18 b

	
60.34 ± 0.34 b

	
31.33 ± 2.13 b

	
0.20 ± 0.06 a

	
22.02 ± 1.15 a




	

	
N300

	
17.09 ± 1.18 a

	
0.43 ± 0.08 a

	
20.62 ± 2.14 a

	
24.62 ± 2.24 ab

	
0.90 ± 0.04 a

	
62.27 ± 1.17 ab

	
28.64 ± 1.32 c

	
0.21 ± 0.04 a

	
17.11 ± 1.27 c




	

	
N400

	
10.94 ± 0.87 c

	
0.40 ± 0.10 a

	
18.66 ± 0.83 ab

	
24.42 ± 1.43 ab

	
0.83 ± 0.12 ab

	
60.74 ± 1.98 b

	
27.70 ± 1.18 c

	
0.23 ± 0.03 a

	
20.60 ± 1.34 bc




	
2022

	
N0

	
9.24 ± 1.32 c

	
0.13 ± 0.03 d

	
12.68 ± 1.32 d

	
23.87 ± 2.12 b

	
0.27 ± 0.11 d

	
67.00 ± 1.32 a

	
30.22 ± 2.21 b

	
0.07 ± 0.01 d

	
20.32 ± 1.32 b




	

	
N100

	
12.27 ± 0.72 b

	
0.22 ± 0.06 c

	
15.68 ± 0.62 c

	
26.72 ± 1.11 aa

	
0.40 ± 0.08 c

	
61.70 ± 1.66 b

	
34.87 ± 1.06 a

	
0.11 ± 0.02 c

	
22.62 ± 2.12 ab




	

	
N200

	
13.36 ± 0.88 b

	
0.34 ± 0.11 b

	
16.62 ± 1.74 b

	
24.32 ± 1.06 b

	
0.68 ± 0.11 b

	
60.04 ± 0.68 b

	
31.26 ± 0.32 b

	
0.21 ± 0.03 b

	
23.34 ± 1.32 a




	

	
N300

	
16.88 ± 1.26 a

	
0.44 ± 0.12 a

	
19.86 ± 1.13 a

	
24.46 ± 0.66 b

	
0.94 ± 0.12 a

	
61.88 ± 1.12 b

	
27.12 ± 1.72 c

	
0.25 ± 0.03 ab

	
18.26 ± 1.13 d




	

	
N400

	
13.24 ± 1.08 b

	
0.42 ± 0.62 a

	
17.62 ± 0.32 b

	
25.22 ± 1.02 ab

	
0.85 ± 0.17 a

	
62.26 ± 0.43 b

	
26.68 ± 0.83 c

	
0.27 ± 0.02 a

	
21.12 ± 0.62 ab








Note: Values are shown as means ± SD. MGR, mean tuber expansion rate at certain reproductive stage; RGC, ratio of tuber expansion to final tuber weight. Different lowercase letters indicate significant (p < 0.05) differences among treatments under same year.













 





Table 4. Effects of N fertilizer on NUE of tiger nut.
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Year

	
N Treatment

	
NHI

(%)

	
NGPE

(kg kg−1)

	
NAE

(%)

	
NPP

(kg kg−1)

	
NRE

(%)






	
2021

	
N0

	
55.91 ± 3.41 a

	
57.00 ± 1.38 a

	
-

	
-

	
-




	
N100

	
52.87 ± 1.14 ab

	
44.60 ± 0.60 b

	
9.29 ± 0.81 d

	
28.55 ± 2.31 b

	
32.56 ± 2.24 c




	
N200

	
50.97 ± 1.99 b

	
38.81 ± 0.93 d

	
11.03 ± 0.10 c

	
28.86 ± 1.74 b

	
38.35 ± 2.55 b




	
N300

	
50.67 ± 1.40 bc

	
41.81 ± 1.78 c

	
16.30 ± 0.47 a

	
36.94 ± 1.76 a

	
44.08 ± 1.14 a




	
N400

	
47.17 ± 1.32 c

	
38.91 ± 1.45 d

	
14.75 ± 0.50 b

	
35.31 ± 0.63 a

	
41.79 ± 0.40 a




	
2022

	
N0

	
57.68 ± 1.68 a

	
49.46 ± 2.73 a

	
-

	
-

	
-




	
N100

	
53.26 ± 2.38 b

	
43.85 ± 2.33 c

	
10.49 ± 1.24 c

	
30.54 ± 1.42 c

	
31.47 ± 0.13 c




	
N200

	
51.43 ± 1.08 b

	
43.56 ± 1.66 c

	
12.70 ± 1.86 b

	
34.74 ± 2.27 b

	
35.90 ± 0.77 c




	
N300

	
49.32 ± 1.85 c

	
44.90 ± 1.54 b

	
14.78 ± 0.90 a

	
39.53 ± 1.12 a

	
39.34 ± 0.87 a




	
N400

	
47.28 ± 1.35 c

	
41.12 ± 1.94 cd

	
12.73 ± 1.28 b

	
36.09 ± 0.48 b

	
36.64 ± 1.17 b




	
Y

	
0.26

	
0.42

	
1.16

	
2.33

	
2.51




	
N

	
7.47 **

	
101.07 **

	
12.68 **

	
19.22 **

	
23.18 **




	
N × Y

	
0.14

	
0.33

	
0.12

	
0.69

	
0.48








Note: Values are shown as means ± SD. NHI, N harvest index; NGPE, N grain production efficiency; NAE, N agronomic efficiency; NPP, N partial factor productivity; NRE, N recovery efficiency. **, p < 0.01. Different lowercase letters indicate significant (p < 0.05) differences among treatments in same year.
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