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Abstract

:

This work is a contribution to applied water and fertilizer coupling efforts aiming at increasing crop productivity on sugarcane plantations through the analysis of average cane yields obtained following main agronomic traits in growth and sugar content of plantations, in order to improve irrigation scheduling practices. A field experiment was carried out, testing drip irrigation (D), with four levels (0%, 50%, 100% and 150%) of water (W) and four levels (0%, 50%, 100% and 150%) of fertilizer (F) with three replicates. Rain-fed crop (neither irrigation nor fertilizer DW0F0) and manpower irrigation were included as the control (W1F1). The effects of water and fertilizer on agronomic traits (plant high, stem diameter, effective stem number and single stem weight), sugarcane yield and sugar content were studied in Guangxi (southwest China) from 2018–2020. Compared with W1F1, the agronomic traits were higher under DW1F1 treatment; for sugar content, the benefit of the combined treatment was W0.5F0; for sugarcane yield, the best treatment was DW1F1, followed by DW1.5F1. To obtain maximum sugar yield, it is recommended to apply a N fertilizer dose of 292 kg ha−1, K2O fertilizer 146.55 kg ha−1 and P2O5 fertilizer 439.5 kg ha−1 with water 1778.4 m3 ha−1. The results could not only boost efficiency of water and fertilizer, but also establish the reasonable irrigation and fertilizer measure, and regulate yield of sugarcane. It could offer some ideas and techniques for developing precision farming.
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1. Introduction


Sugarcane (Saccharum officinarum L.) is an important crop, of significant social and economic value in many countries, given that nearly 75% of global production is concentrated in Brazil, India, China, Thailand, and Pakistan [1,2]. Sugarcane plays a pivotal role in both the agricultural and industrial economy of China as it is a renewable natural agricultural resource and provides sugar as well as biofuel, fiber and co-products with ecological sustainability [3,4]. Guangxi is an important sugarcane production and processing base in China; its planting area accounts for more than 85% of the domestic annual sugarcane planting area, and its sugar production accounts for more than 90% of the total sugar output [5].



Water is essential for the growth of sugarcane, and water deficiency can seriously retard sugarcane’s development [6,7]. Sugarcane responds differently to a water deficit during different growth phases. In the early stages of sugarcane growth, a water deficit will lead to compensatory growth of the plant when the normal water level is restored. Therefore, in the early stage of sugarcane growth, water can be appropriately saved [8,9,10]. Studies have clearly shown that reducing irrigation during the maturation phase saved water and increased the sugar content [11,12]. Contrary to the initial and final stages of sugarcane development, many studies have shown that precipitation has the greatest impact on sugarcane elongation. Lack of water often leads to reduced sugarcane production and even failed harvests [13,14].



Sugarcane is a high-yielding crop that requires significant amounts of plant nutrients, because mineral elements comprise 3–5% of its dry matter. Sugarcane accumulates, per 100 mg of stalks produced, 100–154 kg N; 15–25 kg P2O5; 77–232 kg K2O; and 14–49 kg S [15]. This amount of nutrients might be replaced every year to allow sustainable production with no degradation of soil fertility over the years [16]. Due to insufficient fertilizers, the growth and yield of sugarcane has declined as it is required in many critical processes indicating plant growth such as leaves expansion and the production of tiller or sucker, especially in the formation of plant protein; however, excessive fertilizer (especially nitrogen) can lead to prolonged plant growth and reduced sugar yield and quality [17]. In addition, because fertilizer requires substantial input costs and has an impact on the environment, there are pressing needs to optimize the supply of fertilizer with the most critical crop requirement stages [4]. As a consequence, a considerable ratio of the production cost of sugarcane is associated with the use of soil amendments and fertilizers [18].



In combination, water and nutrients are the important factors in agricultural growth and production, and different levels of water and fertilizers have significant combined effects on yield, crop growth and water productivity [19]. For different varieties, regional climate, soil and other conditions, the water and fertilizer supply parameters will also vary. However, at present, there are not many reports on the water and fertilization integration technology in sugarcane. Excessive irrigation water and fertilizers not only waste resources, but also seriously affect the environment [20,21,22,23,24]. Therefore, it is necessary to find a reasonable coupling water and fertilizer models that allows the highest productivity for sugarcane. A large amount of sugarcane is planted on dry slopes in Guangxi, coupled with the typical karst landform features, making it difficult to store water in planting areas. Studies have shown that drought and water shortage has become the main constraint factor for the high and stable production of sugarcane in Guangxi [25,26]. Therefore, to achieve maximum productivity, it requires an abundant supply of water from effective irrigation, which also can contribute to sustainable agricultural development and environmental sustainability. Substantial amounts of fertilizer are necessary for high sugarcane production, due to the crop’s high biomass production [3]. However, studies on the effects of fertilization on sugarcane biomass and sugar accumulation have revealed that high fertilization is a strong source of greenhouse gases emissions [27], meaning it has both economic and environmental consequences.



We monitored agronomic traits, sugar content and yield traits of sugarcane from 2018–2020 under different water–fertilization management systems in a typical sugarcane cropping system. The aim of this study is to optimize water and fertilizer application to maximize sugar content and optimize the yield traits of sugarcane to improve the benefits, which can provide a scientific basis for optimization and management of irrigation and fertilization in China and other regions with similar environments.




2. Materials and Methods


2.1. Study Area


The study area was in Jiangzhou county, Guangxi province, a typical sugarcane-producing area in China (Figure 1). Jiangzhou county is located in the subtropical humid monsoon climate zone, with mean annual precipitation of 1500 mm and mean annual temperature of 22 °C. Sugarcane in Guangxi plays a crucial role in China’s sugar production and regional economic development. The area of sugarcane crop increased from 508.7 ha in 2000 to 890.2 ha in 2019, representing 8.1% and 14.9%, respectively, of the total sown area in Guangxi province [28]. Abundant light and heat resources are of great benefit to the yield of sugarcane. Following adjustment of the planting system, sugar production has been strongly increased in Guangxi.




2.2. Experiment Design


The experiment was carried out at Longze in Jiangzhou county. Rainfall is mainly concentrated from April to October and few showers in December to late spring (Figure 2). The soil was generally low in major nutrients, with 0.5 g·kg−1 of total N, 57 mg kg−1 of available phosphorus (P), 125 mg kg−1 of available potassium (K), and 8.3 g·kg−1 of organic matter. High ridges are raised before planting, and sugarcane is planted on the ridges. During the growth process of sugarcane, the weeding and spraying of pesticides were carried out according to the actual situation to prevent the occurrence of diseases and insect pests. Weeds may smother new shoots before they grow. Continued weeding is necessary until the cane grows large enough to create shade and block harmful weeds. Checking sugarcane regularly for pests or rot, and taking precautions to keep pests and disease at bay as much as possible are of the utmost importance. Each plot was 8 m × 8 m and was equipped with one of two irrigation methods—drip (D) or manpower irrigation—and different fertilizer levels. The drip irrigation zone was surrounded by cement and bricks, to form a relatively independent experimental plot. The manpower irrigation zone had a 2 m wide isolation zone.



The experiments were conducted in a randomized block factorial design with three replicates. The treatments repeated at the same location each year. The experimental treatments comprised four levels of irrigation and four levels of fertilization. In total, 13 treatments were conducted in the experiment, including 12 water and fertilizer coupling treatments, a manpower treatment (W1F1) and the control treatments (CK).



The irrigation application was started at 30 days after planting. Irrigation level was designed according to the lower limit of soil moisture content. The soil moisture content in the seedling and tillering stage was 65–85% of the field water holding capacity, the elongation was 70–90% and the maturity period was 60–80%. The irrigation volume was set to four gradients of this level: W0 (0%), W0.5 (50%), W1 (100%) and W1.5 (150%).



Fertilization is distributed according to the proportion of 10% in the seedling stage, 20% in the tillering stage, and 70% in the elongation stage. The ratio of N, K2O and P2O5 fertilizer was 1.53:1:3.07. The four levels of N, K2O and P2O5 fertilizer (0-0-0, 146.55-73.2-219.75, 292.95-146.48-439.43 and 439.5-219.75-659.1 kg·ha−1 were designated F0, F0.5, F1 and F1.5, respectively) were applied to the plots. The F0, F0.5, F1 and F1.5 treatments represented 0%, 50%, 100% and 150% of the locally applied fertilizer rate (292.95-146.48-439.43 kg·ha−1 N, K2O and P2O5), respectively. The fertilization time of the seedling period was 5 March, the tillering period was 18 April and the elongation period was 2 June each year. The amount of fertilization and irrigation during 2018–2020 is shown in Table 1.




2.3. Trait Measurements


We referred to the method of “Chinese Sugarcane Varieties” to identify various agronomic indicators of sugarcane. Beginning in June 2018, the plant height, effective stem number, single stem weight and stem diameter sugarcane yield were investigated at late maturity. The sugar content monitoring started from the formation of the first node of the plant, and from each plot 5 representative plants (non-numbered internal plants) were selected to measure the sugar content in the upper, middle and lower positions, starting from the appearance of two nodes, and measuring two, normal measurement after three sessions, the target reaction average sugar content. The field hammers of the sugarcane plant were measured with a handheld hammer every 15 days, and the upper and lower field hammers of the cane stems reached 0.9–1.0 at the mature stage.



Sugar content (%) = field hammer degree × 1.025–7.703.




2.4. Statistical Analysis


Statistical analyses were performed using the software R (Version 4.02). All values were expressed as means ± SD. One-way ANOVA and all pair-wise comparisons of the treatment means were performed using Duncan test, with significance set at p < 0.05.





3. Results


3.1. Combined Effect of Water and Fertilization on Sugarcane Agronomic Traits


In 2018, water had a significant effect on plant height (F = 3.557, p = 0.018), stem diameter (F = 2.845, p = 0.043), effective stem number (F = 6.483, p < 0.001) and single stem weight (F = 4.992, p = 0.004). Fertilizer and fertilizer–water interaction had no significant effect on all agronomic characteristics of sugarcane (p > 0.05). In 2019, water had a significant effect on effective stem number (F = 6.089, p = 0.001) and single stem weight (F = 5.398, p < 0.001), and fertilizer had a significant effect on effective stem number (F = 3.764, p = 0.021). In 2020, water had a significant effect on effective plant height (F = 8.197, p < 0.001) and single stem weight (F = 5.33, p = 0.002), fertilizer had a significant effect on plant height (F = 10.93, p < 0.001), and fertilizer–water interaction had a significant effect on plant height (F = 4.22, p = 0.005) and single stem weight (F = 3.22, p = 0.020) (Table 2).



Integrating the data of 2018–2020 on sugarcane agronomic traits, as shown in Table 2, among different treatments, the treatments DW1F1, DW1.5F1 and DW1.5F1.5 were better for effective stem number and single stem weight, which are the main agronomic yield traits for sugarcane (Figure 3). Water, fertilizer and water–fertilizer interaction had significant effects on mean plant height, mean effective stem number and mean single stem weight in 3 years, and had no significant on mean stem diameter (Table 3, Figure 4).




3.2. Combined Effect of Water and Fertilization on Sugar Content and Sugar Yield


One-way analysis of variance showed that there was no significant difference in sugarcane field hammer in 2018 (F = 0.150, p = 0.961), among which the field hammer was the highest under the treatment of DW1.5F0.5; however, there was significant difference among the treatments in 2019 (F = 3.812, p = 0.013)—the CK (W1F1) treatment was the lowest, and DW0F0 was the highest. There was no significant difference in the sugarcane field hammer among the treatments in 2020 (F = 0.926, p = 0.462), where DW1.5F0.5 was the highest and DW0.5F0.5 was the lowest. Considering the 3 years comprehensively, the field hammer was the highest under the treatment of DW1.5F0.5 (Table 3, Figure 4). The results of the two-way ANOVA analysis showed that water, fertilizer and water–fertilizer interaction had no significant effect on field hammer (Table 4).



One-way analysis of variance showed that there was a significant difference in sugarcane yield in 2018 (F = 6.877, p = 0.0005): sugarcane yield was the highest under the treatment of DW1F1. There was a significant difference among the treatments in 2019 (F = 9.769, p < 0.0001), where the DW1F0 treatment were the lowest, and DW1.5F1.5 was the highest. There was a significant difference in the sugarcane field hammer among the treatments in 2020 (F = 5.460, p = 0.002), with DW1.5F1 being the highest and DW1F0 the lowest (Table 3). The results of the two-way ANOVA analysis showed that water had significant effect on field yield in 2018–2019, water—fertilizer interaction had significant effect on field yield in 2020 (Table 4). Considering the 3 years comprehensively, the field yield was the highest under the treatment of DW1.5F1.



One-way analysis of variance showed that there was no significant difference in sugarcane content in 2018 (F = 0.193, p = 0.940) and in 2020 (F = 0.930, p = 0.460), though DW1.5F0.5 was the highest in 2020 (Table 3). There was a significant difference among the treatments in 2019 (F = 3.802, p = 0.013). The results of the two-way ANOVA analysis showed that water, fertilizer and water—fertilizer interaction had no significant effect on field hammer (Table 5, Figure 5).





4. Discussion


4.1. Effects of Different Irrigation-Fertilization Combinations on Sugarcane Agronomic Traits


Agronomic measures are known to be greatly influenced by irrigation and fertilization [29,30,31,32]. This work attempted to gain insights into the water–fertilizer coupling interaction on sugarcane growth, and thus to optimize water allocation and fertilizer application for supporting decision making in the growth of sugarcane. Previous study has shown that for the stem biomass, sugarcane needs sufficient water and moderate fertilizer at the seedling stage and jointing stage, while at the maturity stage the water needs to be reduced appropriately [33]. Among different treatments, the mean stem diameter in 3 years of DW1.5F0.5 was the highest, with an average of 27.49 cm, followed by DW1F1, which were higher than CK (W1F1) treatment; for plant height, DW1F0.5 was highest with an average of 267.72 cm, significantly higher than W1F1 treatment (239.12 cm). Effective stem numbers and stem weight were higher under DW1F1, DW1.5F1 and DW1.5F1.5 treatments, and were significantly different from the W1F1 (Figure 3). According to the nutrient and water needs of sugarcane growth stages, water–fertilizer integrated drip irrigation should be carried out to ensure effective stems, thereby maximizing sugarcane production [12].



Sugarcane absorbs a lot of nutrients throughout the growth period, and each period has a greater demand for fertilizers. The results showed that water–fertilizer integrated irrigation interaction had a significant promotion effect on sugarcane yield traits such as plant height, effective stem number and single stem weight (Table 2). The agronomic traits of sugarcane under water–fertilizer integrated drip irrigation were superior to the traditional fertilization mode (W1F1). It indicated that applying a certain amount of water and fertilizer under drip irrigation was beneficial to the growth of sugarcane [25]. The application of heavy base fertilizers with long-acting organic fertilizers and synergistic biological fertilizers was the key factor for high sugarcane yield and sugar [34,35].




4.2. Effects of Different Irrigation-Fertilization Combinations on Sugar Content and Sugarcane Yield


Water and fertilizer have always been considered to be two major factors on agricultural production, and also as two important technical measures that can be controlled. In China, the interaction and coupling mode of water and fertilizer on dry land has always been the key topic in the multi-subject and multi-profession research. On sugarcane production, there are some reports about controlling by fertilizer or water [34,35] to improve the growth, yield, quality and economic benefits of sugarcane, and some reports about the coupling effects of different levels of fertilization and irrigation [36,37].



To meet the nutritional requirements of sugarcane growth, make sugarcane grow normally and to obtain sugarcane’s high yield and high-quality raw sugarcane is our object. In this experiment, by setting low, medium and high irrigation and fertilization level treatments, it is confirmed that water will affect the yield of sugarcane (Table 5). The combination of heavy fertilizer with water is the key factor for sugarcane’s high yield (Table 4). However, for sugar content, the most beneficial combined treatment was W0.5F0, which means the sugar content was higher under the treatment of low water and fertilization coupling, but the yield of sugarcane was not high under this treatment. Inman-Bamber et al clearly demonstrated that reducing irrigation during the maturation phase increases the sucrose content in sugarcane, and it is now common practice in irrigated sugarcane production to suspend irrigation before harvesting [11]. Combined with the sugar content and the final yield of sugarcane in this study, the most suitable coupling treatment of water and fertilizer was DW1F1, that is, too much water and fertilizer is not necessarily conducive to the economic benefit of sugarcane.



Compared with the traditional manpower irrigation and fertilization, drip irrigation was beneficial for stem growth and appropriate for field planting. From the angle of sustainable development, the coupling of water and fertilizer is the only way to strive for high yield and high efficiency sugar on sugarcane [35,36,37,38,39,40,41]. Combining high fertilizer doses with irrigation by methods that are more tolerant to water deprivation can save on irrigation costs and improve sugar yield. The best treatment for sugarcane yield was to combine medium water with high fertilization.





5. Conclusions


Water and fertilizer during the co-growth period are the major factors limiting the productivity of the sugarcane in Guangxi, China. Over-irrigation and fertilization is primarily a waste of resources and also causes an unfavorable impact on the natural environment. Therefore, research is needed to find the most appropriate level of soil moisture and nutrient content to obtain the highest production efficiency in sugarcane cultivation. Therefore, it is crucial to optimize the management of water and fertilizer in the region. Based on the relationships observed between water and fertilization inputs, dray irrigation supplying 1778 m3 ha−1 and a fertilizer dose of 933 kg ha−1 maximized sugarcane yield. Going forward, the coupling of water and fertilizer should be carried out in relation to different stages of sugarcane. In addition, the combined use of advanced drip irrigation, sprinkler irrigation and a pipeline system with water supply irrigation facilities will help to improve the use efficiency of water and nutrients, improving sugarcane yield and sugar content in sugarcane production in South of China, which are very important to promote sugarcane industry development, improve utilization efficiency of water and fertilizer resources, increase sugarcane farmers’ income, reduce sugarcane fertilizer, water and soil loss and to solve the sharp contradiction of high-yield, high-efficiency production and environmental protection.
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Figure 1. Location of the study site in Guangxi province, southern China, and the experimental sugarcane plot. 
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Figure 2. Precipitation and irrigation from January to November in 2018–2020. 
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Figure 3. Effect of different water and fertilizer treatments on mean sugarcane major agronomic traits in 2018–2020. (Different letters—a, b, c and d—in the figure indicate significant differences between treatments. 1-W1F1; 2-DW0F0; 3-DW0F0.5; 4-DW0F1; 5-DW0.5F0; 6-DW0.5F0.5; 7-DW0.5F1; 8-DW1F0; 9-DW1F0.5; 10-DW1F1; 11-DW1.5F0.5; 12-DW1.5F0.5; 13-DW1.5F1.5). 
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Figure 4. Regression equation of mean plant height, mean stem diameter, mean effective stem number and mean single stem weight with irrigation and fertilization. 
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Figure 5. Regression equation of sugarcane stem yield and sucrose content with irrigation and fertilization. 
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Table 1. Field experimental design: Drip (D) irrigation, and 0% (W0), 50% (W0.5), 100% (W1), 150% (W1.5) of the optimal irrigation level, and 0% (F0), 50% (F0.5), 100% (F1) or 150% (F1.5) of the optimal fertilization level.






Table 1. Field experimental design: Drip (D) irrigation, and 0% (W0), 50% (W0.5), 100% (W1), 150% (W1.5) of the optimal irrigation level, and 0% (F0), 50% (F0.5), 100% (F1) or 150% (F1.5) of the optimal fertilization level.





	
Treatment

	
Water Rate (m3 ha−1)

	
Fertilizer Rate (kg ha−1)




	
N

	
K2O

	
P2O5






	
W1F1 (CK)

	
1778.4

	
292.95

	
146.48

	
439.43




	
DW0F0

	
0.00

	
0.00

	
0.00

	
0.00




	
DW0F0.5

	
0.00

	
146.55

	
73.2

	
219.75




	
DW0F1

	
0.00

	
292.95

	
146.55

	
439.5




	
DW0.5F0

	
889.2

	
0.00

	
0.00

	
0.00




	
DW0.5F0.5

	
889.2

	
146.55

	
73.2

	
219.75




	
DW0.5F1

	
889.2

	
292.95

	
146.55

	
439.5




	
DW1F0

	
1778.4

	
0.00

	
0.00

	
0.00




	
DW1F0.5

	
1778.4

	
146.55

	
73.2

	
219.75




	
DW1F1

	
1778.4

	
292.95

	
146.55

	
439.5




	
DW1.5F0.5

	
2667.6

	
146.55

	
73.2

	
219.75




	
DW1.5F1

	
2667.6

	
292.95

	
146.55

	
439.5




	
DW1.5F1.5

	
2667.6

	
439.5

	
219.75

	
659.1
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Table 2. Effect of different water and fertilizer treatments on sugarcane major agronomic traits in 2018–2020.
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Years

	
Treatment

	
Plant Height

	
Stem Diameter

	
Effective Stem Number

	
Single Stem Weight






	
2020

	
W1F1

	
234.63 ± 16.86 de

	
27.02 ± 1.65 a

	
344.67 ± 3.51 abc

	
1.09 ± 0.11 def




	
DW0F0

	
248.37 ± 7.83 cde

	
25.44 ± 1 a

	
346.67 ± 44.06 abc

	
1.12 ± 0.04 cdef




	
DW0F0.5

	
227.4 ± 8.07 e

	
26.82 ± 0.91 a

	
341.67 ± 64.39 abc

	
1 ± 0.1 ef




	
DW0F1

	
258.6 ± 12.6 bcd

	
26.88 ± 1.75 a

	
326.67 ± 11.55 bc

	
1.15 ± 0.08 bcde




	
DW0.5F0

	
228.43 ± 14.31 e

	
26.31 ± 0.23 a

	
316 ± 38.3 bc

	
1.26 ± 0.23 abcd




	
DW0.5F0.5

	
284.63 ± 14.47 ab

	
26.19 ± 0.75 a

	
353.67 ± 56.2 abc

	
1.16 ± 0.05 bcde




	
DW0.5F1

	
281.7 ± 25.77 ab

	
27.4 ± 1.82 a

	
329.67 ± 30.92 abc

	
1.22 ± 0.12 abcd




	
DW1F0

	
240.23 ± 13.54 cde

	
25.69 ± 0.44 a

	
309.67 ± 17.04 c

	
0.91 ± 0.21 f




	
DW1F0.5

	
279.57 ± 0.65 ab

	
25.88 ± 0.31 a

	
386 ± 49.39 a

	
1.26 ± 0.13 abcd




	
DW1F1

	
299.93 ± 4.01 a

	
27.26 ± 0.72 a

	
363.33 ± 17.56 abc

	
1.32 ± 0.12 abc




	
DW1.5F0.5

	
263.37 ± 18.15 bc

	
27.11 ± 0.39 a

	
366.67 ± 10.97 ab

	
1.21 ± 0.03 abcde




	
DW1.5F1

	
279.87 ± 22.05 ab

	
25.74 ± 1.16 a

	
363.83 ± 24.91 ab

	
1.38 ± 0.11 a




	
DW1.5F1.5

	
279.7 ± 16.79 ab

	
25.8 ± 2.12 a

	
370.33 ± 10.02 ab

	
1.33 ± 0.17 ab




	
2019

	
W1F1

	
182.67 ± 3.37 b

	
25.95 ± 0.25 ab

	
311.67 ± 52.25 cde

	
0.81 ± 0.09 abcd




	
DW0F0

	
190.63 ± 15.99 b

	
27.22 ± 0.63 a

	
286.33 ± 40.82 e

	
0.67 ± 0.06 de




	
DW0F0.5

	
192.53 ± 12.45 b

	
26.12 ± 0.85 ab

	
308.67 ± 48.52 cde

	
0.72 ± 0.11 bcde




	
DW0F1

	
188.63 ± 10.68 b

	
25.46 ± 0.74 b

	
297.33 ± 30.02 cde

	
0.74 ± 0.07 bcde




	
DW0.5F0

	
196.03 ± 4.2 b

	
26.55 ± 1.03 ab

	
322 ± 0 bcde

	
0.7 ± 0.05 cde




	
DW0.5F0.5

	
287.1 ± 116.4 a

	
26.75 ± 0.87 ab

	
374.67 ± 26.69 ab

	
0.82 ± 0.06 abcd




	
DW0.5F1

	
206.6 ± 16.71 b

	
25.34 ± 0.7 b

	
353 ± 28.79 abc

	
0.82 ± 0.09 abcd




	
DW1F0

	
190.38 ± 12.69 b

	
25.58 ± 1.52 b

	
292.33 ± 34.36 de

	
0.64 ± 0.06 e




	
DW1F0.5

	
211.2 ± 13.13 b

	
25.39 ± 0.84 b

	
350 ± 9.54 abcd

	
0.88 ± 0.09 ab




	
DW1F1

	
201.7 ± 9.42 b

	
25.94 ± 0.47 ab

	
378.33 ± 62.82 ab

	
0.83 ± 0.03 abcd




	
DW1.5F0.5

	
199 ± 7.57 b

	
26.15 ± 1.46 ab

	
343.33 ± 19.66 abcde

	
0.86 ± 0.13 abc




	
DW1.5F1

	
217.52 ± 21.39 b

	
25.91 ± 1.14 ab

	
372.67 ± 32.66 ab

	
0.94 ± 0.14 a




	
DW1.5F1.5

	
206.03 ± 3.78 b

	
25.49 ± 1.02 b

	
400 ± 39.85 a

	
0.87 ± 0.12 ab




	
2018

	
W1F1

	
300.07 ± 19.7 ab

	
27.61 ± 2.2 ab

	
364.67 ± 51.25 abc

	
1.44 ± 0.04 bc




	
DW0F0

	
312.37 ± 6.46 a

	
28.1 ± 0.65 ab

	
404 ± 11.53 a

	
1.46 ± 0.03 bc




	
DW0F0.5

	
308 ± 2.17 a

	
28.82 ± 1.62 a

	
379.33 ± 13.05 ab

	
1.47 ± 0.06 bc




	
DW0F1

	
287.7 ± 8.68 ab

	
27.99 ± 0.59 ab

	
390.67 ± 16.92 ab

	
1.42 ± 0.04 bcd




	
DW0.5F0

	
278 ± 33.59 b

	
27.11 ± 2.95 ab

	
318.33 ± 23.09 c

	
1.23 ± 0.12 d




	
DW0.5F0.5

	
287.63 ± 17.93 ab

	
26.26 ± 1.56 b

	
348.33 ± 39.46 bc

	
1.31 ± 0.01 cd




	
DW0.5F1

	
279 ± 18.56 b

	
26.24 ± 1.27 b

	
347.33 ± 13.65 bc

	
1.4 ± 0.23 bcd




	
DW1F0

	
302.97 ± 16.1 ab

	
28.13 ± 1.41 ab

	
345 ± 30 bc

	
1.5 ± 0.18 abc




	
DW1F0.5

	
312.4 ± 11.18 a

	
28.38 ± 0.93 ab

	
384.33 ± 61.45 ab

	
1.54 ± 0.13 ab




	
DW1F1

	
298.3 ± 17.04 ab

	
28.44 ± 0.53 ab

	
415.33 ± 28.45 a

	
1.66 ± 0.1 a




	
DW1.5F0.5

	
296.6 ± 5.39 ab

	
29.22 ± 0.38 a

	
397.33 ± 35.3 ab

	
1.4 ± 0.13 bcd




	
DW1.5F1

	
303.67 ± 14.38 a

	
28.28 ± 1.09 ab

	
410.17 ± 22.25 a

	
1.49 ± 0.15 bc




	
DW1.5F1.5

	
311.43 ± 11.83 a

	
27.71 ± 0.84 ab

	
389.33 ± 40.7 ab

	
1.53 ± 0.04 ab








Different letters—a, b, c, d, e and f—in the table indicate significant differences between treatments.
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Table 3. Results of two-way ANOVA test (F) on major agronomic traits of sugarcane under different water–fertilizer irrigation treatment methods from 2018–2020 (mean represents the 3-year average of agronomic traits).
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Plant Height

	
Stem Diameter

	
Effective Stem Number

	
Single Stem Weight




	
2018

	
2019

	
2020

	
Mean

	
2018

	
2019

	
2020

	
Mean

	
2018

	
2019

	
2020

	
Mean

	
2018

	
2019

	
2020

	
Mean






	
Water

	
3.56 *

	
2.11

	
8.20 ***

	
3.44 *

	
2.85 *

	
0.65

	
0.51

	
0.72

	
6.48 ***

	
6.10 **

	
1.53

	
7.50 ***

	
4.99 **

	
5.40 *

	
5.33 ***

	
6.89 ***




	
Fertilizer

	
1.29

	
1.42

	
10.93 ***

	
3.47 *

	
0.415

	
1.42

	
1.36

	
0.89

	
2.67

	
3.76 *

	
1.64

	
4.97 **

	
1.19

	
3.80

	
2.68

	
5.02 **




	
Water × Fertilizer

	
0.99

	
2.10

	
4.22 **

	
4.03 **

	
0.32

	
1.13

	
1.40

	
1.18

	
1.42

	
0.98

	
1.14

	
2.94 *

	
0.69

	
0.78

	
3.22 *

	
2.25 *








Values are significant at 0.05 level; *, ** and *** refer to significant difference at 0.05, 0.01 and 0.001 probability levels, respectively.
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Table 4. Effect of different water and fertilizer treatments on field hammer, sugarcane stem yield and sugar content.
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Year

	
Treatment

	
Field Hammer

	
Sugarcane Stem Yield

	
Sucrose Content






	
2018

	
DW0F0

	
21.44 ± 0.31 a

	
588.61 ± 7.8 abc

	
15.5 ± 0.33 a




	
DW0F0.5

	
22 ± 0.37 a

	
558.96 ± 36.97 bcd

	
16.11 ± 0.41 a




	
DW0F1

	
21.53 ± 0.46 a

	
555.2 ± 36.07 bcd

	
15.61 ± 0.5 a




	
DW0.5F0

	
21.86 ± 1.03 a

	
392.74 ± 69.81 e

	
16.47 ± 1.25 a




	
DW0.5F0.5

	
21.33 ± 0.48 a

	
457.85 ± 52.8 de

	
15.39 ± 0.52 a




	
DW0.5F1

	
21.91 ± 0.19 a

	
489.66 ± 93.73 cde

	
16.01 ± 0.2 a




	
DW1F0

	
21.54 ± 1.35 a

	
520.92 ± 106.17 bcd

	
15.61 ± 1.46 a




	
DW1F0.5

	
22.01 ± 0.8 a

	
596.54 ± 145.32 abc

	
16.13 ± 0.87 a




	
DW1F1

	
21.56 ± 0.88 a

	
690.72 ± 44.97 a

	
15.63 ± 0.95 a




	
DW1.5F0.5

	
22.21 ± 0.63 a

	
558.2 ± 82.61 bcd

	
16.34 ± 0.68 a




	
DW1.5F1

	
21.79 ± 0.82 a

	
610.89 ± 71.36 ab

	
15.88 ± 0.89 a




	
DW1.5F1.5

	
21.61 ± 0.77 a

	
596.19 ± 49.38 abc

	
15.69 ± 0.84 a




	
W1F1(CK)

	
21.55 ± 0.34 a

	
523.55 ± 63.61 bcd

	
15.62 ± 0.37 a




	
2019

	
DW0F0

	
24 ± 0.58 abc

	
193.34 ± 38.41 d

	
18.36 ± 0.62 abc




	
DW0F0.5

	
24.3 ± 0.69 ab

	
220.17 ± 16.54 cd

	
18.6 ± 0.74 ab




	
DW0F1

	
24.32 ± 0.37 ab

	
218.57 ± 17.69 cd

	
18.62 ± 0.4 ab




	
DW0.5F0

	
24.45 ± 1.21 ab

	
226.07 ± 15.76 cd

	
18.77 ± 1.31 ab




	
DW0.5F0.5

	
24.68 ± 0.23 a

	
307.05 ± 10.09 ab

	
19.02 ± 0.25 a




	
DW0.5F1

	
23.95 ± 0.48 abc

	
292.73 ± 53.9 abc

	
18.22 ± 0.52 abc




	
DW1F0

	
24.08 ± 0.23 abc

	
187.34 ± 4 d

	
18.37 ± 0.25 abc




	
DW1F0.5

	
23.73 ± 0.45 abc

	
306.34 ± 29.75 ab

	
17.99 ± 0.49 abc




	
DW1F1

	
23.42 ± 0.45 bc

	
315.24 ± 58.28 ab

	
17.65 ± 0.48 bc




	
DW1.5F0.5

	
23.57 ± 0.93 bc

	
295.86 ± 49.76 abc

	
17.81 ± 1.01 bc




	
DW1.5F1

	
24.03 ± 0.94 abc

	
349.82 ± 69.7 a

	
18.3 ± 1.01 abc




	
DW1.5F1.5

	
23.55 ± 1.38 bc

	
350.86 ± 81.89 a

	
17.79 ± 1.5 bc




	
W1F1(CK)

	
22.82 ± 0.73 c

	
251.54 ± 21.27 bcd

	
17 ± 0.79 c




	
2020

	
DW0F0

	
23.15 ± 0.22 a

	
387.42 ± 60.23 cd

	
17.36 ± 0.24 a




	
DW0F0.5

	
23.02 ± 0.37 a

	
340.11 ± 52.54 de

	
17.21 ± 0.4 a




	
DW0F1

	
22.97 ± 0.38 a

	
374.44 ± 11.68 de

	
17.16 ± 0.41 a




	
DW0.5F0

	
22.7 ± 0.59 ab

	
400.62 ± 99.43 bcd

	
16.87 ± 0.64 ab




	
DW0.5F0.5

	
21.85 ± 0.96 b

	
412.12 ± 81.27 bcd

	
15.95 ± 1.04 b




	
DW0.5F1

	
23.1 ± 0.35 a

	
403.37 ± 55.21 bcd

	
17.3 ± 0.38 a




	
DW1F0

	
23.1 ± 0.93 a

	
281.13 ± 59.1 e

	
17.3 ± 1.01 a




	
DW1F0.5

	
22.98 ± 0.28 a

	
490.77 ± 108.89 abc

	
17.18 ± 0.31 a




	
DW1F1

	
22.58 ± 0.23 ab

	
480.72 ± 58.1 abc

	
16.74 ± 0.25 ab




	
DW1.5F0.5

	
23.22 ± 0.52 a

	
442.92 ± 13.77 abcd

	
17.43 ± 0.56 a




	
DW1.5F1

	
22.68 ± 0.9 ab

	
501.76 ± 38.74 a

	
16.85 ± 0.97 ab




	
DW1.5F1.5

	
23.22 ± 0.08 a

	
495.48 ± 72.91 ab

	
17.43 ± 0.08 a




	
W1F1(CK)

	
22.97 ± 0.33 a

	
377 ± 40.9 de

	
17.16 ± 0.35 a








Note: Descriptions of the treatment names are given in Table 1. Data are given as the means ± standard deviation. Different letters—a, b, c, d and e—in the table indicate significant differences between treatments.
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Table 5. Results of two-way ANOVA test (F) on field hammer, sugarcane stem yield and sugar content in 2018–2020.
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Treatment

	
Field Hammer

	
Sugar Content

	
Sugarcane Stem Yield




	
2018

	
2019

	
2020

	
2018

	
2019

	
2020

	
2018

	
2019

	
2020






	
Water

	
0.150

	
3.81 *

	
0.93

	
0.19

	
3.82 *

	
0.93

	
6.88 ***

	
9.77 **

	
5.46 **




	
Fertilizer

	
0.365

	
0.83

	
0.58

	
0.33

	
0.83

	
0.58

	
1.88

	
5.47 *

	
2.21




	
Water × Fertilizer

	
0.576

	
0.33

	
1.81

	
0.90

	
0.55

	
1.81

	
1.22

	
1.32

	
3.62 *








Values are significant at 0.05 level; *, ** and *** refer to significant difference at 0.05, 0.01 and 0.001 probability levels, respectively.
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