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Abstract

:

Nutrient deficiency negatively affects the yield and quality of citrus fruit. The present experiment was carried out to investigate the improvement in fruit yield and juice quality of Kinnow (Citrus reticulata L.) by foliar application of nano-biochar suspension (NBS). The experiment was carried out in a citrus farmer’s orchard with a history of low fruit yield, using a randomized complete block design. Four NBS treatments, i.e., 0% (control), 1, 3, and 5%, were applied through foliar application at the flowering stage. Foliar application of NBS at 5% and 3% significantly (p < 0.05) improved flowering, fruit retention, fruit set, fruit size, length, weight, diameter, juice volume levels, and minimized fruit dropping. The electrical conductivity of the juice was significantly decreased by increases in NBS concentration. Total dissolved solids increased slightly with treatments as compared to control. However, NBS foliar application did not show significant effects on nitrogen (N), potassium (K), and sodium (Na) leaf contents, but had some effect on phosphorus (P) content. Principal component analysis and a correlation matrix revealed significant (p < 0.05) positive and negative associations among the studied traits. The results of the current experiment showed that all parameters were significantly improved with the application of NBS at 3 and 5%, except that N, K, and Na levels were unaffected. The most encouraging results were achieved at a concentration of 5% NBS. In conclusions, the foliar application of NBS had a significant positive impact on fruit yield and juice quality.
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1. Introduction


Citrus is a genus of trees that is extremely important for the economy of several countries. Citrus fruits are presently grown in more than 140 countries worldwide. The highest production of citrus fruit was recorded in the northern hemisphere, particularly in Mediterranean regions and the United States [1]. Global citrus production is currently estimated to be over 116 million tons. Brazil is the world’s largest citrus-growing country, accounting for 18.1% of worldwide citrus production, followed by China (17.2%) and the United States [2]. These three countries account for half of the world’s citrus production [3]. Citrus is an important component of the global juice industry, and Pakistan is among the top ten citrus-growing countries worldwide [4]. In 2018, 0.2 million hectares of citrus fruits were cultivated in Pakistan, yielding 2.29 million tons [5,6]. Kinnow is cultivated worldwide for its delicious taste and high nutritional value [7]. Citrus is mostly grown under natural environmental conditions to maintain the natural flavor and quality of the fruit [8]. For the growth of high-quality and economically important citrus fruits, an optimum supply of plant nutrients, especially macro- and micronutrients, is essential [9,10]. Citrus is planted all over Pakistan, but Punjab supplies more than 95% of the crop [11]. Despite having a large area under citrus cultivation, the per hectare productivity of citrus fruit in Pakistan is still low compared to other citrus-growing countries of the world [9,12]. In fact, nutritional deficiencies negatively affect fruit sets [13], inhibit the biosynthesis of plant growth hormones and slow down physio-biochemical processes, thereby reducing yield and growth in plants. Therefore, an adequate nutrient supply is essential for optimum plant growth, maintenance of physio-biochemical activities, and high crop productivity [14]. Nutrients are structural constituents and regulatory co-factors for various enzymes and proteins in plants; therefore, they play an important role in metabolic processes [15]. Nutrient deficiency is one of the main reasons for low crop productivity and is common in Pakistani soils due to their low organic carbon content and a high pH that results in the immobilization of several micronutrients [16].



Biochar is a rich source of carbonaceous material obtained from organic wastes which are thermally decomposed in the absence or deficiency of oxygen [17]. Biochar plays an important role in enhancing agricultural productivity by mitigating drought and salinity stress and improving crop yield and by scavenging reactive oxygen species [18]. Modern manufacturing techniques provide assistance in the fabrication of nanomaterials having diameters of less than 100 nm and specific shapes, which can be used in improving crop quality and productivity [19]. Nanomaterials can enter the plant tissues via symplast or apoplast pathways and show either negative or positive effects [20]. Thus, the appropriate utilization of nano-biochar suspensions (NBS) is an ideal choice to improve crop yield, growth, and development in soils that are less fertile. Exogenous application of carbon-containing nanomaterials is more advantageous for proper plant growth and development as they have more micro-porosity and surface area [21]. The use of engineered carbon nanoparticles has improved the growth and metabolism of several crops, as reported by Verma et al. [22].



Plant growth and production can be improved by choosing the right nutrient ratio [23,24]. Foliar application supplies macro- and micro-nutrients, phytohormones, stimulants, and other beneficial substances at additive rates. Nutrient foliar spray improves citrus fruit yield and resistance against disease, and reduces insect pest attacks [10,24]. Nutrients are easily available to plants through foliar application methods, and their application at specific phenological stages can play a significant role in biochemical activities that are required to promote fruit yield and quality. To increase quality and productivity, proper nutrition management is a key regulatory factor [25]. Thus, keeping in view the vital role of nutrients, the present investigation was conducted to enhance citrus fruit yield and juice quality by using nano-biochar suspension (NBS) as a foliar spray.




2. Materials and Methods


2.1. Experimental Site


This experiment was carried out during the period 20 October 2021–15 March 2022, in a citrus orchard located in district Kot-Addu, Punjab, Pakistan. Soil was sampled following a W scheme, coring till 60 cm using an auger. Soil samples were air dried and analyzed for their main physical and chemical characteristics. The particle-size distribution was determined using the pipette method and the soil texture was identified with the USDA textural classification system [26]. The pH was measured using a WTW pH meter (Weilheim, Germany), while the electrical conductivity (EC) was analyzed with a WTW LF538 conductivity-meter (Weilheim, Germany). Total nitrogen content was estimated using the Kjeldhal method, the exchangeable potassium was measured by Flame Photometer (PFP7, Leicestershire, UK) and the available phosphorus content was analyzed according to Jackson’s protocol [27]. The physicochemical properties of soil are shown in Table 1. The citrus plants were 25 years old and during the experiment they were managed in accordance with the local good agricultural practices.




2.2. Experimental Design


2.2.1. Nano-Biochar Suspension Characteristics


The NBS was prepared as colloidal suspension of nano-biochar supplied by Prof. Dr. Lixin Zhang, College of Life Sciences, Northwest A&F University (Northern Campus), Yangling, Shaanxi, China under a Pak-China project. Its detailed characteristics and analyses have been already published by Khaliq et al. [28]. However, in brief, the pH of nanobiochar was 10.3, and EC was 3.02 dS m−1, whereas the pH of the dispersion was 2.9, and EC was 1.75 dS m−1. The SEM images of the NBC showed some globular and smooth and other sharp-edged flake-like morphology. The EDX analysis confirmed the presence of elemental carbon (C), calcium (Ca), and magnesium (Mg), along with weak silicon (Si) and potassium (K). The black spots of EDX spectra showed that it was C-rich in parts, while the crystalline area was higher in Ca. Overall, the elemental analysis of nanobiochar indicated that it was composed of C (62.5%), O (28.8%), H (1.92%), N (0.19%), and P (0.15%). Other elements such as Ca, Na, Si, P, K, Fe, Al, Mg, Sr, Cr, and Ti were also present in nanobiochar as identified by ICP-AES. The nanobiochar dispersion has relatively low S, Ca, Na, K, Fe, Mg, Zn, and Cu.




2.2.2. NBS Treatment and Experimental Design


The present experiment was performed in a randomized complete block design with factorial arrangement of three replications and four treatments of NBS, i.e., 0%, 1%, 3% and 5% (w/v). The different aforementioned levels of NBS were prepared in distilled water and the foliar spray was applied at flowering time on each selected plant. During the experiment in each row of the citrus orchard a sequence of 11 trees were selected as follows: trees 1 and 2 for the control treatment (0%), tree 3 (non-experimental); trees 4 and 5 for 1% NBS treatment, tree 6 (non-experimental); trees 7 and 8 for 3% NBS treatment; tree 9 (non-experimental), trees 10 and 11 for 5% NBS treatment. The experiment was arranged in randomized complete block design (RCBD). After foliar application of NBS, the first summer flush leaves were collected for physio-chemical analysis. For this purpose, a hundred mature leaves per tree (third leaf from top of the randomly selected branches from all four sides of a tree) were collected, rinsed twice with tap water and once with distilled water and dried in oven at 70 ± 2 °C. The dried ground leafy material was used for the elemental analyses, i.e., total nitrogen (N) concentration was obtained using micro-Kjeldhal method [29] and phosphorus (P) by Jackson’s method [27]. Na and K concentrations were obtained using a Flame-Photometer (Jenway-PFP7, Leicestershire, UK). The growth, quality and yield-relevant parameters were recorded at fruit maturity.





2.3. Fruit Drop and Yield


Fruit samples were randomly collected from each treated plant. Fruit size was determined through a water displacement method, while fruit length, width and diameter were determined by tape measure. The fruit weight was determined using a weighing balance (JC-1202A, China) and peel thickness was estimated by Venire-caliper. Flowers were counted at full blooming stage from tagged branches of both treated and untreated plants for the estimation of fruit set. Fruits were counted after 2 weeks of full blooming and fruit setting was estimated using the following formulae given by Ashraf et al. [23]:



Fruit setting (%) = (total number of fruits/total number of flowers) × 100.



Flower retention (%) = (flowers retained after foliar application of NBS/total number of flowers after foliar application of NBS) × 100.



Fruit drop (%) = (total number of fruits − number of fruits in late July)/Total number of fruits) × 100.



Fruit retention (%) = (number of fruits retained/total number of fruitlets) × 100.




2.4. Juice Quality and Chemical Analysis


The fruit juice was mechanically extracted using a local fabricated machine. Its volume was measured by water displacement method using a volumetric cylinder, and pH was determined using a WTW pH-meter (Germany). Juice EC was measured using a WTW LF538EC-meter (Germany). A digital refractometer was used to estimate the total dissolved solids (TDS) of the fruit juice. The ascorbic acid content of fruit juice was measured using the Ruck method [30].




2.5. Statistical Analysis


The collected data for all the parameters were analyzed using analysis of variance (ANOVA) to test for significance. The means were compared using Tukey’s test at 5% probability level using XL-STAT software (ver-2019). Pearson’s correlation analysis was performed to identify the relationship among traits using XL-STAT software (ver-2019). Principal component analysis (PCA) was performed using Factoextra, FactoMineR and RColorBrewer packages in R software.





3. Results


3.1. Fruit Yield and Yield Components


The results of the present experiments showed that foliar spray of NBS on citrus plants significantly (p < 0.05) improved flower retention per branch (Figure 1A). The flower retention increased with increases in the percentage of NBS applied: in fact, plants sprayed with 5% NBS retained the highest percentage of flowers (79%), followed by 3, 1 and 0% treatments, whose flower retention was 76, 60 and 29%, respectively (Figure 1A, Table 2). The application of 5% NBS resulted in the highest fruit set, with 76% fruits per branch, followed by the 3, 1 and 0% NBS treatments with 70, 58 and 22% fruits per branch, respectively, at yield (Figure 1B, Table 2). The fruit retention was also high (76%) at 5% NBS followed by 3, 1 and 0% with 70, 63 and 25% retention, respectively (Figure 1C, Table 2). The fruit dropping decreased with an increase in the percentage of NBS applied, since the highest level of fruit dropping was recorded in plants treated with 0% NBS (70%/branch); the level was about 20%/branch in 5% NBS treated plants while it was 25 and 35% at 3 and 1% NBS levels (Figure 1D, Table 2).



Plants treated with 5 and 3% NBS showed the highest average fruit length, followed by 1% NBS treated fruits and control (Figure 2A, Table 2). Similarly, application of NBS at 5 and 3% resulted in significantly higher (p < 0.05) fruit weight and diameter, compared to 1% NBS and control (Figure 2B,C, Table 2). Regarding fruit size (Supplementary Figure S1) and peel thickness, fruits obtained using 5% NBS showed significantly higher values of these parameters, respectively, than the control (Figure 2D and Figure 3A), while 3 and 1% NBS treatments resulted in intermediate values (Table 2).



Maximum juice volume/fruit was obtained from fruits foliarly sprayed with 5% NBS (113.1 cm3) and the value decreased with decreasing percentages of NBS (3%: 85.3 cm3; 1%: 65.3 cm3; 0%: 55.1 cm3); (Figure 3B).




3.2. Juice Quality


The electrical conductivity (EC) of citrus fruit juice was slightly but significantly (p < 0.05) reduced by the foliar application of NBS (Figure 3C, Table 3). The lowest juice EC was recorded in the fruit juice obtained from 5% NBS (3.0 dS m−1), followed by 3, 1 and 0% (3.2, 3.3 dS m−1 and 3.4 dS m−1, respectively). In contrast, the total dissolved solids (TDS) value (Figure 3D, Table 3) of the fruit juice was highest with 5% NBS application (2194 mg L−1), lowest with the control (1937 mg L−1) and intermediate when plants were treated with 3 and 1% NBS (Figure 3D, Table 3). The ascorbic acid content was significantly (p < 0.05) improved with the foliar application of NBS; the control plants showed the lowest ascorbic acid content with respect to the other treatments (Figure 4A, Table 3). Accordingly, the juice pH was significantly (p < 0.05) reduced under all treatments as compared to control. The latter showed an average value of pH 5.4, well above the average value around pH 4 of the treated plants (Figure 4B, Table 3).




3.3. Leaf Chemical Analysis


The foliar application of NBS did not affect leaf Na, K and N concentrations. In contrast, P contents significantly (p < 0.05) improved under all NBS treatments (Figure 5A), particularly with the 1% NBS, which reached the highest content with 2.38 mg P g−1 DW of leaf tissue. Similarly, N contents were numerically the highest (64.3 mg g−1 DW) when trees were sprayed with 1% of NBS (Figure 5B; Table 4).



The highest leaf Na+ concentrations were observed in plants sprayed only with water (2.2 mg g−1 DW) followed by 3% NBS (2.1 mg g−1 DW), 5% NBS (2.2 mg g−1 DW) and 1% NBS (2.0 mg g−1 DW) (Figure 5C). However, the highest leaf K concentration was recorded for plants sprayed with 1% NBS (14.3 mg g−1 DW) closely followed by 0% NBS (13.3 mg g−1 DW), 5% NBS (12.5 mg g−1 DW) and 3% NBS (11.7 mg g−1 DW) (Figure 5D).




3.4. Principal Component Analysis and Correlation Revealed a Strong Relation among Treatments


A biplot was developed using principal component analysis (PCA). The results showed that 77.1% of the total variance could be explained with the first two components (61.7% for PC1 and 15.4% for PC2). PC1 was mostly characterized by FTR (fruit retention), JV (juice volume), TDS (total dissolved solids), FS (fruit size), PT (peel thickness), FW (fresh weight), FD (fruit diameter), FL (fruit length), FR (fruit retention/branch), FST (fruit setting), and AA (ascorbic acid), while PC2 was mainly represented by FRDR (fruit dropping), Na+ (sodium), N (nitrogen), EC (electrical conductivity), and FST (fruit setting) (Figure 6). Among the studied parameters, most showed a positive correlation with Dim1 (PC1) and a negative correlation with Dim2 (PC2). NBS levels 3 and 5% (T3 and T4 in Figure 6) showed a maximum effect on almost all of the studied traits, such TDS, JV, FD, and P, and therefore, these two levels favored the above-mentioned traits. In addition, the parameters clustered together, such as FTR, TDS, JV, FS, AA, and FR, had a strong significant positive correlation as they favored each other (Figure 6, Table 4). Interestingly, the above-mentioned parameters (FTR, TDS, JV, FS, AA, and FR) showed a strongly significant negative correlation with EC and FRDR, and therefore they moved in opposite directions (Figure 6, Table 4). Pearson’s correlation analysis revealed a strongly significant (p < 0.05) positive and negative correlation (based on two-tailed test) among all the parameters (Table 4). The fruit yield-related parameters such as FL (r = 0.876), FW (r = 0.887), FD (r = 0.879), PT (r = 0.769) and AA (r = 0.723) had significant (p < 0.05) positive correlation with fruit size (FS), and FS (r = 0.820) had significant (p < 0.05) positive correlation with juice volume (JV) (Table 4).





4. Discussion


The foliar application of NBS resulted in better performances of the citrus trees. The NBS contributed useful nutrients to the plants as compared with the water spray of the control, but a plant hormone-like role of the biochar cannot be ruled out, as reported by Graber et al. [31]. Better plant nutrition and physiology could be the reasons for better fruit-set, and physical and chemical parameters of the Kinnow mandarins. Earlier reported findings showed that appropriate nutrient supply is effective in retaining the flowers and fruits [12,24,32]. It is also reported that fruit size, fruit weight and juice volume increase with optimal nutrient supply and maintenance of good management practices such as insect/pest control, water and soil management [33,34,35]. The increased peel thickness helps to extend the shelf life of Kinnow fruits by reducing moisture loss. Customers and the fruit juice industry prefer fruits that have a thick peel and longer shelf life. Earlier investigations regarding peel thickness support the above findings [36,37]. According to Chakraborty et al. [38], foliar application of nano-biochar improves the trees’ photosynthesis and water relations, resulting in biosynthesis of photosynthates and water translocation; consequently, fruits with larger diameters and sizes can be achieved. Water shortages often occur during the life cycles of citrus fruit growth, even in normal environments, and can disturb the fruit yield and fruit quality parameters. The present findings indicate that foliar application of NBS is effective in improving all these parameters. NBS-mediated fruit yield and quality improvements enhance fruit size and color, juice contents, and juice flavor. Moreover, an insufficient supply of nutrients may accelerate fruit dropping. Reports have indicated that NBS acts like growth-promoting substances that are involved in cell division and differentiation in the pedicel during the fruit growth stage. The higher fruit weight caused by exogenous application of NBS is linked with improved pedicel growth and greater development of the secondary vascular tissue, mainly the xylem [10]. The results also indicated that NBS supply increased the fruit sink strength which improved the fruit size and weight. This means that exogenous application of NBS enlarges fruit by increasing cell expansion rather than cell division. The increase in fruit weight and size caused by the foliar application of NBS is possibly due to increased photosynthetic capacity and chlorophyll contents linked to better plant nutrition and hormonal physiology. Thus, plants in better condition resulted in increased TDS levels of the fruits, as observed in present study (Figure 3D).



Foliar application of NBS enhanced juice volume (Figure 3B), TDS (Figure 3D), and ascorbic acid (Figure 4A) which confirmed the earlier finding of Ashraf et al. [24] that nutrient supply to citrus plants is effective in improving juice volume and other juice quality parameters. Similarly, [39] also claimed that foliar spraying with nitrogen improves fruit size juice volume, TSS, and ascorbic acid. Previous research investigations show that proper nutrient supply at the proper time improves juice TDS.



Principal component analysis was used to develop a biplot that provides information about the response of different attributes of citrus fruit and juice under NBS treatments in the climate zone of Kot Addu, Pakistan. Results in PC1 showed that flower retention, juice volume, TDS, fruit size, peel thickness, fruit weight, fruit diameter, fruit length, fruit retention/branch, fruit setting, and ascorbic acid content were improved positively by NBS. PC2 indicated that fruit dropping, Na, N, and EC under the influence of NBC were either negatively affected or unaffected. Parameters, in PC1 a showed positive and PC2 negative relationship with NBS. Presently, PCA analysis is being used in many studies to work out relationships among different parameters influenced by nutrient supply and stresses [10,12,16].



Citrus fruits, especially Kinnow mandarins, are well-known for their ascorbic acid content, which is essential for human health as an antioxidant that helps to reduce the harmful effects of reactive oxygen species (ROS), as well as controlling skin diseases [40], cancer attacks [41], and bacterial and fungal diseases [42,43]. The results of the present investigation indicated that foliar application of NBS is effective in enhancing the juice ascorbic acid concentration. The literature also confirms that adequate nutrition supply improves the ascorbic acid content of citrus juice [7,12,24]. Overall, the results showed that NBS foliar spray is effective in improving the yield and quality of fruit and juice.




5. Conclusions


The present study suggests that citrus growers can use NBS, especially at rates 3–5%, to improve the fruit-set of their Kinnow mandarins. This not only increases the yield of the citrus trees, but gives more flavorful and healthier fruit, with a better shelf-life. The foliar application of NBS at 3% and 5% was effective in enhancing the fruit weight, TDS, fruit size, fruit retention, juice volume and ascorbic acid with respect to control. Furthermore, it was found that use of NBS enhanced the thickness of the peel, which is a positive attribute for extending the shelf life of Kinnow fruits. Therefore, foliar application of 5% NBS can be recommended as giving optimum citrus fruit yield and juice with good quality.
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Figure 1. Effect of nano-biochar suspension (NBS) application on (A) flower retention, (B) fruit set, (C) fruit retention/branch, (D) fruit dropping. Values are means of three replications; different letters indicates significant differences among the treatments (p < 0.05). 
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Figure 2. Effect of nano-biochar suspension (NBS) application on (A) fruit length, (B) fruit weight, (C) fruit diameter, (D) fruit size. Values are means of three replications; different letters indicates significant differences among the treatments (p < 0.05). 
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Figure 3. Effects of nano-biochar suspension (NBS) application on (A) peel thickness, (B) juice volume, (C) electrical conductivity and (D) total dissolved solids. Values are means of three replications; different letters indicates significant differences among the treatments (p < 0.05). 
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Figure 4. Effects of nano-biochar suspension (NBS) foliar spray on (A) juice ascorbic acid and (B) juice pH. Values are means of three replications; different letters indicate significant differences among the treatments (p < 0.05). 
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Figure 5. Effect of nano-biochar suspension (NBS) foliar spray on (A) Phosphorus, (B) Nitrogen, (C) Sodium and (D) Potassium. Values are means of three replications; different letters indicate significant differences among the treatments (p < 0.05). 
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Figure 6. Biplot values (scores) for different fruit and juice quantity and quality parameters of Kinnow (Citrus reticulata) foliar sprayed with different levels of nano-biochar suspension (NBS). 
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Table 1. Soil physical and chemical characteristics of selected citrus orchard.
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	Soil Characteristics
	Kot Addu





	Soil texture
	Clay loam



	EC (dS m−1)
	3.5



	pH
	7.3



	Organic matter (%)
	0.8



	P (mg kg−1)
	9



	K (mg kg−1)

Total Nitrogen (%)
	175

0.75
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Table 2. Effects of different levels of nano-biochar suspension (NBS) on citrus flower and fruit morphology. Mean values of three replications are presented; different letters and * indicate significance differences among the treatments (p < 0.05). p < 0.05 (*), p < 0.001 (***), p < 0.0001 (****), ns (non-significant); FR, flower retention/branch; FTR, fruit retention/branch; FL, fruit length; FW, fruit weight; FD, fruit diameter; FS, fruit size; PT, peel thickness; FRDR, fruit dropping/branch; FST, fruit set/branch.






Table 2. Effects of different levels of nano-biochar suspension (NBS) on citrus flower and fruit morphology. Mean values of three replications are presented; different letters and * indicate significance differences among the treatments (p < 0.05). p < 0.05 (*), p < 0.001 (***), p < 0.0001 (****), ns (non-significant); FR, flower retention/branch; FTR, fruit retention/branch; FL, fruit length; FW, fruit weight; FD, fruit diameter; FS, fruit size; PT, peel thickness; FRDR, fruit dropping/branch; FST, fruit set/branch.





	NBS Concentration (%)
	FR
	FTR
	FL

(cm)
	FW

(g)
	FD

(cm)
	FS

(cm3)
	PT

(mm)
	FRDR
	FST





	0
	28.77 c
	25.65 c
	7.073 c
	99.533 b
	6.061 c
	358.867 b
	3.266 c
	70 a
	22 c



	1
	60.59 b
	63.35 b
	8.113 b
	143.800 b
	6.891 b
	390.800 ab
	4.438 b
	35 b
	58 b



	3
	75.72 a
	70.5 ab
	9.040 a
	199.933 a
	7.791 a
	438.333 ab
	4.796 ab
	25 bc
	70 a



	5
	79.15 a
	76 a
	9.167 a
	204.400 a
	7.845 a
	463.000 a
	5.172 a
	20 c
	76 a



	Significance
	***
	****
	***
	***
	***
	*
	****
	***
	***
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Table 3. Effects of different levels of nano-biochar suspension (NBS) on citrus juice quality and leaf chemical analysis. Mean values of three replications are presented; different letters and * indicate significance differences among the treatments (p < 0.05). p < 0.05 (*), p < 0.001 (***), p < 0.0001 (****), ns (non-significant); EC, electrical conductivity; TDS, total dissolved solids; AA, Ascorbic Acid; pH, potential of hydrogen; JV, juice volume; N, Nitrogen; P, Phosphorous; Na+, Sodium; K+, Potassium.
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	NBS Concentration (%)
	EC

(ds m−1)
	TDS

(mg L−1)
	AA

(mg 100 mL−1)
	pH
	JV

(mL)
	N

(mg g−1 DW)
	P

(mg g−1 DW)
	Na+

(mg g−1 DW)
	K+

(mg g−1 DW)





	0
	3.428 a
	1936.640 b
	25.033 b
	5.439 a
	55.067 d
	5.787 a
	0.941 b
	2.229 a
	11.673 a



	1
	3.321 ab
	2028.373 ab
	28.107 a
	4.164 b
	65.267 c
	6.440 a
	2.382 a
	2.026 a
	12.346 a



	3
	3.169 ab
	2125.653 ab
	28.667 a
	4.240 b
	85.333 b
	5.367 a
	2.079 ab
	2.099 a
	13.278 a



	5
	3.026 b
	2193.920 a
	29.060 a
	4.345 b
	113.133 a
	5.133 a
	1.510 ab
	2.073 a
	14.271 a



	Significance
	*
	*
	***
	*
	****
	ns
	*
	ns
	ns
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Table 4. Correlation matrix showing Pearson’s correlation among traits under four nano-biochar suspension treatments. Abbreviations: FR, flower retention/branch; FTR, fruit retention/branch; FL, fruit length; FW, fruit weight; FD, fruit diameter; FS, fruit size; PT, peel thickness; FRDR, fruit dropping/branch; EC, electrical conductivity; TDS, total dissolved solids; AA, Ascorbic Acid; pH, potential of hydrogen; JV, juice volume; FST, fruit set/branch; N, Nitrogen; P, Phosphorous; Na+, Sodium; K+, Potassium. * indicate significance correlation, p < 0.05 (*), p < 0.001 (**).
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	FR
	FTR
	FL
	FW
	FD
	FS
	PT
	FRDR
	EC
	TDS
	AA
	pH
	JV
	FST
	N
	P
	Na+
	K+





	FR
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	FTR
	0.958 **
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	FL
	0.821 **
	0.779 **
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	FW
	0.813 **
	0.765 **
	0.992 **
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	FD
	0.810 **
	0.756 **
	0.995 **
	0.997 **
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	FS
	0.792 **
	0.741 **
	0.876 **
	0.887 **
	0.879 **
	
	
	
	
	
	
	
	
	
	
	
	
	



	PT
	0.840 **
	0.848 **
	0.942 **
	0.911 **
	0.927 **
	0.769 **
	
	
	
	
	
	
	
	
	
	
	
	



	FRDR
	−0.797 **
	−0.790 **
	−0.687 *
	−0.701 **
	−0.693 **
	−0.795 **
	−0.705 **
	
	
	
	
	
	
	
	
	
	
	



	EC
	−0.792 **
	−0.823 **
	−0.712 **
	−0.702 **
	−0.694 **
	−0.791 **
	−0.752 **
	0.921 **
	
	
	
	
	
	
	
	
	
	



	TDS
	0.843 **
	0.735 **
	0.781 **
	0.780 **
	0.791 **
	0.705 **
	0.765 **
	−0.654 *
	−0.580 *
	
	
	
	
	
	
	
	
	



	AA
	0.779 **
	0.748 **
	0.924 **
	0.892 **
	0.904 **
	0.723 **
	0.931 **
	−0.647 *
	−0.633 *
	0.742 **
	
	
	
	
	
	
	
	



	pH
	−0.556 *
	−0.589 *
	−0.676 *
	−0.610 *
	−0.634 *
	−0.424
	−0.808 **
	0.447
	0.549 *
	−0.362
	−0.802 *
	
	
	
	
	
	
	



	JV
	0.941 **
	0.947 **
	0.853 **
	0.861 **
	0.847 **
	0.820 **
	0.841 **
	−0.776 **
	−0.803 **
	0.808 **
	0.756 **
	−0.462
	
	
	
	
	
	



	FST
	−0.152
	−0.154
	0.252
	0.235
	0.258
	0.011
	0.236
	0.122
	0.128
	0.010
	0.387
	−0.351
	−0.039
	
	
	
	
	



	N
	−0.262
	−0.329
	−0.102
	−0.120
	−0.107
	−0.167
	−0.194
	0.364
	0.455
	−0.219
	0.088
	0.020
	−0.267
	0.642 *
	
	
	
	



	P
	0.151
	0.173
	0.408
	0.402
	0.404
	0.324
	0.405
	−0.260
	−0.165
	−0.016
	0.509 *
	−0.642 *
	0.077
	0.374
	0.229
	
	
	



	Na+
	−0.436
	−0.386
	−0.270
	−0.207
	−0.228
	−0.420
	−0.352
	0.540 *
	0.576 *
	−0.382
	−0.322
	0.369
	−0.235
	0.395
	0.359
	−0.091
	
	



	K+
	0.621 *
	0.553 *
	0.617 *
	0.640 *
	0.637 *
	0.559 *
	0.556 *
	−0.614
	−0.468
	0.613 *
	0.683 *
	−0.306
	0.671 *
	0.447
	0.361
	0.178
	0.052
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