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Abstract
The present investigation was conducted at the Agriculture Research Station, Sriganganagar, Rajasthan, utilizing seven mandarin genotypes—Mudkhed Seedless, Nagpur Seedless, Nagpur Mandarin, Kinnow Mandarin, Coorg Mandarin, Khasi Mandarin, and Darjeeling Mandarin—grafted onto Rough lemon rootstock within a randomized block design featuring three replications. Data collected over a four-year period were analyzed to evaluate genetic variability, heritability, and phenotypic correlations among various morphological and fruit-quality traits. Notable variation was detected among the genotypes concerning plant height, canopy volume, stem girth, fruit weight, fruit yield, total soluble solids (TSS), and the TSS:acidity ratio, indicating a significant level of genetic diversity. High genotypic (GCV) and phenotypic (PCV) coefficients of variation were observed for fruit weight and fruit yield, corroborated by exceptionally high heritability estimates (H² > 0.98), implying that these traits are primarily influenced by additive gene action and can be effectively enhanced through selection. Moderate variability along with high heritability was noted for TSS and the TSS:acidity ratio, suggesting reliable inheritance to subsequent generations. Correlation analysis indicated strong positive relationships between fruit yield and fruit weight (r = 0.983) as well as TSS (r = 0.921), indicating that simultaneous enhancement of yield and quality traits is achievable. In summary, Kinnow Mandarin demonstrated outstanding performance in terms of canopy volume, fruit weight, TSS, and overall productivity, underscoring its potential as a high-yielding genotype in semi-arid environments.
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INTRODUCTION
Mandarin (Citrus reticulata Blanco) represents one of the most economically important citrus groups cultivated globally, appreciated for its appealing flavor, ease of peeling, broad consumer acceptance, and adaptability for both fresh consumption and processing. India ranks among the leading mandarin-producing nations, with significant commercial cultivars such as Nagpur mandarin, Khasi mandarin, Kinnow, and Coorg mandarin making substantial contributions to the citrus sector (Tripathi et al. 2016). Despite its economic significance, the productivity and fruit quality of mandarins are frequently limited by insufficient genetic enhancement, restricted genetic diversity, and the occurrence of variation induced by environmental factors. Consequently, evaluating genetic variability, heritability, and the interrelationships of traits among mandarin genotypes is crucial for effective cultivar selection and breeding strategies. 
Genetic variability serves as the essential foundation for enhancing crops, as it influences the potential for selection gains (Allard, 1999). In the case of perennial fruit crops like citrus, where the breeding cycles are extended, it becomes increasingly vital to comprehend the extent of both phenotypic and genotypic variation. Quantitative traits, including fruit yield, fruit weight, plant height, and biochemical characteristics (such as TSS and acidity), are significantly affected by both genetic factors and environmental conditions; therefore, it is imperative to partition phenotypic variance into its genotypic and environmental components (Falconer & Mackay, 1996). Metrics such as the genotypic coefficient of variation (GCV), phenotypic coefficient of variation (PCV), and broad-sense heritability (H²) are instrumental in assessing the reliability of phenotypic selection (Burton & DeVane, 1953; Johnson et al., 1955). Genetic variability is the basis of any crop improvement program. However, little effort has been made to study the genotypic variance, heritability, and genetic advance among collected accessions. Such a study reveals the nature of inheritance of fruit quantitative and qualitative parameters to design citrus breeding strategies. Moreover, there is a necessity to diversify scion cultivars of citrus for North Indian regions to reduce the new insect-pest load scattering over a narrow genetic pool. Secondly, mandarins represent maximum phenotypic heterozygosity and variation in characters in comparison to other citrus species (Moore, 2001; Faralli et al., 2019).
Mandarin and allied cultivars have significant genetic variability for growth, production, and fruit quality traits, according to earlier citrus research (Ladaniya, 2008; Ahmad et al., 2018). For instance, Khasi and Coorg mandarins show considerable variation in plant vigor, flavor profile, and adaptability to particular agro-climatic zones, but Kinnow mandarin is well known for its high productivity and huge fruit weight (Kumar et al., 2010). In semi-arid areas like Rajasthan, where environmental limitations affect trait expression, it is especially crucial to comprehend such diversity. Citrus heredity evaluation has revealed that while vegetative factors occasionally show moderate heritability due to environmental interactions, fruit quality traits typically show significant inheritance. It is generally accepted that a quantitative trait is governed by a combination of genetic and environmental effects. The variance of a phenotype in a cross population includes the variance caused by genetic and environmental effects. The proportion of the phenotypic variance caused by all potential sources of genetic variance indicates broad-sense heritability. That is, broad-sense heritability represents an index of the proportion of phenotypic variance explainable by genetic effects (Visscher et al., 2008). Therefore, estimation of heritability facilitates selection of promising crosses and improves the efficiency of a breeding program. Estimating heritability also enables development of DNA markers linked to a trait of interest for marker-assisted selection. A trait that shows high heritability will make an important contribution to citrus breeding; therefore, accurate and reliable estimation of genetic effects on phenotypic variance is essential.
Correlation studies further strengthen breeding strategies by identifying trait associations that can guide indirect selection. Positive correlations between yield components such as fruit weight, stem girth, and canopy volume have been reported in mandarin and sweet orange genotypes (Kumar et al., 2015). In long-lived species like citrus, correlation coefficients help breeders identify traits that, when selected, simultaneously improve yield and fruit quality.
The present investigation was conducted to assess the genetic variability, heritability, and correlation coefficients among seven commercially important mandarin genotypes—Mudkhed Seedless, Nagpur Seedless, Nagpur Mandarin, Kinnow, Coorg Mandarin, Khasi Mandarin, and Darjeeling Mandarin—grown at the Agricultural Research Station, Sriganganagar, Rajasthan. By analyzing multi-year pooled observations for growth, yield, and fruit quality traits under a randomized block design, this study aim to identify promising genotypes and traits with high genetic gain potential. The outcomes will contribute valuable information for mandarin improvement programs and cultivar recommendation for semi-arid regions.
MATERIALS AND METHODS
Experimental Site:
The field experiment was conducted at the Agriculture Research Station, Shriganganagar, Rajasthan, located in the north-western arid region of India. The site is characterized by hot summers, cool winters, and low annual rainfall, typical of the semi-arid agro-climatic zone. The soil of the experimental orchard is deep, well-drained sandy loam, suitable for citrus cultivation. 
Plant Material and Treatments:
The study involved seven mandarin (Citrus reticulata Blanco) genotypes, each constituting a treatment. All genotypes were grafted on Rough Lemon (Citrus jambhiri) rootstock, following standard propagation procedures. The treatments included:
· T1: Mudkhed Seedless
· T2: Nagpur Seedless
· T3: Nagpur Mandarin
· T4: Kinnow Mandarin
· T5: Coorg Mandarin
· T6: Khasi Mandarin
· T7: Darjeeling Mandarin

Experimental Design:
The experiment was laid out in a Randomized Block Design (RBD) with three replications. Each treatment plot consisted of 10 plants per row spaced at 6 × 6 m. Standard orchard management practices for mandarin production were followed throughout the study period. Irrigation was provided through a drip irrigation system to maintain optimal soil moisture and enhance uniformity across treatments. 
Data Recording:
Observations were recorded for four consecutive years, and the pooled mean data were used for statistical analysis. The following growth, yield, and fruit quality parameters were assessed:
Growth Parameters:
· Plant height (m)
· Canopy volume (m³)
· Stem girth (cm)
Yield and Yield Attributes:
· Fruit weight (g)
· Fruit yield (t/ha)
Fruit Quality Parameters:
· Total Soluble Solids (TSS, °Brix)
· TSS:Acidity ratio
Statistical Analysis:
Data were analyzed using analysis of variance (ANOVA) appropriate for the RBD as described by Panse and Sukhatme (1985). Treatment means were compared using the Critical Difference (CD) at 5% probability level to determine statistical significance. Standard error of the difference (S.Ed ±) was also calculated for all traits, as provided in the experimental dataset.
Genetic variability parameters—such as genetic variance (GV) (Eq.1), phenotypic variance (PV) (Eq.2), genotypic coefficient of variance (GCV) (Eq.3) and phenotypic coefficient of variance (PCV) (Eq.4), were computed (Mulualem and Mohammed, 2012).
𝐺𝑒𝑛𝑜𝑡𝑦𝑝𝑖𝑐 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒=𝑀𝑆𝑔−𝑀𝑆𝑒/𝑛𝑟 (Eq.1)
𝑃ℎ𝑒𝑛𝑜𝑡𝑦𝑝𝑖𝑐 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒=𝑀𝑆𝑔/𝑛𝑟 (Eq.2)
Where MSg is genotypic mean square, MSe is error mean square and nr is number of replication.
𝐺𝐶𝑉 = √𝑉𝐺/𝐺𝑟𝑎𝑛𝑑 𝑀𝑒𝑎𝑛×100 (Eq.3)
𝑃𝐶𝑉 = √𝑉𝑃/𝐺𝑟𝑎𝑛𝑑 𝑀𝑒𝑎𝑛×100 (Eq.4)
Broad sense heritability (h2) (Eq.5) in percentage was estimated in each character using variance components as described (DeLacy et al., 1996). 
𝐻𝑒𝑟𝑖𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (ℎ2) = 𝐺𝑒𝑛𝑜𝑡𝑦𝑝𝑖𝑐 𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒/𝑃ℎ𝑒𝑛𝑜𝑡𝑦𝑝𝑖𝑐 𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 (Eq.5)
Correlations among fruit physiochemical characters of different mandarin genotypes were carried out with partial correlation method and test of significance was considered at 5 and 1 per cent level of probability ( P<0.05) and P<0.01).
RESULTS AND DISCUSSION
Significant differences were noted among the seven mandarin genotypes concerning canopy-related characteristics, such as plant height and canopy volume, suggesting a considerable degree of genetic variability that can be utilized for enhancement programs. The aggregated data over four years clearly indicated that the genotypes exhibit unique canopy structures when cultivated under consistent conditions on Rough Lemon rootstock in a Randomized Block Design (RBD) at the Agricultural Research Station in Sriganganagar, Rajasthan.
Plant height showed considerable variation across treatments, with measurements ranging from 2.50 m (Nagpur Seedless) to 3.04 m (Coorg Mandarin). Coorg Mandarin (3.04 m), Kinnow Mandarin (3.02 m), and Mudkhed Seedless (2.97 m) emerged as the tallest genotypes, forming a distinct category of robust canopies. Conversely, Nagpur Seedless (2.50 m) exhibited the shortest plant height, reflecting a more compact growth pattern (Table 1). The critical difference at 5% (0.30 m) confirmed that these variations are statistically significant. The observed differences may be linked to genetic factors and their interaction with local soil and climatic conditions. Prior research in citrus has reported similar genotypic variations in plant height, where canopy vigor is significantly affected by inherent genetic potential and the compatibility between scion and rootstock (Ladaniya, 2008; Castle, 2010).
A diverse array of canopy volumes was noted among the genotypes, underscoring the variety of canopy structures. Kinnow Mandarin (12.64 m³) displayed the largest canopy volume, closely followed by Mudkhed Seedless (11.42 m³). Medium canopy volumes were recorded for Nagpur Mandarin (8.39 m³), Coorg Mandarin (6.91 m³), and Darjeeling Mandarin (6.93 m³). The smallest canopy volume was found in Nagpur Seedless (4.44 m³), indicating a more compact and less expansive canopy form. The critical difference at 5% (3.56 m³) validates the importance of the observed variations. The substantial canopy volumes in Kinnow and Mudkhed Seedless imply robust vegetative growth, corroborated by their tall plant heights and greater stem girth measurements. Larger canopies are typically linked to better light interception, increased photosynthetic efficiency, and thus a higher potential for fruit yield—a trend that aligns with the significant yield recorded in Kinnow Mandarin (40.41 t/ha) (Table 1). These results are consistent with previous studies indicating that canopy volume is a vital factor in productivity and is highly specific to genotype in citrus (Sharma et al., 2015). Canopy volume holds particular significance in contemporary orchard systems as it affects pruning needs, disease microclimate, and the feasibility of high-density planting.
A clear positive correlation between canopy volume and yield was evident in the present study. Kinnow Mandarin, which exhibited the largest canopy size (12.64 m³), also achieved the highest fruit yield (40.41 t/ha). In contrast, Nagpur Seedless, characterized by the smallest canopy (4.44 m³), yielded comparatively less despite possessing high-quality fruit attributes. Such relationships between canopy vigor and yield potential have been extensively documented in citrus, highlighting the significance of balanced vegetative growth for enhanced productivity (Kumar et al., 2015). Nevertheless, excessively vigorous canopies may hinder light penetration into the inner canopy, which could adversely impact fruit color and TSS accumulation, underscoring the necessity for effective canopy management in high-vigor cultivars like Kinnow. The notable genetic variability in canopy traits among the mandarin genotypes illustrates their potential for selection in breeding initiatives aimed at optimizing canopy architecture for various orchard types. High-vigor genotypes (Kinnow, Coorg, Mudkhed) are well-suited for traditional planting systems where a large canopy size is preferred for maximizing yield. Conversely, moderate to compact genotypes (Nagpur Seedless, Darjeeling Mandarin, Khasi) are ideal for high-density orchards, where a reduced canopy volume improves light distribution and management efficiency. The heritable differences observed in canopy traits offer valuable insights for future improvements in mandarins and orchard system design in arid and semi-arid regions such as Rajasthan.
Table 1. Variability in different characteristics in mandarin genotypes
	Treatment
	Plant Height (m)
	Canopy Volume (m3)
	Stem girth (cm)
	Fruit weight (g)
	Fruit Yield (t/ha)
	TSS (0B)
	TSS: Acidity ratio


	Mudkhed seedless
	2.97
	11.42
	36.88
	134.32
	23.40
	7.82
	1.13

	Nagpur seedless
	2.50
	4.44
	24.14
	123.99
	22.82
	7.55
	1.09

	Nagpur mandarin
	2.91
	8.39
	34.0
	114.89
	20.04
	7.06
	1.08

	Kinnow mandarin
	3.02
	12.64
	37.89
	234.89
	40.41
	12.12
	0.93

	Coorg mandarin
	3.04
	6.91
	30.40
	178.98
	27.86
	8.04
	1.13

	Khasi mandarin
	2.65
	6.14
	31.17
	151.46
	24.55
	6.55
	1.26

	Darziling mandarin
	2.70
	6.93
	30.87
	110.62
	19.10
	7.37
	1.33

	S.Ed ±
	0.10
	1.16
	1.39
	2.88
	0.54
	0.19
	0.09

	CD (P:0.05)
	0.30
	3.56
	4.34
	8.87
	1.67
	0.58
	0.27


Table 2. Genetic Variance, Phenotypic Variance, GCV, PCV & Heritability (H²)
	Trait
	Mean
	Genotypic Variance (σ²g)
	Phenotypic Variance (σ²p)
	GCV (%)
	PCV (%)
	Heritability H² (BS)

	Fruit weight (g)
	149.88
	1953.58
	1970.14
	29.49
	29.61
	0.992

	Fruit yield (kg/ha)
	25454.38
	51,672,880
	52,263,390
	28.24
	28.40
	0.989

	TSS (°Brix)
	8.07
	3.40
	3.47
	22.84
	23.08
	0.980

	TSS:Acidity ratio
	8.07
	3.40
	3.47
	22.84
	23.08
	0.980

	Stem girth (cm)
	32.18
	19.96
	23.85
	13.88
	15.17
	0.837

	Plant height (m)
	2.83
	0.0373
	0.0564
	6.84
	8.41
	0.662


Table 3. Phenotypic Correlation Coefficient Matrix among Traits
	Trait
	Fruit Weight
	Fruit yield 
	TSS
	TSS: Acidity Ratio
	Stem girth 
	Plant Height

	Fruit weight (g)
	1.00
	0.983
	0.857
	0.857
	0.446
	0.555

	Fruit yield (kg/ha)
	0.983
	1.00
	0.921
	0.921
	0.455
	0.498

	TSS (°Brix)
	0.857
	0.921
	1.00
	1.00
	0.515
	0.505

	TSS:Acidity ratio
	0.857
	0.921
	1.00
	1.00
	0.515
	0.505

	Stem girth (cm)
	0.446
	0.455
	0.515
	0.515
	1.00
	0.773

	Plant height (m)
	0.555
	0.498
	0.505
	0.505
	0.773
	1.00



A notable variation in fruit weight was detected among the seven mandarin genotypes assessed over a pooled period of four years. Fruit weight varied from 110.62 g in Darjeeling Mandarin (T7) to 234.89 g in Kinnow Mandarin (T4).Kinnow Mandarin exhibited the highest fruit weight (234.89 g), which was statistically superior to all other genotypes, as indicated by the critical difference at 5% (8.87 g). This was succeeded by Coorg Mandarin (178.98 g) and Khasi Mandarin (151.46 g). The lowest fruit weight was noted in Darjeeling Mandarin (110.62 g), closely followed by Nagpur Mandarin (114.89 g). The significant superiority of Kinnow Mandarin in terms of fruit size supports previous findings that hybrid mandarins, especially Kinnow, demonstrate enhanced vigor and fruit development potential due to their genetic lineage (C. nobilis × C. deliciosa) (Chadha & Awasthi, 2005; Dhillon et al., 2017).The larger fruit size observed in Kinnow is frequently linked to its robust canopy vigor and greater efficiency in assimilate allocation. The relatively moderate fruit weights in Mudkhed Seedless (134.32 g) and Nagpur Seedless (123.99 g) correspond with earlier studies indicating that seedless mandarins typically yield smaller fruit, as the absence of seeds diminishes the hormonal stimuli necessary for optimal cell enlargement (Agustí et al., 2003).

Fig. 1. Variability in different growth characteristics in mandarin genotypes


Fig. 2. Variability in different yield characteristics in mandarin genotypes

Fig. 3. Variability in different quality characteristics in mandarin genotypes


Genotypic variations in fruit weight are generally ascribed to intrinsic genetic regulation of fruit cell division, expansion, and the peel-pulp ratio; however, environmental factors such as temperature, irrigation consistency, and rootstock compatibility also influence the final fruit size (Ladaniya, 2008).
The uniform rootstock (Rough Lemon) utilized in this study ensured that the variability observed primarily reflects genotypic potential rather than the effects of rootstock. Fruit yield also varied significantly across genotypes, with values ranging from 19.10 t/ha (Darjeeling Mandarin) to 40.41 t/ha in Kinnow Mandarin (T4), which produced the highest yield, significantly exceeding all other treatments based on the CD (1.67 t/ha). This was followed by Coorg Mandarin (27.86 t/ha), Khasi Mandarin (24.55 t/ha), and Mudkhed Seedless (23.40 t/ha). The lowest yield corresponded to Darjeeling Mandarin and Nagpur Mandarin (20.04 t/ha).
The outstanding yield performance of Kinnow is consistent with national and international reports that identify Kinnow as one of the highest-yielding mandarin hybrids due to its prolific bearing habit, vigorous canopy, and high fruit set percentage. The greater canopy volume observed for Kinnow (12.64 m³) compared to other genotypes supports the widely documented positive correlation between canopy size and total yield in citrus (Castle, 2010). Seedless cultivars like Nagpur Seedless and Mudkhed Seedless showed moderate yields (22.82 and 23.40 t/ha, respectively). While seedlessness enhances market preference, it may sometimes reduce fruit set and overall yield due to limited hormonal support during early fruit development (Agustí et al., 2003). The lower yield range in Darjeeling Mandarin and Nagpur Mandarin could be attributed to their smaller fruit size, relatively reduced canopy volume, and possibly lower genetic yield potential.
Yield differences among genotypes ultimately reflect cumulative effects of fruit weight, number of fruits per plant, canopy vigour, and environmental adaptability. The long-term pooled data used in this study minimize annual environmental variability, thus reinforcing that the yield differences observed are predominantly genetic.
Genetic variance for yield attributes was exceptionally high (σ²g = 51.67 × 10⁶ for fruit yield), with very high heritability (H² = 0.989) and closely similar GCV (28.24%) and PCV (28.40%) (Table 2). Such closeness of GCV and PCV indicates minimal environmental influence on yield expression, suggesting that direct selection based on phenotype would be highly effective. A positive association was evident between fruit weight and yield, where genotypes with larger fruit—particularly Kinnow Mandarin—also exhibited higher yield performance. This relationship is well established in citrus, where fruit size contributes substantially to yield unless compensated by very high fruit numbers in small-fruited genotypes (Ladaniya, 2008). The data support the proposition that Kinnow’s superiority in both fruit weight and yield makes it a highly suitable cultivar for commercial production under the agro-climatic conditions of Shriganganagar, Rajasthan.
Significant variation in TSS (°Brix) was observed among the seven mandarin genotypes evaluated over four years. TSS values ranged from 6.55°Brix (Khasi mandarin) to 12.12°Brix (Kinnow mandarin), indicating a wide diversity in sweetness levels among the cultivars. Kinnow mandarin recorded the highest TSS (12.12°Brix). The S.Ed (±0.19) and CD at 5% (0.58) values further confirm that these differences were statistically significant. Higher TSS is a desirable trait because it directly contributes to sweetness and enhances consumer preference. The superior sweetness in Kinnow may be attributed to its genetic potential, higher carbohydrate accumulation, and favorable source–sink relationship. Similar findings were reported by Dhillon et al. (2017) and Singh et al. (2021), who noted that Kinnow consistently exhibits high TSS among commercial mandarins. The TSS:acidity ratio, a key indicator of flavor balance, showed considerable diversity across the genotypes, ranging from 0.93 (Kinnow mandarin) to 1.33 (Darjeeling mandarin). Interestingly, although Kinnow had the highest TSS, it exhibited the lowest TSS:acidity ratio (0.93) because of proportionally higher acidity—a known characteristic of Kinnow fruit at full maturity. This results in a tangier taste despite its sweetness. Similar observations were documented by Rattanpal et al. (2018), indicating that Kinnow's strong acidity often depresses its sweetness-to-acid balance.
Heritability for both TSS and TSS:Acidity ratio was extremely high (0.980), with high GCV (22.84%) and PCV (23.08%), indicating strong genetic control (Table 2). Similar high heritability for TSS in mandarins has been reported in studies from South India, reinforcing the effectiveness of selection for sweetness-related attributes.
The pooled four-year data revealed significant differences in stem girth among the seven mandarin (Citrus reticulata Blanco) genotypes evaluated on Rough Lemon rootstock under the semi-arid conditions of Shriganganagar, Rajasthan. Stem girth values ranged from 24.14 cm in Nagpur Seedless to 37.89 cm in Kinnow Mandarin, indicating considerable genetic variability for this vegetative growth parameter. Kinnow Mandarin (37.89 cm) exhibited the maximum stem girth, closely followed by Mudkhed Seedless (36.88 cm). The superior stem girth observed in Kinnow Mandarin and Mudkhed Seedless suggests a strong inherent vigour and better adaptability under the given edapho-climatic conditions. Larger trunk girth is often correlated with enhanced translocation efficiency, nutrient absorption, canopy development, and ultimately higher fruiting potential. Similar observations have been reported in vigorous citrus cultivars by Sharma et al. (2015), who noted that trunk girth serves as a robust indicator of vegetative vigour and productivity. Since all genotypes were grafted on Rough Lemon, the observed variation can be attributed primarily to genetic differences rather than rootstock effects. Rough Lemon is known to induce vigorous growth across citrus types, as also highlighted by Castle (2010). Therefore, the significant variation in stem girth strongly supports the presence of substantial genetic diversity among the tested mandarin genotypes.
Phenotypic correlation analysis (Table 3) revealed strong positive associations among yield components. Fruit weight had a very high correlation with fruit yield (r = 0.983), suggesting that heavier fruits directly contribute to higher yield per plant. This positive linkage is supported by earlier studies indicating that fruit weight is one of the strongest contributors to citrus productivity (Kumar et al., 2015).
Fruit quality traits (TSS and TSS:Acidity ratio) were also strongly and positively correlated with fruit weight and fruit yield (r = 0.857–0.921). This indicates that high-yielding cultivars also tend to exhibit superior sweetness, though Kinnow presents a unique case of high TSS but lower maturity index due to higher acidity. Stem girth showed moderate correlations with fruit weight (r = 0.446) and yield (r = 0.455), implying that trunk thickness influences overall plant vigour but is not the sole determinant of yield. Plant height also displayed moderate correlation with yield attributes (r = 0.498–0.555), consistent with citrus growth–yield relationships reported by (Singh et al., 2017).
The high correlation among TSS, TSS:Acidity ratio, and yield traits suggests possible pleiotropy or tight linkage between sugar accumulation and fruit development pathways, a phenomenon previously documented in citrus genetics (Ladaniya, 2008). The semi-arid climate of Shriganganagar, characterized by hot summers and high evaporative demand, can influence trunk thickening through effects on water availability and biomass accumulation. The genotypes with higher stem girth likely possess superior physiological resilience and resource-use efficiency, which may contribute to their better field performance. Stem girth is a critical vegetative trait in citrus, often positively associated with vigour, canopy size, and yield potential. In this study, genotypes that exhibited superior stem girth—particularly Kinnow Mandarin, Mudkhed Seedless, and Nagpur Mandarin—also tended to have comparatively higher values for fruit yield and canopy volume (as seen in the dataset), indicating a possible correlation between vigour and productivity.
Based on pooled multi-year data, kinnow Mandarin was the best-performing genotype across growth, yield, and quality traits. Mudkhed Seedless and Coorg Mandarin emerged as promising high-yielding and good-quality cultivars.	Khasi and Darjeeling Mandarin, despite smaller fruit size, exhibited high maturity index values and may be suitable for table/juicing purposes in niche markets. Nagpur Seedless, though less vigorous, maintained stable yield performance and desirable fruit characteristics.
The results clearly indicate substantial genetic diversity among mandarin genotypes grown on Rough Lemon rootstock under arid drip-irrigated conditions. The high heritability values suggest that most traits can be improved through direct phenotypic selection, making these genotypes strong candidates for breeding and commercial expansion in North-Western India.
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Plant Height (m)	Mudkhed seedless	Nagpur seedless	Nagpur mandarin	Kinnow mandarin	Coorg mandarin	Khasi mandarin	Darziling mandarin	2.97	2.5	2.91	3.02	3.04	2.65	2.7	Canopy Volume (m3)
	Mudkhed seedless	Nagpur seedless	Nagpur mandarin	Kinnow mandarin	Coorg mandarin	Khasi mandarin	Darziling mandarin	11.42	4.4400000000000004	8.39	12.64	6.91	6.14	6.93	Stem girth (cm)	Mudkhed seedless	Nagpur seedless	Nagpur mandarin	Kinnow mandarin	Coorg mandarin	Khasi mandarin	Darziling mandarin	36.880000000000003	24.14	34	37.89	30.4	31.17	30.87	Fruit weight (g)	Mudkhed seedless	Nagpur seedless	Nagpur mandarin	Kinnow mandarin	Coorg mandarin	Khasi mandarin	Darziling mandarin	134.32	123.99	114.89	234.89	178.98	151.46	110.62	Fruit Yield (t/ha)	Mudkhed seedless	Nagpur seedless	Nagpur mandarin	Kinnow mandarin	Coorg mandarin	Khasi mandarin	Darziling mandarin	23.4	22.82	20.04	40.409999999999997	27.86	24.55	19.100000000000001	TSS (0B	Mudkhed seedless	Nagpur seedless	Nagpur mandarin	Kinnow mandarin	Coorg mandarin	Khasi mandarin	Darziling mandarin	7.82	7.55	7.06	12.12	8.0399999999999991	6.55	7.37	TSS: Acidity ratio	Mudkhed seedless	Nagpur seedless	Nagpur mandarin	Kinnow mandarin	Coorg mandarin	Khasi mandarin	Darziling mandarin	1.1299999999999999	1.0900000000000001	1.08	0.93	1.1299999999999999	1.26	1.33	


