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Abstract

:

The profitability of modern apple orchard plantings depends largely on how rapidly the costs of planting are returned. Tree establishment and growth in the formative years are often can be limited by transplant shock associated with bare-root trees. In this experiment, we examined the effect of two planting systems, air-pruning containers, and field-grown liners, on above- and below-ground growth and development during the first year in the nursery. M9 ‘Nic 29’ bench grafts for three apple cultivars of different vigor classes, ‘Fuji’ (high vigor), ‘Gala’ (moderate vigor), and ‘Honeycrisp’ (low vigor). We hypothesized that air root-pruning containers would alter rooting distribution compared to field-grown liners by increasing fine root production, and this, in turn, would result in improved resource allocation and greater biomass partitioned to above-ground organs. Bench grafts were divided evenly between a field-grown liner bed (for bare root production) and an air-pruning container system. Air-pruning containers produced trees with significantly more root tips and greater total root length per tree than field-grown liners. Importantly, air-pruning containers resulted in a marked and significant increase in roots < 0.4 mm in diameter; however, field-grown liners produced trees had significantly more roots with diameters > 1.5 mm and, thus, significantly greater root dry matter content (DMC). Above-ground parameters (scion length, DMC of wood and leaves, and individual leaf area and DMC) were significantly increased for plants in air-pruning containers. Generally, the growth benefits from air-pruning containers were less pronounced in ‘Gala’ compared to ‘Honeycrisp’ or ‘Fuji’. The percentage of total DMC partitioned to the canopies of air-pruning containerized trees was significantly greater than field-grown liners.
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1. Introduction


Orchard profitability depends on several factors such as yield, fruit quality, fruit cultivar, current market price, orchard management practices, and, most notably, tree density [1,2,3,4,5]. A 10–20-fold increase in apple tree density has occurred over the past 50 years [6]. Trees represent a disproportionate fraction of the total production costs when establishing high-density orchards. In the US, tree costs for modern high-density apple orchards total ~$36,000 USD per ha when established at ~3630 trees per ha [7]. Return on investment (ROI) is the most critical factor in modern orchard establishment in the USA [5]; thus, producers need to fill orchard space rapidly and then shift trees to cropping. This reality underscores the need for healthy trees with well-structured root systems capable of filling orchard space quickly.



Because precocity is intimately associated with profitability, orchardists enact several strategies to achieve early production, including increasing tree density, avoidance of water stress and/or nutrient deficits, minimal pruning in the formative years, branch positioning below horizontal orientations, and use of highly branched, feathered nursery trees [8]. Despite implementing these practices, the establishment of orchards with bare-root nursery material has generally remained unchanged despite unrealized growth during the establishment year due to the loss of roots during harvest, storage, transportation, and planting processes [9,10].



Containerized trees undergo comparatively less transplant shock than bare root trees since the entirety of their root system remains intact at the time of transplanting. They may be limited, however, by several other factors: circling and girdling roots, root escape via drainage holes, low root occupancy resulting in root disruption and/or significant root loss during transplanting, and high hydraulic resistance between the soilless media and the native soil resulting in water stress after planting. Air-pruning containers eliminate all but the latter issue due to the generation and branching of new roots following the ‘pruning’ of apical root meristems when root tips are exposed to air. A demonstrable growth advantage after transplanting perennial plants produced in air-pruning containers was purportedly due to a combination of greater absorptive capacity and limited transplant disturbance of their root systems compared to plants produced by alternative production methods [9,10,11].



Fine roots of tree species are relatively short-lived (i.e., several months) and account for most of the total root length [12,13]. Fine, non-woody roots with diameters < 2 mm are generally associated with nutrient and water acquisition for a range of species [14,15], including apple [16,17,18]. More recently, studies on root function argue that a 2 mm cutoff is non-discriminative for segregating absorptive from structural or pioneer roots and, thus, highly overestimates the actual percentage of absorptive roots [19]. Functional data support differences between ephemeral, low-order roots from higher-order, structural roots when comparing roots of similar diameter [19]. While root function may be more tightly associated with root order than root diameter, the former measure is far more time consumptive [19,20,21]. Ref. [20] proposes that diameter cutoffs to discriminate root function are not at all implicit unless functional correlations have been performed from species-specific data. For apple, an analysis of multiple functional parameters such as root longevity, survival, and neighboring root analyses suggest that roots with diameters > 0.5 mm should not be considered absorptive, even though roots of smaller diameters comprise several root orders (1st through 3rd) [20]. The longevity of absorptive roots of apple is from 20 to 144 days [16,21], which is relatively short compared to turnover rates of other species [22]. Many root studies for apple have focused on small samples (destructively harvested or via minirhizotron) taken from few and relatively mature fruiting trees; however, limited or no root research has been conducted on entire root systems from non-seedling plants less than one-year-old, as is the case for nursery production of asexually produced crops such as apple.



The primary objective of this experiment was to characterize the effects of air-pruning containers in the initial nursery year of growth for bench-grafted apple plants on root production, canopy growth, and total plant (DMC). We hypothesized that greater fine root production of air-pruning containers will lead to improved canopy growth compared to field-grown liners produced trees.




2. Materials and Methods


2.1. Plant Material and Experimental Design


In late May 2017, ~200 uniform ‘Fuji’, ‘Gala’ and ‘Honeycrisp’ dormant benchgrafts (using hardwood cuttings of M.9 Nic29 rootstock) were received from Sierra Gold Nurseries (Yuba City, CA, USA) and randomly divided into two different planting systems; field-grown liners and air-pruning containers (Ellepot USA, Blackmore Company, Belleville, MI, USA). Benchgrafts were callused with limited root initiation at the time of planting. The experiment was performed at the Michigan State University Horticulture Teaching and Research Center (HTRC) in Holt, Michigan. Planting systems were organized in completely randomized designs of ~100 benchgrafts per cultivar in each system with four replicates. Bamboo stakes were installed adjacent to individual plants in each system, and leaders were attached to the stakes ~5 cm below the apex using flexible tree tape throughout the entire season. The root-pruning container media was 80% Peat, 10% fine perlite, 10% coir (Starter Mix, Ellepot USA, Blackmore Company, Belleville, MI, USA), compressed in a heat-welded paper membrane (AP standard paper, Ellepot USA, Blackmore Company, Belleville, MI, USA). The container volume was 785 cm3 (100 mm in diameter by 280 mm in height). The soil of the field liner plot was a Marlette series fine loam.




2.2. Irrigation and Fertilization


Irrigation was provided to keep soil moisture above 75% field capacity (FC) and commenced after bud break. For air-pruning containers, irrigation was supplied daily until saturation using an impact sprinkler system that uniformly wetted the entire land area. Media moisture content was determined using Meter soil moisture sensors (EC-5) connected to EM50 data loggers from which data were downloaded using ECH2O software (Meter Environment, Pullman, WA, USA). Four sensors per treatment (one per replicate) were inserted at 15 cm depth. FC was estimated to be 100% after complete drainage following irrigation events using containers instrumented with soil moisture sensors (Figure S1).



Irrigation for field-grown liners was provided every other day using microsprinklers (Supernet, Netafim USA, Fresno, CA, USA) to replace 100% of ET using a kc value of 0.25 because (1) very low transpiration/leaf area existed for the first two months following planting, (2) water penetrable weed fabric would have reduced soil evaporation, and (3) a physical determination of the wetting front after replacing 25% ET over a three day period exceeded 15 cm profile depth through the fabric. ET data were downloaded from a weather station located within 100 m of the experimental site via the MSU Enviro-weather meteorological online network https://mawn.geo.msu.edu/station.asp?id=htc (accessed on 19 July 2022). In late July, the kc value was increased to 0.5, and soil moisture sensors were instrumented at 15 cm depths in the field (one per replicate) to confirm that the ET replacement method of irrigation was providing a roughly equivalent percent of FC as container plants (Figure S1). Using soil moisture sensors, the FC of field soils was estimated as 100% the morning after early-evening irrigation events (allowing gravity to remove water from macropores).



In both systems, equivalent rates of nitrogen and micronutrients were provided. Initial fertilization was applied as a top dress at 5 g per tree via application of (15-9-12) slow-release fertilizer (Osmocote, The Scotts Co., Marysville, OH, USA). Beginning mid-July, a complete macro and micronutrient fertilizer solution (Peters Professional, 21-7-7, The Scotts Co., Marysville, OH, USA) at 100-ppm N equivalent was injected through a fertigation system to both systems once per week. Leaf chlorosis was observed in containerized plants in mid-July due to the limited buffering capacity of the container media in combination with a basic water source (i.e., 388 mg L−1 CaCO3). Thus, a solution of sulfuric acid was prepared weekly for fertigation events to reduce the pH of the water to 6.0. Weed control was achieved in field-grown liners by a water permeable, woven fabric installed over freshly tilled ‘beds’ prior to planting. A sphere (dia., ~2.5 cm) was removed by flame at 30 cm intervals to facilitate planting. Containers were manually weeded on a weekly basis.




2.3. Sampling


Destructive samples were collected mid-season (15 August 2017) and at the end of the season (15 November 2017). For all scions, 16 trees of each production system (4 per replicate) were harvested at each sample date. The roots of each tree were carefully harvested to avoid fine root loss by gently washing them with deionized water. Roots were stored in 70% Eth at 4 °C until image analysis.



Complete extracted root systems were scanned using a calibrated color optical scanner STD4800 (Epson Seiko Corporation, Nagano, Japan) and analyzed with XLRhizo 2017 software (Regent Instruments Inc., Quebec City, QC, Canada). Detailed root measurements included total root volume (cm3), total root length (cm), total length of ‘fine’ roots (≤0.4 mm in diameter), total length (cm) of ‘non-fine’ roots (>0.4 mm in diameter), total number of root tips, and total (DMC) of root shanks (below the graft union) and roots (g) dried to constant weight in a forced air drying oven at 60 °C. Above-ground tree characteristics included total annual leader length, scion cross-sectional area (SCA), leaf number, total canopy leaf area and individual leaf area measured with a leaf area meter (Li-3000, Licor Inc., Lincoln, NE, USA), and DMC of the shank (below the graft union but above the soil line), scion, and leaves after drying to constant weight.




2.4. Statistical Analysis


Analysis of variance (ANOVA) and Tukey’s HSD test mean separation test was carried out by R statistical package R (v. 3.4.3, R Foundation, Vienna, Austria). At each sample date, the effect of cultivar, system, and their interaction on each response variable was tested to determine the significance.





3. Results


The production system significantly altered all root measures, albeit with differences among cultivars, at both sample dates, i.e., mid-season (15 August) and end-season (15 November), with the exception of root DMC, which was not significantly affected by the production system. However, by the end of the growing period, DMC of roots was significantly higher (~28%) for field-grown liners (Table 1). The effect of cultivar was significant for root DMC at both sampling dates; root systems of ‘Fuji’, ‘Gala’ and ‘Honeycrisp’ field-grown liners plants had 1.2, 1, and 0.9 g more DMC, respectively, than air-pruning container plants (Table 1). The DMC of rootstock shanks was significantly affected by cultivar. There was a significant interaction between system and cultivar for total root tips.



The number of root tips and total root volume were significantly higher for air-pruning containers at the end of the season for ‘Gala’ and ‘Honeycrisp’, but not ‘Fuji’. The total length of roots was also significantly higher in air-pruning containers in all cultivars at both sample periods, though the magnitude of the difference between production systems varied with cultivar; ‘Gala’, ‘Honeycrisp’, and ‘Fuji’ had 4-, 3-, and 2-fold greater total length, respectively, at the end of the season in containers compared with field-grown liners. Similarly, the total length of the fine roots, i.e., ≤0.4 mm diameter, was significantly higher in air-pruning containers for ‘Gala’ and ‘Honeycrisp’.



A distribution analysis of root length by diameter from ≤0.1 mm to 4.9 mm in 0.1 mm increments showed similar root distribution patterns for all cultivars, irrespective of the production system (Figure 1). The total root length of roots with diameters between 0.1 to 0.2 mm was 10–100 times that of other diameter classes. All cultivars had significantly greater root lengths of finer root classes in air-pruning containers compared to the field-grown liners production system (Figure 1). For roots > 1.5 mm diameter, field-grown liners-produced plants had greater total root length than plants in air-pruning containers.



By the end-season measurement, the production system and cultivar were significant for all above-ground (scion) growth characteristics, except for the number of leaves per tree, which only differed for cultivar (Table 2). The interaction between system and cultivar was significant for total scion length, scion DMC, canopy leaf area, number of leaves per tree, and single leaf area (Table 2).



Relative to the cultivar effect, air-pruning containers improved ‘Fuji’ and ‘Honeycrisp’ growth for all above-ground response variables compared to field-grown liners, with the exception of leaf number per plant. ‘Honeycrisp’, the least vigorous cultivar of the three, had the greatest growth benefit from containers for all investigated factors; e.g., containerized ‘Honeycrisp’ plants had ~50% greater canopy leaf area than field-grown liners-produced trees. In contrast, ‘Gala’ was not significantly affected by the production system for any measure.



The proportion of total DMC in roots was significantly lower in plants of air-pruning containers for all cultivars at the end-of-season measures (Figure 2). These data imply greater DMC investment in above-ground organs for plants produced in air-pruning containers compared to those produced in the field.




4. Discussion


In this experiment, air-pruning containers had a marked effect on root production and canopy growth dynamics of first-year apple benchgrafts compared to a field-grown liner production system. Air-pruning containers produced plants with more root tips and proportionately greater fine roots (i.e., roots of ≤0.4mm) but less overall root DMC than the field-grown liner production system. As a result, trees in air-pruning containers allocated proportionately more growth resources to above-ground organs (Figure 2). The general increase in canopy growth of containerized trees was the likely result of greater capacity of fine apple roots to acquire available water and nutrients [23].



Increased fine root production of apple plants in air-pruning containers was also observed for Pinus sylvestris and radiata D. and Platycladus orientalis L. during nursery production [9,10,24]. An increase in the number of root tips in the air-pruning containers is the result of root penetration through the decomposable paper liner into engineered air spaces between the paper liner and the plastic walls of the container. The apical meristems of these roots are then ‘pruned’, causing lateral rooting. These newly generated roots have relatively high growth and respiratory demand [23] and plausibly compete with other sinks for carbohydrate. The effect of this primary growth response may be a relatively low investment in radial root growth compared to field-grown liner-produced plants and thus explain the greater DMC and percentage of larger diameter roots of field-grown liners (Table 1; Figure 1). Though root order data were not collected in this study, the relationship between root diameter and root function of apple roots has been elucidated [20]. The relationship between root diameter and function provides a compelling argument that a 2 mm diameter cutoff for classifying absorptive roots in apple overestimates this population due to inclusion of structural roots, despite its common use in the literature [16,17,18]. Thus, in the present study, only roots with diameters ≤ 0.4 mm were classified as absorptive based on [20]. While fine roots were markedly increased by air-pruning containers compared to field-grown liners, in general, first-year apple plants had relatively high frequencies of small diameter roots regardless of the system (Figure 1), which agrees with a previous study describing root systems of 1-year-old apple trees [25]. Clearly, by the end of the season, some root turnover would have occurred, given the relatively short lifespan of apple roots [16,21]; however, the total population of roots, irrespective of order, was less than three and six months old at the mid- and end-of-season sampling dates. Thus, many of the ‘fine’ roots, irrespective of their order, may have had absorptive capacity, though this capacity has been demonstrated to decrease with root age in several species [23,26].



The cold climate and relatively short growing season of Michigan, in combination with limited presence of roots on callused benchgrafts and a late planting date, all contributed to the relatively short seasonal scion extension growth reported. Moreover, the rootstock shanks of benchgrafts for this study were quite long (~20 cm in length); previous research has demonstrated that differences in the vascular anatomy (particularly xylem) between apple rootstocks and scions promote dwarfing [27,28], which can be exacerbated with the increasing length of the rootstock shank [29,30]. Irrespective, when accounting for the ~10 cm of rootstock shank above ground in both production systems, end-of-season tree heights were ~100, 95, and 73 cm for ‘Fuji’, ‘Gala’, and ‘Honeycrisp’ produced in containers, respectively. Field-grown liner trees were significantly shorter (Table 2). While this growth advantage was not associated with a difference in soil moisture availability between systems (Figure S1), we consider that nutrient availability or soil temperature can affect young trees, and these could have differed between the production systems. Nutrient limitations in the field, however, were unlikely due to supplemental fertilization and preexisting nutrient concentrations of native soils, especially relative to N, given the additional N released from the decomposition of organic matter. We expect that fertilized plants in containers were not nutrient limited, given the likelihood for higher nutrient concentrations in closer proximity to roots as a result of the weekly fertigation concomitant with the volumetric containment of roots. Irrespective, the quantitative differences in the number of root tips and root lengths of smaller diameter roots between production systems are evidently a system effect that likely contributed to improved resource acquisition for containerized plants and manifested in greater scion growth.



We observed a significant effect of cultivar on scion growth, which was predominantly associated with the low vigor of ‘Honeycrisp’. Contributing mechanisms to reduced vegetative growth of young, non-fruiting Honeycrisp trees are not clear and may be attributed to anatomical, physiological, and/or biochemical factors. For example, xylem vessel cell size has been associated with scion dwarfing conferred by certain rootstocks [27,28]. Scion vigor may also be associated with concentrations or ratios of growth inhibiting to promoting compounds [31] or nutrient acquisition and transport properties of a given rootstock-scion combination [32,33]. Of the three cultivars evaluated, gas exchange of ‘Honeycrisp’ was similar to Fuji and higher than Gala [34], yet field-grown ‘Honeycrisp’ trees completed their terminal extension growth by mid-season; terminals of container-produced trees only elongated an additional ~20% after 15-August, which was markedly less than ‘Fuji’ or ‘Gala’. The early seasonal cessation of ‘Honeycrisp’ terminal growth is a common observation in the orchard and is hastened by the presence of fruit. Termination of extension growth, concomitant with continued photosynthesis of the canopy, led to increased resource allocation to roots and, ultimately, similar root growth and development to ‘Gala’ and ‘Fuji’ by the end of the season. Cultivars also responded differently to production system. Scion growth of ‘Gala’ trees, for example, was similar between container and field systems, despite having significantly different root systems. The ability of ‘Gala’ to produce similar canopy growth with significantly less root was not observed for the other cultivars and is illustrated by a smaller difference in the percentage of total plant DMC in roots versus shoots when comparing the two production systems (Figure 2). An alternative index is the ratio of total canopy leaf area (cm2) to total root length (cm) (34). More specifically, the total absorptive root length, since presumably plant investment in leaf area is dependent on the capacity of the ephemeral, absorptive roots to meet its evaporative demand. The ratios for each of the cultivars, irrespective of the production system, was 0.13 with the exception of field-produced ‘Gala’, which was two-fold (0.27). These ratios are less than published values [35]; however, the authors could not find similar data for young (≤1-year-old) trees. Fuji differed from other cultivars in having significantly less root DMC in both production systems yet similar canopy growth. These differences illustrate the potential influence of the scion on the root development of a given rootstock (34) and indicate plasticity in the relative distribution of biomass to different organs (e.g., shoots vs. roots) [36,37,38,39].



The dual advantage of increased canopy growth and absorptive fine root production of containerized trees may not necessarily be sustained following establishment in an orchard since (1) overwinter survival rates of apple roots <0.3 mm in diameter was 3–12% compared with 55–60% for roots 0.5–1 mm in diameter [21], (2) conductance of water between native soils and the soilless media after transplanting presents challenges to maintaining optimal soil moisture content in the rhizosphere, and (3) the higher percentage of coarse roots (or non-fine roots) of field-grown liners may possess potentially greater storage pools of nonstructural carbohydrate to support spring growth emergence than fine roots. Irrespective, planting the paper-lined root system of air-pruning containers eliminates root loss or disturbance compared to considerable root loss from bare root harvest, storage and transportation operations. Whether or not the benefits observed in first-year growth from air-pruning containers result in a growth and/or cropping advantage after transplanting in an orchard is the subject of our continued research.




5. Conclusions


We conclude that air-pruning containers modify the root and canopy growth of apple trees favorably compared to field-grown liners. These changes resulted in greater scion growth during an initial ‘nursery’ period and may facilitate a sustained growth advantage given the limited root disturbance following transplanting.
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Figure 1. The effect of two production systems (air-pruning containers and field-grown liners) on the distribution of root length by diameter, in 0.1 mm diameter increments, for (A) ‘Gala’, (B) ‘Fuji’, and (C) ‘Honeycrisp’ trees harvested on 15 November ~6 months from planting as callused benchgrafts. Data are presented for each cultivar in three panels comprising roots of diameters between 0.1 and 0.4 mm (left), between 0.41 and 1.5 mm (center), and between 1.51 and ≥4.91 (right) to account for the different scales of root length for each population of roots. Data are means of four replicates; each replicate is the mean of four subsamples, and each subsample was an entire tree. 
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Figure 2. The effect of two production systems [air-pruning containers and field-grown liners] on the percentage of total plant dry matter content (DMC) in roots of (A) ‘Gala’, (B) ‘Fuji’, and (C) ‘Honeycrisp’ trees harvested on 15 August and 15 November, which was ~3 and 6 months, respectively, from planting of callused benchgrafts. Data are means of four replicates; each replicate is the mean of four subsamples, and each subsample was an entire tree. Bars are ±1 SE. 
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Table 1. The effect of two production systems (air-pruning containers and field-grown liners) on the growth of below-ground organs of ‘Gala’, ‘Fuji’, and ‘Honeycrisp’ callused benchgrafts on M9 Nic29 rootstock. DMC, dry matter content. Data are means of four replicates; each replicate is the mean of four subsamples, and each subsample was an entire tree. The sample dates of 15 August and 15 November were ~3 and 6 months from planting, respectively.
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15-August-17

	
15-November-17




	

	
Air-Pruning

	
Field-Grown

	
Sig.

	
Air-Pruning

	
Field-Grown

	
Sig.




	

	
Container

	
Liners

	
Container

	
Liners






	

	
Rootstock shank DMC per tree (g)




	
Gala’

	
22.2 ± 1.3

	
16.4 ± 2.5

	
*

	
34.6 ± 1.8

	
31.5 ± 3.4

	
0.34




	
Fuji’

	
15.7 ± 1.8

	
14.4 ± 1.5

	
0.47

	
27.5 ± 1.6

	
25.2 ± 4.5

	
0.34




	
Honeycrisp’

	
20.9 ± 1.8

	
20.4 ± 1.9

	
0.75

	
32.0 ± 1.8

	
27.7 ± 3.2

	
0.11




	
Cultivar

	

	

	
***

	

	

	
**




	
System

	

	

	
*

	

	

	
*




	
Cultivar*system

	

	
0.1

	

	

	
0.91




	

	
Total root DMC per tree (g)




	
Gala’

	
0.92 ± 0.11

	
0.78 ± 0.09

	
0.19

	
3.2 ± 0.34

	
4.2 ± 0.7

	
0.07




	
Fuji’

	
0.62 ± 0.12

	
0.52 ± 0.12

	
0.44

	
2.0 ± 0.17

	
3.2 ± 0.19

	
**




	
Honeycrisp’

	
0.62 ± 0.08

	
0.57 ± 0.06

	
0.55

	
3.0 ± 0.37

	
3.9 ± 0.58

	
0.07




	
Cultivar

	

	

	
***

	

	

	
*




	
System

	

	

	
0.11

	

	

	
***




	
Cultivar*system

	

	
0.84

	

	

	
0.87




	

	
Total root volume per tree (cm3)




	
Gala’

	
7.0 ± 0.91

	
2.8 ± 0.21

	
***

	
8.9 ± 0.71

	
5.9 ± 0.63

	
**




	
Fuji’

	
4.1 ± 0.82

	
2.1 ± 0.41

	
**

	
7.3 ± 0.38

	
6.2 ± 0.18

	
0.16




	
Honeycrisp’

	
3.7 ± 0.26

	
2.4 ± 0.29

	
**

	
8.8 ± 0.67

	
5.6 ± 0.78

	
**




	
Cultivar

	

	

	
***

	

	

	
0.71




	
System

	

	

	
***

	

	

	
***




	
Cultivar*system

	

	
**

	

	

	
0.25




	

	
Total root length per tree (cm)




	
Gala’

	
7475.9 ± 926

	
2391.7 ± 659

	
***

	
19888.9 ± 1285

	
5617.9 ± 1748

	
***




	
Fuji’

	
3522.1 ± 699

	
1729.1 ± 354

	
**

	
16932.1 ± 788

	
7335.9 ± 452

	
***




	
Honeycrisp’

	
4321.7 ± 485

	
2737.9 ± 231

	
**

	
15836.7 ± 777

	
5748.2 ± 598

	
***




	
Cultivar

	

	

	
***

	

	

	
0.14




	
System

	

	

	
***

	

	

	
***




	
Cultivar*system

	

	
***

	

	

	
0.08




	

	
Total length of roots ≤ 0.4 mm per tree (cm)




	
Gala’

	
6147.4 ± 924

	
1942.7 ± 662

	
***

	
9181.7 ± 1287

	
4682.0 ± 1738

	
***




	
Fuji’

	
2751.0 ± 696

	
1392.5 ± 348

	
**

	
7829.7 ± 732

	
6271.6 ± 1257

	
0.09




	
Honeycrisp’

	
3547.5 ± 486

	
2307.2 ± 430

	
0.10

	
7120.4 ± 779

	
4830.7 ± 586

	
**




	
Cultivar

	

	

	
***

	

	

	
0.15




	
System

	

	

	
***

	

	

	
***




	
Cultivar*system

	

	
***

	

	

	
0.06




	

	
Total root tips per tree (no.)




	
Gala’

	
39343.3 ± 7650

	
10517.6 ± 2551

	
***

	
70017.2 ± 13665

	
24991.9 ± 1136

	
***




	
Fuji’

	
11341.0 ± 2223

	
9412.6 ± 1638

	
0.47

	
51392.0 ± 9276

	
44089.4 ± 6759

	
0.41




	
Honeycrisp’

	
16394.9 ± 4986

	
14609.0 ± 635

	
0.53

	
50033.7 ± 6546

	
30337.3 ± 3297

	
***




	
Cultivar

	

	

	
***

	

	

	
0.40




	
System

	

	

	
***

	

	

	
***




	
Cultivar*system

	

	
***

	

	

	
**








*, **, *** Significant at p ≤ 0.05, 0.01, or 0.001, respectively.
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Table 2. The effect of two production systems [air-pruning containers and field-grown liners] on above-ground parameters of ‘Gala’, ‘Fuji’, and ‘Honeycrisp’ callused benchgrafts on M9 Nic29 rootstock. DMC, dry matter content. Data are means of four replicates; each replicate is the mean of four subsamples, and each subsample was an entire tree. The sample dates of 15 August and 15 November were ~3 and 6 months from planting, respectively.
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15-August-17

	
15-November-17




	

	
Air-Pruning

	
Field-Grown

	
Sig.

	
Air-Pruning

	
Field-Grown

	
Sig.




	

	
Container

	
Liners

	
Container

	
Liners






	

	
Scion (wood) DMC per tree (g)




	
Gala’

	
5.6 ± 0.49

	
5.4 ± 0.55

	
0.67

	
17.0 ± 1.2

	
15.1 ± 2.8

	
0.10




	
Fuji’

	
5.3 ± 0.9

	
4.0 ± 1.1

	
0.06

	
16.8 ± 1.7

	
10.1 ± 2.1

	
***




	
Honeycrisp’

	
5.5 ± 0.78

	
6.0 ± 0.54

	
0.37

	
11.9 ± 0.4

	
5.6 ± 1.3

	
***




	
Cultivar

	

	

	
*

	

	

	
***




	
System

	

	

	
0.36

	

	

	
***




	
Cultivar*system

	

	

	
0.21

	

	

	
0.08




	

	
Scion total length per tree (cm)




	
Gala’

	
61.2 ± 2.6

	
42.5 ± 4.4

	
***

	
85.0 ± 1.5

	
83.8 ± 5.2

	
0.44




	
Fuji’

	
49.6 ± 6

	
27.7 ± 3.4

	
***

	
88.3 ± 0.56

	
75.0 ± 9.8

	
*




	
Honeycrisp’

	
51.8 ± 4.4

	
44.8 ± 2.1

	
*

	
62.5 ± 3.1

	
41.3 ± 4.6

	
***




	
Cultivar

	

	

	
***

	

	

	
***




	
System

	

	

	
***

	

	

	
***




	
Cultivar*system

	

	

	
*

	

	

	
*




	

	
Canopy leaf DMC per tree (g)




	
Gala’

	
9.8 ± 0.4

	
7.1 ± 0.67

	
***

	
16.5 ± 1.2

	
16.6 ± 2.

	
0.66




	
Fuji’

	
6.1 ± 0.98

	
4.5 ± 0.25

	
*

	
12.9 ± 0.5

	
10.4 ± 1.4

	
**




	
Honeycrisp’

	
9.4 ± 0.66

	
12.3 ± 0.35

	
***

	
14.7 ± 0.4

	
10.9 ± 1.7

	
**




	
Cultivar

	

	

	
***

	

	

	
***




	
System

	

	

	
0.11

	

	

	
***




	
Cultivar*system

	

	

	
***

	

	

	
0.15




	

	
Canopy leaf area per tree (cm2)




	
Gala’

	
878.7 ± 19.2

	
575.3 ± 72.5

	
***

	
1227.6 ± 77

	
1161.9 ± 87

	
0.32




	
Fuji’

	
602.3 ± 87.9

	
347.8 ± 41.3

	
***

	
1027.0 ± 28

	
827.5 ± 129

	
**




	
Honeycrisp’

	
843.8 ± 40.2

	
865.8 ± 9.9

	
0.6

	
951.6 ± 24

	
617.4 ± 98

	
***




	
Cultivar

	

	

	
***

	

	

	
***




	
System

	

	

	
***

	

	

	
***




	
Cultivar*system

	

	

	
0.18

	

	

	
0.06




	

	
Leaves per tree (no)




	
Gala’

	
45.7 ± 3.7

	
40.9 ± 4.2

	
0.36

	
45.8 ± 2.9

	
48.3 ± 2.3

	
0.42




	
Fuji’

	
37.9 ± 2

	
35.0 ± 2.5

	
0.36

	
52.0 ± 1.1

	
50.3 ± 1.9

	
0.21




	
Honeycrisp’

	
38.1 ± 1.4

	
41.6 ± 2.1

	
0.18

	
41.0 ± 1.2

	
34.2 ± 3

	
*




	
Cultivar

	

	

	
*

	

	

	
***




	
System

	

	

	
0.51

	

	

	
0.15




	
Cultivar*system

	

	

	
0.30

	

	

	
0.07




	

	
Individual leaf DMC (g)




	
Gala’

	
0.23 ± 0.02

	
0.18 ± 0.02

	
*

	
0.38 ± 0.03

	
0.35 ± 0.05

	
0.27




	
Fuji’

	
0.16 ± 0.02

	
0.14 ± 0.02

	
0.35

	
0.25 ± 0.01

	
0.20 ± 0.03

	
*




	
Honeycrisp’

	
0.25 ± 0.01

	
0.30 ± 0.01

	
**

	
0.36 ± 0.01

	
0.32 ± 0.03

	
*




	
Cultivar

	

	

	
***

	

	

	
***




	
System

	

	

	
0.35

	

	

	
**




	
Cultivar*system

	

	

	
**

	

	

	
1.0




	

	
Individual leaf area (cm2)




	
Gala’

	
20.2 ± 1.6

	
14.3 ± 1.1

	
***

	
27.8 ± 2.1

	
24.5 ± 2.5

	
0.09




	
Fuji’

	
16.1 ± 2.2

	
10.4 ± 0.7

	
***

	
19.8 ± 0.9

	
16.2 ± 2.7

	
*




	
Honeycrisp’

	
22.3 ± 0.75

	
21.0 ± 0.9

	
0.4

	
23.4 ± 0.7

	
17.9 ± 1.6

	
***




	
Cultivar

	

	

	
***

	

	

	
***




	
System

	

	

	
***

	

	

	
***




	
Cultivar*system

	

	

	
*

	

	

	
0.06








*, **, *** Significant at p ≤ 0.05, 0.01, or 0.001, respectively.
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